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Abstract

Nuclear Magnetic Resonance (NMR) stands as one of the most powerful tech-
niques for offering key information on a wide variety of systems, ranging from
small molecules to materials and biologically relevant macromolecules. To no
surprise, it has a pivotal role in structural biology as well as in applications
related to food and health sciences.
Among NMR-based methods, relaxometry emerges as the main option to ex-
plore multiscale dynamics. Fast Field Cycling (FFC) relaxometry, which ex-
ploits a wide magnetic field range from a few kHz to MHz (proton Larmor fre-
quency), makes it possible to investigate molecular dynamics across timescales
from picoseconds to microseconds. In typical situations, FFC relaxometry al-
lows for the measurement of the longitudinal relaxation time of all protons
within the sample under investigation, however the field inhomogeneity and
the low detection field intrinsically limit the resolution.
At the end of the last century, to address the limitations of FFC relaxometry,
Bryant and Redfield pioneered the cycling between high and low fields in com-
mercial high-field spectrometers. Subsequent applications of the so called High
Resolution Relaxometry (HRR) proved successful, allowing for high-resolution
measurements of nuclear relaxation at variable fields. Recently, two proto-
types carrying a new technology for HRR, called Fast Shuttle System (FSS),
have been installed at ENS in Paris and at CERM in Florence. Thanks to
the high-field detection, this cutting-edge shuttle system enables to perform
high-resolution relaxometry measurements with resolution. The technology
harnesses the stray field of a high field spectrometer as a variable relaxation
field, giving a whole new flavor to relaxation measurements.
This doctoral thesis includes several projects in which I have been engaged.
My primary focus has been on applying FFC relaxometry across diverse sys-
tems and objectives. Specific examples are outlined here, notably showing
how relaxometry has been exploited to evaluate possible therapeutic and con-
trast agents (CAs) for Magnetic Resonance Imaging (MRI), to assess the
supramolecular organization of a viscous diamagnetic system and to charac-
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terize the multiscale dynamics of biologically relevant proteins. More recently,
I had the privilege to work on both FSS prototypes, not only in terms of
technique validation but also for employing them to investigate protein-ligand
interactions and dynamics in a complex liquid system.
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Chapter 1

Introduction

Properties of matter are dictated not only by the atomic structure but also by
its multiscale dynamics, which covers many orders of magnitude of length- and
timescales. The study of the structure and the dynamics at the atomic scale
is performed by spectroscopic methods, especially nuclear magnetic resonance
(NMR), time-resolved crystallography and mass spectrometry (MS). These an-
alytical techniques are invaluable tools for the understanding of the function
of biologically and chemically interesting systems and their properties. Along
with others techniques, like UV-visible spectroscopy, electron paramagnetic
resonance (EPR), and infrared spectroscopy, high field NMR, crystallography
and MS play a fundamental role in the fields of chemistry, biochemistry, and
structural biology, as they allow to probe the atomic and molecular details of
various systems, helping to advance our understanding of chemistry, biology,
and materials science. Yet, these techniques, as well as any others, fail at
bridging atomic-resolution and multiscale dynamics at long timescales.

1.1 Nuclear relaxation

The concept of "relaxation time" was introduced by Bloch in his famous equa-
tions describing the time evolution of nuclear magnetization in a magnetic field
in 1946 [1]. Bloch’s equations assume the magnetization component along an
external magnetic field (the longitudinal magnetization) to relax exponentially
to its equilibrium value, according to the Boltzmann distribution. The process
by which the nuclear magnetization of a nucleus in a magnetic field returns to
the thermal equilibrium state, after being perturbed (typically by the appli-
cation of radiofrequency pulses in NMR experiments) is referred to as nuclear
spin relaxation. This process is driven by fluctuations in the interactions of
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10 CHAPTER 1. INTRODUCTION

the nuclear spins that can involve various processes, including energy exchange
with nearby nuclei, which induce spin transitions [2, 3].

The microscopic theory for nuclear spin relaxation was developed by Bloem-
bergen, Purcell, and Pound (BPP) shortly after Bloch’s work [4]. They related
the relaxation rates to the transition probabilities between nuclear spin energy
levels. More specifically, they considered interactions like the dipole-dipole in-
teraction between nuclear spins and how random motions in a liquid modulate
these interactions. Since the main mechanism causing 1H relaxation in solution
is the modulation of the dipole-dipole interaction between neighboring protons
due to molecular motions, the BPP theory laid the foundation for much of the
subsequent theoretical work in the field of NMR.

There are two main spin relaxation processes and corresponding relaxation
times: longitudinal or spin-lattice relaxation, denoted as T1 or R1 relaxation,
and transverse or spin-spin relaxation, denoted as T2 or R2 relaxation, where
R1 and R2 are the rate constants resulting from the reciprocal of the relaxation
times. Spin-lattice relaxation characterizes the relaxation of the longitudinal
magnetization component, which is the component of nuclear magnetization
aligned with the external magnetic field, and is the one connected with the
movement of spin populations back to their Boltzmann distribution values.
The spin-spin relaxation characterizes the relaxation of the transverse mag-
netization component, which is the component of nuclear magnetization per-
pendicular to the external magnetic field, and it involves the coherences of the
spins. These relaxation times play a crucial role in understanding the behav-
ior of nuclear spins in a magnetic field, characterize the NMR signals intensity
and line width, and therefore are important for the interpretation of NMR
spectra. As the relaxation times modulating the relaxation process can vary
depending on the specific nuclear species, the local chemical environment, and
the conditions of the experiment (temperature, solvent viscosity, presence of
paramagnetic species, etc), their determination is essential to gain insights into
the molecular dynamics, structure, and interactions in various systems.
In this thesis, we will be mainly focused on the longitudinal relaxation process.

1.1.1 The Solomon Theory

The mathematical theory for nuclear spin relaxation underlying dipole-dipole
interactions developed by Bloembergen, Purcell, and Pound was then gener-
alized by Solomon in the 1950s and extended by Bloembergen and Morgan to
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give a more complete expression for relaxation in paramagnetic solutions in
1961. Together this body of work is referred to as the Solomon-Bloembergen-
Morgan (SBM) theory of relaxation.

Solomon provided a set of modified Bloch’s equations of motion, taking into
account the perturbations among like and unlike coupled spins, for both T1

and T2 relaxation [5].
We will focus here on the case of a diamagnetic dipole-dipole coupled like spins
system, such as two protons interacting with each other. Solomon’s equation
for longitudinal relaxation rate for the nuclear spin I can be written as:

RDD
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where µ0 is the permeability in vacuum, γI is the nuclear magnetogyric ratio,
r is the proton-proton distance, ωI is the angular frequency and can be written
as −γIB0, with B0 as the external magnetic field.
In this equation, and in the following, the function J(ω), called spectral den-
sity function, and τc, the correlation time, are present; their concepts will be
addressed in Section 1.1.3.

In the case of unlike spins, and we will consider a particular case of inter-
est, i. e. the case of an electron spin, S, interacting with the nuclear spin,
Solomon’s equation can be written as:
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(1.2)

where γS is the nuclear magnetogyric ratio of the electron and the spectral
density functions refer to the single, zero, and double quantum transitions.

1.1.2 SBM theory and contrast agents for MRI

As anticipated in Section 1.1.1, the general theory of solvent nuclear relax-
ation in the presence of paramagnetic substances (chemical compounds with
unpaired electrons) was developed by Solomon, Bloembergen, and Morgan’s
groups [4, 5, 6, 7, 8].
SBM theory is applied to the relaxation processes of nuclear spins that are in
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close proximity to an electron spin, as in the case of contrast agents (CAs)
solutions, employed in magnetic resonance imaging for their ability to increase
nuclear relaxation rates of water protons, thus increasing contrast and improv-
ing image quality. In this thesis, potential CAs (typically containing transition
metal ions and lanthanides, such as gadolinium) are studied, and the obtained
results are interpreted through the SBM theory, as reported in the following
equations.

Longitudinal relaxation rate in diluted solutions of paramagnetic systems,
R1para in 1.3, can be considered as the sum of the relaxation caused by the
presence of the paramagnetic species (here indicated as CA), and the diamag-
netic contribution, as the relaxation rate in the absence of the paramagnetic
species:

R1para = [CA]r1 +R1dia (1.3)

where r1 indicates the longitudinal relaxivity of the paramagnetic complex.
Relaxivity is defined as the paramagnetic enhancement of the water proton
relaxation rates in the presence of 1 mM concentration of the paramagnetic
complex. Relaxivity is how the effectiveness of a paramagnetic complex as a
T1 contrast agent is usually described. The total paramagnetic enhancement
on the solvent proton relaxation rate can be expressed as in 1.4, where, respec-
tively, the two term report: 1) on the inner sphere relaxivity, which depends on
the chemical exchanging solvent molecules coordinated, at a fixed distance (r,
see Equation 1.5), to the paramagnetic metal or nearby; and 2) on the outer
sphere relaxivity (see Equation 1.6), due to random translational diffusion of
the solvent around the paramagnetic metal:

r1 =
[CA]q

55.6

1

T1M + τM
+ r1OS (1.4)

In the first term: the concentration of the contrast agent containing the
paramagnetic ion is expressed in mM units, q indicates the number of water
molecules coordinating the paramagnetic center, T1M is the longitudinal pro-
ton relaxation rate in the bound water and τM is the exchange correlation time
(or lifetime of first and second sphere water molecules of the complex). The
second term, r1OS, is the outer sphere relaxivity.

From the SBM model we have that the relaxation of the bound water is gov-
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erned by the dipole-dipole and the scalar or contact interactions:

1

T1M

=
2

15

(µ0

4π

)2γ2
I g

2
eµ

2
BS(S + 1)

r6

[ 7τc
1 + ωS2τc2

+
3τc

1 + ωI2τc2

]
+

2

3
S(S + 1)

(AC
h̄

)2 τcon
1 + ω2

Sτcon

(1.5)

where the γS is given by −geµB
h̄

, with ge as the electron g-factor and µB as
the Bohr magneton. The first term is the Solomon’s relaxation for two unlike
spins interacting, where we considered ωS � ωI , and the second term takes
into account the contact contribution (usually negligible in lanthanoids due to
the absence of sizable unpaired electron delocalization and spin polarization on
the water protons).AC

h̄
is the hyperfine or contact coupling constant between

the electron of the paramagnetic center and the proton of the coordinated
water, while τ−1

con = τ−1
M + τ−1

e , where τe is the electronic relaxation correlation
time.

The outer sphere contribution is
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where NA is Avogadro’s constant, d is the distance of closest approach between
the paramagnetic ion and the water protons (the shortest possible distance
between the two species), Dmetal and Dligand are, respectively, the diffusion
coefficients of paramagnetic complexes and water molecules, and

J tr(ω) =
1 + 5z/8 + z2/8

1 + z + z2/2 + z3/64z4/81 + z5/81 + z6/648

z =

√
2
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ωτD +

τD
τe

)
τD =

d2

D

(1.7)

where τD, the diffusional correlation time and D is the diffusion coefficients
of the solvent molecules. The collisions between solute and solvent molecules
may induce instantaneous distortions of the metal coordination polyhedron,
producing a transient zero-field splitting (ZFS). Therefore, the electronic re-
laxation correlation time, τe, depends on the mean squared fluctuations of the
transient ZFS, ∆2

t , the correlation time for the modulation of the transient
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ZFS interaction, τv, and the field:

τ−1
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25
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4

1 + 4ω2
Sτ

2
v
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The necessary considerations about correlation times modulating the relax-
ation process in paramagnetic systems will be discussed in the dedicated Para-
graph, "Correlation time in paramagnetic systems", in the following Section
1.1.3.

1.1.3 Spectral Density Function and Correlation Time

As mentioned above, spin transitions occur due to the presence of time-dependent
interactions and, even in the case of a system in its equilibrium state, infor-
mation about the occurring dynamic processes can be obtained from the cor-
relation function. The energy of the spin transitions occurring in the system
changes stochastically in time, however the energy value at a given time is in
general not independent from the value at a previous time. For a short time
interval (compared to the timescale of the considered processes) a correlation
between two energy values is expected. Considering the perturbation as a sta-
tionary (independent of the absolute time) process, the correlation function is
assumed to decay exponentially

C(t) =
∑
i

E(t)E(t+ τ) =
∑
i

E(0)E(τ) ∼= 〈E(0)2〉exp(−|τ |/τc) (1.9)

The Fourier transform of the exponential decay in the time domain is the
spectral density function, J(ω), and has the form of a Lorentzian function in
the frequency domain:

J(ω) =
τc

1 + ω2τc2
(1.10)

where τc is the time constant for which the correlation function exponen-
tially decays to zero, and it is called correlation time. The position of the
dispersion is due to the value of the correlation time.
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the average half of the spins will result with the same MS with respect to their original values, and the 
other half will have the other MS value. Under these conditions, statistically half of the products will be 
¼ and half –¼, and the summation over a large number n of spins will yield zero.

Strictly speaking, the time dependence of C(t) is not exponential for t ! τc; by referring to the 
above example, after a time much shorter than τc but still larger than zero, it is likely that C(t) = C(0). 
Indeed, an expansion of the initial part of C(t) would show a flat region around zero. In other words, 

it must be that dC(0)/dt = 0, whereas for a true exponential ∑ τ= − 





C td (0)/d
1
4

/ .
i

c  Only for longer 

times does C(t) become effectively exponential. The small initial deviation is, however, irrelevant for 
our purposes. Real cases of strong deviations from an exponential behavior do exist, but we will often 
restrict our interest to exponential correlation functions. In any case, the correlation time of a certain 
time-dependent process can be defined as the integral of the correlation function of that process, inde-
pendently of the actual law for the time dependence.

The Fourier transform of an exponential decay in the time domain, as seen in Section 1.7.1, is a 
Lorentzian in the frequency domain:

ω τ
ω τ

=
+

J( )
1

.c

c
2 2

 
(4.2)

This function (Fig. 4.3) has its inflection point at |ω|τc = 1. We say that the function undergoes a 
dispersion at |ω|τc = 1. This function provides the intensity of the various frequencies available in the 
lattice due to the fluctuations to which τc is related. It is also called noise, power, or spectral density 
function. The nucleus picks up the needed ω frequency for its relaxation. The probability of this to 
occur depends on the spectral density [i.e., on the value of function (4.2)] at that frequency.

Transverse nuclear relaxation can also occur when the local fields at the nucleus fluctuate slowly, 
i.e., with an ω frequency near zero (Section 4.4). Then the spectral density function takes the form

τ=J(0) .c (4.3)

This is a so-called nondispersive term. This effect can be viewed as transient increases or decreases 
of the precession frequency due to local field fluctuations along z (the B0 direction). These changes in 

dC(0)/dt=−∑i14/τc.

J(ω)=τc1+ω2τc2.

J(0)=τc.

FIGURE 4.3 Spectral density function J(ω) as a function of frequency, linear scale (A) and log scale (B). The 
profiles are obtained for τc = 1 × 10–9 s (a) and 5 × 10–10 s (b). The two dashed areas in (A) are equivalent, showing 
that the area under the a and b curves is the same. The inflection points occur at ωτc = 1.

Figure 1.1: Plot of the spectral density function J(ω) in logarithmic scale. The
profile a is obtained for a τc=1·10-9s, while the profile b is obtained for a τc=5·10-10s.
The inflection points occurs at ωτc = 1 [9].

Reorientational correlation time

In the SBM model, the two spins system is assumed to be rigidly held within
a molecule isotropically rotating in solution. In that case, the rotational cor-
relation time, τr can be calculated, using the Stokes-Einstein equation [10], as
follows:

τr =
4πηa3

3kT
(1.11)

with η is the solvent viscosity, a is the radius of the molecule considered as a
sphere, k is the Boltzmann constant and T is the absolute temperature.
Within this model, if a diamagnetic system is considered, and if the proton
exchange rates are slower than reorientation, the correlation time of the spec-
tral density function is the molecular reorientational correlation time, and the
position of the dispersion is due to the τr value.

Local reorientational correlation time

If the molecule cannot be approximated as a rigid sphere, in both cases of
isotropic and anisotropic overall motion, information on fast internal motions
can be extracted from relaxation experiments. A general treatment for the
presence of internal motions, faster than the global reorientation correlation
time, is introduced through the Lipari-Szabo model-free approach [11], as
shown in Equation 1.12:
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R1
LS = S2〈E2〉J(ω, τr) + (1− S2)〈E2〉J(ω, τf ) (1.12)

Two model-independent quantities are introduced: the correlation time for
the faster local motions, indicated as τf , and the order parameter, S, which
reports on the degree of spatial restriction of the motion. When no local mo-
tion has to be considered, and therefore only one correlation time is needed,
S2 = 1; in the case of completely isotropic internal motion, S2 = 0.
In many cases reported in this thesis, the presence of local reorientation mo-
tions had to be taken into account.

Correlation time in paramagnetic systems

Relaxation processes occurring in paramagnetic solutions will be also consid-
ered. In these cases, the correlation times can be determined by all the pro-
cesses that influence nuclear relaxation in the presence of unpaired electrons,
i. e. electron spin relaxation, molecular rotation, and chemical exchange of
the metal-coordinated solvent molecule(s). The reciprocal of the overall cor-
relation time for dipolar coupling can be written as a sum of the reciprocal of
each of the already mentioned correlation times:

τ−1
c = τ−1

e + τ−1
r + τ−1

M (1.13)

where τe is the electronic relaxation correlation time, τr is rotational correla-
tion time, and τM is the exchange correlation time. Each one of them can have
a role in the modulation of the dipolar coupling energy. It usually happens
that one dominates on the others.

In Figure 1.2 the parameters that mainly contribute to the bulk water
protons relaxivity are shown (see Equations 1.5 and 1.6). The reorientational
correlation time, τr, modulating the overall reorientation of the molecule; the
electron relaxation time, τe, i. e. of one gadolinium(III) ion. The exchange
correlation time has different contribution depending on the distance of the
water molecule involved in the exchange process: in black, the first sphere
coordinated water molecule at the closest distance, r, and exchange correlation
time, τM , is represented; in green, water molecules in the second coordination
sphere, at a longer distances, r′ and r′′, with exchange correlation time, τ ′M and
τ ′′M , and τD, the diffusional correlation time; the distances of water molecules
in the first (closest, distance r) and second coordination spheres.
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31510.2 RELAXIVITY AND RELAXATION PROFILES

(τr), the lifetime of the coordinated water protons (τM), and the diffusion coefficients (D) of paramag-
netic complexes and water molecules, while the electronic parameters are the transient ZFS (∆t) and 
the correlation time for electron relaxation (τv). The contact term [with coupling constant Ac, second 
term in Eq. (10.3)] is usually negligible due to the absence of sizable unpaired electron delocalization 
and spin polarization on the water protons, and thus will be considered zero throughout this chapter.

Of course, different water molecules can be coordinated in fixed positions at different distances 
from the metal ion, with different τM values. In this case, Eq. (10.2) should be replaced by Eq. (10.10)

∑ τ
=

+
+r

CA q
T

r
[ ]

55.6
1i

M i M i
i1

1 , ,
los

 
(10.10)

where qi is the number of the water molecules at the same distance ri from the metal (on which T1M,i 
depends) and τM,i is their lifetime. Inner-sphere water molecules are usually classified as first-sphere 
or second-sphere water molecules depending on their coordination level with respect to the metal ion. 
Fig. 10.1 shows a summary of all parameters described earlier.

As discussed in Chapter 4, the correlation times in the Lorentzian dispersion function depend on 
either T1e or T2e, which may differ at high field, instead of a single τe time. T2e actually enters the defini-
tion of the correlation time present in the dispersive ωS term; however, since the corresponding disper-
sion occurs at relatively low fields, when the difference between T1e and T2e is small, it can be well 
approximated by T1e, so that a single τe can be conveniently used, as reported in Eqs. (10.3)–(10.5). 
These equations describe the electron relaxation using the pseudorotational model, and their validity is 
limited to systems in the Redfield limit (Section 4.13), when the Zeeman energy is much larger than the 
energy related to static ZFS (Section 1.4) and to the hyperfine coupling between nuclear and electron 
spins (Section 4.7.1), if these effects are present.

The lifetime τM enters Eq. (10.2) twice: in the determination of the correlation time τc [when τr and 
τe are of the same order of longer, Eqs. (10.3) and (10.4)] and in the control of the efficiency of the 
transmission of the paramagnetic relaxation enhancement from the protons dipole–dipole coupled with 
the paramagnetic ion to the bulk water protons. For complexes with τM as large as to be comparable 
with T1M (intermediate or slow exchange regime), τM represents a limiting factor for relaxivity.

r1=∑i[CA]qi55.61T1M,i+τM,i+rlos

FIGURE 10.1 The relaxivity of bulk water protons can have contributions from first sphere water molecules (in 
black), second sphere water molecules (in green) and from the free diffusion of outer-sphere molecules (in blue). 
These contributions depend on proton-paramagnetic metal [Gd3+ in this case] distances and the times τr, τe, τM, 
and τD. In this figure, one first sphere water molecule, with metal-proton distance r, and two second sphere water 
molecules, with distances r′ and r!, are shown.

Figure 1.2: Summary of all the contribution to bulk water protons relaxivity divided
in inner-sphere contribution (green) and outer-sphere contribution (blue) [9].

The nuclear magnetic relaxation dispersions

The plot representing the field dependence of the longitudinal spin relaxation
rate is called the nuclear magnetic relaxation dispersion (NMRD) profile. The
1H NMRD profiles reflect the superposition of multiple spectral density func-
tions, J(ω), associated with different characteristic motional correlation times.
In other words, since J(ω) depends on the time constant of the fluctuations of
the nuclear spins interactions, the analysis of the NMRD profiles give direct
access to the intra- and intermolecular dynamic parameters that drive mag-
netic relaxation. Graphic examples of NMRD profiles are shown in Chapter 2,
Figure 2.2.

1.2 From Field Cycling to High Resolution Re-
laxometry

Field-cycling relaxometry is a NMR technique that exploits the systematic
variation of the strength of the applied magnetic field (over a range spanning
from a few kilohertz to megahertz) during an experiment to study how nuclear
relaxation rates change with different field strengths. It therefore allows to
obtain the NMRD profile of the system under investigation, thus providing
access to the spectral density function. For this reason, field cycling tech-
niques are exceptionally suited for studying motions and dynamical properties
of molecules in different environments, such as liquids, solids, or biological sys-
tems, across a very broad range of timescales (from ps to µs). These techniques
are unmatched in revealing information on slow molecular dynamics which can
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only be explored at very low magnetic fields.

Since the very beginning of its development in the 1950s, field cycling
(FC) relaxometry has been extensively and successfully employed for diverse
applications [12, 13, 14, 15]. The first applications of relaxometry mainly
revolved around the study of the inner coordination environments of param-
agnetic metal aquaions and of solvent interaction with globular diamagnetic
proteins. These early investigations not only provided valuable insights into
these systems, but also led to advances in theory and a deeper understanding
of relaxation mechanisms, and prompted refinements in the applications of
this technique. As we entered the 1970s, the scope of relaxometry studies ex-
panded significantly. Relaxometry was employed to investigate solvent nuclei,
as reporters of solute structure and function, and paramagnetic macromolecu-
lar systems, including metalloproteins such as hemoglobin and its derivatives,
as well as paramagnetic enzymes and their complexes. These applications
marked a fundamental shift in the field, underscoring its capacity to enable
the observation of dynamics and behaviors of biologically relevant systems on
a molecular scale. The 1980s were characterized by the advent and significant
increase of interest in magnetic resonance imaging (MRI), which led to a huge
interest in new pulse sequences and in paramagnetic complexes as possible
contrast agents, as ways to enhance the contrast in tissues. Measurements
could be performed at any field, in a range between 10 kHz to 50 MHz, thanks
to the development of the Koenig-Brown relaxometer [15].
During the last decade of the last century, improvements in the technology led
to the development of Fast Field Cycling (FFC) relaxometry. Similarly to the
previous version, FFC relaxometry is a non-destructive and versatile low-field
magnetic resonance technique, where magnetic fields (between a few kHz up
to around 100 MHz) are probed by fast (1-3 ms) switching of current in an
electromagnet.

FFC relaxometry represents a precious and unique tool for designing and
characterizing paramagnetic complexes and contrast or theranostic agents for
MRI, of both chemical [16, 17, 18, 9, 8, 19, 20, 21] and natural origin [22, 23,
24, 25]. Furthermore, it has been used to evaluate protein structure and dy-
namics in solution, where water protons serve as reporters of the reorientation
motions of the protein [26, 27, 28, 29, 30, 31, 32, 33, 34].
The most recent applications of FFC relaxometry include the characteriza-
tion of: complex liquids in bulk and confinement [35]; solid state systems
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[36, 37, 38]; nonosized paramagnetic systems [39, 40]; food products, to eval-
uate adulterations and to give preliminary information about quality and
supramolecular organization of molecules [41, 42, 43, 44, 45].
Since the available detection field is a few MHz (proton Larmor frequency)
and due to the poor homogeneity, the main downside of this technique is still
the absence of resolution. Till the 1990s, no technique was available to deter-
mine dynamics from picoseconds up to microseconds with atomic resolution of
complex systems in liquids.

Cycling between high and low magnetic fields using high resolution spectrom-
eters has been simultaneously but independently experimented by Bryant and
Redfield between the end of the 1900 and early 2000. Two technically differ-
ent approaches were adopted and applied for studying low fields relaxation on
different nuclei: Redfield used a pneumatic system to move the sample inside
the high field magnet [12, 46, 47], while Bryant’s group system consisted also
of an electromagnet attached to the bottom of the high field magnet [48].

More recently, this approach has been redesigned and defined as high-resolution
relaxometry (HRR). HRR has been shown to allow the study of: 15N relax-
ation of proteins to gain molecular dynamics insights [49], the relaxivity of
paramagnetic nanoparticles [50], weak interactions of metabolites with pro-
teins [51]. In fact, a new method, that employs HRR, has been developed to
identify and characterize interactions of small molecules and macromolecules or
supramolecular assemblies in complex mixtures, namely metabolites in human
blood serum. This method is based on the measurement of proton relaxation
rates of small molecules in solution with macromolecules, over several orders
of magnitude of magnetic field. If the small molecule is free in solution, the
dispersion profile is expected to be flat. If the small molecule binds specifically
to a macromolecule or supra molecular assembly, the dispersion profiles for its
protons will be the weighted average between the one of the free forms and
the bound form, with a dispersion appearing at low field, as a consequence of
the larger correlation time of the complex. This method was firstly applied on
a mixture of serum albumin and the standard TSP, and allowed not only the
detection of the interaction of a small molecule to a large molecular system,
but also provided quantitative information about the complex, such as its size.
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1.3 Aim of the project

The aim of this project was to investigate structural and dynamic properties
of a variety of systems, both in the food sciences and in the life and health
sciences fields, exploiting the unique point of view of fast field cycling relax-
ometry and ultrafast high resolution relaxometry.

1. The relaxometry profiles of a natural oral contrast agent, i. e. blueberry
juice, were acquired and characterized in order to understand the origin of
the increase in relaxation rates with respect to the previously investigated
pineapple juice [24], taking into account their content of manganese(II)
ions;

2. The conjugation reaction of L-asparaginaseII and DOTA-NHS-ester and
the addition of gadolinium(III) ions were performed, and its role as a
MRI contrast agent was evaluated [20];

3. In the framework of a larger study, the behavior of gadolinium labeled
protein cages, relatively large (MW in the range from 17 to 20 kDa)
paramagnetic compounds proposed for magnetic resonance imaging sig-
nal amplification, were characterized [21]. For all of the diamagnetic and
paramagnetic proteins involved, NMRD profiles have been acquired and
fitted, and the results have been analyzed;

4. We contributed to the study of protein-drug candidates, involving human
transthyretin (TTR) and a strong binder, Tafamidis. FFC relaxometry
was employed to confirm that an higher tetrameric structural stability is
observed in samples of wild type and mutated TTR, in the presence the
ligand [34];

5. The study of molecular motions at different timescales is essential in or-
der to define a suitable physical model for describing the supramolecular
organization of complex systems, e. g. triglycerides in olive oil. This
objective can be achieved taking into account all protons interactions.
These have been investigated through FFC relaxometry, HRR, high res-
olution NMR and molecular dynamics simulations.

As a side project, taking advantage of the experience gained in carrying out
the L-asparaginaseII bioconjugation reaction, I was involved in finding the
best conditions for the N-terminus functionalization of the HACTR-PD-1 mu-
tant (K131T/K135R) with N-hydroxy succinimide (NHS) activated PEG (see
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Section 3.5). This reaction was preparatory for a larger study of PD-1 conju-
gates and it leads to the perspective of an interaction study between PD-1 and
PD-L1 [52]. The study of this interaction itself could benefit from an investi-
gation through FFC and high resolution relaxometry. Even more interestingly,
a selective conjugation between a paramagnetic complex and PD-1 could in
principle pave the way to the development of a paramagnetic probe specifically
targeting tumor cells. FFC and high resolution relaxometry could be the ideal
techniques to investigate the properties of the probe and of its adduct with
PD-L1.

The last portion of my PhD project revolved around high resolution relaxom-
etry. I employed this new technique on different systems, also addressing the
problem of data analysis and interpretation. Given that HRR is performed on
a prototype, validation of the results was needed and it was achieved through
the comparison with FFC relaxometry data on well known samples.
A study of protein-ligand interactions has been carried out employing the pro-
totype of the new HRR shuttle system, and the results are described. In
particular, the catalytic domain of matrix metalloproteinase-12 (MMP-12)
and its interaction with some small molecules, known to bound the protein
in a range from µM to mM, were investigated. This new technique could be
groundbreaking in the drug discovery field, since understanding the dynamics
of pharmacologically-relevant proteins can lead to major improvements in the
efficiency and selectivity of drugs by rational design.

In summary, during my PhD, I’ve worked to achieve a comprehensive under-
standing of the systems under investigation by coupling fast field cycling and
high-resolution relaxometry with high-field NMR measurements and molecular
dynamics simulations. Important molecular dynamics information which were
obtained, especially through FFC relaxometry and HRR are:

• structural and dynamic properties of biomolecules, like: L-asparaginaseII,
protein cages, human transthyretin, and olive oil (see all Sections);

• characterization of internal (e.g. rotational) dynamics of diamagnetic as
well as paramagnetic compounds, such as olive oil, TTR, ANSII, and
protein cages (all Sections);

• evaluation of promising MRI contrast agents, such as blueberry juice
and paramagnetic proteins (in terms of electronic relaxation, kinetics of
exchange, coordination number, correlation times of reorientation, local
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mobility and diffusional dynamics) (see Section 1.2);

• indication of aggregation states of complex biomolecules, such as proteins
like TTR (see Section 3.2);

• observation of the interaction between proteins and small molecules, in
the case of MMP-12 interactions with ligands (see Section 3.4).



Chapter 2

Methodologies

2.1 Fast Field Cycling Relaxometry

Fast Field Cycling Relaxometry (FFC) harnesses the fundamental principles of
Nuclear Magnetic Resonance (NMR) while introducing a dynamic discrimina-
tion through the modulation of magnetic field strengths. This unique approach
is based on the measurement of nuclear spins relaxation at different field val-
ues, and yields information about molecular dynamics, besides structure and
interactions. Unlike conventional NMR techniques, which use a single mag-
netic field, and thus probes a single frequency, FFC relaxometry can probe
dynamics over the kilohertz to megahertz range. By exploiting rapid changes
in magnetic field strengths, FFC relaxometry goes beyond the limitations of
traditional NMR techniques, enabling the measurement of NMR relaxation
times from very low (typically 0.0002 T) to high (typically 1 T) fields and thus
the investigation of dynamic processes over a wide range of timescales.

To carry out FFC relaxometry measurements, the Stelar Spinmaster FFC2000-
1T relaxometer was used. It features an electromagnet capable of generating
magnetic fields ranging from 0.01 MHz to 40 MHz proton Larmor frequency.

The standardly employed sequences are displayed in Figure 2.1 and are di-
vided into "high field" or non-prepolarized field-cycling technique, and "low
field" or prepolarized field-cycling technique. The prepolarized sequence is
needed to create detectable Free Induction Decay (FID) intensity when the
relaxation field is too low, i.e.: below half of the electromagnet’s maximum
field strength.

23
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repeated with a different value of s (typically 16 s values are used,
ranging from 0.01 to 4 times the relaxation time at that field) in
order to recover the whole magnetization decay curve. The mono-
exponential fit of this curve provides the relaxation time at the
measuring field. The whole relaxometry profile, termed the nuclear
magnetic relaxation dispersion (NMRD) profile, is then obtained by
changing the value of the measuring field. At high fields, step (i) in
the cycle above is omitted. Electromagnets are usually employed to
allow for fast cycling among the different fields, achieved by
changing the current flowing in the magnet coil. The recycle delay
of step (iv) is also needed to avoid excessive heating of the electro-
magnet due to the flowing current. A critical point in the field-
cycling technique is the time needed for switching from one field
to another and stabilizing that field: magnetization losses occur
during these times and can prevent an accurate measurement of
relaxation times smaller than the switching times (typically of
ca. 3 ms). Information on the technical characteristics and limita-
tions of field-cycling relaxometers can be found in the literature
[34,35]. Importantly, since the detection field usually corresponds
to proton Larmor frequencies of a few to tens of MHz and the field
homogeneity is relatively poor, no spectral resolution is available
for the acquired NMR signals, and so with FFC relaxometers only
the collective relaxation of all nuclei in the sample (typically dom-
inated by relaxation of the solvent nuclei) can be measured.

The concept of cycling between high and low magnetic fields
has also been explored using high resolution NMR spectrometers,
by shuttling the sample from the high field position to lower field
positions (Fig. 3). This technique, pioneered by Redfield [36,37],
was first employed to enhance the phenomenon of dynamic
nuclear polarization [38–40]. The main limitation of the shuttling

technique is the dead time needed to shuttle the sample from
one position to another, which largely limits the relaxation rates
that can be measured. However, thanks to the high resolution
offered by high field NMR spectrometers, we expect this technique
to increase in popularity, as it is able to overcome the main limita-
tion of field-cycling relaxometers, namely the lack of spectral res-
olution. In fact, high resolution relaxometry allows for the
measurement of the field dependence relaxation rates of individual
nuclei [41,42].

Fig. 2. Field-cycling technique and reconstruction of the magnetization recovery and decay curves at high and low fields.

Fig. 3. Shuttle NMR spectrometer: the sample is transferred to points at different
distances from the center of the magnet so that it can experience different magnetic
fields.

G. Parigi, E. Ravera, M. Fragai et al. Progress in Nuclear Magnetic Resonance Spectroscopy 124–125 (2021) 85–98
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Figure 2.1: In the upper part of the figure the so called non prepolarized sequence
is displayed. The bottom part shows the prepolarized sequence, employed at low
fields. The reconstruction of the magnetization recovery and decay curves are also
shown [33].

At low fields, the sequence consists of:

Phase 1: Application of the prepolarizing field ("soaking field" in Figure 2.1) for
and interval of time that is five times the T 1 value estimated at that
field;

Phase 2: Switch of the field to the relaxation field at which we want to measure
the relaxation time ("measuring field" in Figure 2.1);

Phase 3: Switch of the field to the detection field, fixed value at which the receiver
is tuned, and immediate application of a 90 degree radiofrequency pulse
for generating the FID signal;

Phase 4: Switch the magnetic field off to allow for the complete decay of the
magnetization and to avoid excessive heating of the electromagnet.

Phase 1 is not used in the case of the non-prepolarized sequence.

The switching time has a fixed value of 3 milliseconds and it is needed to
change and stabilize the field value. This is a critical point of the field cycling
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techniques since magnetization losses occur during these times and can prevent
an accurate measurement of relaxation times smaller than the switching times.

These two sequences allow for the reconstruction of the magnetization build
up and decay by measuring the magnetization of the sample at different in-
tervals of time, indicated as τ in Figure 2.1. The intensity of the first 200 µs
of the FID, measured in Phase 3 of the previous list, is indeed proportional
to the magnetization at the delay τ . A fit of this curve gives the longitudinal
relaxation time of the detected nuclei. Usually a monoexponential behaviour
can be assumed for the relaxation process, but there are exception, which will
be also discussed in this thesis.

By applying this procedure at different relaxation fields, the nuclear magnetic
relaxation dispersion (NMRD) profile is obtained. This profile shows the mag-
netic field dependence of relaxation times (or equivalently, relaxation rates)
[53]. Examples of NMRD profiles are shown in Figure 2.2.
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Figure 2.2: In panel (a) NMRD profiles of 0.2 mM 15N labelled ANSII and conju-
gated system 15N-ANSII-DOTA registered at 298 K and 309 K in phosphate buffer
300 mM, pH 7.5. In panel (b) NMRD profiles of 15N-ANSII-DOTA-Gd (50% of
DOTA concentration) registered at 290, 298 and 309 K. A small effect of tempera-
ture can be appreciated between 5 and 40 MHz.
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2.2 High Resolution Relaxometry

High-resolution relaxometry (HRR) is an advanced NMR technique that com-
bines the determination of multiscale dynamics of fast field-cycling relaxom-
etry with the atomic-level nature and therefore the analytical power of high-
resolution NMR. HRR shuttles the sample within the stray field of a com-
mercial NMR magnet to vary the field. Currently available range spans from
around 2 MHz to the high field of the employed magnet.

HRR has been recently redesigned, and two prototypes of the so called Fast
Shuttle System (FSS) have been installed at ENS and at CERM. The experi-
ments included in the present PhD thesis were carried out on both instruments.
The spectrometer employed at ENS was a Bruker Avance III HD spectrom-
eter operating at 600 MHz (∼14.1 T), equipped with a 5mm TXI S3 (1H,
13C, 15N) probe with xyz-gradients; BTO. The spectrometer used at CERM
was a Bruker AVANCE NEO spectrometer operating at 700 MHz (∼16.5 T)
equipped with a 5mm TXI S4 (1H, 13C, 15N) probe with z-gradient; BTO.

The FSS is an NMR accessory that is mounted on top of the dewar of the
NMR magnet and that allows for the HRR measurements. It consists of 5
main components:

• The drive unit: arranges the primary motor that controls a rope, this
unit moves the shuttle sample up and down;

• The sample transfer station: gives access to the pressurized FSS area for
loading/removing the shuttle sample in the FSS;

• The guide tube: inserted in the standard BST within the magnet room
temperature bore;

• The end stop: the interface with the NMR probe;

• The electric and pneumatic box: to control the FSS (de-/pressurize the
FSS) and show the FSS operating status displayed by several leds on the
front.

A continuous high pressure (4.5 bar) air flow pushes the shuttle tube inside
the magnet to the high field detection position and counteracts the action of
the rope.
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3.3.1 FSS Description

The FSS is an NMR accessory that is mounted on the dewar of the NMR magnet.

It consists of 5 main components:
• The drive unit: that arranges the primary motor that moves the shuttle sample up and

down.
• The sample transfer station: that gives access to the pressurized FSS area for loading/

removing the shuttle sample in the FSS.
• The guide tube: that is inserted in the standard BST within the magnet room temperature

bore.
• The end stop: the interface with the NMR probe.
• The electric and pneumatic box: to control the FSS (de-/pressurize the FSS) and show

the FSS operating status displayed by several leds on the front.

Figure 2.3: Representation of the fast shuttle system mechanism with highlighting
of its main components.

The sample is contained in a 5 mm shuttle tube (see Figure 2.4) connected
to the rope mechanism, allowing for precise positioning within the magnet.
A "bubble catcher" within the tube performs dual roles: removing bubbles gen-
erated during sample preparation and preventing the formation of new ones
during the movement, and serving as a seal for the liquid sample. Two rubber
o-rings in contact with the tube walls keep the bubble catcher in place. A
plunger screw closes the bubble catcher, runs through the entire length of the
tube, and sticks out a few millimeters.

Figure 2.4: 5 mm shuttle tube employed with the fast shuttle system.

The principle of a high resolution relaxometry experiment is illustrated in
Figure 2.5. The sample is polarized at high field, then it can be moved, with
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extremely precise position control, at different heights inside the magnet. A
different magnetic field value will be experienced by the sample depending on
its position inside the stray field. The time required for the sample to be
moved to the desired position (equal to the time required to return to the
high field position) is called the travelling time and it is set to 68 milliseconds,
regardless of the chosen field value. Once the shuttle container is in the high
field position, a stabilization delay is needed to reduce the vibration artifacts
due to its movement. With a stabilization delay of 150 milliseconds, very low
vibration levels were observed on the FSS prototype at CERM.
While pulses and detection necessitate the sample to reside in the high field
position, this setup allows to collect relaxation rates across a broad range of
magnetic fields (from about 2 MHz, or 50 mT, to 700 MHz on the FSS pro-
totype installed on the 700 MHz Bruker AVANCE NEO), and to benefit from
both high sensitivity and high resolution provided by the homogeneous high
field magnet.

The user can export the first derivatives of the relaxation rates with
respect to all the variables (magnetic field excluded as it is not use-
ful in the following analysis). All the expressions of the relaxation
matrix and the relaxation rates (and first derivatives if required)
are saved in separate files named respectively RelaxationMatrix.
txt for the entire relaxation matrix, Rate.txt for the relaxation rates
defined in the RatesOfInterest array, and Ratederiv_Variable.txt
where Rate refers to the considered relaxation rate and Variable to
the variable name by which the rate is derivated. The first deriva-
tives of the relaxation rates can be used in minimization proce-
dures. An additional file named PositionOfInterest.txt is also
created and contains the position of the operator of interest in the
relaxation matrix (N̂z in our case example).

3.2. ICARUS implementation

In this paper, we show as an example how REDKITE can be used
for the analysis of HRR experiments. Other applications of REDKITE

have been published elsewhere [44,41], and can be envisioned, as
relaxation rates can be obtained for any spin system. We detail
here the analysis of HRR relaxation rates.

3.2.1. Accurate estimation of relaxation rates from high-resolution
relaxometry measurements

High-resolution relaxometry can be used to obtain a precise
description of the dynamics of spin systems over orders of magni-
tude of timescales [17,25,26]. The analysis is based on the mea-
surement of longitudinal relaxation rates over a broad range of
magnetic fields (typically from a few tenths of Tesla up to about
20 T). A reliable description of the motions requires accurate esti-
mates of the relaxation rates.

During each high-resolution relaxometry experiment, the sam-
ple is transferred outside of the magnetic center to a defined posi-
tion zrelax in the stray field above the magnet (Fig. 3). During the
two transfers (from high to low field, and back) and the relaxation
delay, all relaxation pathways are active. In contrast to the exam-
ple presented in Section 2.2, measured polarization decays can
be affected by cross-relaxation and therefore cannot be used as is
to determine longitudinal relaxation rates accurately (this is true
for any relaxation experiment where pulses can not be applied
during the relaxation period). Doing so would lead to systematic
deviations in the parameters used to describe the dynamics of
the system. Simulating the experiment including the time when
the sample is outside the superconducting coil allows one to take

Fig. 3. Description of an HRR scheme. a) The position of the sample is changed during the course of the experiment. It is first polarized at high field, and transfered to a chosen
position in the stray field of the superconducting magnet, characterized by a lower magnetic field, for relaxation. The sample is then moved back to the high-field position for
detection. Pannel adapted from [25]. b) A typical pulse sequence used to record HRR experiment. During the analysis of HRR rates, the highlighted part of the pulse sequence
(blue) is simulated. Black narrow (respectively wide empty) rectangles represent p=2-pulses (respectively p-pulses). Pulses are applied along the x-axis if not otherwise
stated (by the ui). The amplitude of pulse field gradients are labeled gi . Additional experimental details can be found in [26]. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

N. Bolik-Coulon et al. / Journal of Magnetic Resonance 313 (2020) 106718 7

Figure 2.5: Schematic representation of the shuttle system mechanism [51].

Shuttling and relaxation at variable fields can be, in principle, integrated in
every kind of pulse sequence. In Figure 2.6, a scheme of an inversion recovery
experiment for T1 determination is displayed. The sample is moved to the re-
laxation field during the variable delay times. The experiment is then repeated
at different relaxation fields and variable delay times, producing, for each re-
laxation field, a pseudo-2D experiment that will be processed as needed. HRR
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measurements can be performed to obtain the relaxation rates of all individual
signal in a high-resolution spectrum. Each nucleus will show a different NMRD
profile due to its relaxation mechanisms, providing precious information about
the reorientational correlation time of the molecule and the internal dynamics.

www.nature.com/scientificreports/
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homogeneous sweet spots as proposed recently30, but was not performed in the present work. !e magnetic "eld 
strength at a given shuttle position was determined from the stray "eld pro"le. A programmable motor controller, 
as depicted in Fig. 1, drives the sample shuttling device. !e sample was polarized at the center of the magnet 
before being shuttled to the desired upper positions for spin relaxation at various lower magnetic "eld strengths. 
A$er a prede"ned but variable time period in the presence of the low magnetic "eld, the sample was shuttled 
back to the high "eld center for signal acquisition. In Fig. 1, ∆ t is the sample shuttling time, equaling the e%ective 
"eld switching time. !is time is controlled precisely by the power applied to the motor and stays constant during 
the relaxivity experiments. !e high speed shuttling instrument has been operated for 10 million cycles without 
damaging the NMR sample tube nor to the probe-head. Because of its design, it can be adapted virtually to any 
modern commercial high-"eld NMR spectrometer.

Sample preparation. !e synthesis protocols and material properties of the Gd/Eu nanoparticles were pre-
viously published14. !ese particles are obtained by precipitation at low temperature. Two di%erent synthesis pro-
tocols yielded 30-nm (normal route) and 5-nm nanoparticles (citrate route). !e normal route synthesis consists 
in mixing rare earth nitrates with sodium orthovanadate at room temperature. !ese ions precipitate and form 
rare earth vanadate nanoparticles. !e citrate route synthesis di%ers from the normal route by the addition of a 
citrate complexing agent that limits the particle growth. In both cases, the obtained nanoparticles were puri"ed by 
centrifugation and washings, or dialysis in order to eliminate residual reactants and counter ions.

!e particles were characterized with dynamic light scattering, transmission electron microscopy (TEM), 
X-ray di%raction and zeta potential measurements14. During all experiments, the samples were suspended homo-
geneously in distilled water as a colloidal dispersion. All samples were sonicated immediately prior to the meas-
urements to disperse transiently formed aggregates. Bare 30-nm particles present a low surface charge (8.6 mV 
for Gd0.6Eu0.4VO4 particles) and tended to partially precipitate during the acceleration periods transporting the 
sample between the di%erent magnetic "eld locations. We therefore used SiO2-coated nanoparticles obtained 
by silicate condensation at room temperature in water31. Silica-coated nanoparticles present a higher surface 
charge (− 31 mV for Gd0.6Eu0.4VO4 particles) and thus show higher colloidal stability and do not precipitate in the 
experimental conditions. Note that the presence of a silica coating changes the relaxivity of the nanoparticles only 
slightly14. !is is not surprising given the amorphous nature of the silica coating31 which allows the penetration of 
small molecules14,32. 5-nm nanoparticles obtained with the citrate route have a surface charge of − 13 mV due to 
the presence of citrate ions at the particle surface and did not require any further coating.

!e R1 of background water was measured in the suspension bu%ers a$er removal of the nanoparticles by cen-
trifugation and "ltration. We centrifuged the solutions containing the nanoparticles during 10 minutes at 10000 g. 

Figure 1. Rapid sample shuttling for "eld-dependent measurements of longitudinal relaxivity: !e change 
of the magnetic "eld that the sample experiences, as a function time axis, is presented in (a). !e inversion 
recovery pulse sequence, shown in (b), is synchronized with the sample shuttling in order to allow for evolution 
of the magnetization towards equilibrium in the presence of the low magnetic "eld, during the delay time. !e 
sample position inside the superconducting NMR magnet during the experiments is shown in (c). !e sample 
position is synchronized with the pulse program.

Figure 2.6: Inversion recovery experiment scheme, including the motion of the
sample to the low field position during the variable delays [50].

0

1

2

3

4

10 100 1000 10000 100000

R1 [7,4213:7,4273] ppm (s-1)
R1 [7,4083:7,4143] ppm (s-1)
R1 [6,8642:6,8702]  ppm (s-1)
R1 [6,85:6,856] ppm (s-1)

R1
 (s

-1
)

0

1

2

3

4

Magnetic Field (mT)
10 100 1000 10000 100000

R1 [7,4292:7,4352 ] ppm (s-1)
R1 [6,8695:6,8755 ] ppm (s-1)
R1 [7,4145:7,4205] ppm (s-1)
R1 [6,8548:6,8608 ] ppm (s-1)

Figure 2.7: Examples of NMRD profiles obtained from the analysis of the signals of
a small molecule (in red) and of the same signals when the small molecule interacts
with a protein. These profiles were obtained using the FSS prototype at ENS.
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2.3 HRR technique validation

Since the fast shuttle system installed on the 700 MHz Bruker AVANCE NEO
spectrometer allows measurements between 2 and 700 MHz, there is an over-
lapping field zone with the Stelar Spinmaster FFC2000-1T relaxometer.
A comparison between the longitudinal relaxation rates of water protons mea-
sured with the two techniques was possible, and a couple of examples are
displayed in the following figures.
In all the analyzed samples, we appreciated the consistency between the relax-
ation rates values measured between 2 and 40 MHz with the two techniques.
For the high field measurements the following sequence was employed:

d1− ↑ −τ− ↓ −π
2
− aq

where the ↑ and ↓ indicate the movement of the shuttle container, and τ is the
variable delay.

In Figure 2.8, the NMRD profiles of five differently concentrated copper(II)
aquaion solutions are shown. In panel B, the NMRD profiles of the 2.5, 5, and
10 mM copper(II) solutions, acquired at the Stelar Spinmaster FFC2000-1T
relaxometer (black symbols) are superimposed with the values of relaxation
rate measured with the FFS installed at the 700 MHz Bruker AVANCE NEO
spectrometer (red symbols).
The NMRD profiles of the 15 and 20 mM solutions, displayed together with
the others in panel A, show the presence of a detection limit for the shuttle
system, and it occurs for rates above approximately 20 s-1. This limit is im-
posed by the travelling time and the stabilization delay (respectively 68 and
150 ms), and make it not feasible to detect relaxation times much shorter than
these times.
We can give a qualitative hypothesis for the reason why the relaxation rate
values measured in these cases is nearly the same for the 15 and 20 mM sam-
ples: due to the fast relaxation times of these solutions, the sample is, partially
or completely, relaxed when it returns to the high field position, so the signal
we measured is the polarization resulting from the stabilization delay at 700
MHz. Unfortunately, this is the same rate maximum that Redfield and Bryant
had found with their shuttling systems [48, 47].

In Figure 2.9, the NMRD profile of 0.25 mM solution of a self-aggregating
paramagnetic complex, displayed in panel (b), is shown [54]. A peak in the
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field dependence of electron relaxation. Also in this case, the agreement between the data 
measured with the Stelar relaxometer and with the UHRR shuttle are in excellent agreement 
in the overlapping range of frequencies. UHRR shuttle measurements can in this case permit 
to monitor the decay of the relaxation rates occurring at high fields.  

   

 

Figure 1. (A) Field dependence of the longitudinal relaxation rates of water protons in 2.5, 5, 
10, 15, and 20 mM solutions of Cu2+ aqua ions. Black symbols indicate data collected with 
the Stelar fast field-cycling relaxometer (0.01-40 MHz) and red symbols indicate data 
collected at the Bruker 700 MHz spectrometer equipped with the UHRR shuttle. Temperature 
was set at 15 °C; the − symbols indicate the rates of the buffer alone. (B) Best fit profiles of 
the relaxation rates of water protons in 2.5, 5, and 10 mM solutions of Cu2+ aqua ion.  
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Figure 2.8: (A) Field dependence of the longitudinal relaxation rates of water
protons in 2.5, 5, 10, 15, and 20 mM solutions of copper(II) aquaions. Black sym-
bols indicate data collected with the Stelar FFC relaxometer (field between 0.01-40
MHz) and red symbols indicate data collected at the Bruker 700 MHz spectrometer
equipped with the FSS. Temperature was set at 15 °C. The − symbols indicate the
rates of the buffer alone. (B) Best fit profiles of the relaxation rates of water protons
in 2.5, 5, and 10 mM solutions of copper(II) aquaions.

high field region appears due to the field dependence of electron relaxation, as
expected for systems where the reorientational time is longer than the electron
relaxation time. The overlap of the longitudinal relaxation rate values mea-
sured using the Stelar Spinmaster FFC2000-1T relaxometer (black symbols)
with the values of relaxation rate measured with the FFS at the 700 MHz
Bruker AVANCE NEO spectrometer (red symbols) is nearly perfect.
Additionally, HRR made it possible to extend the magnetic field range at which
water protons relaxation rates could be measured and thus to probe proton
relaxation rates at high fields.
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Figure 2. Field dependence of the longitudinal relaxation rates of water protons in a 0.25 mM 
solution of Gd-AIE. Black symbols indicate data collected with the Stelar fast field-cycling 
relaxometer (0.01-40 MHz) and red symbols indicate data collected at the Bruker 700 MHz 
spectrometer equipped with the UHRR shuttle installed. Temperature was set at 15 °C.
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to enhance both FL and MR signals (Scheme 1B). This
modular design provides the ability to generate many bimodal
FL-MR probes to image other enzyme of interest with ease by
inserting different hydrophilic enzyme substrate instead of the
DEVD peptide.
The syntheses of CP1 and CP1-ctrl (control probe) are

convergent (Scheme 2). Diphenylmethane was deprotonated
with n-butyllithium and subsequently reacted with 4,4′-
dimethoxybenzophenone to afford the tertiary alcohol 1,
which was dehydrated in the presence of pTSA to furnish the
AIE core 2. Monopropargylated intermediate 4 was obtained
after sequential BBr3 demethylation and alkylation with
propargyl bromide. The other phenol group in 4 was alkylated
with 3-(Boc-amino)propyl bromide and subjected to TFA for
Boc deprotection to afford 5. Under amide coupling
conditions, 5 was conjugated with Gd-DOTAGA (1,4,7,10-
tetraazacyclododececane,1-(glutaric acid)-4,7,10-triacetic
acid), which was synthesized separately in 5 steps, to give
Gad-AIE conjugate after RP-HPLC purification.18 Finally, the
azide-functionalized DEVDK synthesized via solid phase
peptide synthesis was coupled with Gad-AIE using Cu(I)-

catalyzed click reaction to give CP1 after RP-HPLC
purification. CP1-ctrl was synthesized with a free C-terminus
in the DEVDK sequence. Since DEVD peptide with charged
residue at the P1’ position has very low kcat/KM, we assumed
CP1-ctrl to have very weak FL/MR turn-on response in the
presence of caspase-3/7.19 We used CP1-ctrl in caspase-3
assays to show that CP1 responds only to caspase-3 and not
the other chemicals present in the buffer mixture. The purities
of CP1, Gad-AIE, and CP1-ctrl were confirmed with analytical
HPLC and ESI-MS (see ESI).

Photophysical Properties of CP1 and Gad-AIE. The
Gad-AIE was used as a mimic for the activated CP1 product.
The UV−vis spectrum shows that the maximum absorptions
for both CP1 and Gad-AIE are located at ∼313 nm, which are
close to that of a typical TPE fluorophore (Table S2). We
evaluated the fluorescence properties of both CP1 and Gad-
AIE in caspase assay buffer. A relatively high concentration of
50 μM was used to resemble the high concentration required
for the MR imaging. A 50 μM solution of CP1 was not
fluorescent, but the same concentration of Gad-AIE was highly
fluorescent (Figure 1A). This confirms the design principle

Scheme 2. Synthesis of Gad-AIE, CP1, and CP1-ctrla

aCP1 is the “off” state prior to DEVD cleavage while Gad-AIE is a chemical mimic of the “on” state post DVED cleavage. CP1-ctrl is a control
probe that is not responsive to caspase-3/7 in vitro because it has a charged C-terminus (blue). We used CP1-ctrl in caspase-3 assays to show that
CP1 responds only to caspase-3 and not to the other chemicals present in the buffer mixture.
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DOI: 10.1021/jacs.8b13376
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6226

(b)

Figure 2.9: (a) Field dependence of the longitudinal relaxation rates of water
protons in a 0.25 mM solution of Gd-AIE. Black symbols indicate data collected
with the Stelar FFC relaxometer and red symbols indicate data collected at the
Bruker 700 MHz spectrometer equipped with the FSS. Temperature was set at 15
°C. (b) Structure of the paramagnetic complex, named Gd-AIE.

2.4 Other techniques

UV-Vis Spectroscopy

Protein quantification was done by means of Uv-Visible spectroscopy at the
Varian Cary 50 spectrometer. The baseline was always acquired using the
buffer solution of the protein of interest and the absorbance reading was done
at 280 nm.

Inductively Coupled Plasma-Atomic Emission Spectroscopy

The Varian ES 720 spectrometer was employed for elemental quantification
of transition metals and lanthanoids in the samples.

Electrospray Ionisation Mass Spectrometry

ESI-MS spectrometry was employed to analyze the native and the conjugated
form of L-asparaginaseII (see Section 3.3.1). The employed instrument was
a TripleTOF 5600+ high-resolution mass spectrometer, equipped with a Du-
oSpray interface operating with an ESI probe.



Chapter 3

Results and Discussion

3.1 Dynamics in highly viscous systems: Olive
Oil

Olive oil is composed of various types of lipids, including triglycerides, diglyc-
erides, monoglycerides, and free fatty acids, as well as minor components such
as antioxidants and flavor compounds. The way these components interact
and arrange themselves in the oil matrix can influence its physical properties,
stability, and nutritional quality.
To our knowledge, no available studies provide a precise and unambiguous de-
scription of the supramolecular organization of triglycerides (the most abun-
dant component of olive oil), including information from different NMR-based
techniques and molecular dynamics.
NMR spectroscopy is a versatile analytical technique used to study molecular
structure, dynamics, and interactions at the atomic level. In the context of
olive oil, NMR can provide insights into the supramolecular organization by
examining the chemical shifts, coupling constants, relaxation times, and diffu-
sion properties of different molecules within the oil.
In the present thesis, FFC relaxometry, high resolution NMR and finally HRR
have been employed to measure olive oil longitudinal relaxation rates at dif-
ferent fields. The major scope of this study is to obtain a more accurate
chemical-physical characterization and define a model for the supramolecular
organization of a complex diamagnetic viscous system.

Nuclear magnetic relaxation dispersion profiles of olive oil samples have been
acquired at 26 magnetic fields in the range from 0.01 to 40 MHz, at three
different temperatures (288, 298, 308 K). The magnetization decay/recovery

33
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profiles of each field were then fitted using Origin.
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z = sqrt(4*x*10^6*6.2832*(d^2/DIFF));
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Figure 3.1: Olive oil magnetization recovery/decay curves at 298 K measured from
0.01 to 40 MHz, and at 400 MHz. Curves in panel (a) are the mono-exponential fit
obtained using Origin, while panel (b) represents the corresponding residuals. Curves
in panel (a) are the bi-exponential fitting, in panel (b) the corresponding residuals
(residuals are reported in linear scale).

In Figure 3.1(a) all the magnetization recovery/decay curves of an olive oil
sample at 298 K are represented and fitted with a monoexponential function.
This fitting led to a reduced χ2 of 2, 055, 893. Residuals appear to be polarized,
as shown in panel (b) of Figure 3.1, requiring at least a bi-exponential fit (see
Equation 3.1 and Figure 3.1 panel (c)). In this case, the reduced χ2 was 41,658
(panel (d)). As it was also previously found [41, 45, 44], two different pools of
protons, in approximately similar amounts, experience two different relaxation
rates.
The time-dependence of the detected intensities were fitted using the equation:

I(t) = A
[
p · exp

(
−RA

1 t
)

+ (1− p) · exp
(
−RB

1 t
)]

+B (3.1)

where RA
1 and RB

1 were the larger and the smaller relaxation rates, respectively,
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the values of p were 0.55, 0.52, and 0.48, at 288, 298 and 308 K, respectively,
and A and B are fitting constants.
From these relaxation rate values we obtained the NMRD profiles of the sam-
ples. The profiles were fitted (see Figure 3.2) as due to dipole-dipole relaxation,
including an inner sphere contribution (using Equation 1.1 where I is the spin
of the proton, and the Lipari-Szabo approach, as in Equation 1.12, as a faster
correlation time was needed) as well as an outer sphere one (in the case of a
diamagnetic system), which takes into account the translational diffusion of
molecules:

R1 = R1dip +R1diff (3.2)

R1dip =
3

10

(µ0

4π

h̄γI
2

r3

)2[
S2
(
J(ωI , τc) + 4J(2ωI , τc)

)
+ (1− S2)

(
J(ωI , τf ) + 4J(2ωI , τf )

)]
(3.3)

R1diff =
8

45
π
(µ0

4π

)2 1000NAγ
4
I h̄

2[H]

2dDT

[
Jdiff (ωI , τD) + 4Jdiff (2ωI , τD)

]
(3.4)

where in R1diff : DT is the diffusion coefficient of olive oil; [H] is the concen-
tration of the protons of the sample, expressed in mM; Jdiff has the same
expression as in Equation 1.7 except for z =

√
2ωτD.

A structural model where proton distances within CH, CH2, and CH3 groups
are modulated on a much shorter timescale than translational diffusion, is in
fact plausible. The data collected at all the temperatures were fitted simulta-
neously (introducing Arrhenius relation between temperatures). The best fit
parameters are reported in Table 3.1.

The analysis indicates that molecular tumbling times are generally in the
subnanosecond range, but some protons have longer reorientation times (some
nanoseconds or hundreds of nanoseconds), making them harder to approach by
diffusing protons. However, FFC relaxometry does not seem to be sufficiently
informative for determining the reorientation time of triglycerides and their
constituent groups, because the relaxation mechanisms due to the dipole-dipole
interactions within the CH2 and CH3 groups are almost completely averaged
out by reorientational motions occurring in the subnanoseconds regime.
The small diffusion coefficients observed in olive oil samples through DOSY
NMR experiments suggest slow translational diffusion (τD = d2/2DT , of the
order of several nanoseconds), likely due to close contacts between the fatty
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DT* (m2/s) 9.5·10-12 exp[4160 K(1/(298 K)-1/T)]
d (Å) 3.1 ± 0.2
[HA] (mM) 109 ± 3
[HB] (mM) 30 ± 1
r* (Å) 1.75
SA

2 0.023 ± 0.003
τ c

A (ns) (7.7 ± 0.5) exp[ (-3070 ± 150 K)(1/(298 K)-1/T)]
τ f

A (ns) (0.12 ± 0.02) exp[ (-3090 ± 200 K)(1/(298 K)-1/T)]
SB

2 0.000082±0.000020
τ c

B (ns) (380± 30) exp[ (-2620 ± 150 K)(1/(298 K)-1/T)]
τ f

B (ns) (0.092± 0.02) exp[ (-2010 ± 100 K)(1/(298 K)-1/T)]

Table 3.1: Best fit values of the parameters obtained from the fit of the relaxation
profiles. Parameters followed by the symbol * were fixed: D was determined through
NMR DOSY experiments (and very similar to the values reported in the literature
[45, 44]), while r was set to 1.75 Å, the distance between protons in CH2 groups,
representing the large majority of the protons in triglycerides.

acid chains of the triglycerides, probably intertwined.
In order to have additional information, longitudinal relaxation rates were

measured by high resolution 1H-NMR at 400 MHz, on a Bruker Avance III
spectrometer equipped with a BBO probehead, at three temperatures (288,
298 and 308 K). The sample was placed in a capillary tube, coaxial to the 5
mm NMR tube filled with D2O in order to reduce radiation damping.

From the high resolution spectra reported in Figure 3.3, ten peaks can be
resolved and assigned (consistently with the assignment already present in the
literature [55]), and therefore ten relaxation rates can be obtained for each
temperature. Nine of the signals can be related to the groups of protons in tri-
olein (containing only monounsatured chains), which is the main component of
olive oil. Therefore, a nine-exponential function (Equation 3.5) was employed
to fit the magnetization curves measured at the relaxometer:

I(t) =
∑
i

A
[
piexp

(
−R1

it
)

+B] (3.5)

considering a model where only dipole-dipole interactions are modulating the
relaxation rates (Equation 3.3). The relative populations of each group, pi,
were fixed based on the value of the integral of their signal, while the “effective
distance” r was fixed, on the basis of structural considerations, to 1.75 Åfor
CH2 protons, and 1.96 Åfor CH3 and CH protons.
Python was employed to implement a curve fitting script which allowed us to
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Figure 3.3: Olive oil 1H NMR spectra at 288, 298 and 308 K, measured at 400
MHz.

fit collectively the FFC relaxometry and the high resolution NMR data.

0.07275 

 

 

0.0218 

0,01 0,1 1 10
5

10

15

20

25

30

35

40

45

50

R
el

ax
at

io
n 

ra
te

 (s
-1

)

Proton Larmor frequency (MHz)

288 K

298 K

308 K

0,01 0,1 1 10

5

10

15

20

308 K

298 K

288 K

R
el

ax
at

io
n 

ra
te

 (s
-1

)

Proton Larmor frequency (MHz)

(a)

0.07275 

 

 

0.0218 

0,01 0,1 1 10
5

10

15

20

25

30

35

40

45

50

R
el

ax
at

io
n 

ra
te

 (s
-1

)

Proton Larmor frequency (MHz)

288 K

298 K

308 K

0,01 0,1 1 10

5

10

15

20

308 K

298 K

288 K

R
el

ax
at

io
n 

ra
te

 (s
-1

)

Proton Larmor frequency (MHz)

(b)

Figure 3.2: Fitting curves of the rate values obtained from biexponential fit of the
magnetization curves of olive oil at 288, 298 and 308 K. The reduced χ2 was 0.07275
for (a) and 0.0218 for (b).
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Figure 3.4: Best fit parameters for the collective fit of low field and high field data.
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Figure 3.5: Fitting curves of the multiexponential fit (Equations 3.5 and 3.3) of
the magnetization curves of olive oil at 288, 298 and 308 K. In panels (b), (d) and
(f), the extremely good agreement between the calculated rate values and the ones
measured from the high resolution experiments is plotted. This is one of the fits
obtained employing our customizable script.

In Figure 3.5, the fits obtained using this method on our customized script
are plotted.
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GROMACS was employed to perform a molecular dynamics simulation of
a box containing 250 identical triolein molecules, including the inputs gener-
ated through LigParGen, and the OPLS AA force field [56]. Firstly, a quick
minimization was performed. Subsequently, the equilibration was carried out
using an isobaric/isothermal (NPT) ensemble, where number of particle, pres-
sure and temperature are kept constant for the whole simulation. A high time
constant for pressure coupling (10 ps) and a 0.2 fs integration time step were
set.
The output configuration was employed as starting point for the first produc-
tion, which was run for 200 ns. Finally, another 20 ns production started from
this final configuration. The average density of the simulated system was 907.3
kg/m3, very close to the experimental density of pure triolein, 907.8 kg/m3.
This is an indication that the force field is correctly reproducing the exper-
imental properties of the system. Moreover, relatively small fluctuations of
the four main thermodynamic properties were observed, as reported in Figure
3.6. The relatively small drift of the thermodynamic quantities means that
the system is well equilibrated when the production is performed.

RESULTS AND DISCUSSION
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Figure 3.6: Density, pressure, temperature and volume fluctuations during the 20
ns production.
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Figure 3.7: Representation of a triolein molecule with indexes of a few selected
atoms. The coulor coding is the same as in Figures 3.8, 3.9, and 3.10.

The trajectory of the protons was extracted, converted into coordinates ma-
trices and analyzed through a customized MatLab script. The employed script
takes as input the cartesians coordinates, recursively calculates the contribu-
tion to the correlation function of the interaction between one single proton
and every other proton in the simulation box and sums them up to give the
correlation function of each proton. For the best fit of the proton correlation
function, taking into account the inter- and intramolecular interactions, an ex-
ponential function with three correlation times and two order parameters was
employed.
The obtained order parameters reflect the expected mobility of the aliphatic
chains of the triglycerides. In fact, as it can be observed from Figures 3.8,
motions that modulate the dipolar relaxation with the slower correlation time
τ 1, in the order of nanoseconds, have the largest order parameters for the pro-
tons belonging to the head of the triglyceride. On the other hand, the fastest
correlation time τ 3, which is in the order of picoseconds, has the highest con-
tribution for the protons that belong to the most mobile part, which is the
terminal part of the tail of the molecule (see Figures 3.10).
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Figure 3.8: Values of τ1 and the corresponding SA
2 for selected protons of the

triolein alchilic chains. Chain A goes from 34-35 (glycerol protons) to 1 (methyl
proton), chain B goes from 36 (glycerol proton) to 102 (methyl proton), chain C
goes from 37 (glycerol protons) to 69 (methyl proton), as shown in Figures 3.7.
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goes from 37 (glycerol protons) to 69 (methyl proton), as shown in Figures 3.7.
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Figure 3.10: Values of τ3 and the corresponding SC
2 for selected protons of the

triolein alchilic chains. Chain A goes from 34-35 (glycerol protons) to 1 (methyl
proton), chain B goes from 36 (glycerol proton) to 102 (methyl proton), chain C
goes from 37 (glycerol protons) to 69 (methyl proton), as shown in Figures 3.7.
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Finally, HRR measurements were performed with the first shuttle system
at Bruker in Wissembourg, with a Bruker Avance III spectrometer operating
at 600 MHz (∼ 14.1 T), equipped with a 5mm PA TXI 600 S3 H-C/N-D probe
with XYZ gradients; BTO.
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 High resolution relaxometry measurements were performed using the Bruker prototipe in Wissembourg

Increasing delay

Zoom

OLIVE OIL - HRR

Figure 3.11: Example of time dependent magnetization decays at different relax-
ation fields for one NMR signal masured with the HRR shuttle system installed in
Wissembourg on a Bruker Avance III spectrometer operating at 600 MHz.

These data were processed and analized. The integration of all the triglyc-
erides signal was followed by the fitting of time dependent magnetization de-
cays at 16 different relaxation fields. An example of what we obtained for each
signal is displayed in Figure 3.11. The time dependence of the intensity of
all peaks shows a mono-exponential decay, except for the CH2 signal, which
requires a bi-exponential function. It is not surprising that protons belonging
to different groups of triglycerides experience different relaxation rates. This
variability arises from the different motional regimes and interactions with
neighboring protons at varying distances to which each proton is exposed to.
To some extent, this behaviour may be seen as analogous to that of intrinsically
disordered proteins, where proton relaxation rates differ due to the different
distances of each CH, CH2 and CH3 protons from other protons, and fast local
mobility occurs. However, this fast mobility is unable to completely average
out the dipole-dipole interaction energy, so that longer reorientation times are
effective in determining the low field relaxation rates.
The fit of the field dependence of the resulting longitudinal relaxation rates
indicates the contributions of three to four correlation times, ranging from sev-



46 CHAPTER 3. RESULTS AND DISCUSSION

eral tens of picoseconds to few nanoseconds, with different weights (see Figures
3.12 and 3.13). These weights reflect the different mobility along the alchilic
chain of the triglycerides.

The magnetization curves obtained through FFC relaxometry measurements
are in very good agreement with the relaxation rates obtained with the HRR
measurements if the slowest correlation time (τ1) and the corresponding order
parameter (S2) were left free to adjust (Figure 3.14).
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Figure 3.12: Fit of the NMRD profile for each proton signal. Each of the longi-
tudinal relaxation rates dispersion was fitted taking into account 3 or 4 correlation
times.
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Figure 3.13: Best fit parameters of the NMRD profiles in Figures 3.12.
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Figure 3.14: (a) Left: FFC relaxometry data (dots) and curves calculated using the
values of Figure 3.12 panel (b). (a) Right: FFC relaxometry data (dots) and fitting
curves using the values of Figure 3.12 panel (b) except for τ1 and the corresponding
order parameter that were not fixed. (b) Best fit parameters.
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3.2 Protein dynamics insights on human TTR

Functional TTR is an assembly of four identical subunits, a dimer of dimers of
D2 symmetry, with a total molecular mass of 55 kDa. TTR is present in blood
plasma and cerebrospinal fluid, where it carries the holo-retinol binding protein
and the thyroxine T4 hormone [57]. However, TTR’s significance goes beyond
its crucial role in hormone transport. In fact, this protein has garnered atten-
tion in the field of drug delivery for its ability to form stable complexes with
various small molecules, including drugs and therapeutic compounds. This
characteristic is particularly valuable in the development of targeted drug de-
livery systems. In fact, when a small organic drug is conjugated to a protein,
specific recognition of receptors, and thus efficient targeting can be achieved.
That is the reason why TTR, as well as other proteins (e.g. human serum
albumin [58]), have been considered in the development of targeted drug de-
livery systems.

(a)
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Another protein that has been considered as a drug carrier is 
human transthyretin (TTR hereafter), which is present in blood 
plasma and cerebrospinal fluid where it carries the holo-retinol 
binding protein and the thyroxine T4 hormone. Functional TTR is 
an assembly of four identical subunits, a dimer of dimers (D2 
symmetry, total molecular mass 55 kDa). Mutations in the gene 
coding for TTR decrease the stability of the assembly, leading to 
the dissociation of the tetramer into monomers. Monomers can 
partially unfold and form amyloid fibrils.[10] Extracellular 
accumulation of TTR amyloid fibrils in different tissues and organs 
leads to severe disorders, and ultimately to fatal multiorgan failure. 
A recent therapeutic approach to treat the familial amyloid 
polyneuropathy relies on small organic molecules that target 
thyroxine T4 hormone binding sites.[11,12] One of these molecules, 
Tafamidis (2-(3,5-dichlorophenyl)benzo[d]oxazole-6-carboxylic 
acid), binds TTR at these two sites in a negative cooperative 
manner, but with nanomolar affinity (Kds of ∼2 nM and ∼200 nM 
respectively), and prevents dissociation into monomers.[13] The 
high affinity of Tafamidis makes it an ideal anchor in the design of 
conjugates harboring hydrophobic cytotoxic drugs that would 
otherwise result poorly soluble. This strategy, but with a different 
high-affinity TTR ligand, has been already used to generate drug-
protein conjugates with an improved selectivity against cancer 
cells.[14–16]  
The rational design of protein-drug conjugates to maximize 
effectiveness, pharmacokinetics, and stability in vivo while 
minimizing their structural complexity is receiving more and more 
interest, and could benefit from highly accurate structural 
information from X-ray crystallography, NMR spectroscopy, and 
cryo-electron microscopy.[17–26] However, proteins that are 
covalently bound to, or that interact strongly with, relatively large 
drugs through long linkers can be difficult to crystallize. 
Furthermore, these systems are too big for NMR spectroscopy in 
solution, but still neither big nor rigid enough to allow for the use 
of cryo-electron microscopy.[27] Solid-state NMR may overcome 
these limitations, and it is already used to investigate non-
crystalline protein samples, biologics and biomaterials.[28–39] 
Significant enhancements in sensitivity have been obtained by the 
recent achievements in the NMR probe technology and in 
biomolecular Dynamic Nuclear Polarization (DNP).[40–44] 
We here report the design and synthesis of a new molecule that 
results from the conjugation of the cytotoxic Paclitaxel with 
Tafamidis (Scheme 1) to form a stable non-covalent protein-drug 
conjugate (PDC) with TTR. The design of this molecule starts with 
the combination of structural data from X-ray crystallography, and 
solution and solid-state NMR. Paclitaxel and Tafamidis are linked 
through a long PEGylated linker containing an easily hydrolysable 
ester bond for the release of the cytotoxic agent to its 
pharmacological target (Taf-Ptx hereafter, Scheme 1).  
The approach used for the design of this molecule, which is aimed 
at maintaining a high affinity for TTR, demonstrates the strength 
of an integrated structural biology strategy (relying upon X-ray, 
solution and solid-state NMR) in the structure-based design of 
novel PDCs.  
 

 

 

Scheme 1. Structures of Tafamidis, Compound 2, and Taf-Ptx. 

Results  

Tafamidis was chosen to anchor Paclitaxel to TTR due to its high 
affinity and because it is an approved drug with minimal side 
effects.[45] A relaxometry analysis was carried out to investigate 
the stability of the tetrameric protein and the overall steadiness of 
protein dynamics upon ligand binding.[30,46–48] 1H NMRD profiles 
of 1.2 mM wild-type TTR in water solutions were acquired with 
and without Tafamidis (shown in Figure S1). Multiple correlation 
times should be considered to account for many motional 
processes of different water protons interacting with protein (see 
“NMR relaxometry measurements” in the supporting 
information).[47] The analysis of the profiles indicates the major 
contributions from a correlation time in agreement with the overall 
reorientation time expected for tetrameric TTR, as calculated with 
HydroNMR,[49] and from a faster correlation time of few 
nanoseconds. In summary, the profiles indicate that i) the 
reorientation time is in line with that expected for a tetrameric 
protein assembly, ii) there are extensive internal motions, and iii) 
no sizable changes in the overall dynamics of the protein occur 
upon ligand binding.  
The X-ray structure of the Tafamidis-TTR complex (PDB code: 
3TCT)[13] shows the binding mode of Tafamidis (see Figure 1 and 
Figure S2-S3), suggesting that functionalization of the molecule 
on the carboxylic acid in position 6 should not affect its interaction 
with TTR. Therefore, a derivative of Tafamidis bearing a six 
carbon atoms linker in position 6 (Compound 2) was synthesized 
(see Schemes 1 and S1) as a precursor of Taf-Ptx and used to 
soak crystals of TTR. The resulting X-ray structure shows that 
Compound 2 and Tafamidis bind TTR very similarly, and that the 
structure of the protein part is maintained. However, while the 
electron density is very well defined for all the aromatic rings in 
the structure of Tafamidis-bound TTR (3TCT), the Tafamidis ring 
that was functionalized with the hydrocarbon chain shows a 
weaker and less defined electron density in the structure of the 
adduct with Compound 2, and this suggests a slightly higher 
ligand-binding heterogeneity, which in turn could be linked to a 
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Figure 3.15: (a) Schematic representation of Human Transthyretin interacting with
two molecules of Tafamidis (PDB structure 1F41). (b) Structural formula of protein
ligand, Tafamidis.

Another important aspect influencing stability and activity of TTR is the
presence of mutations in the gene coding for TTR [59, 57]. Some mutations
offer protective effects, but unfortunately the majority are pathogenic, in many
cases because they decrease the stability of the assembly leading to the dis-
sociation of the functional tetramer into monomers that partially unfold and
polymerize to form amyloid fibrils. A recent therapeutic approach to avoid
monomerization relies on organic molecules, such as Tafamidis, that binds
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transthyretin in a cooperative manner with low nanomolar affinity, and pre-
vents its monomerization [60].

FFC relaxometry was employed to observe the behaviour of the protein in
different conditions: in the absence and in the presence of Tafamidis, and in
the presence of a stabilizing single mutation (T119M).
The 1H NMRD profiles of the wild type (WT) and the mutated form of TTR,
with or without Tafamidis were acquired at 288 K, 298 K, and 310 K, and are
shown in Figure 3.16. The measurements are affected by an error of about ±
1%.

Qualitatively, the profiles report of only minor differences between the disper-
sion profile of the protein in presence and in absence of the ligand, Tafamidis.
This occurs for both the native and mutant protein. We can therefore state
that ligand binding causes no sizable changes in the dynamics of the protein.
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Figure 3.16: (a) 1H NMRD profiles of 1.2 mM wild type TTR with and without
Tafamidis at 288, 298 and 310 K. (b) 1H NMRD profiles of mutated TTR with and
without Tafamidis at 288, 298 and 310 K. The solution with the ligand was slightly
diluted (protein concentration decreased from 1.6 mM to 1.4 mM) and that justifies
the lower profile.

The observed longitudinal relaxation rates depend on the correlation times
modulating the proton-proton dipole–dipole interactions. The profiles were
thus fitted as a sum of multiple contributions, each modulated by a different
correlation time, τi, according to the model-free approach (see Section 1.1.3):

R1 = α + β
N∑
i

ci

( τi
1 + ω2τ 2

i

+
4τi

1 + 4ω2τ 2
i

)
(3.6)
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where a constant contribution, α, is added to account for water relaxation
from protons with correlation times smaller than few nanoseconds (disper-
sion occurring beyond the highest magnetic field); β depends on the squared
proton-proton dipole–dipole interaction energy and on the protein concentra-
tion; ci are weight coefficients of each contribution arising from protons with
the same correlation time, all summing to 1. The correlation times are the
fastest between the proton exchange time and the reorientational times, for
both the overall protein tumbling and the faster local dynamics.

All the profiles, at the different temperatures, were fitted together (in order
to reduce the covariance of the parameters) and the best fit parameters are
reported in Table 3.2. Three correlation times were employed and each of them
was a shared parameter in the fit of the curves of all samples, thus allowing for
monitoring the differences between the weight factors and the effect of protein
mutation and of its interaction with Tafamidis. Additionally, the parameter
β was constrained to be the same for the WT protein both in the presence
and in the absence of Tafamidis, because of the same protein conditions and
concentration.

The three correlation times, needed to fit the NMRD profiles, reported for,
from slower to faster:

• The presence of molecular aggregates, with a correlation time of hundreds
of nanoseconds, τ1 and a very low weight factor, c1. The value of c1

decreases going from the WT protein alone to the solution of the mutated
protein in the presence of the ligand, suggesting that, as expected, the
WT protein has indeed a higher propensity to form aggregates;

• An intermediate correlation time of the order of tens of nanoseconds, τ2,
which is, at all temperature, consistent with the overall reorientation of
the protein predicted with HydroNMR [61]. The predicted values for
the reorientational correlation times were 21, 28, and 37 nanoseconds
at 310, 298, and 288 K, respectively. In the solution of the protein in
the presence of Tafamidis, the contribution from this correlation time is
slightly higher (c2 increases from 0.28 to 0.30), and this may be due to
a more rigid protein tumbling;

• The contribution to relaxation with the largest weight factor, c3, can
be addressed to the fastest local motion and/or the lifetime of proton
exchange processes, with a correlation time, τ3, of a few nanoseconds.

Although within the experimental error, from the comparison of the fitting
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Table 3.2: Best fit parameters of wild type and mutated TTR with and without
Tafamidis.
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parameters it results that the wild type protein without Tafamidis has an
higher tendency to form aggregates and that the presence of Tafamidis results
in a slight higher contribution from the overall reorientational correlation time,
possibly due to a more stable protein folding. The mutation, as expected,
seems to slightly stabilize the protein, preventing the monomerization and
aggregate formation. In this case, the presence of Tafamidis does not produce
sizable changes to the NMRD profile.
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Combining Solid-State NMR with Structural and Biophysical
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Abstract: Several protein-drug conjugates are currently being used in cancer therapy. These conjugates rely on cytotoxic
organic compounds that are covalently attached to the carrier proteins or that interact with them via non-covalent
interactions. Human transthyretin (TTR), a physiological protein, has already been identified as a possible carrier
protein for the delivery of cytotoxic drugs. Here we show the structure-guided development of a new stable cytotoxic
molecule based on a known strong binder of TTR and a well-established anticancer drug. This example is used to
demonstrate the importance of the integration of multiple biophysical and structural techniques, encompassing
microscale thermophoresis, X-ray crystallography and NMR. In particular, we show that solid-state NMR has the ability
to reveal effects caused by ligand binding which are more easily relatable to structural and dynamical alterations that
impact the stability of macromolecular complexes.

Introduction

The development of a suitable drug delivery system is a
crucial step in drug design to ensure extended half-lives and
efficient targeting, thus achieving high therapeutic
efficacy.[1,2] The conjugation of small organic drugs to
protein-based biomaterials or synthetic polymers is often
used to decrease renal excretion and increase their half-
lives.[3] When a protein-based carrier is used, specific
recognition of receptors and thus efficient targeting can be
also achieved. Human serum albumin is an archetypical
example of a protein used as a carrier of drugs and contrast
agents.[4] It is also used as a component of nanoparticles to
deliver cytotoxic molecules to cancer cells,[5,6] or fused with

therapeutic peptides to prevent their fast clearance, proteo-
lytic degradation, and to improve solubility.[7–9]

Another protein that has been considered as a drug
carrier is human transthyretin (TTR hereafter), which is
present in blood plasma and cerebrospinal fluid where it
carries the holo-retinol binding protein and the thyroxine T4

hormone. Functional TTR is an assembly of four identical
subunits, a dimer of dimers (D2 symmetry, total molecular
mass 55 kDa). Mutations in the gene coding for TTR
decrease the stability of the assembly, leading to the
dissociation of the tetramer into monomers. Monomers can
partially unfold and form amyloid fibrils.[10] Extracellular
accumulation of TTR amyloid fibrils in different tissues and
organs leads to severe disorders, and ultimately to fatal
multiorgan failure. A recent therapeutic approach to treat
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the familial amyloid polyneuropathy relies on small organic
molecules that target thyroxine T4 hormone binding
sites.[11,12] One of these molecules, Tafamidis (2-(3,5-
dichlorophenyl)benzo[d]oxazole-6-carboxylic acid), binds
TTR at these two sites in a negative cooperative manner,
but with nanomolar affinity (Kds of �2 nM and �200 nM
respectively), and prevents dissociation into monomers.[13]

The high affinity of Tafamidis makes it an ideal anchor in
the design of conjugates harboring hydrophobic cytotoxic
drugs that would otherwise result poorly soluble. This
strategy, but with a different high-affinity TTR ligand, has
been already used to generate drug-protein conjugates with
an improved selectivity against cancer cells.[14–16]

The rational design of protein-drug conjugates to max-
imize effectiveness, pharmacokinetics, and stability in vivo
while minimizing their structural complexity is receiving
more and more interest, and could benefit from highly
accurate structural information from X-ray crystallography,
NMR spectroscopy, and cryo-electron microscopy.[17–26]

However, proteins that are covalently bound to, or that
interact strongly with, relatively large drugs through long
linkers can be difficult to crystallize. Furthermore, these
systems are too big for NMR spectroscopy in solution, but
still neither big nor rigid enough to allow for the use of cryo-
electron microscopy.[27] Solid-state NMR may overcome
these limitations, and it is already used to investigate non-
crystalline protein samples, biologics and biomaterials.[28–39]

Significant enhancements in sensitivity have been obtained
by the recent achievements in the NMR probe technology
and in biomolecular Dynamic Nuclear Polarization
(DNP).[40–44]

We here report the design and synthesis of a new
molecule that results from the conjugation of the cytotoxic
Paclitaxel with Tafamidis (Scheme 1) to form a stable non-
covalent protein-drug conjugate (PDC) with TTR. The
design of this molecule starts with the combination of
structural data from X-ray crystallography, and solution and
solid-state NMR. Paclitaxel and Tafamidis are linked
through a long PEGylated linker containing an easily

hydrolysable ester bond for the release of the cytotoxic
agent to its pharmacological target (Taf-Ptx hereafter,
Scheme 1).

The approach used for the design of this molecule, which
is aimed at maintaining a high affinity for TTR, demon-
strates the strength of an integrated structural biology
strategy (relying upon X-ray, solution and solid-state NMR)
in the structure-based design of novel PDCs.

Results and Discussion

Tafamidis was chosen to anchor Paclitaxel to TTR due to its
high affinity and because it is an approved drug with
minimal side effects.[45] A relaxometry analysis was carried
out to investigate the stability of the tetrameric protein and
the overall steadiness of protein dynamics upon ligand
binding.[30,46–48] 1H NMRD profiles of 1.2 mM wild-type TTR
in water solutions were acquired with and without Tafamidis
(shown in Figure S1). Multiple correlation times should be
considered to account for many motional processes of
different water protons interacting with protein (see “NMR
relaxometry measurements” in the Supporting
Information).[47] The analysis of the profiles indicates the
major contributions from a correlation time in agreement
with the overall reorientation time expected for tetrameric
TTR, as calculated with HydroNMR,[49] and from a faster
correlation time of few nanoseconds. In summary, the
profiles indicate that i) the reorientation time is in line with
that expected for a tetrameric protein assembly, ii) there are
extensive internal motions, and iii) no sizable changes in the
overall dynamics of the protein occur upon ligand binding.

The X-ray structure of the Tafamidis-TTR complex
(PDB code: 3TCT)[13] shows the binding mode of Tafamidis
(see Figure 1 and Figure S2, S3), suggesting that functional-
ization of the molecule on the carboxylic acid in position 6
should not affect its interaction with TTR. Therefore, a
derivative of Tafamidis bearing a six carbon atoms linker in
position 6 (Compound 2) was synthesized (see Schemes 1
and S1) as a precursor of Taf-Ptx and used to soak crystals

Scheme 1. Structures of Tafamidis, Compound 2, and Taf-Ptx.
Figure 1. Detail of the surface representation of TTR interacting with
compound 2 displayed as stick presented in this work (8AWW).
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of TTR. The resulting X-ray structure shows that Compound
2 and Tafamidis bind TTR very similarly, and that the
structure of the protein part is maintained. However, while
the electron density is very well defined for all the aromatic
rings in the structure of Tafamidis-bound TTR (3TCT), the
Tafamidis ring that was functionalized with the hydrocarbon
chain shows a weaker and less defined electron density in
the structure of the adduct with Compound 2, and this
suggests a slightly higher ligand-binding heterogeneity,
which in turn could be linked to a slightly lower affinity.
Furthermore, the long hydrocarbon chain shows only very
faint and scattered patches. This is certainly due to the
mobility of this chain that is completely leaning towards the
solvent. The interactions between the protein and Com-
pound 2 are shown in Figure S4. Summarizing, the X-ray
structure proves that Compound 2 preserves the binding
pose of Tafamidis with the linker sticking-out from the
central channel toward the solvent (see Figure 1), supporting
the correct design strategy for Taf-Ptx. The X-ray structure
has been deposited in the Protein Data Bank under the
accession code 8AWW.

Then, the Paclitaxel molecule was conjugated to Com-
pound 2 through an additional nineteen-atoms PEG spacer
to minimize any possible steric clash with the protein and to
increase the solubility. Paclitaxel is connected to the PEG
spacer through an ester linkage labile in vivo,[50] which
ensures its release into the cell allowing for the inhibition of
tubulin polymerization.[51] As expected Taf-Ptx (Schemes 1
and S1), fails to enter the TTR crystals by soaking. Likewise,
co-crystallization with TTR fails. Apparently, Taf-Ptx is too
bulky, and X-ray characterization of the complex cannot be
carried out. As anticipated, in cases like this, NMR could
provide precious information on the structural features of
the PDC, and thus validate the whole design strategy.

NMR Analysis and Assignment of Free TTR in Solution

The assignment of free tetrameric TTR in solution was
obtained comparing the assignments available in the liter-
ature for the monomeric and tetrameric states of the
protein,[52–55] and analyzing triple resonance spectra recorded
on the perdeuterated sample of TTR. All residues (but the
N-terminus, Gly-1 and Asn-98) were assigned in the spectra
(Figure S5). The present assignment is the most complete
and has been deposited in the bmrb under the accession
code 51818.

The number of cross-peaks present in the 2D 1H-15N
TROSY-HSQC spectrum, and the absence of signal split-
ting, are both consistent with the preservation of the D2

symmetry of TTR in the tetrameric assembly. Interestingly,
the signals within the same 2D spectra are characterized by
different line broadening. Specifically, sharp and intense
signals were observed for the residues forming loops and on
the external surface of the tetramer, while broad signals
were observed for the residues at the interfaces between the
monomers (i.e., Cys10-Lys15; His91-Phe95; Tyr105-Val121).
In the 2D 1H-15N TROSY-HSQC spectrum recorded on the
deuterated sample, these signals are also broad, suggesting

the occurrence of a conformational heterogeneity/exchange
for the protein (Figure S6). These features also affect the
quality of the 3D 1H-15N NOESY spectrum, where only few
NOE correlations are visible (Figure S7). As expected for a
folded protein of 55 kDa, in the 2D 13C-15N CON spectrum
only signals of the flexible regions, which are not well-
defined in most X-ray structures, can be observed (Thr3-
Cy10; Ala37-Thr40; Glu51-Ser52; Asn124-Glu127; see Fig-
ure S8).

NMR Analysis and Assignment of Free TTR in the Solid-State

The solid-state NMR spectra of re-hydrated freeze-dried
tetrameric TTR are of good quality and characterized by a
good signal resolution (Figure S9). Nevertheless, around
20% of the expected resonances are missing and some
signals are characterized by large line-broadening. Assign-
ment of the free tetrameric protein was also obtained in the
solid-state (Figure S10). The available assignment of the free
protein in solution was used as starting point and comple-
mented by the analysis of carbon-detected spectra acquired
in the solid-state. The residues whose signals are missing in
the spectra are mainly located at the N-terminus (up to
Lys15) and in flexible regions: Asp38-Thr40, Gly57-Leu58,
Phe64, Ser117-Thr119, Thr123-Asn124, Lys126. Neverthe-
less, as much as 80% of the spin systems of the protein
could be reassigned in the solid-state NMR spectra.

NMR Analysis and Assignment of TTR-Tafamidis and TTR-Taf-
Ptx in Solution

The binding-mode of Tafamidis to [U-13C, 15N] TTR was
first analyzed by solution NMR. During the NMR titration,
the cross-peaks of the free protein in the 2D 1H-15N
TROSY-HSQC spectra decrease in intensity upon the
addition of increasing concentrations of the ligand, while
new cross-peaks, corresponding to the complex between
TTR and Tafamidis, appear and increase in intensity. This
behavior indicates that the ligand is in slow exchange regime
on the NMR timescale, and confirms its expected high
affinity towards the protein.[13,56] In the presence of Tafami-
dis at 100 μM concentration (ligand:tetramer ratio equal to
0.5 : 1) the cross-peaks corresponding to the free protein and
to the protein bound to the ligand have similar intensities
(Figure S11A), as it can be seen for the signal of Ser112
located at the interface between the dimers of the tetrameric
assembly (PDB code: 3TCT).[13] During the titration the
quality of spectra decreases up to a 1 :1 ligand:tetramer
ratio; some signals are broadened and some disappeared.
The signal’s line-width sharpens again at 2 : 1 ligand:tetramer
ratio (Figure S12), in line with the lower affinity for the
second binding event. The analysis of the chemical shift
perturbation (CSP) was thus performed with a ligand in
slight excess with respect to the 2 :1 ratio. Figure S12
confirmed that the residues experiencing the largest changes
(Lys15, Leu17, Ala19, Val20, Arg21, Gly22, Ser23, Ile26,
Gly53, His88, Val94, Tyr105, Thr106, Ile107, Leu111,
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Ser112, Ala120, Val122) are in the expected Tafamidis
binding site (Figure S13). Some of the signals experiencing
large perturbations (Ala19, Arg21, Gly22, Leu111) have
been tentatively reassigned with some uncertainty (Fig-
ure S13A). Interestingly, the signals corresponding to resi-
due Ser117 and Thr118, which are almost missing in the
spectra of the free protein, appear with increased intensity
in the spectrum of TTR in the presence of Tafamidis. This
last observation is consistent with Tafamidis stabilizing the
protein tetramer.

NMR titration in solution was also performed with the
newly designed ligand, Taf-Ptx. The evolution of the spectra
upon addition of increasing amounts of Taf-Ptx was super-
imposable to that previously observed for Tafamidis, with
several protein resonances experiencing a slow exchange
regime on the NMR timescale. After the addition of Taf-
Ptx, in the presence of a ligand:tetramer ratio equal to 0.5 : 1,
the signals of the free protein and those of the protein
bound to the ligand have similar intensities (Figure S11B).
As with Tafamidis, some protein signals broaden/disappear
at 1 : 1 ligand:tetramer ratio and sharpen/reappear again in
the 2 :1 complex (Figure S12C and D). The analysis of CSP
of the protein signals in the 2 :1 complex (Figure S13B)
confirmed that the residues experiencing the largest changes
(Lys15, Val20, Arg21, Gly22, Ala25, Leu111, Ser112,
Ala120, Val122) are in the same protein region affected by
the presence of Tafamidis (Figure S13D). It is important to
point out that the signals of some residues mostly affected
by CSP in the spectrum of Tafamidis-TTR (Ala19, His88,
Val94, Tyr105, T106) are broadened beyond detection in the
spectrum of Taf-Ptx-TTR. This is probably related to the
previously described slightly higher ligand-binding hetero-
geneity of Taf-Ptx-TTR with respect to that of Tafamidis-
TTR.

NMR Analysis and Assignment of Tafamidis-TTR and Taf-Ptx-
TTR in the Solid-State

Further interesting features of the complexes between TTR
and Tafamidis or Taf-Ptx are revealed by solid-state NMR.
The 2D solid-state NMR spectra of these complexes exhibit
a higher number of cross-peaks with respect to those of the
free protein. Specifically, in the 2D 13C-13C dipolar-assisted
rotational resonance (DARR) spectrum of TTR in the
presence of either Tafamidis or Taf-Ptx, several new signals
appear or increase in intensity (Gly57, Arg103, Ile107,
Ala108, Ser117, Thr118, Thr119, Ala120, Thr123; see Fig-
ure 2, panel A and B). This also occurs for a few signals in
the 2D 15N-13C NCA spectra (Figure 3A and B). These
signals belong to residues located at the tetramer interface,
where Tafamidis binds (Figure 3, panels E and F). The
increase in signal intensity can be explained by a higher
rigidity of this region after the binding of Tafamidis, which is
known to stabilize the tetrameric form of the protein. As
shown by the high similarity of the spectra of TTR bound to
one ligand or to the other, the high affinity of Tafamidis,
and its stabilizing effect on the tetramer, are still present
also when the Tafamidis unit is conjugated to the Paclitaxel

unit. A lower intensity of the signals corresponding to only
residues S117 and T118 is observed when TTR binds to Taf-
Ptx compared to when it binds to Tafamidis.

The analysis of the CSP of TTR bound to Tafamidis or
Taf-Ptx with respect to the free protein indicates that the
signals influenced by the ligands are largely the same. Most
of the signals experiencing the largest perturbations corre-
spond to residues at the dimer/tetramer interface (Figure 3).

To rule out the possibility that the differences, observed
in the analysis of CSPs performed for solution and solid-
state NMR data, are due to the comparison of different
nuclei (i.e. 1H and 15N in solution, and 13Cα and 15N in the
solid-state), the 15N chemical shifts were separately com-
pared. The analysis confirms that the largest perturbations
are observed in the same areas (Figure S14).

Microscale Thermophoresis for Ligand Binding Assay

The interaction between TTR and Taf-Ptx was analyzed
using a ligand binding assay with microscale thermophoresis
(MST). MST detects the migration of a macromolecule in a
temperature gradient, which strongly depends on size,
charge, conformation and hydration shell parameters of the
macromolecule. Upon a ligand binding event to the macro-
molecule, at least one of these parameters change, resulting
in a different thermophoretic behavior.[57] In the MST
experiment, 16 capillary tubes are prepared containing a
fluorescent labelled protein at constant concentration and a
serial titration of unlabeled ligand. An infrared laser is used
to generate a temperature gradient in each tube and induce
migration of the ligand-bound complex, whose fluorescence
is monitored in real time. Fluorescence variations are then
used to generate a binding curve as a function of ligand
concentration, which is instrumental to derive the dissocia-
tion constant (Kd).

[58]

MST binding experiments were performed adding Taf-
Ptx to fluorescently labelled TTR (RED-TTR). A biphasic
binding curve was observed, suggesting the presence of
more than one Taf-Ptx binding site on RED-TTR (Fig-
ure S15A). Specifically, at low concentrations of Taf-Ptx, a
first binding event is observed with the occupancy of a high
affinity site by Taf-Ptx in the target protein. Then, at higher
ligand concentrations, a second binding event occurs with
the occupancy of a low affinity binding site. These two
binding events are well separated by approximately three
orders of magnitude and thus can be independently analyzed
with good approximation to obtain the relative dissociation
constants (Kd1=0.065�0.017 μM, Figure S15C; Kd2=9.21�
1.14 μM, Figure S15B). The second dissociation constant is
found lower than the first for Taf-Ptx as for Tafamidis alone,
and this is consistent with the NMR observations.

Overall, these results are in agreement with the NMR
measurements and with literature data,[13] supporting a high
affinity interaction between Taf-Ptx and TTR with a
conjugated ligand/protein stoichiometry of 2 :1.
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Chemical Denaturation Assay for Evaluating Taf-Ptx-Induced
Stability of TTR

The impact of Taf-Ptx binding to TTR on the stability of the
tetrameric protein was then evaluated using a chemical
denaturation assay. Specifically, the intrinsic fluorescence of
tryptophan residues (Trp41, Trp79) was monitored while
denaturing the protein assembly with increasing concentra-
tions of urea in the absence and presence of Taf-Ptx (see
Chemical denaturation assay section in Supporting Informa-

tion). In the presence of 50 μM Taf-Ptx, the tetrameric
protein complex gains stability, with the relative denatura-
tion curve shifting rightward and not reaching an unfolding
plateau (Figure S16). A ΔG value >47.3�2.5 kJmol� 1 can
be estimated in this case, suggesting a significant Taf-Ptx
induced stability of TTR complex (Table S3).

Figure 2. Comparison of a region of 2D 13C-13C DARR spectra (mixing time 50 ms, A, B) of free rehydrated freeze-dried TTR (blue) and TTR in the
presence of the ligands (red), Tafamidis (A) or Taf-Ptx (B). The assignment of the cross-peaks related to correlations of Cβ/Cγ2 in threonine, Cα/
Cδ1 in isoleucine and Cα/Cβ in alanine has been reported in the spectra. The signals with increased intensity in the spectra of TTR in complex with
the ligands with respect to the free protein, have been labeled in italic font and colored in cyan. Assignment is reported also for the cross-peaks
between Cβ/Cα of serine 115 and Cα/Cβ of arginine 103.
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Figure 3. A), B) 2D 15N 13C NCA spectra of free rehydrated freeze-dried TTR (blue) and TTR in the presence of the ligands (red), Tafamidis (A) or
Taf-Ptx (B). Assignment has been reported for the cross-peaks experiencing the largest perturbations (Δδ�mean+std. dev.). The signals with
increased intensity in the spectra of TTR in complex with the ligands with respect to the free protein, have been labeled in italic font and colored in
cyan. C), D) Chemical shift perturbation (CSP) of rehydrated freeze-dried TTR in the presence of Tafamidis (C) and Taf-Ptx (D) with respect to free

rehydrated freeze-dried TTR, evaluated according to the formula Dd ¼ 1=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðDdCa
=2Þ2 þ ðDdN=5Þ2

q

.[59] The residues experiencing the largest
variations have been highlighted in violet (Ala19, Gly22, Phe44, Ser46, Gly47, Lys48, Val65, Glu66, Gly67, Gly83, Ala91, S100, Arg103, Ala108,
Leu110, Ser115, Val121, for Tafamidis) and orange (Ala19, Gly22, Phe44, Ser46, Gly47, Lys48, Val65, Glu66, Gly67, Gly83, Ser100, Arg103, Ala108,
Ser115, Val121, for Taf-Ptx), respectively. The error for CSP has been evaluated considering the standard deviation of the values of CSP below the
mean, calculated considering all the CSP values. E), F) CSP mapping on the X-ray structure of TTR in complex with Tafamidis (PDB code: 3TCT)[13]

with the residues experiencing the largest CSP in the presence of Tafamidis or Taf-Ptx colored in violet (E) and orange (F), respectively. The
residues experiencing an increase in signal intensity after Tafamidis or Taf-Ptx binding have been colored in magenta. The residues missing in
solid-state spectra are colored in grey. The monomers are in different colors (wheat, green) and Tafamidis is shown as yellow sticks.
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Conclusion

CSP in solution are extensively used to analyze and compare
the binding mode of ligands interacting with proteins or
nucleic acids. For TTR the spectral changes resulting from
the binding of Tafamidis or Taf-Ptx clearly point to a slow
exchange regime on the NMR time scale for both ligands.
Most of the residues experiencing the largest chemical shift
variations on the NH resonances are placed at the interface
of the two dimers and form the central channel hosting the
thyroxine T4 hormone. Specifically, Lys15, Val20, Arg21,
Gly22, Leu111, Ser112, Ala120, Val122 show chemical shift
perturbations in the presence of both ligands, Tafamidis and
Taf-Ptx. More importantly, the analysis of the X-ray
structure (3TCT) of the 2 :1 Tafamidis-TTR complex reveals
that only Lys15, Leu17, and Thr106 appear to interact
directly with the two ligand molecules among the residues
experiencing the largest CSP. Therefore, the largest chem-
ical shift perturbations appear to be mostly determined by
the structural rearrangement induced by the two ligand
molecules, making chemical shift mapping for the identifica-
tion of the binding mode extremely challenging.

The stabilizing effect of Tafamidis was unambiguously
proven in vitro and in vivo.[13,45] However, the chemical shift
mapping obtained by NMR in solution provides only
indirect evidence of this important structural effect, which
can be inferred from the slow exchange regime on the NMR
timescale of the signals corresponding to the residues where
the binding occurs. In this respect, the observation of the
slightly better quality of the spectra recorded on TTR in the
presence of Tafamidis and Taf-Ptx is more informative.

It is important to point out that the use of solid-state
NMR is critical for achieving a complete picture about the
structural and dynamical features of this system. Indeed, the
analysis of the data recorded on the solid-state samples of
TTR in the presence and in the absence of the two ligands
provides information that is out of reach for both X-ray
crystallography and solution NMR. The comparative analy-
ses on Tafamidis and Taf-Ptx were carried out using 15N-13C
isotopically enriched samples of TTR and 13C-detected
experiments. The analysis of the NCA spectra shows that

TTR in complex with Tafamidis and Taf-Ptx exhibits the
largest chemical shift variations on the same residues, with
very few differences. This constitutes further experimental
evidence of the very similar binding mode of Taf-Ptx and
Tafamidis. The chemical shift variations affect several
residues placed at the interface of the two dimers around
the central channel as previously observed by NMR in
solution. Four of these residues (Ala108, Leu110, Ser115
and Val121) are near the ligands in the X-ray structure
3TCT. The non-overlap between solution and solid-state
data about the residues experiencing the largest effects is
probably due to a slightly higher conformational hetero-
geneity of the ligand-protein complex in solution, although
in both cases they are localized at the interface between the
two dimers forming the assembly. This can be clearly
inferred from Figure 4, where the residues experiencing the
largest CSPs (Δδ�mean+ std. dev.) in solution and in the
solid-state are shown together.

NMRD measurements indicate that the tetrameric
assembly of TTR is maintained, and possibly reinforced, in
the presence of Tafamidis. However, relaxometry is not
sensitive to the presence of multiple conformational states
with similar reorientation time. Important information on
this respect was obtained from the qualitative analysis of the
signal intensity on DARR and NCA spectra. Figure 4C
shows that several residues placed at the interface between
the two dimers forming the assembly, including some also
experiencing large chemical shift variation, increase in
intensity or appear in the spectra in the presence of
Tafamidis and Taf-Ptx. The increase in signal intensity or
the appearance of a signal previously undetectable in the
solid-state spectra is conclusive evidence of an equilibrium
of the residue shifting toward a unique conformation. This is
associated with the structural stabilization of the tetrameric
assembly, here proven by the chemical denaturation assay,
resulting from the interaction with two high affinity ligand
molecules with TTR. Therefore, the analysis provides a map
of the residues experiencing a decrease of the conforma-
tional heterogeneity, thus providing a different and more
informative parameter to monitor the binding mode and to
evaluate the effects of the interaction with the ligands. This

Figure 4. Comparative analysis of the NMR data collected in solution and in the solid-state of the effects of Tafamidis (A) and Taf-Ptx (B) on TTR.
The residues experiencing in solution the largest CSP (Δδ�mean+std. dev.) in the presence of Tafamidis or Taf-Ptx are colored in red (A) or blue
(B), respectively. The residues experiencing in the solid-state the largest CSP in the presence of Tafamidis or Taf-Ptx are colored in violet (A) or
orange (B), respectively. Residues experiencing the largest CSP both in solution and in the solid state are reported in black. C) Residues
experiencing in the solid-state an increase in signal intensity after the binding of Tafamidis or Taf-Ptx are colored in magenta. The residues missing
in solid-state spectra are colored in grey. Monomers are in different colors (wheat, green) and Tafamidis is shown as yellow sticks.
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information cannot be immediately inferred from the
analysis of the CSP or from the observed improved quality
of the NMR spectra recorded in solution.

When feasible, the integration of different structural
biophysical methodologies is obviously the best option to
develop PDCs. However, solid-state NMR can also be used
on its own when the features of the investigated system
prevent the use of other structural methodologies. The
quality of the spectra obtained from the rehydrated freeze-
dried samples, the high sensitivity of solid-state NMR to the
effects of ligand binding and to small conformational
heterogeneities make this technique extremely helpful to
characterize the interaction of drug candidates with large
monomeric/multimeric carrier proteins. In this regard, the
information obtained from solid-state NMR data can be
particularly important also for systems amenable to NMR
characterization in solution, when the traditional chemical
shift mapping based on the analysis of CSPs is not
informative or resolutive.
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EXPERIMENTAL METHODS 

Expression and purification of [U-2H, 13C, 15N] and [U- 13C, 15N] TTR. 

Escherichia coli BL21(DE3) RIPL PLysS cells were transformed with pET-28a(+) plasmid 

encoding human TTR gene. For the expression of [U- 13C, 15N] TTR, cells were grown in M9 minimal 

media supplemented with 15NH4Cl and 13C-glucose. For the expression of [U-2H, 13C, 15N] TTR, cells 

were inoculated into 10 cm3 of Silantes OD2 medium and scaled up to 1 dm3 of the same enriched 

medium. The same experimental protocol was used to purify the samples of [U- 13C, 15N] TTR and 

[U-2H, 13C, 15N] TTR. Cells were grown at 37 ºC until optical density (OD600) reached 0.6-0.8. 

Expression was induced with 1 mmol·dm-3 of isopropyl β-D-thiogalactoside (IPTG), cells were 

incubated at 37 ºC overnight and harvested by centrifugation at 4 ºC, for 15 min at 7500 rpm. Cell 

pellet was resuspended in lysis buffer [20 mmol·dm-3 Tris-HCl, pH 8.6, 5 mmol·dm-3 DTT, 1 

mmol·dm-3 protease inhibitors], physically disrupted by sonication and centrifugated at 30000 rpm 

for 35 min at 4 °C. Soluble fraction was collected and purified using an Anion exchange Q FF 16/10 

column previously equilibrated in the lysis buffer. Elution was performed with increasing gradients 

of NaCl (60 cm3 of 0-200 mmol·dm-3, 300 cm3 of 0.2-0.5 mol·dm-3, 60 cm3 of 0.5-1.0 mol·dm-3 and 

60 cm3 of 1 mol·dm-3) in the buffer. An SDS-PAGE was performed to identify which fractions 

contained the protein. The protein was further purified by size exclusion chromatography using a Hi 

Load 26/60 Superdex 75 pg column previously equilibrated in the final buffer [50 mmol·dm-3 MES-

NaOH, pH 6.5, 0.1 mol·dm-3 NaCl, 5 mmol·dm-3 DTT, 1 mmol·dm-3 protease inhibitors].  

 

Synthesis of Taf-Ptx.  

Taf-Ptx (5) was synthesized as reported in Scheme S1. In a reaction flask, HATU (190 mg, 

0.50 mmol) was solubilized in 6 cm3 of DMF, then Tafamidis (170 mg, 0.55 mmol), DIPEA (142 

mg, 1.1 mmol) and a solution of tert-butyl (6-aminohexyl) carbamate (108 mg, 0.50 mmol) in DMF 

were added. The solution was stirred at room temperature for 12 h. Control TLC was performed (EP 

: AcOEt = 2 : 1). Subsequentially the mixture was diluted with H2O, and NH4Cl saturated solution 

was added until pH = 7. Extractions were performed with AcOEt (10x10 cm3) and then washes with 

H2O (3x20 cm3) were carried out. The organic layer was dried under anhydrous Na2SO4, following 

filtration and evaporation of the solvent under reduced pressure to give the crude product 1 in 90% 

yield. Then, in a vial product 1 (50 mg, 0.1 mmol) was solubilized in 3.2 cm3 of DCM and the solution 

was cooled to 0 °C. Subsequentially 0.3 cm3 of TFA was added dropwise. The mixture was stirred at 

room temperature for 4 h. TLC control was performed to verify reaction completion (EP : AcOEt = 

2 : 1). The mixture was diluted with 20 cm3 of DCM and pH adjusted to 7-8 with NaHCO3 saturated 

solution. Extractions were performed with DCM (3x20 cm3) and the organic layer was dried over 
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anhydrous Na2SO4, following filtration and evaporation of the solvent under reduced pressure to give 

product 2 in 66% yield. To obtain product 4, DMAP (1.35 mg, 0.012 mmol) was added to a solution 

of paclitaxel (100 mg, 0.12 mmol) in 16 cm3 of anhydrous DCM under nitrogen flow. The solution 

was cooled to 0 °C and 4,7,10,13,16 - pentaoxanonadecanedioic acid (3) (81.20 mg, 0.24 mmol) and 

then DIC (19 mm3, 0.12 mmol) were added. The reaction mixture was stirred at room temperature 

for 24 h. Control TLC were performed to monitor the reaction using as eluent (DCM : MeOH : AcOEt 

= 8 : 1 : 2). The mixture was diluted with 20 cm3 of DCM, washed with a saturated solution of NH4Cl 

(3x40 cm3) and H2O (6x20 cm3). The organic layer was dried over anhydrous Na2SO4, following 

filtration and evaporation of the solvent under reduced pressure to give the crude product. After 

purification by silica column chromatography (DCM : MeOH : AcOEt = 8 : 1 : 4) product 4 was 

obtained in 65% yield. To obtain the final product 5 (Taf-Ptx), in a reaction flask, HATU (8 mg, 0.021 

mmol) was solubilized in 0.25 cm3 of DCM then 4 (27 mg, 0.023 mmol), DIPEA (6 mg, 0.046 mmol) 

and a solution of 2 (10 mg, 0.025 mmol) in 0.25 cm3 of DCM were added. The reaction mixture was 

stirred at room temperature for 24 h. Control TLC was performed to monitor the reaction (DCM : 

MeOH : AcOEt = 10 : 1 : 2). The mixture was diluted with 10 cm3 of DCM and washed with a 

saturated solution of NH4Cl (3x20 cm3), H2O (3x20 cm3). Solvent was dried under Na2SO4, following 

filtration and evaporation of the solvent under reduced pressure to give the crude product. After 

purification by silica column chromatography (DCM : MeOH : AcOEt = 6 : 1 : 2) Taf-Ptx (5) was 

obtained in 22% yield. 
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Scheme S1. Synthesis of Taf-Ptx. 

Crystallization, Data Collection and Structure Solution.  

Crystals of apo TTR were obtained in sitting drop by adding an aliquot of 10 mm3 of protein 

solution in the final buffer [50 mmol·dm-3 MES-NaOH, pH 6.5, 0.1 mol·dm-3 NaCl, 5 mmol·dm-3 

DTT, 1 mmol·dm-3 protease inhibitors] to 10 mm3 of crystallization buffer [100 mmol·dm-3 HEPES 

– NaOH, pH 7.5, 400 mmol·dm-3 CaCl2, 34% PEG400].[1] The reservoirs were filled with 800 mm3 

of crystallization buffer and the plates were incubated at 20 °C. The protein concentration in the 

sample was 10 mg·cm-3. The native crystals of apo TTR were afterwards soaked in a solution 

containing the compound 2 with a 1 mmol·dm-3 concentration with respect to the protein for about 

some days. The dataset was collected in-house, using a BRUKER D8 Venture diffractometer 

equipped with a PHOTON III detector, at 100 K; the crystal used for data collection were cryo-cooled 

using 10% ethylene glycol in the mother liquor. The crystal diffracted up to 1.5 Å resolution but the 

structure was refined at 1.6 Å: it belongs to space group P21212 with two molecules in the asymmetric 

unit, a solvent content of about 50%, and a mosaicity of 0.3°. The data were processed using the 

program XDS,[2] reduced and scaled using XSCALE[2] and amplitudes were calculated using 

XDSCONV.[2] The structure was solved using the molecular replacement technique; the model used 

was 3TCT.[3] The successful orientation hand translation of the molecule within the crystallographic 

unit cell was determined with MOLREP.[4] The refinement and water molecule fitting were carried 

out using PHENIX.[5] In between the refinement cycles, the model was subjected to manual rebuilding 
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using COOT.[6] The quality of the refined structure was assessed using the program 

MOLPROBITY.[7] Data processing and refinement statistics are shown in Table S1. Coordinates and 

structure factors have been deposited at the PDB under the accession code 8AWW. 

Figure S2 shows the superposition between the structure presented in this work and 3TCT 

(just one monomer for both structures is presented for clarity), with a RMSD of backbone atoms as 

low as 0.82 Å: it appears that the only deviations are in external loops, whereas the other regions 

show a negligible RMSD. As in the case of 3TCT, there is a peculiar crystallographic feature 

concerning the ligand: it sits with the longitudinal axis crossing the aromatic rings almost coincident 

with the crystallographic two-fold axis. This situation implies that the refinement has to be carried 

out by placing the ligand in the density at half occupancy; the application of the crystallographic 

symmetry itself generates a symmetry mate for the ligand, which is slightly tilted about the above 

mentioned two-fold axis (Figure S3).  

 

NMR measurements 

NMR relaxometry measurements. 1H nuclear magnetic relaxation dispersion (NMRD) profiles 

were obtained for water solution samples of the free-TTR and of the protein in complex with 

Tafamidis, by measuring the water proton relaxation rates, R1, as a function of the applied magnetic 

field. The profiles were recorded with a SPINMASTER2000 fast field cycling relaxometer (Stelar, 

Mede (PV), Italy) operating in the 0.01–40 MHz, 1H Larmor frequency range. The measurements are 

affected by an error of about ±1%, as obtained in the field cycling experiment from the fit to a mono-

exponential decay/recovery of the magnetization. 

1H NMRD profiles of 1.2 mmol·dm-3 wild-type TTR in water solutions were acquired with 

and without Tafamidis at three different temperatures (shown in Figure S1). At each temperature, the 

profiles are close to one another, indicating that no sizable changes in the overall dynamics of the 

protein occur upon addition of the ligand. The profiles report the field dependent relaxation rates of 

water protons, which interact with the protein protons. As expected, the observed relaxation rates 

increase with decreasing temperature due to their dependence on the molecular reorientation 

correlation time. Multiple correlation times must however be considered to account for the many 

motional processes of the different water protons interacting with the protein.[8]  

The profiles were fitted as the sum of multiple relaxation contributions arising from different 

correlation times 𝜏𝑖, according to the model-free approach:[8,9] 

𝑅1 = 𝛼 + 𝛽 ∑ 𝑐𝑖 (
𝜏𝑖

1+𝜔2𝜏𝑖
2 +

4𝜏𝑖

1+4𝜔2𝜏𝑖
2)𝑁

𝑖   
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where 𝑐𝑖 are weight coefficients summing to 1. The parameter 𝛽 depends on the squared proton-

proton dipole–dipole interaction energy and on the protein concentration, and the coefficients 𝑐𝑖 

report on the contributions from protons with the associated correlation times. The parameter 𝛼 takes 

into account the contribution to water relaxation from protons with correlation times smaller than few 

ns (i.e., with a dispersion occurring beyond the highest magnetic field). In order to reduce the 

covariance among the many unknown parameters, 1H NMRD profiles at the same temperature were 

fitted simultaneously with common values of the correlation times. This allowed to better monitor 

differences in the values of 𝑐𝑖. The parameter 𝛽 was also constrained to be the same because of the 

same protein conditions and concentration.  

The analysis of the profiles indicates the major contributions from a correlation time of 30 ns 

at 25 °C, with a weight coefficient of ca. 0.3, and from a correlation time of few nanoseconds, with 

weight coefficient of ca. 0.7 (see Table S2). The correlation time of 30 ns is in nice agreement with 

the overall reorientation time expected for tetrameric TTR as calculated with HydroNMR.[49] The 

shorter correlation time reports on the internal protein mobility and it is found not to be significantly 

affected by ligand binding.  

Solution NMR experiments on free-TTR. Solution NMR experiments for backbone resonance 

assignment with a TROSY scheme[10] [3D tr-HNCA, tr-HNCACB, tr-HNCO, tr-HN(CA)CO][11–16] 

were performed on perdeuterated [U-2H, 13C, 15N] samples of native TTR (at the concentration of 500 

µmol·dm-3 with respect to the monomer) in water buffer solution [50 mmol·dm-3 MES, pH 6.5, 100 

mmol·dm-3 NaCl, 5 mmol·dm-3 DTT, 0.1% NaN3, protease inhibitors (Roche)]. For 3D tr-HNCACB 

and tr-HN(CA)CO nonuniform random sampling at 57% and 25%, respectively, and compressed-

sensing reconstruction were used.[17] A 3D 1H-15N NOESY-TROSY spectrum (mixing time 100 ms) 

was also acquired to help and confirm the sequential assignment. All the spectra were recorded at 310 

K on Bruker AVANCE MHD and AVANCE NEO NMR spectrometers, operating at 950 and 900 

MHz (1H Larmor frequency), respectively, and equipped with triple resonance cryo-probes. Two-

dimensional carbon-detected solution 13C-15N CON NMR spectrum was acquired on a Bruker 

AVANCE NEO 700 MHz spectrometer, equipped with a triple-resonance cryo-probe optimized for 

13C-direct detection.[18,19] 

Solution NMR experiments on TTR/Tafamidis and TTR/Taf-Ptx complexes. The titration with 

Tafamidis was performed using uniformly 13C, 15N-isotopically enriched [U-13C, 15N] TTR at the 

concentration of 800 μmol·dm-3 (with respect to the monomer) in 50 mmol·dm-3 MES buffer at pH 

6.5, with 100 mmol·dm-3 NaCl, 5 mmol·dm-3 DTT, 0.1% NaN3 and protease inhibitors (Roche). 

Increasing aliquots of the ligand (solubilized in DMSO-d6), to reach the final concentrations in 

solution of 25, 50, 100, 200, 400 and 800 μmol·dm-3, were added to TTR solution and 2D 1H-15N 
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TROSY-HSQC acquired at 950 MHz after each addition. The binding of Taf-Ptx to TTR was also 

assessed by an NMR titration in solution. Increasing aliquots of the ligand (solubilized in DMSO-d6) 

were added to the solution of [U-13C, 15N] TTR [~ 400 μmol·dm-3, with respect to the monomer, in 

50 mmol·dm-3 MES buffer at pH 6.5, with 100 mmol·dm-3 NaCl, 5 mmol·dm-3 DTT, 0.1% NaN3 and 

protease inhibitors (Roche)] and 2D 1H-15N TROSY-HSQC acquired at 950 MHz after each addition. 

After both titrations, the excess of the ligands was removed using PD10 column and the buffer 

exchanged to 10 mmol·dm-3 MES, pH 6.5 and 20 mmol·dm-3 NaCl. PEG1000 (in 1:10 weight ratio 

with respect to the protein) was added to protect the protein during the lyophilization process. The 

solutions (containing ~ 6-8 mg of protein/ligand, 0.6-0.8 mg of PEG1000, 1 mg MES, 0.7 mg NaCl) 

were freeze-dried and the materials used to pack 3.2 mm zirconia thick wall rotors. The materials 

were then rehydrated by multiple additions of MilliQ H2O until the resolution of the 1D {1H}13C CP 

solid-state NMR spectra stopped changing.[20] Silicon plugs (courtesy of Bruker Biospin) placed 

below the turbine cap were used to close the rotor and preserve hydration.  

A sample of [U-13C, 15N] free TTR lyophilized in the presence of PEG1000 (in the same 

weight ratio, 25 mg TTR: 2.5 mg PEG1000) was also analyzed in 3.2 mm zirconia rotor after 

rehydration, as reference for solid-state NMR. 

The solid-state NMR spectra of free TTR and TTR in the presence of Tafamidis or Taf-Ptx 

were collected on a Bruker Avance III spectrometer operating at 800 MHz (18.8 T, 201.2 MHz 13C 

Larmor frequency) equipped with a Bruker 3.2 mm Efree NCH probe-head and on a Bruker Avance 

III 850 MHz wide-bore spectrometer (20 T, 213.6 MHz 13C Larmor frequency), equipped with 3.2 

mm DVT MAS probe head in triple-resonance mode. The spectra were recorded at 14 kHz MAS 

frequency and the sample temperature was kept at ~ 290 K. 

Standard 13C-detected solid-state NMR spectra [2D 15N-13C NCA, 15N-13C NCO and 13C-13C 

DARR; 3D NCACX and NCOCX] were acquired on the samples in 3.2 mm rotors, using the pulse 

sequences reported in the literature.[21–27] 3D CANCO experiment was also acquired on the sample 

of free TTR. 

All the spectra were processed with the Bruker TopSpin 3.2 software and analyzed with the 

program CARA.[28] 

 

Ligand binding assay with Microscale Thermophoresis (MST).  

TTR was fluorescently labelled with RED dye NT-650-NHS of Monolith Protein Labelling 

Kit RED-NHS 2nd generation (NanoTemper Technologies, Munich, Germany) according to 

NanoTemper protocol, using 1:4 as protein:dye ratio. Therefore, 100 mm3 of 20 μmol·dm-3 TTR in 

labelling buffer (130 mmol·dm-3 NaHCO3, 50 mmol·dm-3 NaCl, pH 8.2) was prepared and mixed 
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with 100 mm3 of 80 µmol·dm-3 RED-dye in the same buffer. The labelling solution was incubated 

for 30 minutes in the dark at RT and then the unreached fluorophore was removed using two size-

exclusion chromatography columns, equilibrated with phosphate buffer (PB, 100 mmol·dm-3 

NaH2PO4, 100 mmol·dm-3 KCl, pH 7.6). Protein and dye concentrations were calculated by 

Absorption Spectroscopy (AS) using Thermo ScientificTM NanoDropTM One spectrophotometer 

(Thermo Fisher Scientific Inc., Waltham Massachusetts, USA), through the equation 1 and 2 for TTR 

and RED dye, respectively. Where ɛprotein = 18575 M-1 cm-1 at 280 nm, εRED-dye = 195000 M-1 cm-1 at 

650 nm, cf = 0.04 and l is the pathlength. 

 

[𝑝𝑟𝑜𝑡𝑒𝑖𝑛] =  
𝐴280− (𝐴650×𝑐𝑓)

𝜀𝑝𝑟𝑜𝑡𝑒𝑖𝑛 ×l
   (Equation 1) 

[𝑑𝑦𝑒] =  
𝐴650

ɛ𝑅𝐸𝐷 𝑑𝑦𝑒 ×l
  (Equation 2) 

 

Therefore, the degree of labelling (DOL) was calculated using the equation 3, yielding a value 

of 0.5 that falls in the recommended range (0.5 – 1). 

 

𝐷𝑂𝐿 =  
[𝑑𝑦𝑒]

[𝑝𝑟𝑜𝑡𝑒𝑖𝑛]
  (Equation 3) 

 

In order to evaluate the affinity between the protein and Taf-Ptx, 16 pre-dilutions of molecule 

were prepared through 1:1 serial dilution with PB with 0.05% tween20 (PB-T) and 4% DMSO in 

PCR tubes to yield final volume of 10 mm3. RED-TTR was diluted to achieve a final protein 

concentration of 100 nmol·dm-3. Therefore, the labelled protein was added to each of 16 dilutions 

and mixed to reach a final protein concentration of 50 nmol·dm-3 and a reaction volume of 20 mm3 

in PB-T, 1 mmol·dm-3 EDTA 2 % DMSO. The molecule was tested at the highest concentration of 

50 μmol·dm-3. Samples were incubated at RT, in the dark for 5 minutes, loaded in Standard 

capillaries and inserted into the chip tray of Monolith NT.115. MST signal of each capillary was 

recorded at 40% LED power and Medium MST power. Raw data were analysed using in MO.Affinity 

Analysis software v2.3 (NanoTemper Technologies, Munich, Germany) in Manual mode, setting the 

hot region between 19/20 s. 

Each experiment was repeated three times and the results were reported as dissociation 

constant (Kd) mean value ± confidence intervals, the latter defining the range where the Kd falls with 

a 69% of certainty. The Signal to Noise (S/N) parameter was also calculated and used to judge data 

quality. Specifically, 5 ≤ S/N ≤ 12 suggests a good assay, whereas S/N > 12 indicates an excellent 
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assay. All MST experiments were carried out using a Monolith NT.115 NanoTemper instrument, 

yielding S/N values > 12 as indicative of excellent assay conditions. 

 

Chemical denaturation assay 

The chemical denaturation assay was performed using a label-free fluorimetric analysis using 

Prometheus NT.48 instrument (NanoTemper Technologies, Munich, Germany). Briefly, a protein 

sample of 5 μmol·dm-3 TTR was incubated with n.48 serial dilutions of urea (from 6 mol·dm-3 to 1.3 

mol·dm-3) in the presence and absence of 50 μmol·dm-3 Taf-Ptx for a time of 96 h at room temperature 

(20°C) to reach the equilibrium of the chemical unfolding reaction. A longer time of incubation was 

avoided to prevent an excessive decomposition of the denaturant agent and formation of covalent 

adducts in the protein sample. The assays were executed in a buffer composed of 100 mmol·dm-3 

NaH2PO4, 100 mmol·dm-3 KCl, pH 7.6, 2% DMSO. After the incubation, the samples were loaded 

into nanoDSF standard capillaries and the fluorescence emission was detected using PR.ChemControl 

software. During the denaturation process, the increasing solvent exposure of the buried tryptophan 

(Trp79) from the folded state to the unfolded form of TTR generates a shift of the fluorescence 

emission from 330 nm to 350 nm. The ratio 350 nm/330 nm was then plotted versus the concentration 

of the denaturant agent to obtain the denaturation curves (Figure S16). 

The raw data were analyzed using PR.Stability Analysis v1.1 software applying a two-state model to 

calculate the free energy of protein stability (ΔG) and the concentration of denaturant to achieve 50% 

of protein unfolding (C50). Data are reported as mean values ± standard deviations (SD) from n.3 

independent measurements (Table S3). 
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Figure S1. 1H NMRD profiles of wild-type TTR, in the absence and in the presence of Tafamidis at 

15, 25 and 37 °C. 
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Figure S2. Superposition between the structure presented in this work, 8AWW (green), and 3TCT 

(cyan). One monomer for both structure is presented for clarity. 
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Figure S3. Detail of the protein and ligand electron density map for the complex between TTR and 

Compound 2 (compound 2 and the symmetry mate generated by the application of the two-fold 

crystallographic operation are shown) (A). Superposition between the structure presented in this work 

(8AWW, green) and 3TCT (cyan) (B). Surface representation of TTR interacting with one of the two 

possible conformations of Compound 2 displayed as stick (C). In all the three panels, the 

conformation of the aliphatic chain of Compound 2 is arbitrarily defined. 
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Figure S4. Interactions between the protein and Compound 2 observed in the X- ray structure 

solved in the present paper. 
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Figure S5. 2D 1H 15N TROSY-HSQC of [U-2H-13C 15N] TTR with the assignment reported on the 

signals. The spectrum was acquired on a NMR spectrometer operating at 950 MHz (1H Larmor 

frequency) and 310 K. 
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Figure S6. Portions of the 2D 1H 15N TROSY-HSQC of TTR with the assignment reported on the 

signals. The broad signals are labeled in red. The 1D projections of some signals on the 15N dimension 

are also displayed to better highlight the difference in linewidth among different set of signals. The 

spectrum was acquired on a NMR spectrometer operating at 950 MHz (1H Larmor frequency) and 

310 K.  



S17 

 

 

Figure S7. Selected strips of 3D 1H-15N NOESY spectrum (from residue C10 to residue V20 and 

from residue H31 to residue T40) showing the absence of cross-peaks in regions close to the inter-

monomers interface (i.e. C10-V20) and the presence of the cross-peaks characteristic of −sheet in 

solvent exposed regions (i.e. H31-T40). 
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Figure S8. 2D 13C 15N CON spectrum of TTR with the assignment reported on the signals. The 

spectrum was acquired at 310 K on a Bruker AVANCE NEO 700 MHz spectrometer, equipped with 

a triple-resonance cryo-probe optimized for 13C-direct detection. 
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Figure S9. 2D 15N 13C NCO (A), 15N 13C NCA (B) and 13C-13C DARR (C) spectra acquired after 

rehydration on a sample of freeze-dried [U-13C, 15N] TTR. Spectra were acquired on a spectrometer 

operating at 800 MHz (1H Larmor frequency) with MAS of 14 kHz and temperature of ~ 290 K. 
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Figure S10. 2D 15N 13C NCA spectrum of rehydrated freeze-dried [U-13C, 15N] TTR with the 

assignment reported on the signals. The spectrum was acquired on a spectrometer operating at 800 

MHz (1H Larmor frequency) with MAS of 14 kHz and temperature of ~ 290 K. 

 

Figure S11. Region of the 2D 1H-15N HSQC spectra of free TTR (200 µM with respect to the 

tetramer, blue) and TTR in the presence of ~100 µM Tafamidis (A, red) or ~100 µM Taf-Ptx (B, red). 

The signals of the free and bound species display almost equal intensities as indicated by the assigned 

peak of Ser112. 
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Figure S12. 2D 1H 15N TROSY-HSQC of free TTR (blue) and TTR in the presence of tafamidis (red, 

A) and Taf-Ptx (red, C) in a 1:1 ligand/tetramer ratio, and in the presence of tafamidis (magenta, B) 

and Taf-Ptx (magenta, D) in a 2:1 ligand/tetramer ratio. The spectra were acquired on an NMR 

spectrometer operating at 950 (1H Larmor frequency) and 310 K. Assignment of the signals 

experiencing the largest CSPs are reported in the spectra with a 2:1 ligand/tetramer ratio. The residues 

that were tentatively reassigned with some uncertainties are labeled in italic font and colored in grey. 

Instead, the signals with increased intensity in the spectra of TTR in complex with tafamidis with 

respect to the free protein, are labeled in italic font and colored in cyan. 
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Figure S13. (A, B) Chemical shift perturbation (CSP) of TTR in the presence of Tafamidis (A) and 

Taf-Ptx (B) (in 2:1 ratio) with respect to free TTR, evaluated according to the formula ∆𝛿 =

1
2⁄ √∆𝛿𝐻

2 + (∆𝛿𝑁 5⁄ )2. The residues experiencing the largest variations (Δδ ≥ mean + std. dev.) have 

been highlighted in red and blue, respectively. The residues that were tentatively assigned have been 

indicated by a star. The error for CSP has been evaluated considering the standard deviation of the 

values of CSP below the mean, calculated considering all the CSP values. (C, D) CSP mapping on 

the X-ray structure of TTR in complex with Tafamidis (PDB code: 3TCT)[3] with the residues 

experiencing the largest perturbations (Δδ ≥ mean + std. dev.) in the presence of Tafamidis or Taf-

Ptx colored in red (C) and blue (D), respectively. The residues missing in the 2D 1H-15N HSQC 

spectra are colored in grey. The monomers are in different colors (wheat, green, violet, pink) and 

Tafamidis as yellow sticks. 
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Figure S14. Difference in chemical shift of 15N for TTR bound to Tafamidis (red and violet) and to 

Taf-PTX (blue and orange) with respect to the free protein evaluated in solution (red and blue, for 

Tafamidis and Taf-PTX, respectively) and at the solid-state (violet and orange, for Tafamidis and 

Taf-PTX, respectively). 
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Figure S15. Biphasic binding curve obtained from TTR/Taf-Ptx interaction (A). Curve analysis from 

1 to 9 samples (B) and from 7 to 16 samples (C). The difference in normalized fluorescence [‰] is 

plotted against ligand concentration (mol·dm-3)Data obtained from three independent measurements; 

error bars represent the standard deviation of the points. 

 

A

B

C
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Figure S16. Denaturation curve of TTR (blue circles) and TTR in the presence of Taf-Ptx (red 

squares). The curves are obtained plotting the ratio 350nm/330nm versus serial dilutions of the 

denaturant agent (urea). Data are plotted as mean values from n.3 independent experiments.  
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Table S1. Data processing and refinement statistics for the X-ray structure solved in the present paper. 

 

 TTR 

Wavelength 

1.541 

Resolution range 

35.47 - 1.6 (1.657 - 1.6) 

Space group 

P 21 21 2 

Unit cell 

43.48 85.34 63.79 90 90 90 

Total reflections 

384543 (15355) 

Unique reflections 

31504 (2783) 

Multiplicity 

12.2 (5.5) 

Completeness (%) 

98.21 (88.60) 

Mean I/sigma(I) 

22.29 (2.08) 

Wilson B-factor 

16.87 

R-merge 

0.08045 (0.9225) 

R-meas 

0.08391 (1.016) 

R-pim 

0.02336 (0.4066) 

CC1/2 

1 (0.668) 

CC* 

1 (0.895) 

Reflections used in 
refinement 

31492 (2783) 

Reflections used for 
R-free 

1574 (139) 

R-work 

0.1783 (0.2452) 

R-free 

0.2035 (0.2458) 

CC(work) 

0.968 (0.839) 

CC(free) 

0.977 (0.802) 
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Number of non-
hydrogen atoms 

2068 

  macromolecules 

1785 

  ligands 

54 

  solvent 

229 

Protein residues 

231 

RMS(bonds) 

0.014 

RMS(angles) 

1.28 

Ramachandran 
favored (%) 

98.68 

Ramachandran 
allowed (%) 

1.32 

Ramachandran 
outliers (%) 

0.00 

Rotamer outliers 
(%) 

0.00 

Clashscore 

3.92 

Average B-factor 

23.91 

  macromolecules 

22.45 

  ligands 

31.26 

  solvent 

33.63 
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Table S2. Best fit values of the 1H NMRD profiles of wild-type TTR with and without tafamidis. 

Unless differently specified, the values refer to the profiles collected at 25 °C. 

 wild type TTR wild type TTR + 

tafamidis 

 

𝛼 0.35  0.01 0.35  0.01 s-1 

𝛽 2.0  0.4 2.0  0.4 107 s-2 

c1  0.007  0.002 0.004  0.002  

1
  310  70 10-9 s 

c2
  0.28  0.04 0.30  0.05  

2
  30  2 10-9 s 

c3
  0.72  0.04 0.69  0.05  

3
  5  1 10-9 s 

 

2
 (15 °C) 40  1 40  1 10-9 s 

2
 (37 °C) 19  1 22  1 10-9 s 
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Table S3. Free energy of protein stability (ΔG) and C50 values obtained for TTR in the presence and 

absence of Taf-Ptx. Results are reported as mean ± standard deviation of n.3 independent 

experiments. ΔG and C50 values of TTR in complex with Taf-Ptx are estimated from a denaturation 

curve that does not reach an unfolding plateau. 

 

Protein Sample 
ΔG (kJ/mol) C50 (M) 

TTR 25.7 ± 2.6 3.98 ± 0.03 

TTR+Taf-Ptx > 47.3 ± 2.5 > 6.91 ± 0.13 
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94 CHAPTER 3. RESULTS AND DISCUSSION

3.3 Contrast agents: paramagnetic proteins and
blueberry juice

Paramagnetic systems are widely used in MRI for their ability to enhance the
nuclear relaxation rates of water protons, thus increasing the contrast and im-
proving the quality of the images [8]. Given the widespread diffusion of this
diagnostic technique, the development of more efficient and less toxic contrast
agents is highly desirable. NMR relaxometry is the state of the art technique
to characterize contrast agents.

The modulation of the rotational correlation time of the paramagnetic agent
is an exploited strategy to increase the relaxivity at low magnetic fields, where
MRI is performed (around 1 T) [9, 17]. Moreover, in order to reduce the dose
of gadolinium(III) while achieving a high payload of paramagnetic ions, several
types of nanoparticles have been studied as promising contrast agents [39].
In the framework of this project, with the aim of slowing down the rotational
correlation time (τR) of the paramagnetic complex, macromolecules with at-
tached gadolinium(III) complexes have been synthesized and characterized by
relaxometry. In particular, Gd-DOTA conjugated L-asparaginaseII (ANSII),
was expressed, purified and characterized. Additionally, my contribution to
the characterization of two paramagnetic engineered protein cages is described.
These kind of complexes can serve as candidates for theranostic platform to
monitor the efficacy of therapeutic drugs non-invasively and in real time.

Similar to gadolinium(III) used in intravenous MRI contrast agents, man-
ganese(II) is a paramagnetic ion that enhances longitudinal relaxation (R1) of
adjacent water protons, increasing signal intensity in T1-weighted MRI images.
This creates a higher contrast between tissues with and without paramagnetic
ions. Manganese(II) also acts as a T2-agent by increasing transverse relax-
ation (R2), reducing signal intensity in T2-weighted scans. While intravenous
contrast is common for neurologic and musculoskeletal MRI, oral agents are
prevalent for gastrointestinal and hepatobiliary MRI [23].
Promising oral contrast agents include pineapple and blueberry juices due to
their manganese(II) content [62, 63, 24]. These juices have demonstrated effec-
tiveness in MRI images. A field-cycling relaxometric analysis was conducted
on pineapple juice to characterize its relaxation properties with and without
hydrogels [24]. The NMRD profile analysis yielded insights into dynamic pro-
cesses and structural parameters affected by the paramagnetic metal ions and
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their interactions with water protons. The study included in this PhD thesis,
expanded the analysis to blueberry juice. We compared its relaxation proper-
ties with those of pineapple juice and a [Mn(H2O)6]

2+ solution. A commercially
available blueberry nectar was used to investigate the relaxation properties of
a readily obtainable product, which can be both repeatable and immediately
available for clinical administration.

3.3.1 GdDOTA-conjugated ANSII

L-asparaginase II (ANSII hereafter) was expressed and purified in both not
labelled and 15N labelled form, following the published protocol for ANSII
production and purification [64]. ANSII native form consists of 4 identical
units assembled as a tetramer which total weight is 138 kDa. Each monomeric
subunit contains 22 lysine residues which have been already successfully func-
tionalized in previous works [65].

(a)

(b)

Figure 3.17: (a) L-asparaginase structure representation (PDB structure 6EOK).
In blue, lysine residues are highlighted in blue. (b) DOTA-NHS-ester structure.

The conjugation reaction with DOTA-NHS-ester was performed as reported
in the experimental procedure section of the attached article [20]. In the same
section, information on the addition of gadolinium(III) ions is reported.
The exposed lysines of the ANSII undergo a nucleophilic attack from the func-
tionalized DOTA carboxylic group. This leads to the formation of a new amide
bond and leaves the other three DOTA carboxylate anions free to bind triva-
lent ions such as gadolinium. Considering the lower pKa of the α-amine of the
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Residue Number pKa Buried %
N+ 1 7.85 0
LYS 301 7.94 100
LYS 104 8.71 48
LYS 172 9.37 93.75
LYS 49 9.63 11.75
LYS 71 9.98 0
LYS 162 10.02 100
LYS 262 10.16 0
LYS 196 10.28 0
LYS 107 10.30 3

Table 3.3: Most relevant results of the bioinformatic analysis conducted via
PROPKA.

N-terminus compared to the ε-amine of lysines, at the employed mild condi-
tions and pH, a selective acylation and alkylation of N-terminal amines was
favored, although complete site specificity was not achieved. Beside the consid-
erations on the experimental conditions of the bioconjugation reaction, we can
expect that only a rather limited number of lysine groups are modified even in
the presence of relatively high DOTA-NHS-ester/protein ratio as they are not
equally exposed to the solvent. A bioinformatic analysis using PROPKA [66],
allowed for an estimation of the most accessible lysines upon the reactive ones.
The results reported in Table 3.3, suggested that the lysines that are most
likely involved in the functionalization reaction are the N-terminus and lysines
104, 49, and 71. These conditions were chosen because we aimed at evaluating
the paramagnetic relaxation enhancement with distant gadolinium(III) ions,
to avoid possible magnetic coupling.

As can be observed in Figure 3.18 panel (a), the 1H NMRD profiles of
DOTA-conjugated ANSII (solid symbols) and the unconjugated ANSII protein
(empty symbols) are basically identical at every considered temperature. The
profiles of native ANSII were consistent with the ones already reported in the
literature [65]. We can therefore state that, after the bioconjugation reaction,
only small structural changes occur. The NMRD profiles were fitted employing
two correlation times, one for the slow overall molecular tumbling, the other to
take into account the faster local molecular motion (see Equation 3.6). Details
on the fitting procedure of the NMRD profiles are included in the attached
article [20].

The value of the rotational correlation time (67 ns) is in agreement with the
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one reported in literature, although in different experimental conditions (buffer
and concentration) [28, 65]. We can therefore affirm that the tetrameric struc-
ture of the protein is maintained upon conjugation. The different weight of
the contribution arising from global and local motion, respectively c1 and c2,
indicate the presence of an extensive mobility in the nanoseconds timescale
(below 10 ns) ascribable to the high local mobility of the many loop regions
of the protein. A high mobility was previously noted through high resolution
NMR [65].
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Figure 2. 1H NMRD profiles of a water solution of DOTA-conjugated ANSII (0.38 mmol/dm3 
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Table 1. Best fit parameters of the 1H NMRD profiles of DOTA-conjugated ANSII 

*  

Water 1H NMRD profiles of Gd-DOTA conjugated ANSII. The NMRD profiles of the water 

solution of Gd-DOTA conjugated ANSII were collected at 15, 25 and 37 °C (Figure 3). The 

concentration of the gadolinium(III) ions was 0.24 mmol/dm3, as determined from ICP-OES 

0.01 0.1 1 10 100
0.0

0.2

0.4

0.6

0.8

1.0

 15 °C
 25 °C
 37 °CW

at
er

 1 H
 re

la
xa

tio
n 

ra
te

 (s
-1

)

Proton Larmor frequency (MHz)

15 °C 25 °C 37 °C

0.47 0.36 0.28 s−1

1.2×107 s−2

0.31

8.7×10−8 6.7×10−8 4.9×10−8 s

1.3×10−8 9.3×10−9 5.5×10−9 s

c1
τR = τ1

*τf = τ2

α
β

c2 = 1 − c1

 8

(a)

measurements. The relaxivity values, obtained from the difference between the relaxation rates 

measured from the paramagnetic and the diamagnetic samples, scaled to 1 mmol/dm3 

gadolinium(III) concentration, are shown in Figure 4. 

 

Figure 3. 1H NMRD profiles of a water solution of Gd-DOTA-conjugated ANSII (0.24 mmol/

dm3) at 15, 25 and 37°C (solid symbols). The profiles of the Gd-free protein are also shown as 

empty symbols. 

 

0.01 0.1 1 10 100
0

2

4

6

8

10

 15 °C
 25 °C
 37 °C

W
at

er
 1 H

 re
la

xa
tio

n 
ra

te
 (s

-1
)

Proton Larmor frequency (MHz)

0.01 0.1 1 10 100
0
5

10
15
20
25
30
35
40
45
50

 15 °C
 25 °C
 37 °CW

at
er

 1 H
 re

la
xi

vi
ty

 (m
M

-1
 s

-1
)

Proton Larmor frequency (MHz)

 9

(b)

Figure 3.18: (a) 1H NMRD profiles (solid symbols) of DOTA-conjugated ANSII
(0.38 mM monomeric protein concentration) in 150 mM phosphate buffer, pH 7.5.
Basically identical profiles were measured for the unconjugated ANSII protein (empty
symbols). The profiles were collected at 288, 298 and 310 K. (b) 1H NMRD profiles
of GdDOTA-conjugated ANSII and of the diamagnetic DOTA-conjugated ANSII
(empty symbols) that was subtracted to the paramagnetic profile. Same symbols
refer to same temperature.

The relaxivity values, obtained from the difference between the relaxation
rates measured from the paramagnetic bioconjugated GdDOTA-ANSII and
the diamagnetic DOTA-ANSII samples, scaled to 1 mM gadolinium(III) con-
centration (determined through ICP-AES), are shown in Figure 3.19. Details
on the fitting procedure of the NMRD profiles are included in the attached
article [20].

As expected, we observed an increase in the relaxivity of the Gd-labeled
ANSII due to the higher reorientational correlation time with respect to the
free complex [67], which is in the optimal range for high field MRI, but the
increase is below the theoretical limit. From the temperature dependence of
the profiles, we can affirm that the slow exchange regime of the coordinated
water molecules limits the relaxivity enhancement. This could be arising from
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a pattern of hydrogen bonds involving the coordinated water, the carboxylic
groups and the closest amino acids. This hypothesis is confirmed by the values
of the lifetime of coordinated water molecules, τM, that lies between 0.2 and 0.5
µs, slower with respect to the value observed for the free complex in water [67].
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Figure 3.19: 1H relaxivity profiles of GdDOTA-conjugated ANSII in 50mM MES
pH 6.5, at 288, 298 and 310 K. The profiles were fitted with Florence and the best
fit parameters are shown in Table 2 in [20].
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ABSTRACT: Biologics are emerging as the most important class of drugs and are
used to treat a large variety of pathologies. Most of biologics are proteins administered
in large amounts, either by intramuscular injection or by intravenous infusion.
Asparaginase is a large tetrameric protein assembly, currently used against acute
lymphoblastic leukemia. Here, a gadolinium(III)-DOTA derivative has been
conjugated to asparaginase, and its relaxation properties have been investigated to
assess its efficiency as a possible theranostic agent. The field-dependent 1H
longitudinal relaxation measurements of water solutions of gadolinium(III)-labeled
asparaginase indicate a very large increase in the relaxivity of this paramagnetic protein
complex with respect to small gadolinium chelates, opening up the possibility of its use
as an MRI contrast agent.

■ INTRODUCTION
The millions of MRI exams performed annually in the world
after administration of gadolinium(III) contrast agents and the
concerns about their safety continuously stimulate the efforts
for the development of safer contrast agents.1 The contrast
agents used in the clinics are nowadays almost exclusively small
gadolinium(III) complexes. Administration of these complexes
has been shown to determine gadolinium accumulation in the
tissues of the patients, thus raising concerns for their long-term
consequences on health.2,3 For instance, they have been
associated with nephrogenic systemic fibrosis in patients with
impaired renal clearance.4−6

The strategy to reduce the risks associated with the
administration of contrast agents without reducing the quality,
and thus the diagnostic accuracy, of the MRI images, passes
through the use of molecules not containing gadolinium(III)
ions but similarly able to enhance the nuclear relaxation rates
of water protons,7−10 or through the development of
gadolinium complexes with higher efficiency so that the
injected dose can be sizably reduced. A reduction of the
injected gadolinium(III) dose can be achieved (i) by targeting
the contrast agents to specifically accumulate them in the
tissues of interest and (ii) by increasing the capability of the
agents to enhance the water proton relaxation rates. This
capability is called relaxivity and is defined as the enhancement
in the water proton relaxation rate due to a gadolinium
concentration of 0.001 mol dm−3.

An effective way to increase relaxivity at low and
intermediate magnetic fields (below ca. 1 T) is slowing
down the reorientation mobility of the complex. This can be

achieved by functionalizing low-molecular-weight
gadolinium(III) complexes to bind noncovalently to macro-
molecules,11−13 by confining them within nanosized matrices,
like nanogels,14−18 or by exploiting nanosized gadolinium(III)-
based compounds.19−24 On the other hand, an increase in the
reorientation time of the contrast agent determines a decrease
in relaxivity at high magnetic fields. The optimal reorientation
time τR is related to the applied magnetic field B0 through the
relationship τc

opt = (γIB0)−1, with τc
−1 = τR

−1 + τM
−1 + R1e, where γI

is the proton magnetogyric ratio, τM is the lifetime of the water
molecule(s) coordinated to the gadolinium(III) ion, and R1e is
the electron relaxation rate.25,26 At 1.5 T, if water exchange and
electron relaxation are slower than molecular reorientation, τR

opt

= 2.5 ns. Therefore, reorientation times in the nanosecond
timescale are needed to achieve the highest relaxivities at the
fields of MRI scanners.

Metalloprotein-based contrast agents have been considered
because of the ease of preparation and the availability of
engineering techniques that can allow for their functionaliza-
tion and targeting.27 The relaxivity of (either natural or metal-
substituted) paramagnetic metalloproteins is however typically
limited, despite their overall reorientation times of the order of
nanoseconds or larger, due to the presence of paramagnetic
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ions (different from gadolinium) with short electron relaxation
times, and/or the long lifetime of coordinated water molecules.
Proteins engineered by rational design were thus proposed by
creating a gadolinium-binding site with strong metal selectivity
in a stable and potentially fully functioning host protein.28,29

Chimeric proteins were also constructed by inserting an EF-
hand motif, which can bind a gadolinium ion, into a
functionalized protein.30−32 However, the application of
these chimeric proteins is limited by their metal binding
affinities which are much weaker than those of the chelates
approved for clinical use. A high binding affinity and metal
selectivity was achieved by engineering an EF-hand motif of
the protein α-parvalbumin.33

An easier, preferable alternative is attaching a paramagnetic
tag to a diamagnetic protein, like albumin and immunoglobu-
lins.34 Gadolinium(III) ions can be attached to proteins by
bifunctional chelates, usually DOTA-like or DTPA-like
complexes with an electrophilic group for conjugation to
nucleophilic groups of macromolecules.35 The possibility of
genetically engineering protein polymers at multiple backbone
sites allows attaching multiple paramagnetic tags per
protein.36,37 This results in multivalent, biomacromolecular
contrast agents endowed with extremely high relaxivity per
particle, although the relaxivity per gadolinium ion is often
limited. GdDTPA-monoamide tethered to polylysine38 or
dextran,39 for instance, shows low relaxivities because of the
internal mobility which limits the relaxivity enhancement.40

Furthermore, an increase in the water lifetime of about a factor
3 has been observed upon the replacement of one carboxylate
function by an amide in both DOTA-like and DTPA-like
chelates.41

Along these lines, we have attached a derivative of 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) to
the protein L-asparaginase II (ANSII), a biological drug in
clinical use against leukemia. Together with the four
macrocyclic nitrogen atoms, four acetate arms of the chelate
coordinate the gadolinium(III) ion, and the carboxylate group
on the 5-carbon arm, activated with the ester, is used for
covalent attachment to the primary amine of lysine residues via
amide bond formation (Figure 1).35 Carboxylates and

backbone carbonyls, and hydroxyls to a lesser extent, can
also coordinate lanthanoids.42 However, it has long been
proven that in the presence of a high-affinity chelator and after
thorough purification, the ions aspecifically bound to the
protein surface are in negligible concentration.43,44 Analogous
paramagnetic tags were previously attached to dendrimers,
silica nanoparticles, or proteins like albumin through

methanethiosulfonate anchor groups.45 In these cases, they
showed a relaxivity not exceeding 25 s−1 mM−1 even at the
peak magnetic field because of being limited by a subnano-
second reorientation time and a rather long lifetime of the
coordinated water molecule.45,46

ANSII consists of four identical subunits, forming a dimer of
dimers of 138 kDa with D2 symmetry, with an extensive
mobility in the nanosecond timescale.47 The attachment of a
paramagnetic tag to ANSII is thus expected to result in an MRI
contrast agent of much improved relaxivity with respect to
those presently used in clinics, and of the order of that of
previously reported paramagnetic proteins. Here, the relaxivity
properties of the Gd(III)-DOTA-NHS-ester conjugated to
amine groups of ANSII have been investigated in detail to
evaluate the relaxation enhancement achieved upon con-
jugation. Indeed, we found a relaxivity at 37 °C as large as ca.
35 s−1 mM−1 at the peak magnetic field.

Most importantly, this protein represents an attractive
carrier for the delivery of the paramagnetic moiety because:

(1) ANSII is one of the oldest biologics approved for clinical
use as a drug against acute lymphoblastic leukemia both
in its native and PEGylated forms.48 It is currently used
in humans by intramuscular injection or by intravenous
infusion three times weekly. The grafting of
gadolinium(III) tags is not expected to affect the
therapeutic efficacy of ANSII as proved by the enzymatic
activity of the clinically approved highly PEGylated form
of the enzyme, where most of the surface exposed lysines
are conjugated to PEG chains.49 Therefore, this protein
is a good model to develop protein-based theranostic
agents and also to develop new strategies to investigate
the pharmacokinetics and fate of biologics.

(2) Each of the four ANSII subunits contains 22 lysine
residues, which can be largely functionalized.50 The
many solvent-exposed lysine residues can thus allow for
the conjugation of a huge amount of paramagnetic
chelates to the same protein. In perspective, this can
allow the development of an agent carrying a high
payload of paramagnetic ions.

■ RESULTS AND DISCUSSION
Preparation and Characterization of the Conjugated

Protein. The functionalization of ANSII with DOTA-NHS-
ester was carried out as described in the Experimental
Procedures section. Considering the lower pKa of the α-
amine of the N-terminus compared to the ε-amine of lysines,
as a result of the inductive effects of the nearby carbonyl group,
at pH 7.5, a selective acylation and alkylation of N-terminal
amines is favored, although complete site specificity is not
achieved.51,52 Under these conditions, a few amines in the
protein are expected to be significantly reactive.53,54 Mild
conditions for conjugation were employed, as we aimed at
evaluating the paramagnetic relaxation enhancement with
distant gadolinium(III) ions, to avoid possible magnetic
coupling. Gadolinium(III) was added in defect, and the
addition was followed by gel filtration purification. ICP-OES
was employed to determine the gadolinium(III) concentration
into the sample; it was found to correspond to the presence of
3 gadolinium(III) ions per tetramer.

ESI MS Characterization of the Free and Conjugated
Protein. The free and DOTA-NHS-ester conjugated protein
were further characterized through ESI MS analysis according

Figure 1. 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid
mono-N-hydroxysuccinimide ester (DOTA-NHS-ester) chemical
structure.
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to standard procedures.55,56 The ESI MS spectrum of the free
protein is shown in Figure 2a. The deconvoluted ESI MS
spectrum shows an intense and very well resolved single peak
with a mass of 34 599 Da. This value is very close�though not
identical (there is an apparent difference of a few Daltons)�to
the calculated value for the sequence of the protein reported in
UNIPROT (P00805) being equal to 34 595 Da. Upon
inspection of the ESI MS spectrum, it emerges that the
ANSII protein shows a high degree of purity. The spectrum of
the DOTA-NHS-ester conjugated protein, prepared as
described in the Experimental Procedures section, is reported
in Figure 2b. The latter spectrum shows a number of additional
peaks with mass values greater than the free protein. Notably,
the peaks at 34 985, 35 371, 35 757, and 36 144 Da are
straightforwardly assigned to protein conjugates bearing one,
two, three, and four DOTA-NHS-ester moieties, respectively.
The percentage ratios between free ANSII and the various
forms of ANSII conjugated with DOTA-NHS are reported in
Figure S1. This means that the sample contains in comparable
amounts a few species with a variable number of DOTA-NHS-
ester groups. It is known that the DOTA-NHS-ester manifests
a large selectivity for free amino groups, but it is difficult to
identify by MS which lysine groups are actually modified. As
only a rather limited number of lysine groups are modified
even in the presence of relatively large DOTA-NHS-ester/
protein ratios 15:1, it can be inferred that only the most
accessible and reactive lysine groups will be modified. A
plausible estimation of the most accessible and reactive lysines
has been obtained independently through a bioinformatic
analysis using the program PROPKA.53,54 This analysis
suggests that the most reactive amino groups residues are
the N-terminus and lysines 104, 49, and 71 (see Table S1).

Water 1H NMRD Profiles of ANSII-DOTA. The 1H
NMRD profiles of water solutions of diamagnetic (metal free)
ANSII-DOTA at 15, 25, and 37 °C are shown in Figure 3. The
concentration of the monomeric protein was 0.38 mmol dm−3.

The decrease in the relaxation rates measured for increasing
magnetic fields reports on the dynamics of the water protons
interacting with the protein.57 Their dipole−dipole coupling
energy is modulated by the shortest time between the overall

reorientation time τR of the tetrameric protein assembly, the
local internal mobility times τf, and the lifetime τM of the water
molecule on the protein surface. Water molecules with τM
longer than τR or τf thus provide information on the molecular
tumbling time and on possible presence of faster internal
mobility. The 1H NMRD profiles were fitted using eq 158,59
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where cn are weight coefficients summing to 1. The profiles
could not be nicely fitted with N = 1, whereas fits of good
quality could be obtained with N = 2 (solid lines in Figure 3).
The best-fit profiles are reported in Table 1, where the longest
and shortest τ’s obtained from the fit were indicated as τR and
τf, respectively.60 These values are in agreement with those
previously obtained for the unconjugated ANSII protein in a
different concentration and water buffer solution (20 mm
sodium phosphate, pH 7.5, 0.02% NaN3, 0.1 mg mL−1 protease
inhibitors (Pefabloc)), when the following values were
obtained at 25 °C: c1 = 0.42, τ1 = 6.0 × 10−8 s, τ2 = 9 ×

Figure 2. Deconvoluted mass spectra of ANSII 10−6 M (left panel) and deconvoluted mass spectra of DOTA-NHS conjugated protein 10−6 M
(right panel).

Figure 3. 1H NMRD profiles of a water solution of DOTA-
conjugated ANSII (0.38 mmol dm−3 monomeric protein concen-
tration) at 15, 25, and 37 °C (solid symbols). Basically identical
profiles were measured for the unconjugated ANSII protein (empty
symbols).
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10−9 s.50 The values of τR confirm that indeed the protein
forms tetrameric assemblies, being of the order of what
expected for globular proteins with MW of ca. 140 kDa.58 This
finding represents an evidence that the tetrameric structure of
the unconjugated protein is retained also upon its function-
alization with DOTA-NHS-ester. The large contribution from
correlation times smaller than 10 ns (at 25 °C) indicate the
presence of an extensive mobility in the nanosecond timescale,
probably reflecting the intrinsic flexibility related to the many
loop regions present in the protein. As previously noted, this
extensive internal mobility is consistent with the intensity and
resolution of the solution NMR spectra of the protein.50

Water 1H NMRD Profiles of Gd-DOTA-Conjugated
ANSII. The NMRD profiles of the water solution of Gd-
DOTA-conjugated ANSII were collected at 15, 25, and 37 °C
(Figure 4). The concentration of the gadolinium(III) ions was

0.24 mmol dm−3, as determined from ICP-OES measurements.
The relaxivity values, obtained from the difference between the
relaxation rates measured from the paramagnetic and the
diamagnetic samples, scaled to 1 mmol dm−3 gadolinium(III)
concentration, are shown in Figure 5.

Interestingly, the relaxivity is quite large (although much
smaller than the theoretical limit61) for a complex with one
water molecule (q = 1) coordinated to the gadolinium ion,
with respect to that measured for other proteins conjugated to
DOTA-like or DTPA-like complexes. Nevertheless, the
temperature dependence of the profiles indicates that the
relaxivity is limited by the water protons exchange rate, as it
increases with the temperature. The whole profiles cannot be
fitted with the Solomon−Bloembergen−Morgan (SBM)
model due to the presence of zero-field splitting (ZFS),
which affects the energy of the electron spin states.62,63 The

SBM model can however be used to reproduce the high-field
regions of the profiles, when ZFS can be neglected because
much smaller than the Zeeman energy. In the fit, outer-sphere
contributions were also considered with typical values for the
distance of closest approach and the diffusion coefficients.64

The fit of the high-field region (proton Larmor frequencies
larger than 5 MHz) shows that reorientation times τi of the
order of nanoseconds are needed to reproduce the profiles and
their temperature dependence. These times are 1 order of
magnitude smaller than the tumbling times of the tetrameric
protein (τR, see above), which implies that the dipole−dipole
interactions between the unpaired electrons of the
gadolinium(III) ions and the water protons are completely
averaged out by internal dynamics.

The profiles were thus fitted using the modified Florence
NMRD program,63,65,66 which can reproduce the effects of the
ZFS both in the electron and the nuclear relaxation rates, in
the Redfield and slow rotation limits.67 The slow rotation limit
implies that reorientation is much slower than electron
relaxation (determined from the parameters Δt and τv
according to the pseudorotation model68). Contributions
from even faster motions (with correlation time τl) were
included through a Lipari-Szabo model-free approach11,69 so as
to further improve the quality of the fit. The best-fit parameters
are reported in Table 2, and the corresponding profiles are

Table 1. Best-Fit Parameters of the 1H NMRD Profiles of
DOTA-Conjugated ANSII

15 °C 25 °C 37 °C
α 0.47 0.36 0.28 s−1

β 1.2 × 107 s−2

c1 0.31
τR = τ1 8.7 × 10−8 6.7 × 10−8 4.9 × 10−8 s
τf = τ2

a 1.3 × 10−8 9.3 × 10−9 5.5 × 10−9 s
ac2 = 1 − c1.

Figure 4. 1H NMRD profiles of a water solution of Gd-DOTA-
conjugated ANSII (0.24 mmol dm−3) at 15, 25, and 37 °C (solid
symbols). The profiles of the Gd-free protein are also shown as empty
symbols.

Figure 5. 1H relaxivity profiles of GdDOTA-conjugated ANSII at 15,
25, and 37 °C. Solid lines are the best-fit profiles obtained with the
Florence NMRD program, and dashed lines are calculated with the
SBM model.

Table 2. Best-Fit Parameters of the 1H Relaxivity Profiles of
GdDOTA-Conjugated ANSII

15 °C 25 °C 37 °C
ra 3.05 Å
qa 1
Δt 0.0095 cm−1

τv 16 × 10−12 15 × 10−12 14 × 10−12 s
τi 3.8 × 10−9 3.6 × 10−9 3.4 × 10−9 s
τM 5.5 × 10−7 3.6 × 10−7 2.3 × 10−7 s
S2 0.71
τl 1.7 × 10−10 1.2 × 10−10 0.8 × 10−10 s
ZFS 0.03 cm−1

θ 35 47 55 degrees

aFixed values. The outer-sphere parameters d (distance of closest
approach) and D (diffusion coefficient) were fixed to 3.6 Å and to
1.8 × 10−9, 2.3 × 10−9, and 3.0 × 10−9 m2 s−1 at 15, 25, and 37 °C,
respectively.
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shown in Figure 5 as solid lines. The dashed lines in Figure 5
show the relaxivity profiles calculated with the same parameters
and using the SBM model.

The best-fit profiles were obtained by allowing the angle θ
between the z axis of the ZFS tensor and the line passing
through the positions of the gadolinium ion and the
coordinated water molecule to change with changing temper-
ature. The quality of the fit gets worse if θ is constrained to be
the same at all temperatures (unless the squared order
parameter S2, τv, and τi are unrealistically allowed to increase
with increasing temperature). Some inaccuracy in the
calculated rates is expected because τi and the electron
relaxation time are of the same order of magnitude for
frequencies smaller than 10 MHz, and therefore the slow
rotation treatment is only approximate (more general
approaches than the modified Florence NMRD program
have been developed70−72 for a more accurate treatment of
these cases). This is however not preventing the accuracy of all
other parameters, which are mainly determined from the
relaxivity data at high fields, when ZFS is negligible and the
SBM model holds.

In the fit, a single conformational state was assumed to be
present. However, the variability of the angle θ with
temperature may also suggest the occurrence of multiple
states, with a temperature-dependent equilibrium. At low
temperatures, the gadolinium chelate may in fact interact to
some extent with protein residues, whereas at higher
temperatures, the increased mobility of the tag can favor
more free and extended conformations.

The fit indicates an optimal reorientation time of few
nanoseconds, and a lifetime of the coordinated water molecule
of 0.2−0.5 μs, i.e., about double with respect to the values
observed for the free chelates in water.73,74 A marked increase
in the lifetime of the coordinated water molecule is often
observed for gadolinium chelates conjugated to other proteins
and macromolecular substrates. This increase is usually
ascribed to the formation of hydrogen bonds involving the
coordinated water itself and/or between the carboxylic groups
of the ligand and amino acid side chains on the surface of the
protein, which result in a significant release of the electric
charge on the complex that, in turn, yields slower dissociation
kinetics.75Figure 6 shows the largest enhancement in relaxivity,
which can be achieved for an optimal lifetime of the

coordinated water molecule of 20−30 ns. The profiles show
that, for an optimized water exchange, at 1.5 T (ca. 60 MHz
proton Larmor frequency), the relaxivity could increase from
25 to 34 s−1 mM−1. An even larger enhancement can be
obtained at lower fields. An increase in the reorientation time,
on the contrary, would produce a decrease in water relaxivity
for fields higher than 1 T.

■ CONCLUSIONS
The relaxometric profiles of the Gd-labeled ANSII indicate a
relaxivity at about 1 T more than 5 times higher than that of
clinically used contrast agents and quite high for a gadolinium-
labeled protein. The analysis of the profiles sheds light on the
origin of the observed relaxivity enhancement. The main
contribution arises from the increased reorientational
correlation time, amounting to few nanoseconds, i.e., only 1
order of magnitude larger than that of the unbound
paramagnetic complex, but optimal for high-field MRI (1.5
T). Conversely, the observed slow exchange regime of the
coordinated water molecules limits the relaxivity enhancement.
It has been hypothesized that slow exchange arises from a
pattern of hydrogen bonds involving the coordinated water
itself, the carboxylic groups, and the amino acids at the protein
surface. This view is supported by the short length of the linker
connecting the paramagnetic core to the protein residues. We
can speculate that the use of a longer linker may on the other
hand decrease the reorientation time, leading to a decrease in
relaxivity. A more interesting solution could be the use of a
different gadolinium chelate, characterized by a faster exchange
of the coordinated water, as, for instance, some DO3A
derivatives,19 which are sufficiently stable and inert for
biological use.76 The tetrameric assembly of the protein and
the high relaxivity of the gadolinium chelates are key factors
that make Gd(III)-labeled asparaginase an interesting model to
develop new theranostic agents.

■ EXPERIMENTAL PROCEDURES
Protein Expression and Purification. ANSII was ex-

pressed and purified in both nonlabeled and 15N-labeled forms,
following the published protocol for ANSII production and
purification.77

Conjugation Reaction. DOTA-NHS-ester solution was
prepared by dissolving the reagent in a volume of dry DMF so
that the percentage of organic solvent in the final 12 mL
reaction volume was less than 1%. An excess of DOTA-NHS-
ester (15 times the monomer concentration) with respect to a
0.152 mmol dm−3 protein solution was employed for the
conjugation. The reaction occurred overnight in 150 mmol
dm−3 phosphate buffer, pH 7.5, at room temperature.

A desalting column (Hi prep 26/10) was performed to
eliminate the unreacted DOTA-NHS-ester and to change the
buffer to 50 mmol dm−3 MES−NaOH 100 mmol dm−3 NaCl,
pH 6.5.

Chelation Reaction. A 10 mmol dm−3 solution of GdCl3
was added to the conjugated protein solution, to have a
concentration of gadolinium(III) equal to 80% of the
estimated DOTA-NHS-ester bound to the protein. The
solution was incubated at 309 K and under stirring for 3
days overall.

Size exclusion chromatography using a HiLoad 16/60
Superdex 75 pg column was performed to remove the
nonreacted gadolinium(III) ions.

Figure 6. 1H relaxivity profiles calculated for optimized water
exchange (τM ≈ 2−3 × 10−8 s) and all other parameters equal to
the values reported in Table 2 (solid lines). The experimental data for
GdDOTA-conjugated ANSII are also reported.
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ICP-OES. Inductively coupled plasma coupled with optical
emission spectrometry was employed to determine
gadolinium(III) concentration into the conjugated ANSII-
DOTA sample.

ESI MS Spectrometry. The ESI MS investigations were
performed using a TripleTOF 5600+ high-resolution mass
spectrometer (Sciex, Framingham, MA), equipped with a
DuoSpray interface operating with an ESI probe. All of the ESI
mass spectra were acquired through direct infusion at 7 μL
min−1 flow rate.

The ESI source parameters optimized for the protein are the
following:

Positive polarity, ionspray voltage floating (ISFV) 5500 V,
temperature (TEM) 25 °C, ion source gas 1 (GS1) 25 L
min−1; ion source gas 2 (GS2) 0 L min−1; curtain gas (CUR)
20 L min−1, collision energy (CE) 10 V; declustering potential
(DP) 30 V, acquisition range 500−3400 m/z.

For acquisition, Analyst TF software 1.7.1 (Sciex) was used
and deconvoluted spectra were obtained using the Bio Tool
Kit micro-application v.2.2 embedded in PeakView software
v.2.2 (Sciex).

Both samples were diluted to a final protein concentration of
10−6 M using LC-MS water, pH 5.5, and the 0.5% v/v of
formic acid was added just before the infusion in the mass
spectrometer to enhance the ionization process.

The percentages of free ANSII and of its conjugates in the
final sample has been calculated according to the relative
intensity of each MS peak.

1H NMRD. Nuclear magnetic relaxation dispersion
(NMRD) profiles were acquired with a fast-field-cycling Stelar
relaxometer. They provided the field dependence of the
longitudinal relaxation rate of water protons in samples with
ANSII-DOTA solutions, from 0.01 to 40 MHz proton Larmor
frequency.57
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Figure S1. The percentages of free and conjugated ANSII in the sample has been calculated 

according to the relative intensity of each peak.
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Table S1. pKa and buried surface of amines of ANSII

RESIDUE   NUMBER pKa   BURIED %
N+ 1 7.85 0
LYS 301 7.94 100
LYS 104 8.71 48
LYS 172 9.37 93.75
LYS 49 9.63 11.75
LYS 71 9.98 0
LYS 162 10.02 100
LYS 262 10.16 0
LYS 196 10.28 0
LYS 107 10.30 3
LYS 43 10.36 0
LYS 186 10.41 10.25
LYS 314 10.46 7.75
LYS 139 10.48 0
LYS 213 10.50 2.5
LYS 207 10.51 0
LYS 79 10.89 0
LYS 251 10.92 0
LYS 288 10.94 0
LYS 229 11.47 0
LYS 72 12.33 3.5
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3.3.2 Gd-Labeled Protein Cages

A relaxometric study was carried out on two structurally distinct engineered
protein cages, called AaLS-13 and OP, that could serve as excellent candidates
for the development of molecular delivery vehicle and nanoparticle platforms
for MRI.
AaLS-13 is an evolved variant of the cage-forming enzyme lumazine synthase
from Aquifex aeolicus. AaLS-13 self-assembles from 360 monomer proteins
into 38 nm icosahedrally symmetric cages (Figure 3.20 a). OP, in contrast, is
a smaller (∼13 nm diameter), 24-subunit, octahedrally symmetric cage, com-
putationally designed (Figure 3.20 b).

Figure 3.20: Representation of the engineered AaLS-13 (a) and OP (b) protein
cages [21].

The 1H NMRD profiles of diamagnetic AaLS-13 and OP, acquired at 298
and 310 K, are shown in figure (Figure 3.21). These were subtracted to the
paramagnetic profiles of the corresponding species. Details on the analysis of
the NMRD profiles are reported in the Supporting Information of the attached
article [21].
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PROTEIN CAGES AND CONJUGATION SITES

1

AaLS-13

OP
Figure 1. Engineered AaLS-13 and OP protein cages.
Surface representation of (a) AaLS-13 (PDB 5MQ7) and (b)

OP (PDB 6FDB) cages. AaLS-13 assembles into 38 nm
spherical cages, possessing a negatively supercharged
interior, from 72 pentameric subunits. OP forms 14 nm
positively supercharged cubic cages from eight trimeric
capsomers.

Two structurally divergent engineered protein cages,
AaLS-13 and OP, serve as excellent candidates for
theranostic platform to monitor the efficacy of therapeutic
drugs non-invasively and in real time. AaLS-13 is a
designed and evolved variant of the cage-forming
enzyme lumazine synthase from Aquifex aeolicus.
AaLS-13 self-assembles from 72 pentameric capsomers
into 38 nm spherical cages possessing a negatively
supercharged interior permitting loading of positively
charged cargo at rates approaching the diffusion limit
(Figure 1a).50 Additionally, the surface-exposed termini
of AaLS-13 offer further functionalization opportunities,
which have already been

Figure 2. Synthetic scheme for Gd-C4-IA: (i) tBuDO3A (1 equiv.), benzyl acrylate (2 equiv.), DIEA (5.9 equiv.), MeCN, RT, N2

(g), 47%; (ii) 1 (1 equiv.), Pd/C (catalyst), H2 (g), RT, 27%; (iii) 2 (1 equiv.), tBu (4-aminobutyl)carbamate (1.5 equiv.), NHS (3
equiv.), DIEA (5 equiv.), DIC (5 equiv.), DMF, RT, N2 (g), quantitative yield; (iv) 3 (1 equiv.), TFA, CH2Cl2, N2 (g), RT, crude; (v)
4 (1 equiv.), GdCl3·6H2O (1.3 equiv.), H2O, N2 (g), RT, 34% over 2 steps; (vi) Gd-C4-NH2 (1 equiv.), iodoacetic anhydride (3
equiv.), K2CO3 (3 equiv.), DMF, N2 (g), 0 °C, 20%.

exploited to display antibodies51 or for enzymatic
labeling52, 53. On the other hand, OP is a smaller (14 nm)
cubic cage composed of eight trimeric capsomers, which
derives from the computationally-designed O3-33 cage
(Figure 1b).54 Positive charges have been introduced by
mutating four lumenal residues to arginine on the starting
scaffold, and as a result, OP efficiently encapsulates
negatively charged cargo, such as oligonucleotides55 and
anionic surfactants56. Therapeutically relevant guests,
like siRNA and drug-loaded micelles, have been
successfully delivered to cells using OP, which
substantially improved the efficacy of the active
ingredients, making it a promising molecular delivery
vehicle.57

AaLS-13 and OP cages have been studied for
effective delivery of therapeutic cargo, and conjugation of
DOTA-based Gd(III) complexes with q = 1 to these

extremely versatile and tunable cages has high potential
for the development of theranostic platforms. Herein, we
discuss our work to study the ability of AaLS-13 and OP
conjugated with Gd(III) complexes to function as MR
signal amplification agents. Gd(III)-protein conjugate
labeling and relaxivity measurements show successfully
signal amplification with high Gd(III) payload per cage
and high relaxivity. In addition to the boost, the highlyτ

𝑅
charged cage interior was shown to restrict Gd(III)
complex mobility. Finally, with successful signal
amplification, the Gd(III)-protein conjugates show
detectable contrast enhancement at concentrations
below clinical small molecule Gd(III) complexes.
2. Results and Discussion
2.1 Synthesis and Characterization of Gd-C4-IA

The Gd(III) complex Gd-C4-IA was synthesized by the
following synthetic route (Figure 2). Literature conditions

Gd-C4-IA

iodoacetic anhydride to give Gd-C4-IA, which was then purified by HPLC (Figure S24).

Preparation of Protein Variants

Wild-type (wt) AaLS possesses one nucleophilic thiol per monomer that is quite buried within 

the monomer (Cys37) and has a negligible reactivity.48 Functionalization of wt AaLS using thiol-

reactive species requires introduction of additional surface exposed cysteine residues.45 Two 

cysteine residues have been introduced to the lumenal surface of AaLS-13 during evolution 

(Cys52 and Cys127), where the one at the lumenal surface (Cys127) can be exploited for thiol-

mediated labeling.

OP possesses two nucleophilic thiols per monomer that are not surface exposed (Cys 108 and 

Cys136). To provide specific reactive handles for Gd-C4-IA conjugation cysteine residues were 

mutagenically introduced at positions that have been previously identified as mutable at surface 

Figure 2. AaLS-13 and OP cages for thiol-mediated functionalization. (a) Transparent surface of a pentamer used to construct 
an AaLS-13 cage (left) and a trimer used to construct OP (right). Monomers are shown as gray ribbons. Cysteine residues and
positions targeted for cysteine mutations (for OP) are highlighted as yellow spheres. (b) Representation of Gd(III) labeling the 
cysteine reactive sites.
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Figure 1. Engineered AaLS-13 and OP protein cages.
Surface representation of (a) AaLS-13 (PDB 5MQ7) and (b)

OP (PDB 6FDB) cages. AaLS-13 assembles into 38 nm
spherical cages, possessing a negatively supercharged
interior, from 72 pentameric subunits. OP forms 14 nm
positively supercharged cubic cages from eight trimeric
capsomers.

Two structurally divergent engineered protein cages,
AaLS-13 and OP, serve as excellent candidates for
theranostic platform to monitor the efficacy of therapeutic
drugs non-invasively and in real time. AaLS-13 is a
designed and evolved variant of the cage-forming
enzyme lumazine synthase from Aquifex aeolicus.
AaLS-13 self-assembles from 72 pentameric capsomers
into 38 nm spherical cages possessing a negatively
supercharged interior permitting loading of positively
charged cargo at rates approaching the diffusion limit
(Figure 1a).50 Additionally, the surface-exposed termini
of AaLS-13 offer further functionalization opportunities,
which have already been

Figure 2. Synthetic scheme for Gd-C4-IA: (i) tBuDO3A (1 equiv.), benzyl acrylate (2 equiv.), DIEA (5.9 equiv.), MeCN, RT, N2

(g), 47%; (ii) 1 (1 equiv.), Pd/C (catalyst), H2 (g), RT, 27%; (iii) 2 (1 equiv.), tBu (4-aminobutyl)carbamate (1.5 equiv.), NHS (3
equiv.), DIEA (5 equiv.), DIC (5 equiv.), DMF, RT, N2 (g), quantitative yield; (iv) 3 (1 equiv.), TFA, CH2Cl2, N2 (g), RT, crude; (v)
4 (1 equiv.), GdCl3·6H2O (1.3 equiv.), H2O, N2 (g), RT, 34% over 2 steps; (vi) Gd-C4-NH2 (1 equiv.), iodoacetic anhydride (3
equiv.), K2CO3 (3 equiv.), DMF, N2 (g), 0 °C, 20%.

exploited to display antibodies51 or for enzymatic
labeling52, 53. On the other hand, OP is a smaller (14 nm)
cubic cage composed of eight trimeric capsomers, which
derives from the computationally-designed O3-33 cage
(Figure 1b).54 Positive charges have been introduced by
mutating four lumenal residues to arginine on the starting
scaffold, and as a result, OP efficiently encapsulates
negatively charged cargo, such as oligonucleotides55 and
anionic surfactants56. Therapeutically relevant guests,
like siRNA and drug-loaded micelles, have been
successfully delivered to cells using OP, which
substantially improved the efficacy of the active
ingredients, making it a promising molecular delivery
vehicle.57

AaLS-13 and OP cages have been studied for
effective delivery of therapeutic cargo, and conjugation of
DOTA-based Gd(III) complexes with q = 1 to these

extremely versatile and tunable cages has high potential
for the development of theranostic platforms. Herein, we
discuss our work to study the ability of AaLS-13 and OP
conjugated with Gd(III) complexes to function as MR
signal amplification agents. Gd(III)-protein conjugate
labeling and relaxivity measurements show successfully
signal amplification with high Gd(III) payload per cage
and high relaxivity. In addition to the boost, the highlyτ

𝑅
charged cage interior was shown to restrict Gd(III)
complex mobility. Finally, with successful signal
amplification, the Gd(III)-protein conjugates show
detectable contrast enhancement at concentrations
below clinical small molecule Gd(III) complexes.
2. Results and Discussion
2.1 Synthesis and Characterization of Gd-C4-IA

The Gd(III) complex Gd-C4-IA was synthesized by the
following synthetic route (Figure 2). Literature conditions

Gd-C4-IA

iodoacetic anhydride to give Gd-C4-IA, which was then purified by HPLC (Figure S24).

Preparation of Protein Variants

Wild-type (wt) AaLS possesses one nucleophilic thiol per monomer that is quite buried within 

the monomer (Cys37) and has a negligible reactivity.48 Functionalization of wt AaLS using thiol-

reactive species requires introduction of additional surface exposed cysteine residues.45 Two 

cysteine residues have been introduced to the lumenal surface of AaLS-13 during evolution 

(Cys52 and Cys127), where the one at the lumenal surface (Cys127) can be exploited for thiol-

mediated labeling.

OP possesses two nucleophilic thiols per monomer that are not surface exposed (Cys 108 and 

Cys136). To provide specific reactive handles for Gd-C4-IA conjugation cysteine residues were 

mutagenically introduced at positions that have been previously identified as mutable at surface 

Figure 2. AaLS-13 and OP cages for thiol-mediated functionalization. (a) Transparent surface of a pentamer used to construct 
an AaLS-13 cage (left) and a trimer used to construct OP (right). Monomers are shown as gray ribbons. Cysteine residues and
positions targeted for cysteine mutations (for OP) are highlighted as yellow spheres. (b) Representation of Gd(III) labeling the 
cysteine reactive sites.
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(b)

Figure 3.21: (a) 1H NMRD profiles of diamagnetic AaLS-13 protein in sodium
phosphate buffer at 298 K (∗ symbols) and at 310 K (+ symbols). (b) 1H NMRD
profiles of OP in TRIS buffer at 298 K (∗ symbols) and at 310 K (+ symbols).

In order to evaluate possible nonviral theranostic platforms, AaLS-13 and
OP cages functionalized with a DOTA-based gadolinium(III) complex (shown
in Figure 3.22) were studied through FFC relaxometry. AaLS-13 has one
functionalization, located on the lumenal surface of the cage; in the case of
the OP cage, four variants having one to four functionalizations (on residues
mutated to cysteine) were studied. These are called: OP-1intC (S38C), OP-
2intC (S38C, R103C), and OP-3intC (S38C, R66C, R103C), and OP-1extC
(K93C). The first three carrying 24, 48, and 72 reactive sites per multimeric
assembly on the lumenal surface, respectively; the last presenting 24 cysteines
on the outer surface.
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The 1H NMRD profiles of the functionalized protein cages were acquired at
298 and 310 K, and the calculated relaxivity values are shown in figure (Fig-
ure 3.23). Details on the analysis of the NMRD profiles are reported in the
Supporting Information of the attached article [21].

Figure 1. Engineered AaLS-13 and OP protein cages.
Surface representation of (a) AaLS-13 (PDB 5MQ7) and (b)

OP (PDB 6FDB) cages. AaLS-13 assembles into 38 nm
spherical cages, possessing a negatively supercharged
interior, from 72 pentameric subunits. OP forms 14 nm
positively supercharged cubic cages from eight trimeric
capsomers.

Two structurally divergent engineered protein cages,
AaLS-13 and OP, serve as excellent candidates for
theranostic platform to monitor the efficacy of therapeutic
drugs non-invasively and in real time. AaLS-13 is a
designed and evolved variant of the cage-forming
enzyme lumazine synthase from Aquifex aeolicus.
AaLS-13 self-assembles from 72 pentameric capsomers
into 38 nm spherical cages possessing a negatively
supercharged interior permitting loading of positively
charged cargo at rates approaching the diffusion limit
(Figure 1a).50 Additionally, the surface-exposed termini
of AaLS-13 offer further functionalization opportunities,
which have already been

Figure 2. Synthetic scheme for Gd-C4-IA: (i) tBuDO3A (1 equiv.), benzyl acrylate (2 equiv.), DIEA (5.9 equiv.), MeCN, RT, N2

(g), 47%; (ii) 1 (1 equiv.), Pd/C (catalyst), H2 (g), RT, 27%; (iii) 2 (1 equiv.), tBu (4-aminobutyl)carbamate (1.5 equiv.), NHS (3
equiv.), DIEA (5 equiv.), DIC (5 equiv.), DMF, RT, N2 (g), quantitative yield; (iv) 3 (1 equiv.), TFA, CH2Cl2, N2 (g), RT, crude; (v)
4 (1 equiv.), GdCl3·6H2O (1.3 equiv.), H2O, N2 (g), RT, 34% over 2 steps; (vi) Gd-C4-NH2 (1 equiv.), iodoacetic anhydride (3
equiv.), K2CO3 (3 equiv.), DMF, N2 (g), 0 °C, 20%.

exploited to display antibodies51 or for enzymatic
labeling52, 53. On the other hand, OP is a smaller (14 nm)
cubic cage composed of eight trimeric capsomers, which
derives from the computationally-designed O3-33 cage
(Figure 1b).54 Positive charges have been introduced by
mutating four lumenal residues to arginine on the starting
scaffold, and as a result, OP efficiently encapsulates
negatively charged cargo, such as oligonucleotides55 and
anionic surfactants56. Therapeutically relevant guests,
like siRNA and drug-loaded micelles, have been
successfully delivered to cells using OP, which
substantially improved the efficacy of the active
ingredients, making it a promising molecular delivery
vehicle.57

AaLS-13 and OP cages have been studied for
effective delivery of therapeutic cargo, and conjugation of
DOTA-based Gd(III) complexes with q = 1 to these

extremely versatile and tunable cages has high potential
for the development of theranostic platforms. Herein, we
discuss our work to study the ability of AaLS-13 and OP
conjugated with Gd(III) complexes to function as MR
signal amplification agents. Gd(III)-protein conjugate
labeling and relaxivity measurements show successfully
signal amplification with high Gd(III) payload per cage
and high relaxivity. In addition to the boost, the highlyτ

𝑅
charged cage interior was shown to restrict Gd(III)
complex mobility. Finally, with successful signal
amplification, the Gd(III)-protein conjugates show
detectable contrast enhancement at concentrations
below clinical small molecule Gd(III) complexes.
2. Results and Discussion
2.1 Synthesis and Characterization of Gd-C4-IA

The Gd(III) complex Gd-C4-IA was synthesized by the
following synthetic route (Figure 2). Literature conditions

Figure 3.22: Structure of the DOTA-based gadolinium(III) complex employed for
AaLS-13 and OP protein cages functionalization [21].

The expected signal amplification has been achieved by all the gadolinium(III)-
labeled protein cages, reaching the maximum relaxivity at 298 K at around
0.5 T in the case of Gd-OP-3intC (almost 50 s-1mM -1). The enhancement
of the relaxivity when the gadolinium complex is bound to the protein cage
is, as expected, large and it is due to the increase in the correlation times
that modulate the dipole-dipole interactions. We hypothesized the presence
of transient interactions in the nanoseconds timescale between the complex
and the numerous charged residues at the lumenal surface, which are taken
into account by the τ i correlation time. Additionally, the increase in relaxivity
value is the result of an increasing crowding of the internal space, which causes
a decrease in the local mobility of the ligand and therefore an increasing in
the τ l value. In this case, water exchange rate did not limit relaxation since
the temperature dependence indicates that the coordinated water molecule is
in the fast exchange regime.

Gd-AaLS-13 Gd-OP-3intC Gd-OP-2intC Gd-OP-1intC Gd-OP-1extC Units
τ i (298 K) 5.2 3.7 4.0 4.3 1.8 ns
τ i (310 K) 3.5 3.3 3.2 3.3 1.1 ns
τ l (298 K) 540 1800 320 68 78 ps
τ l (310 K) 250 480 98 38 28 ps
S2 0.28 0.46 0.39 0.36 0.36

Table 3.4: Comparison of the two reorientational correlation times obtained from
the fit of the NMRD profiles of the Gd-AaLS-13 and Gd-OP-like cages.
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modulation of the dipole−dipole interaction between Gd(III)
and water proton spins for all Gd(III)-labeled protein cages.
These two correlation times are modeled using the Lipari-
Szabo model-free approach,82 with an S2 parameter providing
the weight of the slower correlation time (τc1 from eq 4 and 1
− S2 as the weight for the faster correlation time (τc2 from eq
5), where τl is the correlation time of the faster local mobility
(Table 4).

= + + +
T

1 1 1 1 1

c1 R m 1e i (4)

= + + + +
T

1 1 1 1 1 1

c2 R m 1e i l (5)

In both bu!ers, Gd-C4-IA exhibits τR values of tens of
picoseconds (Table S4), as expected for a fast-tumbling small
molecule.77,83 On the other hand, both Gd(III)-labeled AaLS-
13 and OP proteins show similar high-field τc1 values on the
nanosecond time scale, despite their di!erent sizes (Table 4).
These values are orders of magnitude smaller than the overall
tumbling times of the protein cages (τR) as indicated by the
relaxation profiles of the diamagnetic proteins (Table S3,
Figure S39), and are also smaller than τm (10−8 to 10−7 s,
Tables S5 and S6). Thus, this time value should be determined
by an intermediate correlation time (τi) that is slower than the
fast local mobility correlation time (τl) and faster than the
global correlation time (τR). The τl values on the picosecond to
nanosecond time scale (Table 4) suggest that considerable
flexibility of the Gd(III) tag allows for extensive reorientation
of the Gd(III) complex.
The di!erent ionic relaxivity values among the Gd-C4-

protein conjugates are ascribed to the di!erent values of the τi
and τl parameters. The lower relaxivity of Gd-OP-1extC
compared toGd-OP-1intC can be ascribed to somewhat smaller
τi values than those observed for Gd-OP-2intC, Gd-OP-3intC,
and Gd-AaLS-13. For the protein cages with Gd(III)
complexes on the lumenal surface, the ionic relaxivity increases
with increasing number of Gd(III) complexes from Gd-OP-
1intC to Gd-OP-2intC to Gd-OP-3intC. This is due to a τl that
increases with the number of Gd(III) complexes in the interior
of the protein cage from tens of picoseconds for Gd-OP-1intC
to a few nanoseconds for Gd-OP-3intC. This e!ect cannot be
related to magnetic coupling between Gd(III) ions, which
would rather decrease relaxivity. A relatively long τl of a few
nanoseconds is also obtained for Gd-AaLS-13.
As previously mentioned, a study of Gd(III) complexes

conjugated to either the interior or exterior surface of an MS2
viral capsid showed higher relaxivities for the interior
conjugation strategy.43 A best fit analysis of the 1H NMRD
profiles also used the Liparis Szabo model-free approach to
model the anisotropic molecular reorientation time. In this
case, the Gd(III) complexes on the exterior surface showed
higher local flexibility than for those on the interior surface
with τl values of 310 and 400 ps, respectively. The di!erent
flexibility was attributed to the amino acid side chains used for
exterior (lysine) or interior (tyrosine) conjugation.49
Transient coordination of Gd(III) to nearby charged protein

residues may explain τi and τm time scales in the AaLS-13 and

Figure 4. 1H relaxivity profiles of Gd-C4-IA and Gd(III)-labeled
protein cages. (a) Gd-C4-IA and Gd-AaLS-13 in sodium phosphate
(pH 8.0) bu!er at 25 °C and 37 °C. (b) Gd-C4-IA, Gd-OP-3intC, Gd-
OP-2intC, Gd-OP-1intC, and Gd-OP-1extC in Tris (pH 7.6) bu!er at
25 °C and 37 °C. Solid and dotted lines are the best fit profiles at 25
and 37 °C, respectively, obtained with the parameters reported in
Table 3 and Tables S4−S6.

Table 3. Maximum Ionic Relaxivity for Gd-C4-IA and the
Gd-C4-Protein Conjugates

sample name Max r1,ionic at 25 °C Max r1,ionic at 37 °C
Gd-C4-IAa,c 10 7.5
Gd-C4-IAb,c 10 7.5
Gd-AaLS-13a,d 35 27.5
Gd-OP-3intCb,d 48 40
Gd-OP-2intCb,d 37.5 30
Gd-OP-1intCb,d 32.5 28
Gd-OP-1extCb,d 20 15

aRelaxivity data in 50 mM sodium phosphate (pH 8.0), 200 mM
NaCl, 5 mM EDTA. bRelaxivity data in 25 mM Tris (pH 7.6), 200
mM NaCl, 5 mM EDTA. cRelaxivity values at <0.02 T. dRelaxivity
values at 0.5 T.
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and Gd-AaLS-13. For the protein cages with Gd(III)
complexes on the lumenal surface, the ionic relaxivity increases
with increasing number of Gd(III) complexes from Gd-OP-
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related to magnetic coupling between Gd(III) ions, which
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nanoseconds is also obtained for Gd-AaLS-13.
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and 37 °C, respectively, obtained with the parameters reported in
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Table 3. Maximum Ionic Relaxivity for Gd-C4-IA and the
Gd-C4-Protein Conjugates

sample name Max r1,ionic at 25 °C Max r1,ionic at 37 °C
Gd-C4-IAa,c 10 7.5
Gd-C4-IAb,c 10 7.5
Gd-AaLS-13a,d 35 27.5
Gd-OP-3intCb,d 48 40
Gd-OP-2intCb,d 37.5 30
Gd-OP-1intCb,d 32.5 28
Gd-OP-1extCb,d 20 15

aRelaxivity data in 50 mM sodium phosphate (pH 8.0), 200 mM
NaCl, 5 mM EDTA. bRelaxivity data in 25 mM Tris (pH 7.6), 200
mM NaCl, 5 mM EDTA. cRelaxivity values at <0.02 T. dRelaxivity
values at 0.5 T.
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Figure 3.23: The grey symbols and lines refer to the 1H NMRD profiles of Gd-
C4-IA complex (∗ for 298 K, + for 310 K) in the corresponding protein buffer. In
panel (a) the 1H NMRD profiles of Gd-AaLS-13 protein in sodium phosphate buffer
at 298 K (solid symbols) and at 310 K (empty symbols). Panel (b) reports the 1H
NMRD profiles of Gd-OP-3intC in blue, Gd-OP-2intC in pink, Gd-OP-1intC in red,
and Gd-OP-1extC in black at 298 K (solid symbols) and 310 K (empty symbols).
All this samples were dissolved in TRIS buffer. Solid and dotted lines are the best
fit profiles at 298 K and 310 K, respectively.



Engineered Nonviral Protein Cages Modified for MR Imaging
Megan A. Kaster, Mikail D. Levasseur, Thomas G. W. Edwardson, Michael A. Caldwell,
Daniela Hofmann, Giulia Licciardi, Giacomo Parigi, Claudio Luchinat, Donald Hilvert,*
and Thomas J. Meade*

Cite This: ACS Appl. Bio Mater. 2023, 6, 591−602 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Diagnostic medical imaging utilizes magnetic
resonance (MR) to provide anatomical, functional, and molecular
information in a single scan. Nanoparticles are often labeled with
Gd(III) complexes to amplify the MR signal of contrast agents
(CAs) with large payloads and high proton relaxation efficiencies
(relaxivity, r1). This study examined the MR performance of two
structurally unique cages, AaLS-13 and OP, labeled with Gd(III).
The cages have characteristics relevant for the development of
theranostic platforms, including (i) well-defined structure,
symmetry, and size; (ii) the amenability to extensive engineering;
(iii) the adjustable loading of therapeutically relevant cargo
molecules; (iv) high physical stability; and (v) facile manufacturing
by microbial fermentation. The resulting conjugates showed significantly enhanced proton relaxivity (r1 = 11−18 mM−1 s−1 at 1.4 T)
compared to the Gd(III) complex alone (r1 = 4 mM−1 s−1). Serum phantom images revealed 107% and 57% contrast enhancements
for Gd(III)-labeled AaLS-13 and OP cages, respectively. Moreover, proton nuclear magnetic relaxation dispersion (1H NMRD)
profiles showed maximum relaxivity values of 50 mM−1 s−1. Best-fit analyses of the 1H NMRD profiles attributed the high relaxivity
of the Gd(III)-labeled cages to the slow molecular tumbling of the conjugates and restricted local motion of the conjugated Gd(III)
complex.
KEYWORDS: nonviral protein cages, magnetic resonance imaging, gadolinium, magnetism, NMRD

1. INTRODUCTION
Magnetic resonance (MR) imaging is an attractive modality for
medical diagnostic imaging because of its unlimited depth
penetration, excellent spatiotemporal resolution, and safety
profile that does not require ionizing radiation or radiotracers.
Furthermore, MR provides unparalleled native soft tissue
contrast with highly detailed anatomical information based on
inherent tissue differences arising from proton density,
perfusion and diffusion, and biomolecule content.1,2 Admin-
istration of contrast agents (CAs) with paramagnetic metal
ions greatly enhances tissue contrast by shortening the
longitudinal (T1) and transverse (T2) relaxation times of
protons on local water molecules. In addition, CAs can be
designed to report on biomarkers for molecular imaging
applications, enabling the correlation of molecular information
with tissue structures in a single scan.

Clinical MR imaging often utilizes trivalent gadolinium
(Gd(III)) based CAs for T1-weighted images, where short T1
values correspond to a bright MR signal.3 The efficiency with
which a CA influences the water proton T1 is the relaxivity
(r1), defined by eq 1. The observed longitudinal relaxation rate
constant in the presence of CA (1/T1

obs) comprises a
background diamagnetic component (T1

o) and a paramagnetic

component consisting of r1 and the concentration of Gd(III) in
the CA ([Gd(III)]).

= + [ ]
T T

r
1 1

Gd(III)
1
obs

1
0 1

(1)

Clinically approved small molecule Gd(III) CAs typically
have r1 ∼ 4 mM−1 s−1 at clinical MR field strengths (0.2−3 T),
where a local concentration of over 100 μM CA is required to
induce a detectable change in T1 over a biological back-
ground.4−6 However, it is difficult for small molecule CAs to
reach these local concentrations through biomarker targeting
because most biomarkers of interest are expressed at
micromolar to picomolar concentrations.7 Thus, signal
amplification strategies are needed to bridge the gap between
biomarker expression and the MR detection limit.
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Nanoparticles (NPs) provide an attractive platform for MR
imaging with several advantages over their small molecule
counterparts, as they can (1) carry a high Gd(III) payload; (2)
improve relaxivity per Gd(III) at clinically relevant field
strengths; (3) incorporate targeting groups and therapeutic
cargo; and (4) extend circulation lifetimes, offering a means to
tune biodistribution. The first two points are signal
amplification strategies that increase the paramagnetic
contribution to the observed MR signal (eq 1). The second,
increasing relaxivity, also enhances the safety profile by
requiring lower dosing concentrations of Gd(III).8 Concerns
about toxicity related to Gd(III)-based CAs, such as
nephrogenic systemic fibrosis (NSF) and Gd(III) deposition
in organs, arise primarily from free Gd(III) ions that dissociate
from their ligand due to poor kinetic stability. Thus, kinetically
stable Gd(III) complexes with macrocyclic ligands have been
used clinically in over 500 million MR scans worldwide with
only 1 severe adverse event per 40,000 injections.3,8 Gd(III)-
labeled NPs further mitigate toxicity issues by having lower
dosing concentrations than required for molecular Gd(III)
complexes.

Several types of NPs have been investigated for MR signal
amplification as Gd(III)-labeled conjugates,9 including gold
NPs,10−17 carbon nanodiamonds,18 metal−organic frame-
works,19 liposomes,20,21 dendrimers,22−28 polymers,29−31 mi-
celles,32−35 and hydrogels.36,37 Of the parameters that govern
r1 (eqs 1 and 2), conjugating Gd(III) complexes to NPs most
strongly influences the rotational correlation time (τR, eq 3) to
achieve what is called a “τR boost” in relaxivity at clinical field
strengths. A brief discussion of MR physics is required to
understand the origin of this τR boost.

The relaxation processes of nuclear spins (i.e., T1 of water
protons) can be enhanced through magnetic dipole−dipole
interactions with unpaired electrons in paramagnetic metals.
The strength of this interaction depends on the spin of the
paramagnetic metal, the distance between nuclear and
electronic spins, and the precession frequencies of nuclear
and electronic spins. The high spin state (S = 7/2) and long
electronic relaxation time (T1e ∼ 10−9 s at clinical field
strengths) of Gd(III) make it an excellent candidate to
influence water protons for MR imaging. The highest
contribution to r1 comes from water molecules directly
coordinated to Gd(III) with a mean residence time τm and
exchange with bulk water (eq 2). While r1 is directly
proportional to the number of water molecules bound to
Gd(III) (q), increasing q can lead to poor kinetic ligand
stability, which would lead to the release of Gd(III) ions from
the ligand.4

The dipolar longitudinal relaxation time (T1m) originates
from the modulation of the magnetic dipole−dipole inter-
action between electron and proton spins. The time constant
of this modulation known as the rotational correlation time
(τc), is determined by the fastest parameter among T1e, τR, and
τm (eq 3). Relaxivity approaches the theoretical maximum
value when the inverse correlation time (τc

−1) matches the
Larmor frequency (ωI) of water protons. This is when the
coupling of the electronic and nuclear spins is most efficient. At
clinically relevant field strengths, the fast τR values (10−10 s to
10−12 s) of small molecule Gd(III) CAs determine τc and limit
relaxivity. Tethering Gd(III) complexes to macromolecules
results in a slower τR that does not determine τc, allowing
relaxivity to approach theoretical maximum values (the τR
boost).

=
[ ]
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r
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/ H O
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2

1m m (2)
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T

1 1 1 1

c R m 1e (3)

The extended circulation lifetimes of NPs and their
amenability to modification also make them attractive cargo
delivery vehicles. Many NPs can also serve as theranostic
agents, carrying both diagnostic agents and therapeutic drugs,
to monitor the drug’s efficacy noninvasively and in real
time.38−41 NPs can be further modified to control their
biodistribution and for targeted delivery of a therapeutic drug
or molecular imaging of a biomarker, depending on the nature
of the cargo. Finally, the extended circulation lifetimes of
Gd(III)-labeled NPs compared to small molecule Gd(III)
complexes increases bioavailability and potential for cellular
uptake.3,4,42 Although NPs provide many benefits for Gd(III)-
based MR CAs, concerns with the safety profile of synthetic
and inorganic NPs have motivated the search for platforms
made from biocompatible materials.

Nanoscale compartments formed by self-assembling proteins
are a promising class of NP for achieving MR signal
amplification. These protein cages are biodegradable and
readily produced recombinantly from bacterial or mammalian
cell cultures. Furthermore, the cages assemble with high
efficiency and fidelity into monodisperse particles amenable to
characterization at the molecular scale not afforded by many
other NP materials.43 Protein cages have been investigated as
high-relaxivity agents due to their diversity in terms of shape,
size, valency, and the ability to modify both the exterior and
interior surfaces.43 These high relaxivity agents can be broadly
grouped into three main categories based on design: (1)
binding of Gd(III) ion at endogenous44 or genetically
engineered45,46 metal binding sites, (2) noncovalent loading
of Gd(III) complexes as cargo, and (3) covalent conjugation of
Gd(III) complexes to protein cages.45,47−58 The third
approach is attractive for developing theranostic platforms as
it allows the cage to be optimized for therapeutic cargo while
maintaining an ability to covalently bind Gd(III) complexes.

Two structurally distinct engineered protein cages, AaLS-13
and OP, are excellent candidates for the development of NP
platforms for MR imaging. AaLS-13 is an evolved variant of the
cage-forming enzyme lumazine synthase from Aquifex aeolicus.
AaLS-13 self-assembles from 360 monomer proteins into 38
nm icosahedrally symmetric cages (Figure 1a).59−61 Owing to
its negatively supercharged interior and large keyhole-shaped
surface pores, AaLS-13 encapsulates positively charged cargo at
rates approaching the diffusion limit.62,63 Additionally, the
surface-exposed termini of AaLS-13 offer further functionaliza-
tion opportunities, which have already been exploited to
display antibodies64 or for enzymatic labeling.65−67

OP, in contrast, is a smaller (∼13 nm diameter), 24-subunit,
octahedrally symmetric cage, which derives from the computa-
tionally designed O3−33 cage (Figure 1b).68 Positive charges
were introduced by mutating six lumenal residues in the
starting scaffold to arginine, enabling efficient encapsulation of
negatively charged cargo, such as oligonucleotides69 and
anionic surfactants.70 Therapeutically relevant guests, like
siRNA and drug-loaded micelles, have been successfully
delivered to cells using OP, substantially improving the
potency of the active ingredients. These properties make it a
promising molecular delivery vehicle.71
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AaLS-13 and OP cages have been applied as delivery
vehicles for proteins, oligonucleotides, and small molecules.
Conjugating DOTA-based Gd(III) complexes to these tunable
cages provides an opportunity to develop nonviral theranostic
platforms. To this end, we have covalently linked Gd(III)
complexes to the interior and exterior of AaLS-13 and OP
cages and assessed how these modifications influence the MR
signal. Relaxivity measurements of Gd(III)-labeled proteins
show substantial signal amplification with high Gd(III)
payloads per cage as well as high relaxivity. In addition to
the τR boost, the highly charged cage interior appears to
restrict Gd(III) complex mobility. Notably, because of the

significant signal amplification, these Gd(III)-protein con-
jugates provide detectable contrast enhancement at concen-
trations below those of common small molecule Gd(III)
complexes used in the clinic.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Characterization of Gd-C4-IA. The

Gd(III) complex Gd-C4-IA was designed using the macro-
cyclic cyclen scaffold of clinically approved CAs that exhibits
good kinetic stability. Gd-C4-IA was synthesized as described
in Figure 2, with characterization data for compounds 1−4
(Scheme S1) provided in Figures S1−S23. Literature
conditions were followed to prepare tri-tBu 2,2′,2″-(1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetate (tBuDO3A) and
benzyl acrylate.51,72,73 Benzyl acrylate served as the foundation
for the functional arm that was later used to covalently link Gd-
C4-IA to the protein cages. tBuDO3A and benzyl acrylate were
reacted via an aza-Michael addition. The functional arm was
deprotected by Pd/C hydrogenation and reacted with tBu-(4-
aminobutyl)carbamate. Acidic conditions were used to
perform a global deprotection of all tBu groups, followed by
metalation with GdCl3. The Gd-C4-NH2 intermediate was
purified by high-performance liquid chromatography (HPLC)
(Figure S24a), and then reacted with iodoacetic anhydride to
give Gd-C4-IA, which was purified by HPLC (Figure S24b).
2.2. Preparation of Protein Variants. Wild-type (wt)

AaLS possesses one buried cysteine (Cys37) per monomer
with negligible reactivity.62 Functionalization of wt AaLS using
thiol-reactive species requires introducing additional surface
exposed cysteine residues.74 In contrast, AaLS-13 contains two
additional cysteine residues (Cys52 and Cys127) per
monomer that were introduced during evolution. Although
Cys52 is buried, Cys127 is located on the lumenal surface and
can be exploited for thiol-mediated labeling (Figure 3a, left).

OP possesses two cysteines per monomer (Cys108 and
Cys136) that form a buried disulfide. To provide specific
reactive handles for Gd-C4-IA conjugation, cysteine mutations
were introduced at surface exposed, inner loop positions that

Figure 1. Engineered AaLS-13 and OP protein cages. Surface
representation of (a) AaLS-13 (PDB 5MQ7) and (b) OP (PDB
6FDB) cages. AaLS-13 assembles into 38 nm spherical cages,
possessing a negatively supercharged interior, from 72 pentameric
subunits. OP forms ∼13 nm positively supercharged cubic cages from
eight trimeric capsomers.

Figure 2. Synthetic scheme for Gd-C4-IA. (i) tBuDO3A (1 equiv), benzyl acrylate (2 equiv), DIEA (5.9 equiv), MeCN, N2 (g), RT, 47%; (ii) 1 (1
equiv), Pd/C (catalyst), MeOH, H2 (g), RT, 27%; (iii) 2 (1 equiv), tBu (4-aminobutyl)carbamate (1.5 equiv), NHS (3 equiv), DIEA (5 equiv),
DIC (5 equiv), DMF, N2 (g), RT, quantitative yield; (iv) 3 (1 equiv), TFA, CH2Cl2, N2 (g), RT, crude; (v) 4 (1 equiv), GdCl3·6H2O (1.3 equiv),
H2O, N2 (g), RT, 34% over 2 steps; (vi) Gd-C4−NH2 (1 equiv), iodoacetic anhydride (3 equiv), K2CO3 (3 equiv), DMF, N2 (g), 0 °C, 20%.
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were previously shown to be mutable.69 The three variants,
OP-1intC (S38C), OP-2intC (S38C, R103C), and OP-3intC
(S38C, R66C, R103C), provide 24, 48, or 72 reactive sites per
multimeric assembly on the lumenal surface, respectively. An
additional variant, OP-1extC, which presents 24 cysteine
residues on the exterior surface of each cage, was designed
by mutating the surface exposed lysine at position 93 to
cysteine (K93C) (Figure 3a, right).
2.3. Conjugation of Gd(III) Complex with Protein

Cages. The Gd-C4-IA complex was conjugated to the protein
cages by alkylation of the cysteine thiols in the protein cages
with the iodoacetamide group in Gd-C4-IA (Figure 3b).
Modification was performed by mixing AaLS-13 or the OP
cages with 2 equiv of Gd-C4-IA per reactive thiol and
incubating for 4.5 h at room temperature in the dark.
Unreacted Gd-C4-IA was removed through desalting columns
and the Gd-C4-protein conjugates were isolated by size
exclusion chromatography (SEC, Figure S27). The AaLS-13
and OP cages remain intact after labeling with Gd-C4-IA
(Figure 3c,d).

The concentration of Gd-C4-IA and protein in the purified
samples was determined by ICP-MS and UV−vis measure-
ments, respectively (Table S1, Figure S30). Labeling efficiency,
defined as the number of reactive sites per cage successfully
labeled with Gd-C4-IA, was measured to evaluate the ability of
the cages to carry a high payload of Gd(III) complex for MR
imaging (Table 1).

The porous nature of the cages enables efficient labeling of
reactive sites positioned on the lumenal surface (41−47% for
AaLS-13, OP-3intC, OP-2intC, and OP-1intC). Labeling
efficiency is even higher for reactive sites positioned on the
exterior surface (60% for OP-1extC). These labeling efficiencies
are in the range of previously reported values.62,74

Furthermore, the Gd(III)-labeled cages were shown to be
stable for several months by MS analysis (Figures S28, S29).
2.4. MR Signal Amplification Revealed through

Relaxivity Measurements. Relaxivity measurements for
Gd-C4-IA and the Gd-C4-protein conjugates were performed
at a clinically relevant low field strength (1.4 T, Figure S31)
and at a higher field strength (7 T, Figures S31−S38) used for
high-resolution imaging. The results are reported in Table 2
and Table S2. Increasing the field strength of MR instruments
improves the signal-to-noise ratio (SNR) and spatial
resolution, and also shortens acquisition times.75,76 The ionic
relaxivity (r1,ionic) values are normalized per millimolar Gd(III)
to identify the structure that imparts the best MR physics
properties, whereas the particle relaxivity (r1,particle, Eq. S1)
accounts for the number of Gd(III) complexes per particle as
well as r1,ionic.

Gd-C4-IA was studied in sodium phosphate buffer (50 mM
sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA)
and Tris buffer (25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM
EDTA). The ionic relaxivity of Gd-C4-IA behaved as expected
for a small molecule Gd(III) complex, with values of 4.1−4.2
mM−1 s−1 at 1.4 T and 37 °C, and decreased to 2.6 and 3.2

Figure 3. Thiol-mediated functionalization of AaLS-13 and OP and transmission electron microscopy (TEM) images of AaLS-13 and OP-3intC. (a)
Transparent surface of a pentamer used to construct an AaLS-13 cage (left) and a trimer used to construct OP (right). Monomers are shown as
gray ribbons. Targeted cysteine residue on AaLS-13 (Cys127) and positions on OP targeted for cysteine mutations (Ser38, Arg66, and Arg103) are
highlighted as yellow spheres. (b) Representations of Gd(III) labeling the cysteine reactive sites. TEM images of (c) AaLS-13 and (d) OP-3intC
cages, unmodified (left) or labeled with Gd-complexes (right). Scale bar is equal to 50 nm.

Table 1. Labeling of Protein Cages with Gd(III) Complexes

sample name
labelinga

(complexes/cage)
reactive
sites

labeling efficiency
(%)

Gd-AaLS-13 149 ± 12 360 41
Gd-OP-3intC 33 ± 7 72 46
Gd-OP-2intC 23 ± 1 48 47
Gd-OP-1intC 11 ± 1 24 46
Gd-OP-1extC 14 ± 2 24 60
aStandard deviation accounts for variations across biological
replicates.
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mM−1 s−1 at 7 T and 25 °C (Table 2). These values are
consistent those observed for q = 1 Gd(III) complexes.

As expected, higher r1,ionic values were measured for the Gd-
C4-protein conjugates compared to Gd-C4-IA at both field
strengths due to the τR boost (Table 2), with a stronger τR
boost observed at the lower field strength (1.4 T, 37 °C). For
Gd-AaLS-13, r1,ionic increased from ∼4 to 18.3 mM−1 s−1, while
conjugation to the OP cages increased r1,ionic to 11−18 mM−1

s−1. At 7 T and 25 °C, a smaller τR boost was also observed,
with r1,ionic increasing from ∼3 mM−1 s−1 to 5−8 mM−1 s−1 for
the Gd(III)-C4-protein conjugates. Interestingly, the protein
cages labeled with Gd(III) on the lumenal surface (Gd-AaLS-
13, Gd-OP-3intC, Gd-OP-2intC, and Gd-OP-1intC) showed
higher r1,ionic values than Gd-OP-1extC with Gd(III) labeled on
the external surface at the low field strength conditions (1.4 T
and 37 °C). This trend is also observed under the high field
strength conditions (7 T and 25 °C), except for Gd-OP-1intC,
which shows an r1,ionic lower than but comparable to that of
Gd-OP-1extC.

The ionic relaxivities measured here are comparable to other
Gd(III)-labeled protein cages, which show relaxivities of 10−
60 mM−1 s−1, depending on experimental conditions, particle
size, and location of the Gd(III) complex.47,48,50−55,57,58

Notably, previous studies of Gd(III)-labeled wt AaLS cages
showed ionic relaxivities of 30−60 mM−1 s−1 at 1.4 T and 37
°C and 16 mM−1 s−1 at 7 T and 25 °C.52,58 Gd(III) complexes
in the interior of MS viral capsids similarly had higher ionic
relaxivities than Gd(III) complexes on the cage exterior,48

likely due to the restricted flexibility of Gd(III) complexes at
the cage interior compared to their counterparts at the exterior
surface.49

In order to determine the cause of the differences in r1,ionic
between the small molecule Gd-C4-IA and the Gd-C4-protein
conjugates, and among the Gd(III)-labeled cages, the
relaxation mechanisms were investigated with nuclear magnetic
relaxation dispersion (NMRD) profiles.
2.5. Relaxation Mechanistic Details Obtained from 1H

Nuclear Magnetic Relaxation Dispersion Profiles. Gen-
eral Description of Methodology. 1H NMRD profiles are
routinely used to study relaxation mechanisms of paramagnetic
complexes and nanomaterials.77 This technique measures the
relaxation rate constants of water protons across a range of
magnetic field strengths (0.0002−1 T). Fitting NMRD data to
relaxation theory models reveals mechanistic information

about paramagnetic complexes.77 The low field portion of
the NMRD profiles (0.0001−0.1 T) are fit using a modified
Florence NMRD program,78−80 which accounts for the
presence of static zero-field splitting (ZFS) of Gd(III) which
primarily affects low field relaxivity. The high field region of the
profile (0.1−1 T) is not affected by static ZFS and can thus be
interpreted using the so-called SBM model requiring fewer
parameters.81

Water 1H NMRD profiles for Gd-C4-IA and the Gd-C4-
protein conjugates were collected at 25 and 37 °C in sodium
phosphate (Gd-C4-IA and Gd-AaLS-13) and Tris (Gd-C4-IA
and OP) buffers, and the normalized relaxivities per millimolar
Gd(III) (r1,ionic) are shown in Figure 4. These best fit profiles
(Figure 4, solid versus dotted lines) were obtained using the
parameters reported in Table 5 and Tables S4−S6.

τR Boost of the Gd-C4-Protein Conjugates Yields High
Relaxivity. The profiles of Gd-C4-IA in both buffers look as
expected for a small molecule Gd(III) complex with q = 1
(Figure 4).77 The relaxivities of the Gd(III)-labeled protein
cages are much larger than that of Gd-C4-IA, showcasing
successful signal amplification with a maximum r1,ionic of 20−50
mM−1 s−1 (Table 3). In the case of the Gd(III)-labeled OP
cages, the ionic relaxivities of cages with Gd(III) on the
lumenal surface (Gd-OP-3intC, Gd-OP-2intC, and Gd-OP-
1intC) are higher than cages with Gd(III) on the external
surface (Gd-OP-1extC) (Figure 4b). Furthermore, the ionic
relaxivity of the lumenally labeled cages progressively increases
with increasing number of Gd(III) complexes per cage from
Gd-OP-1intC to Gd-OP-2intC to Gd- OP-3intC. These results
are consistent with the ionic relaxivity at 1.4 and 7 T (Table 2).

The shapes of the Gd(III)-labeled cage profiles (Figure 4)
are relatively similar, with the appearance of peaks in the high
field region (∼0.5 T) indicating a field dependence of τc that
originates from the field dependence of T1e. Thus, the other
field independent parameters in eq 3 (τR and τm) must be
longer than T1e. On the other hand, the absence of this peak
for the Gd-C4-IA profiles (Figure 4) demonstrates that
relaxivity of the Gd(III) complex is limited by a τc determined
by a fast τR.

Very few Gd(III)-labeled protein cages have been studied by
1H NMRD, including Gd(III)-polymer covalently attached to
the interior of protein cages50,55 and Gd(III)-labeled MS2 viral
capsids.49 The Gd(III)-labeled MS2 system is comparable to
Gd(III)-labeled AaLS-13 and OP cages studied here, with a
peak appearing in the high field region (∼0.7 T) with
maximum relaxivity values of 30−40 mM−1 s−1.49

Water Exchange Rate Does Not Limit the τR Boost. The
profiles in Figure 4 show a significant decrease in ionic
relaxivity with increasing temperature across the whole range
of field strengths. This temperature dependence indicates that
τm < T1m (eq 2), i.e., that the coordinated water molecule is in
the fast exchange regime. Under these conditions, the water
lifetime (τm) is in the range of 10−8 to 10−7 s (Tables S5 and
S6) and does not limit the correlation time (τm > T1e).
Gd(III)-labeled MS2 capsids have also been reported to
possess water molecules in the fast exchange regime, observed
by the temperature dependence of 1H NMRD profiles.43 A
long τR, and a lifetime τm longer than T1e but shorter than T1m
(τR> T1m> τm> T1e) represent ideal conditions for maximizing
relaxivity.
Two Correlation Times Contribute to the Relaxation

Mechanism. The best fit analysis of the profiles indicates that
two different correlation times must contribute to the

Table 2. Relaxivity Measurements of Gd-C4-IA and Gd(III)-
Labeled Protein Cages at 1.4 and 7 Ta

1.4 T at 37 °C 7 T at 25 °C

sample name
r1,ionic

(mM−1 s−1)
r1,particle

(mM−1 s−1)
r1,ionic

(mM−1 s−1)
r1,particle

(mM−1 s−1)

Gd-C4-IAb 4.2 N/A 2.6 N/A
Gd-C4-IAc 4.1 N/A 3.2 N/A
Gd-AaLS-13b 18.3 2727 8.0 1192
Gd-OP-3intC

c 15.9 525 5.3 175
Gd-OP-2intC

c 18.0 419 5.4 124
Gd-OP-1intC

c 15.0 165 4.6 51
Gd-OP-1extC

c 11.2 157 4.9 69
aRelaxation times (T1) were measured with error of <5%, while
standard deviations of [Gd(III)] were determined by ICP-MS of
triplicate samples. bRelaxivity data in 50 mM sodium phosphate (pH
8.0), 200 mM NaCl, 5 mM EDTA. cRelaxivity data in 25 mM Tris
(pH 7.6), 200 mM NaCl, 5 mM EDTA.
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modulation of the dipole−dipole interaction between Gd(III)
and water proton spins for all Gd(III)-labeled protein cages.
These two correlation times are modeled using the Lipari-
Szabo model-free approach,82 with an S2 parameter providing
the weight of the slower correlation time (τc1 from eq 4 and 1
− S2 as the weight for the faster correlation time (τc2 from eq
5), where τl is the correlation time of the faster local mobility
(Table 4).

= + + +
T

1 1 1 1 1

c1 R m 1e i (4)

= + + + +
T

1 1 1 1 1 1

c2 R m 1e i l (5)

In both buffers, Gd-C4-IA exhibits τR values of tens of
picoseconds (Table S4), as expected for a fast-tumbling small
molecule.77,83 On the other hand, both Gd(III)-labeled AaLS-
13 and OP proteins show similar high-field τc1 values on the
nanosecond time scale, despite their different sizes (Table 4).
These values are orders of magnitude smaller than the overall
tumbling times of the protein cages (τR) as indicated by the
relaxation profiles of the diamagnetic proteins (Table S3,
Figure S39), and are also smaller than τm (10−8 to 10−7 s,
Tables S5 and S6). Thus, this time value should be determined
by an intermediate correlation time (τi) that is slower than the
fast local mobility correlation time (τl) and faster than the
global correlation time (τR). The τl values on the picosecond to
nanosecond time scale (Table 4) suggest that considerable
flexibility of the Gd(III) tag allows for extensive reorientation
of the Gd(III) complex.

The different ionic relaxivity values among the Gd-C4-
protein conjugates are ascribed to the different values of the τi
and τl parameters. The lower relaxivity of Gd-OP-1extC
compared toGd-OP-1intC can be ascribed to somewhat smaller
τi values than those observed for Gd-OP-2intC, Gd-OP-3intC,
and Gd-AaLS-13. For the protein cages with Gd(III)
complexes on the lumenal surface, the ionic relaxivity increases
with increasing number of Gd(III) complexes from Gd-OP-
1intC to Gd-OP-2intC to Gd-OP-3intC. This is due to a τl that
increases with the number of Gd(III) complexes in the interior
of the protein cage from tens of picoseconds for Gd-OP-1intC
to a few nanoseconds for Gd-OP-3intC. This effect cannot be
related to magnetic coupling between Gd(III) ions, which
would rather decrease relaxivity. A relatively long τl of a few
nanoseconds is also obtained for Gd-AaLS-13.

As previously mentioned, a study of Gd(III) complexes
conjugated to either the interior or exterior surface of an MS2
viral capsid showed higher relaxivities for the interior
conjugation strategy.43 A best fit analysis of the 1H NMRD
profiles also used the Liparis Szabo model-free approach to
model the anisotropic molecular reorientation time. In this
case, the Gd(III) complexes on the exterior surface showed
higher local flexibility than for those on the interior surface
with τl values of 310 and 400 ps, respectively. The different
flexibility was attributed to the amino acid side chains used for
exterior (lysine) or interior (tyrosine) conjugation.49

Transient coordination of Gd(III) to nearby charged protein
residues may explain τi and τm time scales in the AaLS-13 and

Figure 4. 1H relaxivity profiles of Gd-C4-IA and Gd(III)-labeled
protein cages. (a) Gd-C4-IA and Gd-AaLS-13 in sodium phosphate
(pH 8.0) buffer at 25 °C and 37 °C. (b) Gd-C4-IA, Gd-OP-3intC, Gd-
OP-2intC, Gd-OP-1intC, and Gd-OP-1extC in Tris (pH 7.6) buffer at
25 °C and 37 °C. Solid and dotted lines are the best fit profiles at 25
and 37 °C, respectively, obtained with the parameters reported in
Table 3 and Tables S4−S6.

Table 3. Maximum Ionic Relaxivity for Gd-C4-IA and the
Gd-C4-Protein Conjugates

sample name Max r1,ionic at 25 °C Max r1,ionic at 37 °C
Gd-C4-IAa,c 10 7.5
Gd-C4-IAb,c 10 7.5
Gd-AaLS-13a,d 35 27.5
Gd-OP-3intC

b,d 48 40
Gd-OP-2intC

b,d 37.5 30
Gd-OP-1intC

b,d 32.5 28
Gd-OP-1extC

b,d 20 15
aRelaxivity data in 50 mM sodium phosphate (pH 8.0), 200 mM
NaCl, 5 mM EDTA. bRelaxivity data in 25 mM Tris (pH 7.6), 200
mM NaCl, 5 mM EDTA. cRelaxivity values at <0.02 T. dRelaxivity
values at 0.5 T.
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OP cages. Although the nature of the obtained τi values and
the origin of the long τl values are not fully clear, the overall
lengthening of the correlation times to values in the
nanosecond time scale make these systems interesting as MR
CAs. Correlation times of a few nanoseconds are in fact
optimal for maximizing the relaxivity at clinical field strengths.

The time scale of τi corresponds to conformational flexibility
of protein regions that substantially reorient the dipole−dipole
interaction between Gd(III) and water protons. However, this
seems unlikely due to the relatively rigid nature of the
multimeric assembly. Rather, we speculate that the high
flexibility of the Gd(III) complexes may allow for transient
coordination of the Gd(III) ion by nearby protein residues on
the nanosecond time scale. The OP cages have several
negatively charged residues (Asp and Glu) near the Gd(III)
binding sites that could interact with Gd(III) (Figure S26).
Furthermore, increasing the number of Gd(III) complexes
inside the OP cage replaces positively charged Arg residues
with Cys residues that are covalently linked to Gd-C4-IA,
decreasing the overall positive charge of the capsid interior and
resulting in increased crowding that potentially favors the
bending of the complexes toward these residues. This would
explain the unexpected increase of τl from Gd-OP-1intC to Gd-
OP-2intC to Gd-OP-3intC such that τl approaches the longer
correlation time τi as interior space for mobility is reduced.

Similarly, for Gd-AaLS-13, the large number of negatively
charged residues (Asp and Glu) that line the interior capsid
surface could favor transient coordination of protein residues
to Gd(III) ions (Figure S26), reducing the tag mobility (τl) to
a value similar to Gd-OP-2intC despite the larger interior space
(Table 4). The proposed transient coordination might also
facilitate exchange of coordinated water molecules on a time
scale that is typical for small Gd(III) complexes (τm = 10−7 to
10−8 s, Tables S5 and S6), but is a remarkable result for
Gd(III)-labeled proteins.
2.6. Solution Phantom Images. MR phantom images

were used to quantify the ability of Gd-C4-protein conjugates
to increase MR image contrast under mock biological
conditions. Based on particle relaxivity (Table 2) and 1H
NMRD profiles (Figure 4), Gd-AaLS-13 and Gd-OP-3intC
were chosen for study at clinically relevant 3 T as well as high
fields 7 and 9.4 T. The Gd-C4-protein conjugates were
incubated in 10% fetal bovine serum (FBS) in sodium
phosphate (pH 8.0) or Tris (pH 7.6) buffers. The stability
of the AaLS-13 and OP cages was previously demonstrated in
both human serum and FBS,64,69 allowing the phantom image
measurements to be performed in FBS.

The longitudinal relaxation rate constant (R1 = 1/T1) was
measured for each sample (Figures S41−S43) and compared
to a control solution to determine contrast enhancement (Eq.
S3). Samples were prepared at 67 μM Gd-AaLS-13 and 20 μM

Table 4. Selected 1H NMRD Parameters to Describe Molecular Reorientation

Gd-AaLS-13a Gd-OP-3intC
b Gd-OP-2intC

b Gd-OP-1intC
b Gd-OP-1extC

b

25 °C 37 °C 25 °C 37 °C 25 °C 37 °C 25 °C 37 °C 25 °C 37 °C
τi (ns) 5.2 3.5 3.7 3.3 4.0 3.2 4.3 3.3 1.8 1.1
τl (ns) 540 250 1800 480 320 98 68 38 78 28
S2 0.28 0.46 0.39 0.36 0.36

aRelaxivity data in 50 mM sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA. bRelaxivity data in 25 mM Tris (pH 7.6), 200 mM NaCl, 5
mM EDTA.

Figure 5. T1-weighted MR solution phantom images of (a) Gd-AaLS-13 and (b) Gd-OP-3intC at 3, 7, and 9.4 T. (a) Control sample of 10% FBS in
50 mM sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA. The Gd-AaLS-13 sample was prepared at 67 μM with respect to monomer, and
Gd(III) concentration was measured by ICP-MS. (b) Control sample of 10% FBS in 25 mM Tris-HCl (pH 7.6), 200 mM NaCl, 5 mM EDTA. The
Gd-OP-3intC sample was prepared at 20 μM with respect to monomer, and Gd(III) concentration was measured by ICP-MS. 1Values at 3 T were
measured using a dual gradient echo method with two different flip angles. 2Values at 7 and 9.4 T were obtained using a saturation recovery
method.
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Gd-OP-3intC with respect to the monomer, with Gd(III)
concentrations measured by ICP-MS as 31.9 μM and 31.3 μM
Gd(III), respectively. At 3 T, Gd-AaLS-13 increased R1 by
107%, while Gd-OP-3intC increased R1 by 57%. At high field
strengths of 7 and 9.4 T, Gd-AaLS-13 increased R1 by 41% and
34%, respectively, whereas Gd-OP-3intC increased R1 by 53%
and 46%, respectively (Figure 5).

In clinical MR exams, a detectable change in contrast
requires an approximately 20% increase in R1.

4,5 At all field
strengths, the Gd-C4-protein conjugates show appreciable
contrast enhancement (%ΔR1) relative to control conditions
with 30 μM Gd(III). Considering that clinically approved
Gd(III) agents require a local concentration of 125 μM of
Gd(III) for detectable contrast enhancement, both Gd-AaLS-
13 and Gd-OP-3intC show excellent contrast enhancement at
four times lower Gd(III) concentration at all field strengths,
but most notably at clinically relevant 3 T with 107% and 57%
for Gd-AaLS-13 and Gd-OP-3intC, respectively. Lower
concentrations of Gd-OP-3intC (12.5 μM monomer, 23.2 μM
Gd(III)) still showed detectable contrast enhancement at 7
and 9.4 T at 32% and 27%, respectively (Figures S44, S45).

These results show that Gd-AaLS-13 and Gd-OP-3intC are
promising candidates for in vivo MR imaging. However, the
immunogenicity of protein-based delivery systems presents a
potential limitation for biological applications, especially if
multiple administrations are required. Since MR imaging
would likely require only a single injection of a contrast agent,
there is less concern about immunogenicity. Moreover,
appending antibody binding domains to the surface of AaLS-
13 was shown to mitigate the immune response.64 Other
strategies to passivate the surface of protein scaffolds and
extend the circulation times of the resulting cages have been
described.43

3. CONCLUSIONS
Our results demonstrate the ability of Gd(III)-labeled AaLS-13
and OP protein cages to function as highly effective MR
contrast agents. We have investigated these newly labeled cages
by 1H NMRD to elucidate the parameters governing relaxivity.
The MR performance of the protein cages can be summarized
in four key results. (i) MR signal amplification was achieved
through both a high payload of Gd(III) in each protein cage
and increased relaxivity over the Gd(III) complex Gd-C4-IA.
The Gd-C4-protein conjugates were labeled with 150 or 33
Gd(III) complexes for Gd-AaLS-13 and Gd-OP-3intC,
respectively. The ionic relaxivity of the Gd(III)-labeled cages
was increased 2.5- to 4.5-fold from Gd-C4-IA.

(ii) The increase in ionic relaxivity resulted from the τR
boost common for Gd(III)-labeled NPs. Furthermore, this
increase was not limited by the water exchange rate, which is in
the fast exchange regime. (iii) The long τl values of tens to
thousands of picoseconds and τm of 10−100 ns likely result
from transient coordination of Gd(III) to charged protein
residues near the covalently bound Gd(III) complex. This
would also explain the increase in ionic relaxivity in the series
Gd-OP-1intC to Gd-OP-2intC to Gd-OP-3intC. Steric crowding
slows τl and favors transient Gd(III) interactions with nearby
charged residues.

Finally, (iv) the parameters responsible for nuclear
relaxation are optimized for high relaxivity at clinical field
strengths, with coordinated water molecules in the fast
exchange regime and correlation times on the nanosecond
time scale. The serum phantom images at 3 T showcase this

result with contrast enhancements of 57% or 107% for only 30
μM Gd(III) of Gd-AaLS-13 and Gd-OP-3intC, respectively.

The MR performance of Gd(III)-labeled AaLS-13 and OP
cages is comparable to other previously studied Gd(III)-
labeled proteins. The ionic relaxivity values at 1.4 and 7 T for
Gd(III)-labeled AaLS-13 and OP compared with previously
studied Gd(III)-labeled protein cages (10−18 mM−1 s−1 vs
10−60 mM−1 s−1).45,47−55,57,58 Only two previously studied
protein cages report higher ionic relaxivity values than what is
reported here (e.g., 60 mM−1 s−1).52,54 The differences in
relaxivities reported for the Gd(III)-labeled cages likely arise
from the different sizes and structures of the protein cages and
the flexibility of the Gd(III) complex that is covalently bound
to the protein cage.53

The high relaxivity of Gd(III)-protein conjugates results
from the low flexibility of the covalently bound Gd(III)
complex (τl), so decreasing τl could result in even higher ionic
relaxivity. This could be accomplished through a Gd(III)
complex that employs a shorter, more rigid connecting arm,53

or by further increasing steric hindrance in the Gd(III)-labeled
protein cages as seen in the OP variants. For example, a new
variant OP-4intC would presumably show even higher relaxivity
than Gd-OP-1intC, Gd-OP-2intC, and Gd-OP-3intC. Alterna-
tively, the long correlation time (τi) could be slowed to
approach expected values for τR, even though the nature of τi is
currently not fully understood.

Gd(III)-labeled AaLS-13 and OP protein cages represent
excellent platforms for a variety of MR imaging applications.
The pharmacokinetics of Gd(III)-labeled cages can be studied
by in vivo MR fate mapping or ex vivo biodistribution.
Alternatively, these versatile cages can be modified to
incorporate surface modifications that alter biodistribution
and/or bind specific cell surface receptors for targeted
molecular imaging and theranostic platforms.

4. EXPERIMENTAL METHODS
Details of experimental methods are included in the Supporting
Information. No unexpected or unusually high safety hazards were
encountered.
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and the Swiss National Science Foundation is also gratefully
acknowledged.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Metal analysis was performed with help from R. Sponenburg at
the Northwestern University (NU) Quantitative Bioelement
Imaging Center (QBIC), generously supported by the NIH
under grant no. S10OD020118. MR imaging was performed
with help from E. Waters at the NU Center for Advanced

Molecular Imaging (CAMI) generously supported by NCI
CCSG award no. P30CA060553 and from T. Parish at the NU
Center for Translational Imaging (CTI). This work made use
of the NU IMSERC MS and NMR facilities, which have
received support from the NSF Soft and Hybrid Nano-
technology Experimental (SHyNE) Resource award no.
ECCS-2025633, and NU. NMRD data acquisition and analysis
was performed with the support of the PRIN 2017A2KEPL
project “Rationally designed nanogels embedding paramag-
netic ions as MRI. probes”, and the European Commision
through H2020 FET-Open project HIRES-MULTIDYN
award no. 899683 and H2020 INFRAIA iNEXT-Discovery
(Structural Biology Research Infrastructures for Translational
Research and Discovery award no. 871037.

■ ABBREVIATIONS
CAs, contrast agents; CH2Cl2, dichloromethane; DIC,
diisopropylcarbodiimide; DIEA, diisopropylethylamine; DMF,
dimethylformamide; DOTA, 1,4,7,11-tetraazacyclododecane;
EDTA, ethylenediaminetetraacetic acid; equiv, equivalent;
FBS, fetal bovine serum; GdCl3·6H2O, gadolinium(III)
chloride hexahydrate; 1H, proton; H2, dihydrogen gas; H2O,
water; K2CO3, potassium carbonate; MeCN, acetonitrile; MR,
magnetic resonance; MQ, miili-Q direct water purification
system; NaCl, sodium chloride; NHS, N-hydroxysuccinimide;
NMRD, nuclear magnetic relaxation dispersion; N2, dinitrogen
gas; NP, nanoparticle; Pd/C, palladium on carbon catalyst;
RT, room temperature; SBM, Solomon-Bloembergen-Morgan;
SNR, signal-to-noise ratio; tBu, tertiary butyl; Tris, tris-
(hydroxymethyl)aminomethane; tBuDO3A, tri-tBu 2,2′,2″-
(1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate; TFA, tri-
fluoroacetic acid; wt, wild type; ZFS, zero-field splitting

■ REFERENCES
(1) Currie, S.; Hoggard, N.; Craven, I. J.; Hadjivassiliou, M.;

Wilkinson, I. D. Understanding MRI: basic MR physics for physicians.
Postgrad Med. J. 2013, 89 (1050), 209−223.
(2) Jaffer, F. A.; Weissleder, R. Molecular imaging in the clinical

arena. JAMA 2005, 293 (7), 855−862.
(3) Wahsner, J.; Gale, E. M.; Rodriguez-Rodriguez, A.; Caravan, P.

Chemistry of MRI Contrast Agents: Current Challenges and New
Frontiers. Chem. Rev. 2019, 119 (2), 957−1057.
(4) Caravan, P.; Ellison, J. J.; McMurry, T. J.; Lauffer, R. B.

Gadolinium(III) Chelates as MRI Contrast Agents: Structure,
Dynamics, and Applications. Chem. Rev. 1999, 99 (9), 2293−2352.
(5) Caravan, P. Strategies for increasing the sensitivity of gadolinium

based MRI contrast agents. Chem. Soc. Rev. 2006, 35 (6), 512−523.
(6) James, M. L.; Gambhir, S. S. A molecular imaging primer:

modalities, imaging agents, and applications. Physiol Rev. 2012, 92
(2), 897−965.
(7) Xue, S.; Qiao, J.; Jiang, J.; Hubbard, K.; White, N.; Wei, L.; Li, S.;

Liu, Z. R.; Yang, J. J. Design of ProCAs (protein-based Gd(3+) MRI
contrast agents) with high dose efficiency and capability for molecular
imaging of cancer biomarkers. Med. Res. Rev. 2014, 34 (5), 1070−
1099.
(8) Runge, V. M. Critical Questions Regarding Gadolinium

Deposition in the Brain and Body After Injections of the
Gadolinium-Based Contrast Agents, Safety, and Clinical Recommen-
dations in Consideration of the EMA’s Pharmacovigilance and Risk
Assessment Committee Recommendation for Suspension of the
Marketing Authorizations for 4 Linear Agents. Invest Radiol 2017, 52
(6), 317−323.
(9) Botta, M.; Tei, L. Relaxivity Enhancement in Macromolecular

and Nanosized GdIII-Based MRI Contrast Agents. Eur. J. Inorg. Chem.
2012, 2012, 1945−1960.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.2c00892
ACS Appl. Bio Mater. 2023, 6, 591−602

599



(10) Vistain, L. F.; Rotz, M. W.; Rathore, R.; Preslar, A. T.; Meade,
T. J. Targeted delivery of gold nanoparticle contrast agents for
reporting gene detection by magnetic resonance imaging. Chem.
Commun. 2016, 52 (1), 160−163.
(11) Bruckman, M. A.; Yu, X.; Steinmetz, N. F. Engineering Gd-

loaded nanoparticles to enhance MRI sensitivity via T(1) shortening.
Nanotechnology 2013, 24 (46), 462001.
(12) Holbrook, R. J.; Rammohan, N.; Rotz, M. W.; MacRenaris, K.

W.; Preslar, A. T.; Meade, T. J. Gd(III)-Dithiolane Gold Nano-
particles for T1-Weighted Magnetic Resonance Imaging of the
Pancreas. Nano Lett. 2016, 16 (5), 3202−3209.
(13) Nicholls, F. J.; Rotz, M. W.; Ghuman, H.; MacRenaris, K. W.;

Meade, T. J.; Modo, M. DNA-gadolinium-gold nanoparticles for in
vivo T1MR imaging of transplanted human neural stem cells.
Biomaterials 2016, 77, 291−306.
(14) Rammohan, N.; Holbrook, R. J.; Rotz, M. W.; MacRenaris, K.

W.; Preslar, A. T.; Carney, C. E.; Reichova, V.; Meade, T. J. Gd(III)-
Gold Nanoconjugates Provide Remarkable Cell Labeling for High
Field Magnetic Resonance Imaging. Bioconjug Chem. 2017, 28 (1),
153−160.
(15) Rotz, M. W.; Culver, K. S.; Parigi, G.; MacRenaris, K. W.;

Luchinat, C.; Odom, T. W.; Meade, T. J. High relaxivity Gd(III)-
DNA gold nanostars: investigation of shape effects on proton
relaxation. ACS Nano 2015, 9 (3), 3385−3396.
(16) Song, Y.; Xu, X.; MacRenaris, K. W.; Zhang, X. Q.; Mirkin, C.

A.; Meade, T. J. Multimodal gadolinium-enriched DNA-gold
nanoparticle conjugates for cellular imaging. Angew. Chem., Int. Ed.
Engl. 2009, 48 (48), 9143−9147.
(17) Rotz, M. W.; Holbrook, R. J.; MacRenaris, K. W.; Meade, T. J.

A Markedly Improved Synthetic Approach for the Preparation of
Multifunctional Au-DNA Nanoparticle Conjugates Modified with
Optical and MR Imaging Probes. Bioconjug Chem. 2018, 29 (11),
3544−3549.
(18) Rammohan, N.; MacRenaris, K. W.; Moore, L. K.; Parigi, G.;

Mastarone, D. J.; Manus, L. M.; Lilley, L. M.; Preslar, A. T.; Waters, E.
A.; Filicko, A.; et al. Nanodiamond-Gadolinium(III) Aggregates for
Tracking Cancer Growth In Vivo at High Field. Nano Lett. 2016, 16
(12), 7551−7564.
(19) McLeod, S. M.; Robison, L.; Parigi, G.; Olszewski, A.; Drout, R.

J.; Gong, X.; Islamoglu, T.; Luchinat, C.; Farha, O. K.; Meade, T. J.
Maximizing Magnetic Resonance Contrast in Gd(III) Nanoconju-
gates: Investigation of Proton Relaxation in Zirconium Metal-Organic
Frameworks. ACS Appl. Mater. Interfaces 2020, 12 (37), 41157−
41166.
(20) Strijkers, G. J.; Mulder, W. J.; van Heeswijk, R. B.; Frederik, P.

M.; Bomans, P.; Magusin, P. C.; Nicolay, K. Relaxivity of liposomal
paramagnetic MRI contrast agents. MAGMA 2005, 18 (4), 186−192.
(21) Gambino, G.; Tei, L.; Carniato, F.; Botta, M. Amphiphilic

Ditopic Bis-Aqua Gd-AAZTA-like Complexes Enhance Relaxivity of
Lipidic MRI Nanoprobes. Chem. Asian J. 2016, 11 (15), 2139−2143.
(22) Kobayashi, H.; Brechbiel, M. W. Nano-sized MRI contrast

agents with dendrimer cores. Adv. Drug Deliv Rev. 2005, 57 (15),
2271−2286.
(23) Barrett, T.; Kobayashi, H.; Brechbiel, M.; Choyke, P. L.

Macromolecular MRI contrast agents for imaging tumor angiogenesis.
Eur. J. Radiol 2006, 60 (3), 353−366.
(24) Pierre, V. C.; Botta, M.; Raymond, K. N. Dendrimeric

gadolinium chelate with fast water exchange and high relaxivity at high
magnetic field strength. J. Am. Chem. Soc. 2005, 127 (2), 504−505.
(25) Nazemi, A.; Gillies, E. R. Dendritic surface functionlization of

nanomaterials: controlling properties and functions for biomedical
applications. Braz J. Pharm. Sci. 2013, 49, 15−32.
(26) Klemm, P. J.; Floyd, W. C., 3rd; Andolina, C. M.; Frechet, J.

M.; Raymond, K. N. Conjugation to Biocompatible Dendrimers
Increases Lanthanide T2 Relaxivity of Hydroxypyridinone (HOPO)
Complexes for Magnetic Resonance Imaging (MRI). Eur. J. Inorg.
Chem. 2012, 2012 (12), 2108−2114.
(27) Klemm, P. J.; Floyd, W. C., 3rd; Smiles, D. E.; Frechet, J. M.;

Raymond, K. N. Improving T(1) and T(2) magnetic resonance

imaging contrast agents through the conjugation of an esteramide
dendrimer to high-water-coordination Gd(III) hydroxypyridinone
complexes. Contrast Media Mol. Imaging 2012, 7 (1), 95−99.
(28) Nicolle, G. M.; Toth, E.; Schmitt-Willich, H.; Raduchel, B.;

Merbach, A. E. The impact of rigidity and water exchange on the
relaxivity of a dendritic MRI contrast agent. Chem.�Eur. J. 2002, 8
(5), 1040−1048.
(29) Matthews, S. E.; Pouton, C. W.; Threadgill, M. D.

Macromolecular systems for chemotherapy and magnetic resonance
imaging. Adv. Drug Deliver Rev. 1996, 18 (2), 219−267.
(30) Allen, M. J.; Raines, R. T.; Kiessling, L. L. Contrast agents for

magnetic resonance imaging synthesized with ring-opening metathesis
polymerization. J. Am. Chem. Soc. 2006, 128 (20), 6534−6535.
(31) Soleimani, A.; Martinez, F.; Economopoulos, V.; Foster, P. J.;

Scholl, T. J.; Gillies, E. R. Polymer cross-linking: a nanogel approach
to enhancing the relaxivity of MRI contrast agents. J. Mater. Chem. B
2013, 1 (7), 1027−1034.
(32) Nicolle, G. M.; Toth, E.; Eisenwiener, K. P.; Macke, H. R.;

Merbach, A. E. From monomers to micelles: investigation of the
parameters influencing proton relaxivity. J. Biol. Inorg. Chem. 2002, 7
(7−8), 757−769.
(33) Millan, J. G.; Brasch, M.; Anaya-Plaza, E.; de la Escosura, A.;

Velders, A. H.; Reinhoudt, D. N.; Torres, T.; Koay, M. S.;
Cornelissen, J. J. Self-assembly triggered by self-assembly: optically
active, paramagnetic micelles encapsulated in protein cage nano-
particles. J. Inorg. Biochem 2014, 136, 140−146.
(34) Briley-Saebo, K. C.; Geninatti-Crich, S.; Cormode, D. P.;

Barazza, A.; Mulder, W. J. M.; Chen, W.; Giovenzana, G. B.; Fisher, E.
A.; Aime, S.; Fayad, Z. A. High-Relaxivity Gadolinium-Modified High-
Density Lipoproteins as Magnetic Resonance Imaging Contrast
Agents. J. Phys. Chem. B 2009, 113, 6283−6289.
(35) Babic,̌ A.; Vorobiev, V.; Trefalt, G.; Crowe, L. A.; Helm, L.;

Vallée, J.-P.; Allémann, E. MRI micelles self-assembled from synthetic
gadolinium-based nano building blocks. Chem. Commun. 2019, 55
(7), 945−948.
(36) Carniato, F.; Ricci, M.; Tei, L.; Garello, F.; Terreno, E.; Ravera,

E.; Parigi, G.; Luchinat, C.; Botta, M. High Relaxivity with No
Coordinated Waters: A Seemingly Paradoxical Behavior of [Gd-
(DOTP)](5-) Embedded in Nanogels. Inorg. Chem. 2022, 61 (13),
5380−5387.
(37) Carniato, F.; Tei, L.; Botta, M.; Ravera, E.; Fragai, M.; Parigi,

G.; Luchinat, C. (1)H NMR Relaxometric Study of Chitosan-Based
Nanogels Containing Mono- and Bis-Hydrated Gd(III) Chelates:
Clues for MRI Probes of Improved Sensitivity. ACS Appl. Bio Mater.
2020, 3 (12), 9065−9072.
(38) Janib, S. M.; Moses, A. S.; MacKay, J. A. Imaging and drug

delivery using theranostic nanoparticles. Adv. Drug Deliver Rev. 2010,
62, 1052−1063.
(39) Jokerst, J. V.; Gambhir, S. S. Molecular imaging with

theranostic nanoparticles. Acc. Chem. Res. 2011, 44 (10), 1050−1060.
(40) Ma, X.; Zhao, Y.; Liang, X. J. Theranostic nanoparticles

engineered for clinic and pharmaceutics. Acc. Chem. Res. 2011, 44
(10), 1114−1122.
(41) Ryu, J. H.; Lee, S.; Son, S.; Kim, S. H.; Leary, J. F.; Choi, K.;

Kwon, I. C. Theranostic nanoparticles for future personalized
medicine. J. Controlled Release 2014, 190, 477−484.
(42) Soo Choi, H.; Liu, W.; Misra, P.; Tanaka, E.; Zimmer, J. P; Itty

Ipe, B.; Bawendi, M. G; Frangioni, J. V Renal clearance of quantum
dots. Nat. Biotechnol. 2007, 25 (10), 1165−1170.
(43) Edwardson, T. G. W.; Levasseur, M. D.; Tetter, S.; Steinauer,

A.; Hori, M.; Hilvert, D. Protein Cages: From Fundamentals to
Advanced Applications. Chem. Rev. 2022, 122 (9), 9145−9197.
(44) Allen, M.; Bulte, J. W.; Liepold, L.; Basu, G.; Zywicke, H. A.;

Frank, J. A.; Young, M.; Douglas, T. Paramagnetic viral nanoparticles
as potential high-relaxivity magnetic resonance contrast agents. Magn
Reson Med. 2005, 54 (4), 807−812.
(45) Liepold, L.; Anderson, S.; Willits, D.; Oltrogge, L.; Frank, J. A.;

Douglas, T.; Young, M. Viral capsids as MRI contrast agents. Magn
Reson Med. 2007, 58 (5), 871−879.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.2c00892
ACS Appl. Bio Mater. 2023, 6, 591−602

600



(46) Xue, S.; Yang, H.; Qiao, J.; Pu, F.; Jiang, J.; Hubbard, K.;
Hekmatyar, K.; Langley, J.; Salarian, M.; Long, R. C.; et al. Protein
MRI contrast agent with unprecedented metal selectivity and
sensitivity for liver cancer imaging. Proc. Natl. Acad. Sci. U. S. A.
2015, 112 (21), 6607−6612.
(47) Anderson, E. A.; Isaacman, S.; Peabody, D. S.; Wang, E. Y.;

Canary, J. W.; Kirshenbaum, K. Viral nanoparticles donning a
paramagnetic coat: conjugation of MRI contrast agents to the MS2
capsid. Nano Lett. 2006, 6 (6), 1160−1164.
(48) Hooker, J. M.; Datta, A.; Botta, M.; Raymond, K. N.; Francis,

M. B. Magnetic resonance contrast agents from viral capsid shells: a
comparison of exterior and interior cargo strategies. Nano Lett. 2007,
7 (8), 2207−2210.
(49) Datta, A.; Hooker, J. M.; Botta, M.; Francis, M. B.; Aime, S.;

Raymond, K. N. High relaxivity gadolinium hydroxypyridonate-viral
capsid conjugates: nanosized MRI contrast agents. J. Am. Chem. Soc.
2008, 130 (8), 2546−2552.
(50) Liepold, L. O.; Abedin, M. J.; Buckhouse, E. D.; Frank, J. A.;

Young, M. J.; Douglas, T. Supramolecular protein cage composite MR
contrast agents with extremely efficient relaxivity properties. Nano
Lett. 2009, 9 (12), 4520−4526.
(51) Prasuhn, D. E., Jr; Yeh, R. M.; Obenaus, A.; Manchester, M.;

Finn, M. G. Viral MRI contrast agents: coordination of Gd by native
virions and attachment of Gd complexes by azide-alkyne cyclo-
addition. Chem. Commun. 2007, No. 12, 1269−1271.
(52) Kim, H.; Jin, S.; Choi, H.; Kang, M.; Park, S. G.; Jun, H.; Cho,

H.; Kang, S. Target-switchable Gd(III)-DOTA/protein cage nano-
particle conjugates with multiple targeting affibody molecules as target
selective T1 contrast agents for high-field MRI. J. Controlled Release
2021, 335, 269−280.
(53) Garimella, P. D.; Datta, A.; Romanini, D. W.; Raymond, K. N.;

Francis, M. B. Multivalent, high-relaxivity MRI contrast agents using
rigid cysteine-reactive gadolinium complexes. J. Am. Chem. Soc. 2011,
133 (37), 14704−14709.
(54) Min, J.; Jung, H.; Shin, H. H.; Cho, G.; Cho, H.; Kang, S.

Implementation of P22 viral capsids as intravascular magnetic
resonance T1 contrast conjugates via site-selective attachment of
Gd(III)-chelating agents. Biomacromolecules 2013, 14 (7), 2332−
2339.
(55) Qazi, S.; Liepold, L. O.; Abedin, M. J.; Johnson, B.; Prevelige,

P.; Frank, J. A.; Douglas, T. P22 viral capsids as nanocomposite high-
relaxivity MRI contrast agents. Mol. Pharmaceutics 2013, 10 (1), 11−
17.
(56) Lucon, J.; Qazi, S.; Uchida, M.; Bedwell, G. J.; LaFrance, B.;

Prevelige, P. E., Jr; Douglas, T. Use of the interior cavity of the P22
capsid for site-specific initiation of atom-transfer radical polymer-
ization with high-density cargo loading. Nat. Chem. 2012, 4 (10),
781−788.
(57) Usselman, R. J.; Qazi, S.; Aggarwal, P.; Eaton, S. S.; Eaton, G.

R.; Russek, S.; Douglas, T. Gadolinium-Loaded Viral Capsids as
Magnetic Resonance Imaging Contrast Agents. Appl. Magn. Reson.
2015, 46 (3), 349−355.
(58) Song, Y.; Kang, Y. J.; Jung, H.; Kim, H.; Kang, S.; Cho, H.

Lumazine Synthase Protein Nanoparticle-Gd(III)-DOTA Conjugate
as a T1 contrast agent for high-field MRI. Sci. Rep 2015, 5, 15656.
(59) Seebeck, F. P.; Woycechowsky, K. J.; Zhuang, W.; Rabe, J. P.;

Hilvert, D. A simple tagging system for protein encapsulation. J. Am.
Chem. Soc. 2006, 128 (14), 4516−4517.
(60) Worsdorfer, B.; Woycechowsky, K. J.; Hilvert, D. Directed

evolution of a protein container. Science 2011, 331 (6017), 589−592.
(61) Sasaki, E.; Bohringer, D.; van de Waterbeemd, M.; Leibundgut,

M.; Zschoche, R.; Heck, A. J.; Ban, N.; Hilvert, D. Structure and
assembly of scalable porous protein cages. Nat. Commun. 2017, 8,
14663.
(62) Zschoche, R.; Hilvert, D. Diffusion-Limited Cargo Loading of

an Engineered Protein Container. J. Am. Chem. Soc. 2015, 137 (51),
16121−16132.

(63) Azuma, Y.; Zschoche, R.; Tinzl, M.; Hilvert, D. Quantitative
Packaging of Active Enzymes into a Protein Cage. Angew. Chem., Int.
Ed. Engl. 2016, 55 (4), 1531−1534.
(64) Levasseur, M. D.; Mantri, S.; Hayashi, T.; Reichenbach, M.;

Hehn, S.; Waeckerle-Men, Y.; Johansen, P.; Hilvert, D. Cell-Specific
Delivery Using an Engineered Protein Nanocage. ACS Chem. Biol.
2021, 16 (5), 838−843.
(65) Tytgat, H. L. P.; Lin, C. W.; Levasseur, M. D.; Tomek, M. B.;

Rutschmann, C.; Mock, J.; Liebscher, N.; Terasaka, N.; Azuma, Y.;
Wetter, M.; et al. Cytoplasmic glycoengineering enables biosynthesis
of nanoscale glycoprotein assemblies. Nat. Commun. 2019, 10 (1),
5403.
(66) Tang, T. M. S.; Cardella, D.; Lander, A. J.; Li, X.; Escudero, J.

S.; Tsai, Y. H.; Luk, L. Y. P. Use of an asparaginyl endopeptidase for
chemo-enzymatic peptide and protein labeling. Chem. Sci. 2020, 11
(23), 5881−5888.
(67) Levasseur, M. D.; Hofmann, R.; Edwardson, T. G. W.; Hehn,

S.; Thanaburakorn, M.; Bode, J. W.; Hilvert, D. Post-Assembly
Modification of Protein Cages by Ubc9-Mediated Lysine Acylation.
Chembiochem 2022, 23, e202200332.
(68) King, N. P.; Sheffler, W.; Sawaya, M. R.; Vollmar, B. S.; Sumida,

J. P.; Andre, I.; Gonen, T.; Yeates, T. O.; Baker, D. Computational
design of self-assembling protein nanomaterials with atomic level
accuracy. Science 2012, 336 (6085), 1171−1174.
(69) Edwardson, T. G. W.; Mori, T.; Hilvert, D. Rational

Engineering of a Designed Protein Cage for siRNA Delivery. J. Am.
Chem. Soc. 2018, 140 (33), 10439−10442.
(70) Edwardson, T. G. W.; Tetter, S.; Hilvert, D. Two-tier

supramolecular encapsulation of small molecules in a protein cage.
Nat. Commun. 2020, 11 (1), 5410.
(71) Edwardson, T. G. W.; Levasseur, M. D.; Hilvert, D. The OP

Protein Cage: A Versatile Molecular Delivery Platform. Chimia 2021,
75 (4), 323−328.
(72) Machitani, K.; Sakamoto, H.; Nakahara, Y.; Kimura, K.

Molecular design of tetraazamacrocyclic derivatives bearing a
spirobenzopyran and three carboxymethyl moeities and their metal-
ion complexing behavior. Anal. Sci. 2008, 24, 463−469.
(73) Chanthamath, S.; Takaki, S.; Shibatomi, K.; Iwasa, S. Highly

stereoselective cyclopropanation of alpha,beta-unsaturated carbonyl
compounds with methyl (diazoacetoxy)acetate catalyzed by a chiral
ruthenium(II) complex. Angew. Chem., Int. Ed. Engl. 2013, 52 (22),
5818−5821.
(74) Min, J.; Kim, S.; Lee, J.; Kang, S. Lumazine synthase protein

cage nanoparticles as modular delivery platforms for targeted drug
delivery. RSC Adv. 2014, 4 (89), 48596−48600.
(75) Caravan, P.; Farrar, C. T.; Frullano, L.; Uppal, R. Influence of

molecular parameters and increasing magnetic field strength on
relaxivity of gadolinium- and manganese-based T1 contrast agents.
Contrast Media Mol. Imaging 2009, 4 (2), 89−100.
(76) Vaughan, T.; DelaBarre, L.; Snyder, C.; Tian, J.; Akgun, C.;

Shrivastava, D.; Liu, W.; Olson, C.; Adriany, G.; Strupp, J.; et al. 9.4T
human MRI: preliminary results. Magn Reson Med. 2006, 56 (6),
1274−1282.
(77) Bertini, I.; Luchinat, C.; Parigi, G.; Ravera, E. Chapter 10 -

Relaxometry and contrast agents for MRI. In NMR of Paramagnetic
Molecules, second ed.; Bertini, I., Luchinat, C., Parigi, G., Ravera, E.,
Eds.; Elsevier, 2017; pp 313−345.
(78) Bertini, I.; Galas, O.; Luchinat, C.; Parigi, G. A Computer

Program for the Calculation of Paramagnetic Enhancements of
Nuclear-Relaxation Rates in Slowly Rotating Systems. J. Magn Reson
Ser. A 1995, 113, 151−158.
(79) Bertini, I.; Kowalewski, J.; Luchinat, C.; Nilsson, T.; Parigi, G.

Nuclear spin relaxation in paramagnetic complexes of S = 1: Electron
spin relaxation effects. J. Chem. Phys. 1999, 111, 5795−5807.
(80) Kowalewski, J.; Kruk, D.; Parigi, G.NMR Relaxation in Solution

of Paramagnetic Complexes: Recent Theoretical Progress for S ≥ 1.
In Advances in Inorganic Chemistry; Academic Press, 2005; Vol. 57, pp
41−104.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.2c00892
ACS Appl. Bio Mater. 2023, 6, 591−602

601



(81) Parigi, G.; Ravera, E.; Fragai, M.; Luchinat, C. Unveiling
protein dynamics in solution with field-cycling NMR relaxometry.
Prog. Nucl. Magn. Reson. Spectrosc. 2021, 124−125, 85−98.
(82) Lipari, G.; Szabo, A. Model-free approach to the interpretation

of nuclear magnetic resonance relaxation in macromolecules. 1.
Theory and range of validity. J. Am. Chem. Soc. 1982, 104 (17),
4546−4559.
(83) Merbach, A. E.; Helm, L.; Tóth, É.The Chemisty of Contrast
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1. General Methods 

Unless otherwise indicated, all reactions were performed under a nitrogen atmosphere using 

oven-dried glassware. Anhydrous solvents were used in all reactions and obtained from a J.C. 

Meyer solvent system (Laguna Beach, CA). Thin-layer chromatography (TLC) was performed on 

EMD 60 F254 silica gel plates. Standard grade 60 Å 230–400 mesh silica gel was used for normal-

phase column chromatography. Unless otherwise stated, all silica gel columns were flashed with 

air. 1H and 13C NMR spectra were obtained on a Bruker 500 MHz Avance III NMR spectrometer 

with DCH cryoprobe. ESI-MS was performed on a Bruker AmaZon-SL spectrometer.  

Cyclen was purchased from Strem Chemical. Ethylenediaminetetraacetic acid (EDTA) was 

purchased from AppliChem GmbH. All other buffer components, salts, and reagents were 

purchased from Sigma Aldrich, Merck KGaA, Fisher Scientific, Acros Organics, or TCI and used 

without purification. 

Analytical HPLC-MS was performed on an Agilent 1260 Infinity II HPLC system with an in-line 

Agilent 6120 Quad mass spectrometer. Semi-preparative HPLC was performed on an Agilent 

PrepStar 218 equipped with an Agilent 1260 Infinity diode array detector. HPLC purifications 

utilized deionized water (18.2 MΩ·cm) obtained from a Millipore Q-Guard System and HPLC 

grade MeCN, formic acid, and ammonium hydroxide (all obtained from Fisher Scientific). 

Analytical HPLC-MS used an Atlantis C18 column (4.6 × 250 mm, 5 μm). Semipreparative HPLC 

used an Atlantis T3 C18 column (19 x 250 mm, 10 μm). Gd-C4-NH2 and Gd-C4-IA were purified 

using the following method: MeCN held at 0% for 5 min followed by a 20 min ramp to 100%. 

All restriction enzymes, T4 polynucleotide kinase (PNK), Phusion® High-Fidelity DNA polymerase, 

and T4 DNA ligase were obtained from New England BioLabs. Oligonucleotides were synthesized 

by Microsynth AG. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was purchased from 

Fluorochem. Kanamycin sulfate was obtained from AppliChem GmbH. Ni-NTA agarose resin was 

obtained from Qiagen GmbH. AmiconⓇ Ultra centrifugal filters were purchased from Merck and 

PD Mini-/MidiTrap desalting columns from GE Healthcare. Millipore purification system was used 

to obtain Milli-Q water. All buffers were prepared using Milli-Q (MQ) water, pH adjusted for the 

temperature at which the buffer was used, and sterile-filtered (0.2 µm membrane filter).  

DNA and protein quantification were carried out using a NanoDrop 2000c spectrophotometer from 

ThermoFisher Scientific Inc. Size-exclusion chromatography (SEC) was carried out on an NGCTM 

Medium-Pressure Chromatography System from Bio-Rad Laboratories, Inc., unless otherwise 
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mentioned. Transmission electron microscopy (TEM) images were obtained on a Morgagni 268 

from FEI. 

UV-vis spectroscopy was performed on an Agilent Technologies Cary 60 spectrophotometer. 
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2. Synthetic Route of Gd-C4-IA 

 

Synthesis of benzyl acrylate 

Benzyl acrylate was synthesized following literature procedure.1 

Synthesis of tri-tert-butyl 2,2',2''-(1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate (tBu 

DO3A) 

tBu DO3A was synthesized following literature procedure.2, 3 

 

 

 

 

 

Scheme S1. Synthetic preparation of Gd-C4-IA from starting components benzyl acrylate and tBuDO3A. 
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Synthesis of tri-tert-butyl 2,2',2''-(10-(3-(benzyloxy)-3-oxopropyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetate (1) 

To a stirred solution of tBu DO3A (500 mg, 0.971 mmol, 1 equiv.) and benzyl acrylate (217.9 

mg, 1.94 mmol, 2 equiv.) in anhydrous MeCN (30 mL) was slowly added DIPEA (1 mL, 5.74 mmol, 

5.9 equiv.) at room temperature under N2 (g). The mixture was stirred for 72 hours at room 

temperature until starting material was consumed (monitored by TLC). The reaction mixture was 

dried by reduced pressure and the clear residue brought up in 50 mL CH2Cl2. The organic layer 

was washed with saturated NaHCO3 aq. (3 x 20 mL) and saturated NaCl aq. (1 x 20 mL). The 

organic layer was dried over Na2SO4 and concentrated under reduced pressure. The off-white 

solid was purified by flash chromatography in 1:20 MeOH:CH2Cl2 (Rf = 0.25, stained by Pt) to 

yield 1 as a pale yellow oil (353.7 mg, 47.3% yield). 1H NMR (500 MHz, CDCl3): δ = 7.35 (m, 3 

Hs, 22-24), 7.30 (m, 2 Hs, 20-21), 5.09 (s, 2Hs, 18), 3.48 (d, J = 4.9 Hz, 4 H, 9, 11, 13), 2.77 – 

3.37 (br overlapping signals), 2.55 (t, J = 7.2 Hz, 2 H, 16), 2.32 (br s), 1.73 (br s, 5 Hs), 1.43 – 

1.46 (br s, 27 Hs, C(CH3)3); 13C NMR (500 MHz, CDCl3): δ = 172.9 (10), 172.6 (12), 172.2 (13), 

135.3 (19), 128.4 (22-23), 128.2 (24), 127.8 (20-21), 82.3 (C(CH3)3), 82.1 (C(CH3)3), 66.2 (18), 

56.3, 55.5, 49.8 (9, 11, 13), 30.8 (16), 27.7 (trans pair of C(CH3)3), 27.6 (single C(CH3)3); ESI/MS+ 

m/z = 677.638 [M+H]+, 699.621 [M+Na]+. 
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Synthesis of 3-(4,7,10-tris(2-(tert-butoxy)-2-oxoethyl)-1,4,7,10-tetraazacyclododecan-1-

yl)propanoic acid (2) 

A stirring solution of 1 (452.3 mg, 0.668 mmol, 1 equiv.) and Pd/C (approximately 1 g) in 10 mL 

MeOH was purged with H2 (g) (3 x 100 mL) and then stirred under H2 (g) for 24 hours The solution 

was filtered through celite and washed with MeOH (3 x 20 mL). Analysis by MS and TLC 

suggested the reaction was not complete, so the organic layer was concentrated under reduced 

pressure. Again, the stirring solution of 1 and Pd/C in 20mL MeOH was purged with H2 (g) (3 x 

100 mL) and then stirred under H2 (g) for 18 hours The solution was filtered through celite and 

washed with MeOH (3 x 20 mL). The organic layer was concentrated under reduced pressure, 

and the resulting yellow oil purified by flash chromatography in 1:19 MeOH:CH2Cl2 to 1:9 

MeOH:CH2Cl2 to 1:9:40 NH4OH:MeOH:CH2Cl2 (Rf1:9 MeOH:CH2Cl2 = 0.31, stained by Pt) to yield 2 as 

a pale yellow oil (107.0 mg, 27.3% yield). 1H NMR (500 MHz, CD3OD): δ = 3.39 (br s, 0.5 Hs, 9, 

11, 13), 2.56 – 3.39 (br overlapping signals, 16 Hs), 2.53 (t, J = 7.4 Hz, 2 Hs, 16), 1.45-1.46 

(overlapping s, 27 Hs , C(CH3)3); 13C NMR (500 MHz, CD3OD): δ = 83.0 (C(CH3)3), 57.3 (11, 13), 

56.6 (9), 51.5, 49.9, 32.4 (16), 28.4 (trans pair of C(CH3)3), 28.4 (single C(CH3)3); ESI/MS+ m/z = 

587.604 [M+H]+, 609.574 [M+Na]+, 1218.422 [2M+H+Na]+. 
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Synthesis of tri-tert-butyl 2,2',2''-(10-(3-((4-((tert-butoxycarbonyl)amino)butyl)amino)-3-

oxopropyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate (3) 

To a stirring solution of 2 (107.0 mg, 0.182 mmol, 1 equiv.) and NHS (62.96 mg, 0.547 mmol, 3 

equiv.) in 10 mL anhydrous DMF was added DIEA (160 µL, 0.912 mmol, 5 equiv.) and DIC (150 

µL, 0.912 mmol, 5 equiv.). To this stirring solution was dropwise added t-butyl (4-

aminobutyl)carbamate (136.2 mg, 0.279 mmol, 1.5 equiv.) in 10 mL DMF over the course of 40 

min and the solution stirred under N2 (g) for 24 hours The solvent was concentrated under reduced 

pressure, and the resulting yellow oil dissolved in CH2Cl2 and washed with saturated NaHCO3 (3 

x 20 mL) and saturated NaCl aq. (3 x 20 mL). The organic layer was dried over Na2SO4 and 

concentrated under reduced pressure. The pale yellow oil was purified by flash chromatography 

in 1:20 MeOH:CH2Cl2 to 1:10 MeOH:CH2Cl2 (Rf1:9 MeOH:CH2Cl2 = 0.5, stained by Pt) to yield 3 as a 

pale yellow oil (150.1 mg, quantitative yield). 1H NMR (500 MHz, CD3OD): δ = 3.34 (t, J = 6.5 Hz, 

2 Hs, 15), 3.16 (m, 2Hs, 21), 3.08 (m, 2 Hs, 18), 3.02 (m, 4 Hs, 3-6), 2.33 (t, J = 6.6 Hz, 2 Hs, 16), 

1.44 – 1.49 (m, 12 Hs, C(CH3)3), 1.41 (s, 17Hs, C(CH3)3); 13C NMR (500 MHz, CD3OD): δ = 174.1 

(10, 12, 14), 161.0 (17), 158.5 (22), 79.9 (C(CH3)3), 79.8 (C(CH3)3), 41.0 (overlapping s, 3, 4, 5, 

6), 40.7 (18), 40.0 (21), 37.7 (16), 37.6 (15), 28.8 (NCH3COOC(CH3)3), 28.6 (20), 28.3 

(NHCOOC(CH3)3), 27.7 (19); ESI/MS+ m/z = 757.803 [M+H]+. 

 

 

 

 

 

 

Structure of 3 
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Synthesis of 2,2',2''-(10-(3-((4-aminobutyl)amino)-3-oxopropyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetic acid (4) 

A solution of 3 (10.8083 mg, 14.3 mmol) in 4:1 TFA:CH2Cl2 (100 mL) was stirred under N2 (g) for 

18 hours The solvent was concentrated under reduced pressure, and the resulting brown oil 

(crude 4) was carried on crude to the next reaction. ESI/MS+ m/z = 489.394 [M+H]+. 

 

Synthesis of 2,2',2''-(10-(3-((4-aminobutyl)amino)-3-oxopropyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetate gadolinium(III) (Gd-C4-NH2) 

A crude solution of 4 (7 g, 14.3 mmol, 1 equiv.) in H2O (100 mL) was adjusted to pH 6.5 with 0.5 

M HCl. To this stirring solution, a solution of GdCl3 hexahydrate (6.9763 g, 18.8 mmol, 1.3 equiv.) 

in H2O (15 mL) was added. The pH was maintained at 6.5. The reaction was stirred at room 

temperature under N2 (g) overnight. The solution was adjusted to neutral pH with 0.5 M NaOH 

and filtered for HPLC.  Gd-C4-NH2 was collected from the HPLC at 12.1 min. as a yellow oil 

(3.3685 g, 34 % yield over 2 steps). ESI/MS+ m/z = 644.314 [M+ H]+; HRMS (ESI) m/z = 644.2057 

(calcd. 644.2038) [M+H]+ 
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Synthesis of 2,2',2''-(10-(3-((4-(2-iodoacetamido)butyl)amino)-3-oxopropyl)-1,4,7,10-

tetraazacyclododecane-1,4,7-triyl)triacetate gadolinium(III) (Gd-C4-IA) 

The materials Gd-C4-NH2 (187.4 mg, 0.235 mmol, 1 equiv.), iodoacetic anhydride (321.3 mg, 

0.706 mmol, 3 equiv.), and K2CO3 (99.01 mg, 0.706 mmol, 3 equiv.) were combined and placed 

under vacuum for 30 min. The materials were then dissolved in 10 mL DMF at 0 °C and stirred 

under N2 (g) for 24 hours, allowing the solution to warm to room temperature. The solvent was 

concentrated by reduced pressure, and the pale yellow residue dissolved in H2O and adjusted to 

pH 7. The solution was filtered for HPLC, and Gd-C4-IA was collected from the HPLC at 13.5 

min. as a white fluffy powder (46.3 mg, 19.6% yield). ESI/MS+ m/z = 811.278 [M]+, 833.257 

[M+Na]+, 849.218 [M+K]+; HRMS (ESI) m/z = 812.1113 (calcd. 812.1110) [M+H]+ 

 

 

 

 

 

 

 

 

 

 

 

 

 

Structure of Gd-C4-IA 
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3. NMR Spectra of Gd-C4-IA Synthons 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. 1H NMR Spectrum of 1 in CDCl3 at 500 MHz. 
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Figure S2. 13C NMR Spectrum of 1 in CDCl3 at 500 MHz. 
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Figure S3. 1H-1H COSY Spectrum of 1 in CDCl3 at 500 MHz. 
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Figure S4. 1H-13C HSQC Spectrum of 1 in CDCl3 at 500 MHz. 
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Figure S5. 1H-1H TOCSY Spectrum of 1 in CDCl3 at 500 MHz. 
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Figure S6. 1H Spectrum of 2 in CD3OD at 500 MHz. 
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Figure S7. 13C Spectrum of 2 in CD3OD at 500 MHz. 
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Figure S8. 1H-1H COSY Spectrum of 2 in CD3OD at 500 MHz. 
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Figure S9. 1H-13C HSQC Spectrum of 2 in CD3OD at 500 MHz. 
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Figure S10. 1H-1H TOCSY Spectrum of 2 in CD3OD at 500 MHz. 
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Figure S11. 1H Spectrum of 3 in CD3OD at 500 MHz. 



S-23 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S12. 13C Spectrum of 3 in CD3OD at 500 MHz. 
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Figure S13. 1H-1H COSY Spectrum of 3 in CD3OD at 500 MHz. 
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Figure S14. 1H-13C HSQC Spectrum of 3 in CD3OD at 500 MHz. 
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Figure S15. 1H-1H TOCSY Spectrum of 3 in CD3OD at 500 MHz. 
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4. MS Spectra of Gd-C4-IA Synthons 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S16. ESI-MS+ Spectrum of 1. 
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Figure S17. ESI-MS+ Spectrum of 2. 
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Figure S18. ESI-MS+ Spectrum of 3. 
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Figure S19. ESI-MS+ Spectrum of crude 4. 
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Figure S20. ESI-MS+ Spectrum of Gd-C4-NH2. 



S-32 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S21. ESI-MS+ Spectrum of Gd-C4-IA. 
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5. HR-MS Spectrum of Gd-C4-IA 
Samples were prepared at 1 mg/mL in MQ H2O, and were analyzed using an Agilent 6230 Time 

of Flight (TOF) mass spectrometer with an electrospray ionization (ESI) source, attached to an 

Agilent 1200 series HPLC stack. Data was acquired on Agilent Mass Hunter Acquisition software 

and analyzed on Agilent Mass Hunter Qualitative Analysis software. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S22. HR-MS Spectrum of Gd-C4-NH2. 
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Figure S23. HR-MS Spectrum of Gd-C4-IA. 
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6. HPLC Traces of Gd(III) Complexes 

 

 

  

Figure S24. Analytical HPLC chromatogram traces of Gd(III) complexes. (a) Gd-C4-NH2 and (b) Gd-C4-IA HPLC chromatogram 

traces at 210 nm (blue), 230 nm (red), 254 nm (black), 270 nm (purple), and either 290 nm (b, green) or 300 nm (a, green). 
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7. Preparation and Characterization of Protein Cages 

Protein sequences 

Molecular weights (MW), isoelectropoints (pI), and extinction coefficients at 280 nm (280, 

M-1cm-1) of proteins were calculated using the SIB Bioinformatics Resource Portal tool 

(http://web.expasy.org/protparam/).   

AaLS-13 (162 residues, MW = 17,684.01 Da, pI = 4.96,  280 = 13,980 M-1cm-1)  

MEIYEGKLTAEGLRFGIVASRFNHALVGRLVEGAIDCIVRHGGREEDITLVCVPGSWEIPVAAGE

LARKEDIDAVIAIGVLIEGAEPHFDYIASEVSKGLANLSLELRKPISFGDITDDELEEAIECAGTEH

GNKGWEAALSAIEMANLFKSLRLEHHHHHH 

OP (192 residues, MW = 20,107.35 Da, pI = 8.67,  280 = 9,970 M-1cm-1) 

MSQAIGILELRSIAAGMELGDAMLKSANVDLLVSKTISRGKFLLMLGGDIGAIQQAIETGTSQAG

RLLVDSLVLANIHPSVLPAISGLNSVDKRQAVGIVETRSVAACISAADRAVKGSNVTLVRVHMAR

GIGGKCYMVVAGDVSDVALAVTVASSSAGAYGRLVYASLIPRPHEAMWRQMVEGLEHHHHHH 

OP-1intC (192 residues, MW = 20,123.41 Da, pI = 8.53,  280 = 9,970 M-1cm-1) 

MSQAIGILELRSIAAGMELGDAMLKSANVDLLVSKTICRGKFLLMLGGDIGAIQQAIETGTSQAG

RLLVDSLVLANIHPSVLPAISGLNSVDKRQAVGIVETRSVAACISAADRAVKGSNVTLVRVHMAR

GIGGKCYMVVAGDVSDVALAVTVASSSAGAYGRLVYASLIPRPHEAMWRQMVEGLEHHHHHH 

OP-2intC (192 residues, MW = 20,070.36 Da, pI = 7.78,  280 = 9,970 M-1cm-1) 

MSQAIGILELRSIAAGMELGDAMLKSANVDLLVSKTICRGKFLLMLGGDIGAIQQAIETGTSQAG

RLLVDSLVLANIHPSVLPAISGLNSVDKRQAVGIVETCSVAACISAADRAVKGSNVTLVRVHMAR

GIGGKCYMVVAGDVSDVALAVTVASSSAGAYGRLVYASLIPRPHEAMWRQMVEGLEHHHHHH 

OP-3intC (192 residues, MW = 20,017.31 Da, pI = 7.11,  280 = 9,970 M-1cm-1) 

MSQAIGILELRSIAAGMELGDAMLKSANVDLLVSKTICRGKFLLMLGGDIGAIQQAIETGTSQAG

CLLVDSLVLANIHPSVLPAISGLNSVDKRQAVGIVETCSVAACISAADRAVKGSNVTLVRVHMAR

GIGGKCYMVVAGDVSDVALAVTVASSSAGAYGRLVYASLIPRPHEAMWRQMVEGLEHHHHHH 

OP-1extC (192 residues, MW = 20,082.32 Da, pI = 7.84,  280 = 9,970 M-1cm-1) 

MSQAIGILELRSIAAGMELGDAMLKSANVDLLVSKTISRGKFLLMLGGDIGAIQQAIETGTSQAG

RLLVDSLVLANIHPSVLPAISGLNSVDCRQAVGIVETRSVAACISAADRAVKGSNVTLVRVHMAR

GIGGKCYMVVAGDVSDVALAVTVASSSAGAYGRLVYASLIPRPHEAMWRQMVEGLEHHHHHH 
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Cloning of OP variants 

To provide specific handles for conjugation, one, two or three cysteine mutations were introduced 

per OP protein monomer, affording variants OP-1intC, OP-2intC, and OP-3intC, respectively. The 

residues targeted from mutation were Ser38, Arg66 and Arg103. The variant OP-1intC, which 

contains the S38C mutation, has been previously described.4  As such, plasmid 

pET29b(+)_OPS38C was used as a basis for generation of the OP-2intC (S38C, R103C), and OP-

3intC (S38C, R66C, R103C) variants. The genes for these variants were generated by 

“QuikChange” (Agilent) site-directed mutagenesis. The primers used for OP-2intC were: 

OP_R103Cfw; GTATTGTGGAAACCTGTAGCGTGGCGGCG and OP_R103Crv; 

CGCCGCCACGCTACAGGTTTCCACAATAC, affording plasmid pET29b(+)_OP-2intC, which 

was used for the next mutagenesis step with primers OP_R66Cfw; 

AGCCAGGCGGGTTGTCTGCTGGTGG and OP_R66Crv; 

CCACCAGCAGACAACCCGCCTGGCT. To provide a specific handle for external surface 

conjugation, a single cysteine mutation was introduced at residue Lys93 to generate the variant 

OP-1extC. Using the previously reported pET29b(+)_OP plasmid5 as a starting point, primers 

OP_K93Cfw; GGTCTGAATAGCGTGGATTGCCGTCAGGCGGTGGGTATTG, and OP_K93Crv; 

CAATACCCACCGCCTGACGGCAATCCACGCTATTCAGACC were used for  the QuikChange 

mutagenesis to afford plasmid pET29b(+)_OP. Successful molecular cloning was confirmed by 

Sanger sequencing (Microsynth AG, Switzerland) of the pET29b(+) plasmids used for protein 

expression. 

Protein expression of AaLS-13 and OP cysteine mutants 

AaLS-13 and OP cages were expressed in E. coli strain BL21-Gold (DE3) which was transformed 

with either pMG211-AaLS-13 or the appropriate pET29b(+)-OP. Cells were grown at 37 °C in 

selective LB medium until the OD600 reached ~0.6-0.8, at which point protein production was 

induced by adding IPTG to a final concentration of 0.1 mM. After culturing at 25 °C for 22 hours, 

cells were harvested by centrifugation at 5,000 g and 4 °C for 10 min. The cell pellet was stored 

at -20 °C until purification. 

Cell lysis and Ni-NTA purification of AaLS-13 

The cell pellet from a 400 mL culture was re-suspended in 20 mL lysis buffer (50 mM sodium 

phosphate (pH 8.0), 300 mM NaCl, 10 mM imidazole) supplemented with lysozyme (0.1 mg/mL), 

DNase I (5 μg/mL), RNase A (5 μg/mL), and a protease inhibitor cocktail (Sigma). The lysate was 

incubated for 1 hour at room temperature. After lysis by sonication (using a 50% duty cycle and 

80% amplitude setting on ice for 2 min, followed by cooling on ice for 2 min, repeated 5 times) 

and clearance by centrifugation at 9,500 g and 25 °C for 25 min, the supernatants were loaded 
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onto 1.5 mL Ni(II)-NTA Sepharose resin (50% v/v, Qiagen) pre-equilibrated with 30 mL lysis buffer 

in a gravity flow column. After washing with 40 mL wash buffer (50 mM sodium phosphate (pH 

8.0), 800 mM NaCl) containing 20 mM and 40 mM imidazole, AaLS-13 was eluted with 15 mL 

lysis buffer containing 500 mM imidazole. The buffer was exchanged to AaLS storage buffer (50 

mM sodium phosphate buffer (pH 8.0), 200 mM NaCl, 5 mM EDTA) using an Amicon Ultra-15 

centrifugal filter unit (30 kDa MWCO) (Merck Millipore). After the buffer was exchanged, a 5 M 

NaCl solution was added (10% by volume) to the concentrated AaLS-13 sample to give a final 

NaCl concentration of 600 mM, the mixture was incubated at room temperature for 3 days to 

complete cage formation. The AaLS-13 cages were then purified by size-exclusion 

chromatography (SEC) using a Superose 6 increase column (GE Healthcare). The purified AaLS-

13 cages were stored at room temperature. The concentration of AaLS-13 was determined by 

absorbance at 280 nm (280 = 13,980 M-1cm-1). 

Cell lysis and Ni-NTA purification of OP variants 

Each cell pellet from 800 mL of culture was resuspended in 10 mL of lysis buffer (50 mM sodium 

phosphate buffer (pH 7.4), 1 M NaCl, 20 mM imidazole) supplemented with lysozyme (0.1 

mg/mL), DNase I (5 μg/mL), RNase A (5 μg/mL), 2 mM DTT, and protease inhibitor cocktail 

(Sigma), and incubated at 37 °C for 1.5 h. After lysis, sonication and centrifugation (10,000 g) at 

25 °C for 25 min, the supernatant was loaded onto 5 mL of Ni-NTA resin in a gravity flow column 

and incubated for 15 min. After multiple washes with lysis buffer containing 20 mM and 40 mM 

imidazole, the target protein was eluted with elution buffer (50 mM sodium phosphate buffer (pH 

7.4), 300 mM NaCl, 500 mM imidazole). Typically, between 10-20 mL were collected and 

supplemented with 2 U/mL RNase A, 5 mM EDTA and protease inhibitor cocktail and incubated 

overnight at 37 °C to digest any contaminant E. coli RNA which was not removed during the Ni-

NTA purification. The protein was then purified by SEC using a Superose 6 increase column. After 

this point, the storage of the protein and all experiments were carried out at room temperature 

unless specified otherwise. The concentration of OP-3intC was determined by absorbance at 280 

nm (280 = 9,970 M-1cm-1). 

 

 

 



S-39 
 

Sulfhydryl groups on protein cages 

 

 

 

 

 

Figure S25. Position of the cysteine residues on AaLS-13 and OP. Cysteines residues for each of the cage variants, (a) AaLS-
13 (Cys127), (b) OP-3intC (Cys38, Cys66, and Cys103), and (c) OP-1extC (Cys93) are highlighted as yellow spheres, with (left) or 
without (right) surface representation. 
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Selected residues in close proximity to reactive sites 

  

 

Figure S26. Charged residues in close proximity to the reactive sites. Transparent surface of a pentamer used to construct an 
AaLS-13 cage (top) and a trimer used to construct OP (bottom). Monomers are shown as gray ribbons. Negatively charged 
residues close to Cys127 on AaLS-13 (yellow sphere) are shown as red spheres (Asp118, Asp119, Glu122, Glu123, Glu126, and 
Glu131), while positively charged residues are shown as blue spheres (Arg29 and Lys135). Positively and negatively charged 
residues near the positions targeted for cysteine mutations (Ser38, Arg66, and Arg103, represented as yellow spheres) on OP 
are shown as blue spheres (Arg11, Arg39, Arg130, Lys135, Arg163) and red spheres (Glu9, Asp70, and Glu101). 
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8. Protein Conjugation with Gd-C4-IA 

Protein labeling with Gd-C4-IA 

AaLS-13 (820  M) was mixed with 5 equivalents of Gd-C4-IA per monomer in a final volume of 

500 L. OP constructs (520 M) were mixed with 4 equivalents of Gd-C4-IA per reactive cysteine 

residue, also in a final volume of 500 L. After 4.5 h incubation at room temperature in the dark, 

the samples were loaded onto a PD-10 minitrap desalting column to remove unbound Gd 

complexes. The samples were subjected to a further round of purification by size-exclusion 

chromatography using a Superose 6 increase column, pre-equilibrated in the appropriate protein 

storage buffer: 50 mM sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA for AaLS-13 and 

25 mM Tris-HCl (pH 7.6), 200 mM NaCl, 5 mM EDTA for OP cages. 

Size exclusion chromatography of Gd-protein conjugates 

 

 

 

 

 

 

Figure S27. Size-exclusion chromatography (SEC) of AaLS-13 and OP cages. SEC chromatograms of the crude mixtures after 

Ni-NTA affinity purification are shown (top blue curves) for (a) OP-1extC, (b) OP-1intC, (c) OP-2intC, (d) OP-3intC, and (e) AaLS-

13. The elution traces of Gd-labeled cages are shown in orange (bottom curves). 
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MS Spectra of Gd-Protein Conjugates 

The stability of Gd(III)-labeled protein cages was evaluated by MS. AaLS-13 as studied in 50 mM 

sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA; while the OP cages were studied in 25 

mM Tris ( pH 7.6), 200 mM NaCl, 5 mM EDTA. MS samples were prepared at 1 mg/mL in 

appropriate buffers. After the first MS, AaLS-13 and OP-3intC were left in their respective buffers 

at room temperature at 50 µM for 4 months and 500 µM for 7 months, respectively, and MS 

spectra prepared again. Ions were detected by Bruker Impact II o-TOF High Resolution Time of 

Flight Mass Spectrometer connected to a Bruker Elute UHPLC. Samples were injected onto a 

Waters Acquity UPLC Protein BEH C4 column (300 A, 1.7 µM, 2.1 mm x 50 mm) using a gradient 

separation flowing at 0.3 mL/min of Water with 0.1% formic acid (A) and acetonitrile with 0.1% 

formic acid (B) programmed as follows: 0 minutes 95%A:5%B to 10 minutes 5%A:95%B. Two 

column washes were performed with each injection using the same gradient percentages 

described above before re-equilibration was performed to eliminate any carryover. Compass 

HyStar 4.1 Data Acquisition software was used for instrument operation, and Compass 

DataAnalysis was used for data analysis and processing. All proteins were deconvoluted using 

MaxEntropy deconvolution. 

 

 

 

 

Figure S28. MS Traces of Gd-AaLS-13 at (a) 0 and (b) 4 months. Masses correspond to AaLS-13 monomer. 
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Figure S29. MS Traces of Gd-OP-3intC at (a) 0 and (b) 7 months. Masses correspond to OP-3intC monomer. 
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Analysis of Gd(III) content by ICP-MS 

Quantification of Gd in relaxivity samples was accomplished using inductively coupled plasma 

mass spectrometry (ICP-MS) of acid digested samples. Specifically, 10 μL of each sample was 

digested in 300 μL concentrated trace nitric acid (> 69%, Thermo Fisher Scientific, Waltham, MA, 

USA) and placed at 65 °C for at least 3 hours to allow for complete sample digestion. Ultrapure 

H2O (18.2 MΩ∙cm) was then added to produce a final solution of 3.0% nitric acid in a total sample 

volume of 10 mL. Quantitative standards were made using a 1,000 μg/mL Gd elemental standard 

(Inorganic Ventures, Christiansburg, VA, USA) which were used to create a 200 ng Gd / g solvent 

element standard in 3.0% nitric acid (v/v) in a total sample volume of 50 mL. A second quantitative 

standard was made by performing a 100x dilution of the 200 ng/g Gd standard, to create a 2 ng/g 

element standard in 3.0% nitric acid (v/v) in a total sample volume of 50 mL. A solution of 3.0% 

nitric acid (v/v) was used as the calibration blank. 

ICP-MS was performed on a computer-controlled (QTEGRA software) Thermo iCapQ ICP-MS 

(Thermo Fisher Scientific, Waltham, MA, USA) operating in STD mode and equipped with an ESI 

SC-2DX PrepFAST autosampler (Omaha, NE, USA). Internal standard was added inline using 

the prepFAST system and consisted of 1 ng/mL of a mixed element solution containing Li, Sc, Y, 

In, Tb, Bi (IV-ICPMS-71D from Inorganic Ventures). Online dilution was also carried out by the 

prepFAST system and used to generate a calibration curve consisting of 200, 100, 50, 10, 2, 1, 

0.5, 0.1, 0.01, and 0.01 ppb Gd. Each sample was acquired using 1 survey run (10 sweeps) and 

3 main (peak jumping) runs (40 sweeps). The isotopes selected for analysis were 156,157Gd, and 

115In, 159Tb (chosen as internal standards for data interpolation and machine stability). Instrument 

performance is optimized daily through autotuning followed by verification via a performance 

report (passing manufacturer specifications). 
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UV-vis spectroscopy of Gd(III) complexes 

Gd-C4-NH2 and Gd-C4-IA were dissolved in MQ H2O at 1 mM and the UV-vis spectra obtained 

to confirm the lack of absorption at 280 nm, the wavelength used to quantify protein concentration. 

The absorption at 280 nm was measured for Gd-protein conjugates in 50 mM sodium phosphate 

(pH 8.0), 200 mM NaCl, 5 mM EDTA for AaLS-13 and 25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM 

EDTA for the OP variants. The molar extinction coefficient at 280 nm is 13,980 M-1 cm-1 and 

10,095 M-1 cm-1 for AaLS-13 and OP variants, respectively. 

 

 

 

 

 

 

 

 

 

 

 

Figure S30. UV-vis spectra of Gd(III) complexes in MQ H2O. Molar extinction coefficient of (a) Gd-C4-NH2 and (b) Gd-C4-IA. 
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Quantification of protein cage labeling with Gd(III) 

Loading of Gd-C4-IA was quantified by UV-vis measurement of protein concentration and ICP 

measurement of Gd concentration. The loading for each sample was measured in triplicate and 

averaged to give the loading value. 

  

Table S1. Gd-protein Conjugate Labeling Calculation 

Batch 
Number 

[Gd] 
(uM) 

[monomer] 
(uM) 

[Cage] 
(uM) 

Avg 
Gd/cage 

Reactive 
Sites 

Total 
Avg 

Gd/cage 

Labeling 
Efficiency 

Gd-AaLS-13a 

1 146 ± 2 365 ± 6 1.01 144 ± 2 

360 149 ± 12 0.41 
2 116 ± 2 310 ± 11 0.860 135 ± 3 

3 207 ± 4 450 ± 10 1.25 166 ± 3 

4 112 ± 5 266 ± 5 0.740 152 ± 7 

Gd-OP-3intC
b 

1 368 ± 16 286 ± 7 12.0 31 ± 1 

72 33 ± 7 0.46 

2 312 ± 11 334 ± 6 13.9 22.4 ± 0.8 

3 360 ± 19 301 ± 11 12.5 29 ± 2 

4 903 ± 5 502 20.9 43.2 ± 0.2 

5 738 ± 7 509 ± 4 21.2 34.8 ± 0.3 

6 300 ± 4 179 ± 4 7.48 40.1 ± 0.5 

Gd-OP-2intC
b 

1 335 ± 8 380 15.8 21.8 ± 0.5 

48 23 ± 1 0.47 
2 349 ± 3 380 15.8 22.0 ± 0.2 

3 466 ± 18 490 ± 4 20.4 22.8 ± 0.9 

4 194 ± 6 190 ± 4 7.93 24.4 ± 0.7 

Gd-OP-1intC
b 

1 244 ± 3 459 19.1 12.7 ± 0.1 

24 11 ± 1 0.46 2 169 ± 7 402 ± 2 16.7 10.1 ± 0.4 

3 57 ± 1 133 ± 2 5.55 10.2 ± 0.2 

Gd-OP-1extC
b 

1 785 ± 31 1132 47.2 16.6 ± 0.7 

24 14 ± 2 0.60 2 652 ± 2 1034 ± 7 43.1 15.13 ± 0.06 

3 101 ± 3 211 ± 2 8.81 11.5 ± 0.4 
aMeasurements in 50 mM sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA 

bMeasurements in 25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA 
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9. Relaxivity Measurements 

Relaxivity measurements at 1.4 T 

Gd-AaLS-13 was studied in sodium phosphate buffer (50 mM sodium phosphate (pH 8.0), 200 

mM NaCl, 5 mM EDTA) while the OP proteins were studied in Tris buffer (25 mM Tris (pH 7.6), 

200 mM NaCl, 5 mM EDTA). Gd-C4-IA was studied in sodium phosphate buffer and Tris buffer. 

For each material, a stock sample was prepared at the following concentrations: 784 µM Gd-

AaLS-13, 440 µM Gd-OP-1intC, 360 µM Gd-OP-2intC, 453 µM Gd-OP-3intC, 1169 µM Gd-OP-

1extC, and 4.5 mM (sodium phosphate buffer) or 3.5 mM (Tris buffer) Gd-C4-IA. The stock sample 

was serially diluted four times, generating 5 samples of 400 µL or 500 µL each (as material 

allowed), and heated to 37 °C. Relaxation times were measured on a Bruker mq60 NMR analyzer 

equipped with Minispec v 2.51 Rev.00/NT software (Bruker Biospin, Billerica, MA, USA) operating 

at 1.41 T (60 MHz) and 37 °C. Measurement of 𝑇1 relaxation times were made using an inversion 

recovery pulse sequence using the following parameters: 4 scans per point, 10 data points, mono-

exponential curve fitting, phase cycling, 10 ms first pulse separation, and a  recycle delay and 

final pulse separation ≥ 5 T1. Measurement of 𝑇2 relaxation times were made using the Carr-

Purcell-Meiboom-Gill (CPMG) pulse sequence using the following parameters: 10 scans per 

point, 5000 data points, mono-exponential curve fitting, phase cycling, a recycle delay of 10 sec, 

and τ of 1 sec. The inverse of the relaxation time (1 𝑇1⁄  or 1 𝑇2⁄ , s-1) was plotted against the Gd(III) 

concentration (mM) determined by ICP-MS for each of the five samples. By applying a linear fit 

to this data, the slope generated was defined as the relaxivity (𝑟1, 𝑟2) of the agent in units of mM-

1 s-1. 

Relaxivity measurements at 7 T 

A 60 µL aliquot of each sample from 1.4 T measurements was pipetted into flame sealed Pasteur 

pipettes. The pipette tips containing solution were scored, separated, and sealed with parafilm to 

make small capillaries containing solution. These capillaries were imaged using a Bruker 

PharmaScan 7 T MR imaging spectrometer (Bruker BioSpin, Billerca, MA, USA). 𝑇1 relaxation 

times were measured using a rapid-acquisition rapid-echo (RARE-VTR) 𝑇1-map pulse sequence 

with static TE (10 ms) and variable TR (100, 200, 400, 500, 750, 1000, 2500, 7500, 10000 ms) 

values. Imaging parameters were as follows: field of view, 25 x 25 mm2; matrix size, 256 x 256; 

number of axial slices, 5; slice thickness, 1.0 mm; and averages, 4. 𝑇2 relaxation times were 

measured using a multislice multiecho (MSME) 𝑇2-map pulse sequence, with static TR (5000 ms) 

and 32 fitted echoes in 11 ms intervals (11, 22, ..., 352 ms). Imaging parameters were as follows: 

field of view, 25 × 25 mm2; matrix size, 256 × 256; number of axial slices, 4; slice thickness, 1.0 



S-48 
 

mm; and averages, 3. 𝑇1 and 𝑇2 analysis was carried out using the image sequence analysis tool 

in Paravision 6.0 software (Bruker) with mono-exponential curve-fitting of image intensities of 

selected ROIs for each axial slice. The relaxation rates (1 𝑇1⁄  or 1 𝑇2⁄ , s-1) was plotted against the 

Gd(III) concentration (mM) determined by ICP-MS for each of the five samples. By applying a 

linear fit to this data, the generated was defined as the relaxivity (𝑟1, 𝑟2) of the agent in units of 

mM-1 s-1. 
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Relaxivity measurements data at 1.4 T and 7 T 

Figure S31. Longitudinal (𝑟1) and transverse (𝑟2) relaxivity measurements of Gd(III) complexes and Gd(III)-labeled protein cages. 

Longitudinal relaxation rates (1 𝑇1⁄ ) at 3 T and 7 T. Transverse relaxation rates (1 𝑇2⁄ ) at 3 T and 7 T. Relaxivity of Gd-C4-IA in 

(a) 50 mM sodium phosphate (pH = 8.0), 200 mM NaCl, 5 mM EDTA, and (b) 25 mM Tris (pH = 7.6), 200 mM NaCl, 5 mM EDTA. 

Relaxivity of (c) Gd-AaLS-13 in 50 mM sodium phosphate (pH = 8.0), 200 mM NaCl, 5 mM EDTA. Relaxivity of (d) Gd-OP-3intC, 

(e) Gd-OP-2intC, (f) Gd-OP-1intC, and (g) Gd-OP-1extC in 25 mM Tris (pH = 7.6), 200 mM NaCl, 5 mM EDTA. 
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Solution phantom images at 7 T for relaxivity 

 

 

 

Figure S32. Solution phantom images of Gd-C4-IA in 50 mM sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA at 7 T. (a) 
T1 and (b) T2 relaxation measurements. 

Figure S33. Solution phantom images of Gd-C4-IA in 25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA at 7 T. (a) T1 and (b) T2 

relaxation measurements. 
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Figure S34. Solution phantom images of Gd-AaLS-13 in 50 mM sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA at 7 T. 
(a) T1 and (b) T2 relaxation measurements. 

Figure S35. Solution phantom images of Gd-OP-3intC in 25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA at 7 T. (a) T1 and (b) 

T2 relaxation measurements. 
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Figure S36. Solution phantom images of Gd-OP-2intC in 25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA at 7 T. (a) T1 and (b) 

T2 relaxation measurements. 

Figure S37. Solution phantom images of Gd-OP-1intC in 25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA at 7 T. (a) T1 and (b) 

T2 relaxation measurements. 
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Figure S38. Solution phantom images of Gd-OP-1extC in 25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA at 7 T. (a) T1 and (b) 

T2 relaxation measurements. 
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Determination of relaxivity values 

The ionic relaxivity values (𝑟1,𝑖𝑜𝑛𝑖𝑐 and 𝑟2,𝑖𝑜𝑛𝑖𝑐) obtained from the linear fit of relaxation rates versus 

concentration of Gd(III) at 1.4 T and 3 T using GraphPad Prism software. The reported error in 

ionic relaxivity measurements associated in each measurement was propagated through the 

linear regression analysis. Particle relaxivity values (𝑟1,𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 and 𝑟2,𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒) are calculated by 

multiplying the ionic relaxivity (per Gd relaxivity, 𝑟1,𝑖𝑜𝑛𝑖𝑐 and 𝑟2,𝑖𝑜𝑛𝑖𝑐) by the number of Gd(III) 

complexes per particle (Eq. S1). 

𝑟𝑖,𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = (𝑟𝑖,𝑖𝑜𝑛𝑖𝑐) × (𝐴𝑣𝑔 𝐺𝑑 𝑝𝑒𝑟 𝑐𝑎𝑔𝑒); i = 1,2 Eq. S1 

 

Table S2. Transverse Relaxivity Measurements 

Sample Name 
1.4 T at 37 °C 7 T at 25 °C 

r2,ionic (mM-1 s-1) r2,particle (mM-1 s-1) r2,ionic (mM-1 s-1) r2,particle (mM-1 s-1) 

Gd-C4-IAa 4.90 ± 0.01 N/A 7.72 ± 0.05 N/A 

Gd-C4-IAb 4.758 ± 0.008 N/A 7.58 ± 0.08 N/A 

Gd-AaLS-13a 36.3 ± 0.9 5409 77 ± 9 11473 

Gd-OP-3intC
b 28 ± 1 924 42 ± 7 1386 

Gd-OP-2intC
b 34 ± 4 782 46 ± 7 1058 

Gd-OP-1intC
b 32 ± 2 352 39 ± 6 429 

Gd-OP-1extC
b 17.5 ± 0.1 245 27 ± 1 378 

Relaxation times (𝑇2) were measured with error of < 1%, while standard deviations of [Gd(III)] were determined by ICP-MS of 

triplicate samples. 

aRelaxivity data in 50 mM sodium phosphate buffer (pH 8.0), 200 mM NaCl, 5 mM EDTA. 

bRelaxivity data in 5 mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA. 
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10. 1H NMRD Measurements 
1H NMRD measurements of AaLS-13 and OP  

Proton Nuclear magnetic relaxation dispersion (1H NMRD) profiles were acquired with a fast-field-

cycling Stelar relaxometer. They provide the field dependence of the longitudinal relaxation rate 

of water protons in samples from 0.0002 to 1 T. Relaxation rates were measured with an error 

below 1%. Protein and Gd concentrations were 0.232 and 0.0979 mmol/dm3, respectively, in the 

Gd-AaLS-13 sample; 0.357 and 0.517 mmol/dm3 in the Gd-OP-3intC sample; 0.466 and 0.443 

mmol/dm3 in the Gd-OP-2intC sample; 0.416 and 0.175 mmol/dm3 in the Gd-OP-1intC sample; 

0.941 and 0.593 mmol/dm3 in the Gd-OP-1extC sample. The relaxation profiles were calculated 

with Eq. S2 and the best fit parameters are reported in Table S3 – S6. 

𝑅1 = 𝛼 + 𝛽 ∑ 𝑐𝑖 (
0.2 𝜏𝑖

1 + 𝜔2𝜏𝑖
2 +

0.8 𝜏𝑖

1 + 4𝜔2𝜏𝑖
2)

3

𝑖=1

 Eq. S2 

 

 

 

 

 

 

 

Figure S39. 1H NMRD profiles of a water solution of unlabeled AaLS-13 and OP protein cages. Profiles of (a) AaLS-13 and (b) 
OP at 0.222 and 0.442 mmol/dm3 monomeric protein concentrations, respectively, at 25 and 37°C. The solid and dotted lines are 
the best fit profiles corresponding to the parameters reported in Table S3. 
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Table S3. Diamagnetic Parameters from Best Fit Profiles 

Parameters 
AaLS-13a OPb 

25 °C 37 °C 25 °C 37 °C 

𝛼 (s-1) 0.37 0.28 0.36 0.26 

𝛽 (s-2) 6.6×106 8.4×106 

𝑐1  0.03 0.16 

𝜏1 (s) 1.7×10-6 1.5×10-6 2.3×10-7 2.1×10-7 

𝑐2  0.11 0.84 

𝜏2 (s) 9.9×10-8 7.4×10-8 1.0×10-8 1.1×10-8 

𝜏3 (s) 9.6×10-9 5.6×10-9 N/A N/A 

*𝑐3 = 1 − 𝑐1 − 𝑐2 

 

Parameters from best fit profiles of Gd-C4-IA 

 

Table S4. Gd-C4-IA Parameters from Best Fit Profiles 

Parameters 
Gd-C4-IAa Gd-C4-IAb 

25 °C 37 °C 25 °C 37 °C 

r* (Å) 3.05 

q* 1 

Δt (cm-1) 0.030 0.030 

𝜏𝑣 (s) 17×10-12 13×10-12 17×10-12 10×10-12 

𝜏𝑅 (s) 86×10-12 51×10-12 77×10-12 45×10-12 

𝜏𝑚 (s) 10-7 

*fixed values. 

aNMRD measurements in 50 mM sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA 

bNMRD measurements in 25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA 

The outer-sphere parameters d (distance of closest approach) and D (diffusion coefficient) 

were fixed to 3.6 Å and to 2.3×10-9 and 3.0×10-9 m2/s at 25 and 37 °C, respectively. 
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Parameters from best fit profiles of Gd-labeled proteins 

 

Table S5. Gd-AaLS-13 Parameters from Best Fit Profiles 

Parameters 
Gd-AaLS-13a 

25 °C 37 °C 

r* (Å) 3.05 

q* 1 

Δt (cm-1) 0.010 

𝜏𝑣 (s) 32×10-12 31×10-12 

𝜏𝑖 (s) 5.2×10-9 3.5×10-9 

𝜏𝑚 (s) 1.3×10-7 1.0×10-7 

S2 0.28 

𝜏𝑙 (s) 5.4×10-10 2.5×10-10 

ZFS (cm-1) 0.013 

𝜃 (°) 42 

*fixed values. 

aNMRD measurements in 50 mM sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA 

bNMRD measurements in 25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA 

The outer-sphere parameters d (distance of closest approach) and D (diffusion coefficient) 

were fixed to 3.6 Å and to 2.3×10-9 and 3.0×10-9 m2/s at 25 and 37 °C, respectively. 
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Table S6. Gd-labeled OP Cages Parameters from Best Fit Profiles 

Parameters 
Gd-OP-3intC

b Gd-OP-2intC
b Gd-OP-1intC

b Gd-OP-1extC
b 

25 °C 37 °C 25 °C 37 °C 25 °C 37 °C 25 °C 37 °C 

r* (Å) 3.05 3.05 3.05 3.05 

q* 1 1 1 1 

Δt (cm-1) 0.0095 0.0098 0.0097 0.0097 

𝜏𝑣 (s) 28×10-12 23×10-12 32×10-12 28×10-12 28×10-12 26×10-12 28×10-12 26×10-12 

𝜏𝑖 (s) 3.7×10-9 3.3×10-9 4.0×10-9 3.2×10-9 4.3×10-9 3.3×10-9 1.8×10-9 1.1×10-9 

𝜏𝑚 (s) 1.0×10-7 7.4×10-8 1.0×10-7 7.4×10-8 1.0×10-7 7.4×10-8 1.0×10-7 7.4×10-8 

S2 0.46 0.39 0.36 0.36 

𝜏𝑙 (s) 1.8×10-9 4.8×10-10 3.2×10-10 9.8×10-11 6.8×10-11 3.8×10-11 7.8×10-11 2.8×10-11 

ZFS (cm-1) 0.020 0.018 0.020 0.018 

𝜃 (°) 47 43 41 40 

*fixed values. 

aNMRD measurements in 50 mM sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA 

bNMRD measurements in 25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA 

The outer-sphere parameters d (distance of closest approach) and D (diffusion coefficient) were fixed to 3.6 Å and to 2.3×10-9 and 3.0×10-9 m2/s 

at 25 and 37 °C, respectively. 

 

Best fit analysis of the profiles indicates that the parameters describing electron relaxation (Δ𝑡 and 

𝜏𝑣) are very similar for all Gd-labeled protein cages. This finding shows that the electron relaxation 

mechanisms do not change significantly depending on the attachment point of the Gd(III) complex 

to the protein cages, as also suggested by the similar frequencies at which the relaxometry peaks 

are centered. A similar electron relaxation for Gd-OP-3intC, Gd-OP-2intC and Gd-OP-1intC also 

confirms that magnetic coupling between different Gd ions is negligible even when multiple Gd-

tags are attached to each protein monomer, because it would have the effect of decreasing the 

electron relaxation time. We note that the electron relaxation parameters are largely determined 

by the relaxivity at high fields (1 to 100 MHz), which is not influenced by the presence of static 

ZFS and can be analyzed with the SBM model, pointing out to the robustness of these 

parameters. 
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11. Solution Phantom Images 
Solution phantom image sample preparation 

Gd-AaLS-13 was studied in 50 mM sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA, 

while Gd-OP-3intC was studied in 25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA. Samples 

were prepared at 90% target concentration in specific buffer and diluted with 10% FBS to achieve 

final concentration.  

Trial 1: stock samples were prepared at 403 ± 2 µM Gd-AaLS-13 and 351 ± 2 µM Gd-OP-3intC. 

The stock samples were diluted to obtain 0.5 µM, 5 µM, 20 µM, and 67 µM for Gd-AaLS-13; and 

0.5 µM, 5 µM, 20 µM, and 200 µM for Gd-OP-3intC. A 1.5 mL aliquot of each solution was pipetted 

into a protein low-bind Eppendorf tube. Control samples were prepared at 10% FBS with the 

appropriate buffer. These Eppendorf tubes were imaged using a Bruker PharmaScan 7 T MR 

imaging spectrometer 

Trial 2: stock samples were prepared at 279.1 ± 0.8 µM Gd-AaLS-13 and 177 ± 2 µM Gd-OP-

3intC. These stock samples were diluted to obtain 67 µM Gd-AaLS-13; and 12.5 µM and 20 µM 

Gd-OP-3intC. Control samples were prepared at 10% FBS with the appropriate buffer. A 60 µL 

aliquot of each sample was pipetted into flame sealed Pasteur pipettes. The pipette tips containing 

solution were scored, separated, and sealed with parafilm to make small capillaries containing 

solution. These capillaries were imaged using a Bruker PharmaScan 7 T MR imaging 

spectrometer and Bruker BioSpec 9.4 T MR imaging spectrometer. A 1.5 mL aliquot of each 

sample was pipetted into a protein low-bind Eppendorf tube. These Eppendorf tubes were imaged 

using a Siemens Prisma 3 T MR imaging spectrometer. 

Phantom image measurements at 3 T 

The Eppendorf tubes from experiment 2 were imaged using a Siemens 3 T Prisma MR imaging 

spectrometer. 𝑇1 relaxation times were measured using a dual gradient echo method (StaGE) 

with two different flip angles. 𝑇1 analysis was carried out using the image sequence analysis tool 

in Paravision 6.0 software (Bruker) to selected ROIs for each axial slice. 

Phantom image measurements at 7 T 

These eppendorfs were imaged using a Bruker PharmaScan 7 T MR imaging spectrometer 

(Bruker BioSpin, Billerca, MA, USA). T1 relaxation times were measured using a rapid-acquisition 

rapid-echo (RARE-VTR) T1-map pulse sequence with static TE (10 ms) and variable TR (100, 

200, 400, 500, 750, 1000, 2500, 7500, 10000 ms) values. Imaging parameters were as follows: 

field of view, 25 x 25 mm2; matrix size, 256 x 256; number of axial slices, 5; slice thickness, 1.0 

mm; and averages, 4. 𝑇2 relaxation times were measured using a multislice multiecho (MSME) 
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𝑇2-map pulse sequence, with static TR (5000 ms) and 32 fitted echoes in 11 ms intervals (11, 22, 

..., 352 ms). Imaging parameters were as follows: field of view, 25 × 25 mm; matrix size, 256 × 

256; number of axial slices, 4; slice thickness, 1.0 mm; and averages, 3. 𝑇1 and 𝑇2 analysis was 

carried out using the image sequence analysis tool in Paravision 6.0 software (Bruker) with mono-

exponential curve-fitting of image intensities of selected ROIs for each axial slice. 

Phantom image measurements at 9.4 T 

These eppendorfs were imaged using a Bruker PharmaScan 7 T MR imaging spectrometer 

(Bruker BioSpin, Billerca, MA, USA). 𝑇1 relaxation times were measured using a rapid-acquisition 

rapid-echo (RARE-VTR) 𝑇1-map pulse sequence with static TE (10 ms) and variable TR (100, 

200, 400, 500, 750, 1000, 2500, 7500, 10000 ms) values. Imaging parameters were as follows: 

field of view, 25 x 25 mm2; matrix size, 256 x 256; number of axial slices, 5; slice thickness, 1.0 

mm; and averages, 4. 𝑇2 relaxation times were measured using a multislice multiecho (MSME) 

𝑇2-map pulse sequence, with static TR (5000 ms) and 32 fitted echoes in 11 ms intervals (11, 22, 

..., 352 ms). Imaging parameters were as follows: field of view, 25 × 25 mm; matrix size, 256 × 

256; number of axial slices, 4; slice thickness, 1.0 mm; and averages, 3. 𝑇1 and 𝑇2 analysis was 

carried out using the image sequence analysis tool in Paravision 6.0 software (Bruker) with mono-

exponential curve-fitting of image intensities of selected ROIs for each axial slice. 

Equation for ΔR1 

Percent change in relaxation rate is determined by Eq. S3.6 

%∆𝑹𝟏 =
(𝑹𝟏,𝒔𝒂𝒎𝒑𝒍𝒆 − 𝑹𝟏,𝒄𝒐𝒏𝒕𝒓𝒐𝒍)

𝑹𝟏,𝒄𝒐𝒏𝒕𝒓𝒐𝒍
∙ 𝟏𝟎𝟎% Eq. S3 
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Phantom image data 

 

 

Figure S41. Trial 2 T1 serum phantom image of Gd-AaLS-13 and Gd-OP-3intC at 3 T. Imaged samples are (1) 10% FBS in 50 

mM sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA; (2) 67 µM Gd-AaLS-13 in 10% FBS in 50 mM sodium phosphate 

(pH 8.0), 200 mM NaCl, 5 mM EDTA; (3) 10% FBS in 25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA; (4) 20 µM Gd-OP-3intC 

in 10% FBS in 25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA; and (5) 12.5 µM Gd-OP-3intC in 10% FBS in 25 mM Tris (pH 

7.6), 200 mM NaCl, 5 mM EDTA. 

Figure S40. Trial 1 (a) T1 and (b) T2 serum phantom images of Gd-AaLS-13 and Gd-OP-3intC at 7 T. Imaged samples are (1.1) 

67 µM Gd-AaLS-13 in 10% FBS in 50 mM sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA; (1.2) 20 µM Gd-AaLS-13 in 

10% FBS in 50 mM sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA; (1.3) 5 µM Gd-AaLS-13 in 10% FBS in 50 mM 

sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA; (1.4) 0.5 µM Gd-AaLS-13 in 10% FBS in 50 mM sodium phosphate (pH 

8.0), 200 mM NaCl, 5 mM EDTA; (1.5) 10% FBS in 50 mM sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA; (2.1) 200 µM 

Gd-OP-3intC in 10% FBS in 25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA; (2.2) 20 µM Gd-OP-3intC in 10% FBS in 25 mM 

Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA; (2.3) 5 µM Gd-OP-3intC in 10% FBS in 25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM 

EDTA; (2.4) 0.5 µM Gd-OP-3intC in 10% FBS in 25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA; and (2.5) 10% FBS in 25 mM 

Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA. 
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Figure S42. Trial 2 (a) T1 and (b) T2 serum phantom images of Gd-AaLS-13 and Gd-OP-3intC at 7 T. Imaged samples are (1) 

10% FBS in 50 mM sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA; (2) 67 µM Gd-AaLS-13 in 10% FBS in 50 mM 

sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA; (3) 10% FBS in 25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA; (4) 20 

µM Gd-OP-3intC in 10% FBS in 25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA; and (5) 12.5 µM Gd-OP-3intC in 10% FBS in 

25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA. 

Figure S43. Trial 2 (a) T1 and (b) T2 serum phantom images of Gd-AaLS-13 and Gd-OP-3intC at 9.4 T. Imaged samples are (1) 

10% FBS in 50 mM sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA; (2) 67 µM Gd-AaLS-13 in 10% FBS in 50 mM 

sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA; (3) 10% FBS in 25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA; (4) 20 

µM Gd-OP-3intC in 10% FBS in 25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA; and (5) 12.5 µM Gd-OP-3intC in 10% FBS in 

25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA. 
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Phantom image analysis 

Determined contrast enhancement as percent change in relaxation rate (Eq. S3) with serum 

phantom image data from Trial 1 and Trial 2 T1 and T2 measurements (Figures S40-S43). 

At 7 T, 20 µM Gd-AaLS-13 with respect to monomer increased 𝑅1 by 13%, while 67 µM Gd-

AaLS-13 with respect to monomer increased 𝑅1 by 44%. However, 20 µM Gd-OP-3intC with 

respect to monomer increased 𝑅1 by 36%, while 200 µM Gd-OP-3intC with respect to monomer 

increased 𝑅1 by 360%. The 𝑇2-weighted MR images also show relaxation enhancement at the 

same concentrations. 20 µM Gd-AaLS-13 with respect to monomer increased 𝑅2 by 23%, while 

Figure S44. Trial 1 (a, b) T1-weighted and (c, d) T2-weighted MR solution phantom images of (a, c) Gd-AaLS-13 and (b, d) Gd-

OP-3intC at 7 T. (a) and (c) Control sample of 10% FBS in 50 mM sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA. Gd-

AaLS-13 samples were prepared at 0.5 µM, 5 µM, 20 µM, and 67 µM monomer. (b) and (d) Control sample of 10% FBS in 25 

mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA. Gd-OP-3intC samples were prepared at 0.5 µM, 5 µM, 20 µM, 200 µM monomer. 
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67 µM Gd-AaLS-13 with respect to monomer increased 𝑅2 by 79%. However, 20 µM Gd-OP-

3intC with respect to monomer increased 𝑅2 by 29%, while 200 µM Gd-OP-3intC with respect to 

monomer increased 𝑅2 by 327%. 

Figure S45 includes 12.5 µM Gd-OP-3intC with respect to monomer data, which increased 𝑅1 by 

4% at 3 T, 32% at 7 T, and 27% at 9.4 T. 

 

  

 

Figure S45. Trial 2 T1-weighted MR solution phantom images of Gd-OP-3intC at 3 T, 7 T, and 9.4 T. Control sample of 10% FBS 

in 25 mM Tris (pH 7.6), 200 mM NaCl, 5 mM EDTA; while Gd-OP-3intC samples were prepared at 12.5 µM and 20 µM with respect 

to monomer. 
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3.3.3 Blueberry juice

A untreated sample of Viviverde Coop organic blueberry nectar was analyzed,
with ingredients being water, blueberry puree (40%), brown sugar and citric
acid. The centrifuged sample was also examined. It was prepared by ultra-
centrifugation at 20000 rpm at 277 K for 15 minutes. The supernatant was
subsequently used for the measurements.

High resolution measurements of the longitudinal and transverse relaxation
rates, at 298 and 310 K, were performed on a Bruker Avance III spectrometer
operating at 400 MHz 1H Larmor frequency (∼9.4 T), equipped with a BBO
probehead. The sample was placed in a capillary tube, coaxial to the 5 mm
NMR tube filled with D2O in order to reduce radiation damping.

In order to evaluate the contribution to the relaxation rates due to the man-
ganese(II) ions, the diamagnetic relaxation rates, as well as the contributions
from other paramagnetic ions present in the blueberry juice, had to be esti-
mated.

The slight difference in the NMRD profiles of blueberry juice and centrifuged
blueberry juice is particularly relevant at lower fields, and is ascribable to the
increasing of the diamagnetic relaxation rate due to the presence of aggregated
material. To remove the higher molecular weight components possibly present
in the juice, the sample was ultracentrifuged.

ICP-AES was employed to determine the paramagnetic ion concentrations in
blueberry juice. As reported in Table 3.5, the paramagnetic contribution is
mainly due to the concentration of manganese(II), although (unlike the one of
the other ions) the concentration of iron ions is negligible and can contribute
non trivially to the relaxation rates.

Blueberry juice Centrifuged blueberry juice
Mn 0.116 mM 0.109 mM
Fe 0.040 mM 0.040 mM
Cu d. l. 0.002 mM

Table 3.5: Metals concentrations in blueberry juice and centrifuged blueberry juice
estimated through ICP-AES.
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Two different approaches were employed in order to evaluate it. A 0.04
mM solution of Fe(NO3)3 in citrate buffer at the same pH of blueberry juice
(3.2) was prepared and its relaxation profile was recorded, and then subtracted
to the centrifuged fruit juice profile (red symbols in Figure 3.24. For the sec-
ond approach, Fe(NO3)3 was directly added to the centrifuged fruit juice to
increase iron concentration by 50%, 100% and 300%, allowing for the extrap-
olation of the relaxation rates in the absence of iron (blue symbols in Figure
3.24). The two obtained profiles were subtracted to the NMRD profile of the
centrifuged fruit juice, giving basically the same relaxivity profiles due to the
manganese(II) ion contribution in centrifuged fruit juice (Figure 3.24).

The NMRD of blueberry juice and centrifuged blueberry juice, recorded at
298 and 310 K, are shown in Figure 3.25 panel (a).

Figure S2. (A) Relaxation rates of centrifuged blueberry juice with addition of 0.020, 0.040 and

0.120 mmol/dm3 Fe(NO3)3 (corresponding to 50%, 100% and 300% of the iron originally present

in the juice), at 25 °C. The relaxation rates in the absence of iron could be extrapolated from a

linear ft. The different lines correspond to the fits obtained for the data collected at the different

proton Larmor frequencies. (B) 1H longitudinal relaxivity of manganese(II) ions in the

centrifuged blueberry juice, calculated from extrapolation of the rates in the absence of iron (blue

symbols), and by subtracting the rates of Fe(NO3)3 reported in Fig. S1 (red symbols).

5

Figure 3.24: Relaxivity profiles due to manganese(II) ions contribution in cen-
trifuged blueberry juice. Blue symbols correspond to the profile calculated extrap-
olating the rate values in the absence of iron, while red symbols correspond to the
profile obtained subtracting the rates of Fe(NO3)3 in citrate buffer from the rates of
the centrifuged juice.
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(a)

symbols), which was determined to contain 0.45 mmol/dm3 of manganese.16 The shape of the profiles for the two fruit juices are similar, as a

result of the leading contribution from this paramagnetic ion. The lower relaxation rates measured for blueberry juice are in agreement with the

lower manganese concentration expected in this juice,11 where water was added to the blueberry puree, with respect to that of the pineapple

juice.

The amounts of paramagnetic metals present in the juice were evaluated through ICP-AES. The concentration of manganese in the blueberry

juice was measured as equal to 0.116 mmol/dm3. The relaxation efficiency of a paramagnetic metal is expressed by its longitudinal and transverse

relaxivities, r1 and r2, defined as the longitudinal and transverse relaxation enhancements, respectively, due to the presence of 1 mmol/dm3 of

paramagnetic metal ions in the system under investigation. Therefore, because the manganese concentration in blueberry juice is four times

smaller than that in pineapple juice, whereas the relaxation rates at low fields are only about two-thirds smaller, the relaxivities of manganese in

blueberry juice are expected to be significantly larger than in pineapple juice.

To evaluate the contribution to the relaxation rates from the manganese (II) ions, the diamagnetic relaxation rates, as well as the contributions

from other paramagnetic ions present in the blueberry juice, should be estimated. The appearance of the juice was not that of a clear solution, but

rather a fine suspension, so that the presence of some aggregated material is expected. This may largely affect the diamagnetic contribution to

the observed relaxation rates, especially at low fields. The juice was thus centrifuged and the NMRD profiles of the centrifuged juice were

acquired (shown in Figure 1 as blue symbols). Water 1H longitudinal and transverse relaxation rates were also measured at 400 MHz. The concen-

tration of manganese in the centrifuged blueberry juice was measured as equal to 0.109 mmol/dm3 (very close to that of the intact juice,

0.116 mmol/dm3). Consistently, the rates measured for the centrifuged juice are only slightly smaller than those measured for the intact juice at

all frequencies larger than 0.1 MHz. However, at lower frequencies the disagreement becomes relevant. This expected disagreement increases

with decreasing magnetic field, and is thus ascribable to the increasing diamagnetic relaxation rates, because of the presence of aggregated mate-

rial, which yields a typical power-law dependence.

The concentration of iron in both intact and centrifuged blueberry juice was 0.040 mmol/dm3. The concentrations of copper, nickel, and

cobalt were below 0.002 mmol/dm3. The concentration of manganese is thus substantially higher than that of the other paramagnetic metals, so

that this metal ion is largely responsible for determining the relaxation profile of the juice. The concentration of iron is, however, not negligible

with respect to that of manganese, and therefore this metal ion may also contribute significantly to the relaxation rates observed. The contribu-

tion from iron ions largely depends on the oxidation state of this metal and on the pH. In fact, the relaxivity of high spin iron(III) is expected to be

large at very low pH (close to 0), and to decrease markedly above pH 3 as a result of the formation and precipitation of a variety of hydroxides.24

On the other hand, the relaxivity of iron(II) is very low, even at very low pH.17 The pH of the investigated blueberry juice was measured as 3.2.

Thus, it is not easy to predict the contributions to relaxation from iron ions at this pH, and experimental information is needed.

To separate the contribution of manganese(II) species to the paramagnetic relaxivity from those of iron species, the contribution from iron

ions was estimated using two different approaches. In the first approach, Fe (NO3)3 was dissolved at a concentration of 0.040 mmol/dm3 in a cit-

rate buffer solution (pH 3.2) containing 0.1 mmol/dm3 oxalate. Citrate buffer was used because the investigated juice contains citric acid (see the

Materials and Methods section), and oxalate was added because the juice was estimated to contain it in the concentration used.25 Basically,

F IGURE 1 Experimental 1H R1 profiles of intact blueberry juice (red squares) and of centrifuged blueberry juice (blue triangles) at 25!C (solid
symbols) and 37!C (empty symbols). The profiles previously collected for pineapple juice are also reported.16 1H R2 profiles at 400 MHz in the
centrifuged blueberry juice (blue stars) and pineapple juice (black stars) are also shown
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(b)

Figure 3.25: (a) NMRD profiles of blueberry juice (red squares and blue stars) and
centrifuged blueberry juice (blue triangles), registered at 298 and 310 K. The value
of R2 of the centrifuged blueberry juice at 400 MHz is also included. Same symbols
are used for the same sample. (b) The same NMRD profiles at 298 K of panel (a)
compared to the ones of pineapple juice (black symbols) previously collected and
reported in literature [24].

The relaxometric analysis of blueberry juice compared to pineapple juice
[24] revealed that blueberry juice contains manganese ions with higher relaxiv-
ity, leading to greater water proton relaxation rate increases in blueberry juice
when manganese(II) ions are present in the same concentration (see Figure 4 in
[25]). This means that a smaller quantity of manganese(II) in blueberry juice
can achieve the same MRI image contrast as the larger quantity in pineap-
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ple juice. Moreover, blueberry juice exhibited almost double the transverse
relaxation rate at high magnetic fields compared to pineapple juice with the
same manganese(II) concentration, indicating higher efficiency as a T2-agent.
This enhanced efficiency is attributed to a larger Fermi-contact contribution
to relaxation. The fitted profiles and the best fit parameters are included in
the following article [25]. In summary, while manganese(II) is responsible for
MRI contrast enhancements in these juices, its interaction with other juice
components significantly impacts its efficiency as an MRI contrast agent.
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Several fruit juices are used as oral contrast agents to improve the quality of images

in magnetic resonance cholangiopancreatography. They are often preferred to con-

ventional synthetic contrast agents because of their very low cost, natural origin,

intrinsic safety, and comparable image qualities. Pineapple and blueberry juices are

the most employed in clinical practice due to their higher content of manganese(II)

ions. The interest of pharmaceutical companies in these products is testified by the

appearance in the market of fruit juice derivatives with improved contrast efficacy.

Here, we investigate the origin of the contrast of blueberry juice, analyze the parame-

ters that can effect it, and elucidate the differences with pineapple juice and

manganese(II) solutions. It appears that, although manganese(II) is the paramagnetic

ion responsible for the contrast, it is the interaction of manganese(II) with other juice

components that modulates the efficiency of the juice as a magnetic resonance

contrast agent. On these grounds, we conclude that blueberry juice concentrated to

the same manganese concentration of pineapple juice would prove a more efficient

contrast agent than pineapple juice.

K E YWORD S

manganese in fruit juice, nuclear magnetic relaxation dispersion, paramagnetic molecules,
relaxometry

1 | INTRODUCTION

Oral contrast agents are used in magnetic resonance cholangiopancreatography because they can greatly improve the visualization of biliary tree

and pancreatic ducts, the images of which are frequently degraded by the high signal due to the fluid collecting in stomach and duodenum.1 Ideal

oral contrast agents must increase the contrast homogeneously through the gastrointestinal tract, must be nontoxic and easily digestible, palat-

able, not stimulate peristalsis, with no side effects, and with a low cost.2 Fruit juices that are rich in manganese ions fulfill most of the above

requirements, and therefore they are conveniently used in magnetic resonance cholangiopancreatography.3–7 Similar to gadolinium(III), whose

complexes with multidentate ligands are used as intravenous MRI contrast agents, manganese(II) is a paramagnetic ion that can increase the longi-

tudinal relaxation rate (R1) of the neighboring water protons, thus increasing their signal intensity in T1-weighted MRI images.3,8–10 This causes a

Abbreviations used: ICP-AES, inductively coupled plasma-atomic emission spectroscopy; NMRD, nuclear magnetic relaxation dispersion.
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higher contrast between tissues where the paramagnetic ions are absorbed and those where they are not present. Manganese (II) is also a

T2-agent because, similar to iron oxides, it can increase the transverse relaxation rate (R2) of the neighboring water protons, thus decreasing their

signal intensity in T2-weighted MRI scans. Intravenous administration of contrast agents is a routine method in neurologic and musculoskeletal

T1-weighted MRI images; oral contrast agents are mostly used for gastrointestinal and hepatobiliary T2-weighted MRI images.7 Because

manganese(II) ions can largely increase both R1 and R2, manganese oral contrast agents can be used either as a T2-agent to suppress the signal

from bowel fluid, or as a T1-agent to better delineate the gut.11

The most promising and clinically employed juices are pineapple and blueberry juices, due to their relatively high content of manganese

(II) ions.12 These fruit juices have been shown to be effective as oral contrast agents in magnetic resonance images. More recently, concentrated

juices added with hydrogels,13 and semiliquid preparations of concentrates from pineapple, organic agave syrup, blackcurrant, guar gum (thicken-

ing agent), and defoamers,14,15 have been proposed to further enhance the contrast.

A field-cycling relaxometric analysis of pineapple juice was recently performed to characterize its relaxation properties in detail, with and

without the addition of hydrogels.16 The field-cycling relaxometric characterization is based on the analysis of the magnetic field dependence of

water proton relaxation rates, called the nuclear magnetic relaxation dispersion (NMRD) profile.17,18 Water 1H longitudinal relaxation rates are

measured with a fast-field cycling relaxometer, ranging from ! 0.0002 to 1 T.19 Longitudinal and transverse relaxation rates can then be measured

at higher magnetic fields using high-resolution NMR spectrometers. The decrease in the relaxation rates with increasing magnetic fields, called

dispersion, informs on the timescales of the dynamic processes occurring in the system and causing nuclear relaxation,18,20–22 whereas the magni-

tude of the rates can provide information on structural parameters, such as the number and distance of water molecules coordinated to the para-

magnetic metal ions, and on the unpaired electron spin density delocalized onto the water protons.17 The analysis of the NMRD profiles of

pineapple juice permitted evaluating the contributions to relaxation arising from the modulation of different types of metal-proton interactions,

and to analyze the effects of the addition of alginate, a natural food able to slow down the dynamics of the paramagnetic ions present in the juice

and thus to increase the relaxation rates.

In this paper, we analyze the NMRD profiles of blueberry juice, the second most employed fruit juice in oral MRI, and compare its relaxation

properties with those of pineapple juice and of a solution containing [Mn(H2O)6]
2+. A commercially available blueberry nectar was used to investi-

gate the relaxation properties of a readily obtainable product, which can be both repeatable and immediately available for clinical administration.

2 | MATERIALS AND METHODS

2.1 | Sample preparation

The analyzed juice was Viviverde Coop organic blueberry nectar (fruit, 40% minimum), with ingredients of water, blueberry puree (40%), brown

sugar, and citric acid. The centrifuged blueberry juice was prepared by collecting the supernatant after centrifugation of the blueberry nectar at

20,000 rpm at 4"C for 15 min.

2.2 | 1H NMRD measurements

Water 1H NMRD profiles were acquired with a Stelar Spinmaster FFC2000-1 T relaxometer by measuring the water proton relaxation rates as a

function of the applied magnetic field (0.01–40 MHz proton Larmor frequency). The relaxation measurements, obtained from the fit of the

magnetization decay/recovery curves against a monoexponential function, were affected by an error of about ±1%.

2.3 | High field NMR measurements

R1 and R2 at high field were measured on a Bruker Avance III spectrometer operating at 400 MHz 1H Larmor frequency (9.4 T), using a 5-mm,

BBO probehead. To mitigate the effect of radiation damping, the samples were placed into a capillary tube, coaxial to the 5-mm NMR tube filled

with D2O.

3 | RESULTS AND DISCUSSION

The 1H NMRD profiles of the blueberry juice were collected at 25 and 37"C. The profiles, reported in Figure 1 as red symbols, show two disper-

sions, as is typical of solutions containing manganese(II) aqua ions.23 Figure 1 also shows the relaxation rates measured for pineapple juice (black
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symbols), which was determined to contain 0.45 mmol/dm3 of manganese.16 The shape of the profiles for the two fruit juices are similar, as a

result of the leading contribution from this paramagnetic ion. The lower relaxation rates measured for blueberry juice are in agreement with the

lower manganese concentration expected in this juice,11 where water was added to the blueberry puree, with respect to that of the pineapple

juice.

The amounts of paramagnetic metals present in the juice were evaluated through ICP-AES. The concentration of manganese in the blueberry

juice was measured as equal to 0.116 mmol/dm3. The relaxation efficiency of a paramagnetic metal is expressed by its longitudinal and transverse

relaxivities, r1 and r2, defined as the longitudinal and transverse relaxation enhancements, respectively, due to the presence of 1 mmol/dm3 of

paramagnetic metal ions in the system under investigation. Therefore, because the manganese concentration in blueberry juice is four times

smaller than that in pineapple juice, whereas the relaxation rates at low fields are only about two-thirds smaller, the relaxivities of manganese in

blueberry juice are expected to be significantly larger than in pineapple juice.

To evaluate the contribution to the relaxation rates from the manganese (II) ions, the diamagnetic relaxation rates, as well as the contributions

from other paramagnetic ions present in the blueberry juice, should be estimated. The appearance of the juice was not that of a clear solution, but

rather a fine suspension, so that the presence of some aggregated material is expected. This may largely affect the diamagnetic contribution to

the observed relaxation rates, especially at low fields. The juice was thus centrifuged and the NMRD profiles of the centrifuged juice were

acquired (shown in Figure 1 as blue symbols). Water 1H longitudinal and transverse relaxation rates were also measured at 400 MHz. The concen-

tration of manganese in the centrifuged blueberry juice was measured as equal to 0.109 mmol/dm3 (very close to that of the intact juice,

0.116 mmol/dm3). Consistently, the rates measured for the centrifuged juice are only slightly smaller than those measured for the intact juice at

all frequencies larger than 0.1 MHz. However, at lower frequencies the disagreement becomes relevant. This expected disagreement increases

with decreasing magnetic field, and is thus ascribable to the increasing diamagnetic relaxation rates, because of the presence of aggregated mate-

rial, which yields a typical power-law dependence.

The concentration of iron in both intact and centrifuged blueberry juice was 0.040 mmol/dm3. The concentrations of copper, nickel, and

cobalt were below 0.002 mmol/dm3. The concentration of manganese is thus substantially higher than that of the other paramagnetic metals, so

that this metal ion is largely responsible for determining the relaxation profile of the juice. The concentration of iron is, however, not negligible

with respect to that of manganese, and therefore this metal ion may also contribute significantly to the relaxation rates observed. The contribu-

tion from iron ions largely depends on the oxidation state of this metal and on the pH. In fact, the relaxivity of high spin iron(III) is expected to be

large at very low pH (close to 0), and to decrease markedly above pH 3 as a result of the formation and precipitation of a variety of hydroxides.24

On the other hand, the relaxivity of iron(II) is very low, even at very low pH.17 The pH of the investigated blueberry juice was measured as 3.2.

Thus, it is not easy to predict the contributions to relaxation from iron ions at this pH, and experimental information is needed.

To separate the contribution of manganese(II) species to the paramagnetic relaxivity from those of iron species, the contribution from iron

ions was estimated using two different approaches. In the first approach, Fe (NO3)3 was dissolved at a concentration of 0.040 mmol/dm3 in a cit-

rate buffer solution (pH 3.2) containing 0.1 mmol/dm3 oxalate. Citrate buffer was used because the investigated juice contains citric acid (see the

Materials and Methods section), and oxalate was added because the juice was estimated to contain it in the concentration used.25 Basically,

F IGURE 1 Experimental 1H R1 profiles of intact blueberry juice (red squares) and of centrifuged blueberry juice (blue triangles) at 25"C (solid
symbols) and 37"C (empty symbols). The profiles previously collected for pineapple juice are also reported.16 1H R2 profiles at 400 MHz in the
centrifuged blueberry juice (blue stars) and pineapple juice (black stars) are also shown
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identical profiles were also obtained in the absence of oxalate (Figure S1). The relaxation rates have very little dependence on the magnetic field,

ranging from 0.50 to 0.43 s#1 on passing from low fields to 1 T, at 25"C. The water proton relaxivity due to manganese(II) ions in the centrifuged

blueberry juice was then calculated from the differences between the relaxation rates of the juice and those of the Fe (NO3)3 solution, normalized

to a manganese concentration of 1 mmol/dm3 (Figure 2). In the second approach, Fe (NO3)3 was added in known concentrations (0.020, 0.040,

and 0.120 mmol/dm3, corresponding to 50%, 100%, and 300% of the amount of iron concentration originally present in the juice, respectively) to

the centrifuged blueberry juice, so that the relaxation rates in the absence of iron could be extrapolated (Figure S2B). Both approaches provided

basically the same relaxivity profiles (Figure S2B) for manganese in the centrifuged blueberry juice.

Figure 2 shows the longitudinal and transverse relaxivity data for manganese in the centrifuged blueberry juice and in the pineapple juice, as

well as the relaxivity data of the manganese(II) aqua ion at pH 3.6. As expected, the relaxivity of the blueberry juice is much higher than that of

the pineapple juice. Interestingly, at intermediate fields (around 1 MHz), the relaxivity is smallest for the manganese aqua ion, and increases on

passing to the pineapple juice, and then to the blueberry juice. This suggests that the reorientation correlation times should increase on passing

from the aqua ion to the juices, and thus that the manganese ions partially interact with other molecules in the pineapple juice, and possibly even

more in the blueberry juice; a larger relaxivity in blueberry than in pineapple juice may also be due to a higher number of water molecules coordi-

nated to the manganese(II) ion and/or to a slightly higher fraction of manganese(II) bound to macromolecules.

The low field relaxivity is largely determined by the Fermi-contact relaxation. The low field relaxivity in the blueberry juice, similar to that of

the manganese aqua ion, indicates a greater fraction of manganese aqua ions, or a larger Fermi-contact coupling constant, than that in pineapple

juice (the difference in relaxivity before and after the first dispersion being, however, significantly smaller in the blueberry juice than in the manga-

nese aqua ions). Together with a higher (low field) Fermi-contact longitudinal relaxivity, the transverse relaxivity at high field is also consistently

higher in the blueberry than in the pineapple juice.

The relaxivity profiles were fitted using the Solomon–Bloembergen–Morgan model26–29 (see the supporting information) and the best fit

parameters are reported in Table 1 together with those previously obtained for the pineapple juice and the manganese aqua ion.16 The best fit

profiles are shown in Figure 2, and the different contributions to the relaxivity (inner-sphere dipole–dipole relaxation modulated by slow mobility

and by fast mobility, Fermi-contact relaxation, and outer-sphere relaxation) in Figure 3. Clearly, Fermi-contact relaxation provides a very large

contribution to the longitudinal relaxivity at low fields, whereas at high fields the longitudinal relaxivity is determined by dipole–dipole interac-

tions. However, the Fermi-contact interaction represents by far the largest source for transverse relaxation at 400 MHz.

The best fit parameters indicate that, as expected from inspection of the profiles, the reorientation time increases on passing from the aqua

ion to the juices (from 28 to ! 50 ps, at 25"C), with a minor component present only in the juices (with weight 1.4% in the blueberry juice)

experiencing reorientation times of a few nanoseconds. This points to the presence of some large manganese complexes in the juices, with a

molecular weight of at least 5000 Da.30 The best fit value of hydration water molecules can result from the averaging between those in aqua ions

and in other complexes. This value in blueberry juice is higher than that of in pineapple juice, possibly due to a lower concentration of polydentate

ligands, which occur naturally in the juice.31

The higher r1 relaxivity and, most importantly, the higher r2 relaxivity, of blueberry than of pineapple juice suggests a higher efficiency of the

former, if concentrated in such a way that the manganese ions have the same concentration than as in the pineapple juice. This assumes that by

F IGURE 2 1H longitudinal relaxivity profiles (blue triangles) and transverse relaxivity at 400 MHz (blue stars) of Mn2+ ions in centrifuged
blueberry juice at 25"C (solid symbols) and 37"C (empty symbols). The same data for pineapple juice (gray symbols) and Mn2+ aqua ions (green
symbols) are also shown. The solid and dotted lines represent the best fit profiles of the longitudinal and transverse relaxivities, respectively
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concentrating the blueberry juice there are no significant changes in the parameters upon which its relaxation properties depend (aggregation,

lifetimes of water molecules coordinated to manganese(II), tumbling times, and metal ion coordination environment). To verify this higher effi-

ciency of the concentrated blueberry juice, 10.0 mL of the juice was freeze-dried then redissolved in 2.50 mL of H2O to achieve a manganese(II)

concentration of 0.45 mmol/dm3 (i.e. the same concentration of the pineapple juice). The acquired NMRD profiles are shown in Figure 4 as pink

triangles, whereas the profiles calculated from the original blueberry juice (rescaled to account for the increased metal ions concentrations) are

shown as red squares. Interestingly, there is very good agreement at the intermediate magnetic fields, whereas the longitudinal relaxation rates

are smaller than expected at low magnetic fields and higher at high magnetic fields. These effects were also observed for pineapple juice upon the

addition of alginate, and are ascribed to the larger viscosity of the solution resulting from juice concentration and to transient interactions of

manganese(II) ions, with possible confinement in a restricted environment, in such a way as to reduce their mobility.16 This is confirmed by the

appearance of a small relaxivity peak at about 25 MHz. The increase in the tumbling time is paralleled by a reduction of Fermi-contact relaxation

(due to a smaller fraction of manganese aqua ions, a smaller electron relaxation time at low fields and/or a smaller contact coupling constant),

which is also causing a decrease in the observed transverse relaxation rate at 400 MHz with respect to the prediction from the intact blueberry

juice data. Nevertheless, both the longitudinal and transverse relaxation rates of the concentrated blueberry juice are substantially larger than

those of the pineapple juice, despite having the same Mn2+ concentration.

TABLE 1 Best fit parameters for the centrifuged blueberry juice, pineapple juice and the Mn2+ solution. The corresponding best fit profiles
are shown in Figures 2 and 3

Blueberry juice Pineapple juice Mn2+ aqua ion

25"C 37"C 25"C 37"C 25"C 37"C

r (*) 2.85 Å

q 5.2 ± 0.2 4.0 ± 0.1 6 (*)

Δt
(*) 0.015 0.018 cm#1

w 0.014 ± 0.003 0.021 ± 0.003 1

τr 2800 ± 900 1600 ± 600 1700 ± 300 1000 ± 200 28 ± 1 20 ± 1 ps

τv 9 ± 1 8 ± 1 9 ± 1 7 ± 1 5.3 ± 0.1 4.5 ± 0.1 ps

τM 38 ± 2 36 ± 2 39 ± 3 29 ± 2 18 ± 1 14 ± 1 ns

τl 48 ± 2 36 ± 1 51 ± 2 36 ± 2 - - ps

A FC/h 0.74 ± 0.02 0.55 ± 0.02 0.82 ± 0.01 MHz

Outer-sphere relaxation was also included with d = 3.6 Å and D = 3.0 and 3.9 $ 10#5 cm2/s at 25"C and 37"C, respectively.
(*)fixed.

F IGURE 3 1H longitudinal relaxivity (left) and transverse relaxivity (right) of Mn2+ ions at 25"C and their dipolar, Fermi-contact, and outer-
sphere contributions in the centrifuged blueberry juice
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4 | CONCLUSIONS

The relaxometric analysis performed for blueberry juice indicates that the manganese ions in this juice have a higher relaxivity than those in pine-

apple juice. Therefore, the water proton relaxation rates in the blueberry juice are increased to a larger extent than in pineapple juice when

manganese(II) ions are contained in the same concentration (Figure 4). On the other hand, this implies that a lower quantity of manganese(II) con-

tained in blueberry juice is sufficient to achieve the same relaxation enhancement, and thus the same contrast in the MRI images, obtainable with

a larger quantity of manganese(II) contained in pineapple juice.

Very importantly, the transverse relaxation rate at high fields is substantially larger (almost double) in blueberry juice than in pineapple juice

when both juices contain the same concentration of manganese(II). This points to a higher efficiency as T2-agent of the concentrated blueberry

juice, similar to that of Mn2+ aqua ions, than of pineapple juice. Analysis of the relaxivity profiles shows that this higher efficacy is determined by

a larger Fermi-contact contribution to relaxation. This larger transverse relaxation rate is, however, somewhat smaller than expected without con-

sidering in the concentrated solution the presence of a larger fraction of metal ions interacting with other molecules/macromolecules contained

in the juice. In conclusion, although manganese(II) is the paramagnetic ion responsible for the relaxation enhancements caused by the juices, its

interaction with other molecules present in the juices can substantially affect its efficiency as an MRI contrast agent.
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Theoretical model used for the fit of the relaxivity data 

The relaxivity profiles were fitted using the Solomon-Bloembergen-Morgan model1–4, 

considering the contributions from Fermi-contact and dipole-dipole relaxation, and the presence 

of two components, with weights w and (1-w), with a fast ( ) and a slow ( ) reorientation 

correlation times, respectively: 

(1) 

(2)

+

(3)

where i = 1 or 2,  is the number of water molecules coordinated to the manganese ion,   is 

their lifetimes,  is the Fermi-contact coupling constant, r the distance between metal ion and 

coordinated protons, S the electron spin quantum number (5/2 in the case of Mn2+),  the 

correlation time for the Fermi-contact interaction
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 and  are the correlation times for the dipole-dipole interaction

(5)

(6)

and  is the electron relaxation time,

(7)

described in the pseudorotation model by the parameters  and , which correspond to the 

transient zero-field splitting and to the correlation time for electron relaxation, respectively.  

(in Eq. 1) indicate the paramagnetic relaxation enhancements due to the dipole-dipole interaction 

between the manganese ion and the water molecules freely diffusing around. This contribution 

has been described using the Freed model5 and standard parameters. Other symbols have their 

usual meaning6.   

A fit of the longitudinal relaxivity profiles of the blueberry juice was first tried using a single 

reorientation correlation time ( ).  After checking that the best fit profiles thus obtained 

were unsatisfactory, the fit was performed by allowing  to be smaller than 1; the best fit 

parameters are reported in Table 1 together with those previously obtained for the pineapple juice 

and the manganese aqua ion7. In the fit, the distance r of the protons in the q fast exchanging 

water molecules coordinated to the manganese ion was fixed to 2.85 Å, and  was fixed to the 

value obtained from the fit of the relaxivity of pineapple juice with addition of alginate7, to 
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remove the strong covariance of this parameter with , and facilitate the comparison of the 

obtained parameters. 

The number of hydration water molecules (5.2 ± 0.2) in the blueberry juice is somewhat smaller 

than 6, but significantly larger than in the pineapple juice. Also the constant of Fermi-contact 

interaction is somewhat smaller than for the manganese aqua ion, but significantly larger than in 

pineapple juice, likely because water coordination is less hampered by interactions between the 

metal and other molecules/macromolecules contained in the juice. This significantly larger 

constant of the Fermi-contact interaction, causing a high low-field longitudinal relaxivity, is also 

responsible of a transverse relaxivity at 400 MHz much larger for the blueberry juice than for the 

pineapple juice. 

τv

 3



Figure S1. NMRD profiles of Fe(NO3)3 at a concentration of 0.040 mmol/dm3 in a citrate buffer 

solution (pH 3.2) without (blue symbols) and with (black symbols) oxalate (0.1 mmol/dm3). 

 

0.01 0.1 1 10 100
0.0

0.1

0.2

0.3

0.4

0.5

0.6

 with oxalate, 25 °C
 without oxalate, 25 °C
 with oxalate, 37 °C

R
el

ax
at

io
n 

ra
te

 (s
-1

)

Proton Larmor frequency  (MHz)

 4



Figure S2. (A) Relaxation rates of centrifuged blueberry juice with addition of 0.020, 0.040 and 

0.120 mmol/dm3 Fe(NO3)3 (corresponding to 50%, 100% and 300% of the iron originally present 

in the juice), at 25 °C. The relaxation rates in the absence of iron could be extrapolated from a 

linear ft. The different lines correspond to the fits obtained for the data collected at the different 

proton Larmor frequencies. (B) 1H longitudinal relaxivity of manganese(II) ions in the 

centrifuged blueberry juice, calculated from extrapolation of the rates in the absence of iron (blue 

symbols), and by subtracting the rates of Fe(NO3)3 reported in Fig. S1 (red symbols). 
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3.4 Protein-ligand interaction: the case of MMP-
12

Human matrix metalloproteinases (MMPs) are a well known class of prote-
olytic enzymes that regulate the metabolism of extracellular matrix proteins.
These multidomain enzymes are crucial in a number of physiological processes,
such as embryonic development, tissue remodeling and repairing, angiogenesis
and wound healing, but also in the control of cellular activity by releasing
biologically active peptides and growth factors [68]. Alterations in the level of
these proteases, namely their overexpression, are implicated in a wide range of
pathological states, so that the development of inhibitors has been, and still
is, an attractive research field.

One of them, the protein matrix metalloproteinase-12 (MMP12) has been se-
lected for the first ligand-protein interaction study using HRR. An adapted
NOESY sequence with water suppression, and with shuttling up and down dur-
ing the mixing time, was employed to record the ligand signal loss as the delay
increased. The 1H NMRD profiles of the ligands (see Figure 3.26 panel (b)) 4,4-
biphenol (BPN), 2-phenylpyrimidine (PPyr), 4-methoxybenzenesulfonamide
glycine (MLC), 4-methoxybenzenesulfonamide (MBS), known to bind MMP-
12 with different binding constants, in the range from few µM to mM, were
collected.

The samples were prepared with a large excess of one of the ligands with
respect to the protein, in order to have both bound and unbound forms in
solution. The majority of the ligand is expected to be in the unbound state,
but the fraction in exchange with the protein can be used as a reporter in their
interaction. The buffer was 20 mM Tris pH 7.2, 10 mM CaCl2, 0.1 mM ZnCl2,
0.3 M NaCl, 0.2 M hydroxamic acid AHA.

Hydroxamic acid protects the enzyme against self-proteolysis, so it is used
in high concentrations in the protein buffer. We can thus plan, use HRR to in-
vestigate the interactions of the protein in the presence of the different ligands,
and also to monitor the competition for the binding site between hydroxamic
acid and the other ligands.
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Ligand concentration Protein concentration
BPN 200 mM 2 µM
PPyr 200 mM 4 µM
MCL 200 mM 10 µM
MBS 800 mM 20 µM

Table 3.6: Employed ligand and protein concentrations.

(a)

(b)

Figure 3.26: (a) Representation of MMP12 catalytic domain. (b) Structures
of the ligands observed during the protein-ligand interaction study: on the left,
4.4-Biphenol and 2-phenylpyrimidine; on the right, 4-methoxybenzenesulfonamide
glycine and 4-methoxybenzenesulfonamide.

The experiments were acquired at ten relaxation magnetic fields (ranging
from about 2 MHz to 600 MHz) and six delays. The spectra were processed
and the signals of each ligand at every delay were fitted with a Python script in
order to obtain the longitudinal relaxation time. Preliminary results on three
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ligands are reported here.
The signals of the ligands MLC and MBS in the presence of the protein (Kd

of (4.3 ± 0.6) · 10−4 M and (3.3 ± 0.2) · 10−4 M, respectively), appeared
only slightly shifted with respect to the ones of the ligands alone. We can
therefore affirm that the ligands MLC and MBS and are in fast exchange with
the protein. Since biphenol has an higher affinity with the protein (Kd of (2 ±
1) · 10−6 M), its signals appeared both shifted and broadened, due to a slightly
slower exchange with the protein.
As expected different NMRD profiles were obtained for the ligand signals in
the presence and in the absence of the protein. Examples of this data are
reported in Figures 3.28, 3.29, and 3.30.

Figure 3.27: What is expected from the HRR study are these kind of NMRD
profiles: in red the profile of the small molecule in the presence of the protein, in
black the flat profile of the small molecule alone. The dispersion depends on the
binding constants (and therefore on the populations of the bound and unbound
forms of the ligand) and on two reorientational correlation times.
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homogeneous sweet spots as proposed recently30, but was not performed in the present work. !e magnetic "eld 
strength at a given shuttle position was determined from the stray "eld pro"le. A programmable motor controller, 
as depicted in Fig. 1, drives the sample shuttling device. !e sample was polarized at the center of the magnet 
before being shuttled to the desired upper positions for spin relaxation at various lower magnetic "eld strengths. 
A$er a prede"ned but variable time period in the presence of the low magnetic "eld, the sample was shuttled 
back to the high "eld center for signal acquisition. In Fig. 1, ∆ t is the sample shuttling time, equaling the e%ective 
"eld switching time. !is time is controlled precisely by the power applied to the motor and stays constant during 
the relaxivity experiments. !e high speed shuttling instrument has been operated for 10 million cycles without 
damaging the NMR sample tube nor to the probe-head. Because of its design, it can be adapted virtually to any 
modern commercial high-"eld NMR spectrometer.

Sample preparation. !e synthesis protocols and material properties of the Gd/Eu nanoparticles were pre-
viously published14. !ese particles are obtained by precipitation at low temperature. Two di%erent synthesis pro-
tocols yielded 30-nm (normal route) and 5-nm nanoparticles (citrate route). !e normal route synthesis consists 
in mixing rare earth nitrates with sodium orthovanadate at room temperature. !ese ions precipitate and form 
rare earth vanadate nanoparticles. !e citrate route synthesis di%ers from the normal route by the addition of a 
citrate complexing agent that limits the particle growth. In both cases, the obtained nanoparticles were puri"ed by 
centrifugation and washings, or dialysis in order to eliminate residual reactants and counter ions.

!e particles were characterized with dynamic light scattering, transmission electron microscopy (TEM), 
X-ray di%raction and zeta potential measurements14. During all experiments, the samples were suspended homo-
geneously in distilled water as a colloidal dispersion. All samples were sonicated immediately prior to the meas-
urements to disperse transiently formed aggregates. Bare 30-nm particles present a low surface charge (8.6 mV 
for Gd0.6Eu0.4VO4 particles) and tended to partially precipitate during the acceleration periods transporting the 
sample between the di%erent magnetic "eld locations. We therefore used SiO2-coated nanoparticles obtained 
by silicate condensation at room temperature in water31. Silica-coated nanoparticles present a higher surface 
charge (− 31 mV for Gd0.6Eu0.4VO4 particles) and thus show higher colloidal stability and do not precipitate in the 
experimental conditions. Note that the presence of a silica coating changes the relaxivity of the nanoparticles only 
slightly14. !is is not surprising given the amorphous nature of the silica coating31 which allows the penetration of 
small molecules14,32. 5-nm nanoparticles obtained with the citrate route have a surface charge of − 13 mV due to 
the presence of citrate ions at the particle surface and did not require any further coating.

!e R1 of background water was measured in the suspension bu%ers a$er removal of the nanoparticles by cen-
trifugation and "ltration. We centrifuged the solutions containing the nanoparticles during 10 minutes at 10000 g. 

Figure 1. Rapid sample shuttling for "eld-dependent measurements of longitudinal relaxivity: !e change 
of the magnetic "eld that the sample experiences, as a function time axis, is presented in (a). !e inversion 
recovery pulse sequence, shown in (b), is synchronized with the sample shuttling in order to allow for evolution 
of the magnetization towards equilibrium in the presence of the low magnetic "eld, during the delay time. !e 
sample position inside the superconducting NMR magnet during the experiments is shown in (c). !e sample 
position is synchronized with the pulse program.
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homogeneous sweet spots as proposed recently30, but was not performed in the present work. !e magnetic "eld 
strength at a given shuttle position was determined from the stray "eld pro"le. A programmable motor controller, 
as depicted in Fig. 1, drives the sample shuttling device. !e sample was polarized at the center of the magnet 
before being shuttled to the desired upper positions for spin relaxation at various lower magnetic "eld strengths. 
A$er a prede"ned but variable time period in the presence of the low magnetic "eld, the sample was shuttled 
back to the high "eld center for signal acquisition. In Fig. 1, ∆ t is the sample shuttling time, equaling the e%ective 
"eld switching time. !is time is controlled precisely by the power applied to the motor and stays constant during 
the relaxivity experiments. !e high speed shuttling instrument has been operated for 10 million cycles without 
damaging the NMR sample tube nor to the probe-head. Because of its design, it can be adapted virtually to any 
modern commercial high-"eld NMR spectrometer.

Sample preparation. !e synthesis protocols and material properties of the Gd/Eu nanoparticles were pre-
viously published14. !ese particles are obtained by precipitation at low temperature. Two di%erent synthesis pro-
tocols yielded 30-nm (normal route) and 5-nm nanoparticles (citrate route). !e normal route synthesis consists 
in mixing rare earth nitrates with sodium orthovanadate at room temperature. !ese ions precipitate and form 
rare earth vanadate nanoparticles. !e citrate route synthesis di%ers from the normal route by the addition of a 
citrate complexing agent that limits the particle growth. In both cases, the obtained nanoparticles were puri"ed by 
centrifugation and washings, or dialysis in order to eliminate residual reactants and counter ions.

!e particles were characterized with dynamic light scattering, transmission electron microscopy (TEM), 
X-ray di%raction and zeta potential measurements14. During all experiments, the samples were suspended homo-
geneously in distilled water as a colloidal dispersion. All samples were sonicated immediately prior to the meas-
urements to disperse transiently formed aggregates. Bare 30-nm particles present a low surface charge (8.6 mV 
for Gd0.6Eu0.4VO4 particles) and tended to partially precipitate during the acceleration periods transporting the 
sample between the di%erent magnetic "eld locations. We therefore used SiO2-coated nanoparticles obtained 
by silicate condensation at room temperature in water31. Silica-coated nanoparticles present a higher surface 
charge (− 31 mV for Gd0.6Eu0.4VO4 particles) and thus show higher colloidal stability and do not precipitate in the 
experimental conditions. Note that the presence of a silica coating changes the relaxivity of the nanoparticles only 
slightly14. !is is not surprising given the amorphous nature of the silica coating31 which allows the penetration of 
small molecules14,32. 5-nm nanoparticles obtained with the citrate route have a surface charge of − 13 mV due to 
the presence of citrate ions at the particle surface and did not require any further coating.

!e R1 of background water was measured in the suspension bu%ers a$er removal of the nanoparticles by cen-
trifugation and "ltration. We centrifuged the solutions containing the nanoparticles during 10 minutes at 10000 g. 

Figure 1. Rapid sample shuttling for "eld-dependent measurements of longitudinal relaxivity: !e change 
of the magnetic "eld that the sample experiences, as a function time axis, is presented in (a). !e inversion 
recovery pulse sequence, shown in (b), is synchronized with the sample shuttling in order to allow for evolution 
of the magnetization towards equilibrium in the presence of the low magnetic "eld, during the delay time. !e 
sample position inside the superconducting NMR magnet during the experiments is shown in (c). !e sample 
position is synchronized with the pulse program.

(b)

Figure 3.28: (a) NMR signals of 4-Methoxybenzenesulfonamide glycine (MLC)
with (in blue) and without the protein (in red). (b) NMRD profiles of the signals of
a MLC (in blue) and of the same signals when the small molecule interacts with a
protein (in red). These profiles were obtained using the HRR prototype in ENS.
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homogeneous sweet spots as proposed recently30, but was not performed in the present work. !e magnetic "eld 
strength at a given shuttle position was determined from the stray "eld pro"le. A programmable motor controller, 
as depicted in Fig. 1, drives the sample shuttling device. !e sample was polarized at the center of the magnet 
before being shuttled to the desired upper positions for spin relaxation at various lower magnetic "eld strengths. 
A$er a prede"ned but variable time period in the presence of the low magnetic "eld, the sample was shuttled 
back to the high "eld center for signal acquisition. In Fig. 1, ∆ t is the sample shuttling time, equaling the e%ective 
"eld switching time. !is time is controlled precisely by the power applied to the motor and stays constant during 
the relaxivity experiments. !e high speed shuttling instrument has been operated for 10 million cycles without 
damaging the NMR sample tube nor to the probe-head. Because of its design, it can be adapted virtually to any 
modern commercial high-"eld NMR spectrometer.

Sample preparation. !e synthesis protocols and material properties of the Gd/Eu nanoparticles were pre-
viously published14. !ese particles are obtained by precipitation at low temperature. Two di%erent synthesis pro-
tocols yielded 30-nm (normal route) and 5-nm nanoparticles (citrate route). !e normal route synthesis consists 
in mixing rare earth nitrates with sodium orthovanadate at room temperature. !ese ions precipitate and form 
rare earth vanadate nanoparticles. !e citrate route synthesis di%ers from the normal route by the addition of a 
citrate complexing agent that limits the particle growth. In both cases, the obtained nanoparticles were puri"ed by 
centrifugation and washings, or dialysis in order to eliminate residual reactants and counter ions.

!e particles were characterized with dynamic light scattering, transmission electron microscopy (TEM), 
X-ray di%raction and zeta potential measurements14. During all experiments, the samples were suspended homo-
geneously in distilled water as a colloidal dispersion. All samples were sonicated immediately prior to the meas-
urements to disperse transiently formed aggregates. Bare 30-nm particles present a low surface charge (8.6 mV 
for Gd0.6Eu0.4VO4 particles) and tended to partially precipitate during the acceleration periods transporting the 
sample between the di%erent magnetic "eld locations. We therefore used SiO2-coated nanoparticles obtained 
by silicate condensation at room temperature in water31. Silica-coated nanoparticles present a higher surface 
charge (− 31 mV for Gd0.6Eu0.4VO4 particles) and thus show higher colloidal stability and do not precipitate in the 
experimental conditions. Note that the presence of a silica coating changes the relaxivity of the nanoparticles only 
slightly14. !is is not surprising given the amorphous nature of the silica coating31 which allows the penetration of 
small molecules14,32. 5-nm nanoparticles obtained with the citrate route have a surface charge of − 13 mV due to 
the presence of citrate ions at the particle surface and did not require any further coating.

!e R1 of background water was measured in the suspension bu%ers a$er removal of the nanoparticles by cen-
trifugation and "ltration. We centrifuged the solutions containing the nanoparticles during 10 minutes at 10000 g. 

Figure 1. Rapid sample shuttling for "eld-dependent measurements of longitudinal relaxivity: !e change 
of the magnetic "eld that the sample experiences, as a function time axis, is presented in (a). !e inversion 
recovery pulse sequence, shown in (b), is synchronized with the sample shuttling in order to allow for evolution 
of the magnetization towards equilibrium in the presence of the low magnetic "eld, during the delay time. !e 
sample position inside the superconducting NMR magnet during the experiments is shown in (c). !e sample 
position is synchronized with the pulse program.
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homogeneous sweet spots as proposed recently30, but was not performed in the present work. !e magnetic "eld 
strength at a given shuttle position was determined from the stray "eld pro"le. A programmable motor controller, 
as depicted in Fig. 1, drives the sample shuttling device. !e sample was polarized at the center of the magnet 
before being shuttled to the desired upper positions for spin relaxation at various lower magnetic "eld strengths. 
A$er a prede"ned but variable time period in the presence of the low magnetic "eld, the sample was shuttled 
back to the high "eld center for signal acquisition. In Fig. 1, ∆ t is the sample shuttling time, equaling the e%ective 
"eld switching time. !is time is controlled precisely by the power applied to the motor and stays constant during 
the relaxivity experiments. !e high speed shuttling instrument has been operated for 10 million cycles without 
damaging the NMR sample tube nor to the probe-head. Because of its design, it can be adapted virtually to any 
modern commercial high-"eld NMR spectrometer.

Sample preparation. !e synthesis protocols and material properties of the Gd/Eu nanoparticles were pre-
viously published14. !ese particles are obtained by precipitation at low temperature. Two di%erent synthesis pro-
tocols yielded 30-nm (normal route) and 5-nm nanoparticles (citrate route). !e normal route synthesis consists 
in mixing rare earth nitrates with sodium orthovanadate at room temperature. !ese ions precipitate and form 
rare earth vanadate nanoparticles. !e citrate route synthesis di%ers from the normal route by the addition of a 
citrate complexing agent that limits the particle growth. In both cases, the obtained nanoparticles were puri"ed by 
centrifugation and washings, or dialysis in order to eliminate residual reactants and counter ions.

!e particles were characterized with dynamic light scattering, transmission electron microscopy (TEM), 
X-ray di%raction and zeta potential measurements14. During all experiments, the samples were suspended homo-
geneously in distilled water as a colloidal dispersion. All samples were sonicated immediately prior to the meas-
urements to disperse transiently formed aggregates. Bare 30-nm particles present a low surface charge (8.6 mV 
for Gd0.6Eu0.4VO4 particles) and tended to partially precipitate during the acceleration periods transporting the 
sample between the di%erent magnetic "eld locations. We therefore used SiO2-coated nanoparticles obtained 
by silicate condensation at room temperature in water31. Silica-coated nanoparticles present a higher surface 
charge (− 31 mV for Gd0.6Eu0.4VO4 particles) and thus show higher colloidal stability and do not precipitate in the 
experimental conditions. Note that the presence of a silica coating changes the relaxivity of the nanoparticles only 
slightly14. !is is not surprising given the amorphous nature of the silica coating31 which allows the penetration of 
small molecules14,32. 5-nm nanoparticles obtained with the citrate route have a surface charge of − 13 mV due to 
the presence of citrate ions at the particle surface and did not require any further coating.

!e R1 of background water was measured in the suspension bu%ers a$er removal of the nanoparticles by cen-
trifugation and "ltration. We centrifuged the solutions containing the nanoparticles during 10 minutes at 10000 g. 

Figure 1. Rapid sample shuttling for "eld-dependent measurements of longitudinal relaxivity: !e change 
of the magnetic "eld that the sample experiences, as a function time axis, is presented in (a). !e inversion 
recovery pulse sequence, shown in (b), is synchronized with the sample shuttling in order to allow for evolution 
of the magnetization towards equilibrium in the presence of the low magnetic "eld, during the delay time. !e 
sample position inside the superconducting NMR magnet during the experiments is shown in (c). !e sample 
position is synchronized with the pulse program.

(b)

Figure 3.29: (a) NMR signals of 4-4-Methoxybenzenesulfonamide (MBS) with (in
blue) and without the protein (in red). (b) NMRD profiles of the signals of a MBS
(in blue) and of the same signals when the small molecule interacts with a protein
(in red). These profiles were obtained using the HRR prototype in ENS.
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homogeneous sweet spots as proposed recently30, but was not performed in the present work. !e magnetic "eld 
strength at a given shuttle position was determined from the stray "eld pro"le. A programmable motor controller, 
as depicted in Fig. 1, drives the sample shuttling device. !e sample was polarized at the center of the magnet 
before being shuttled to the desired upper positions for spin relaxation at various lower magnetic "eld strengths. 
A$er a prede"ned but variable time period in the presence of the low magnetic "eld, the sample was shuttled 
back to the high "eld center for signal acquisition. In Fig. 1, ∆ t is the sample shuttling time, equaling the e%ective 
"eld switching time. !is time is controlled precisely by the power applied to the motor and stays constant during 
the relaxivity experiments. !e high speed shuttling instrument has been operated for 10 million cycles without 
damaging the NMR sample tube nor to the probe-head. Because of its design, it can be adapted virtually to any 
modern commercial high-"eld NMR spectrometer.

Sample preparation. !e synthesis protocols and material properties of the Gd/Eu nanoparticles were pre-
viously published14. !ese particles are obtained by precipitation at low temperature. Two di%erent synthesis pro-
tocols yielded 30-nm (normal route) and 5-nm nanoparticles (citrate route). !e normal route synthesis consists 
in mixing rare earth nitrates with sodium orthovanadate at room temperature. !ese ions precipitate and form 
rare earth vanadate nanoparticles. !e citrate route synthesis di%ers from the normal route by the addition of a 
citrate complexing agent that limits the particle growth. In both cases, the obtained nanoparticles were puri"ed by 
centrifugation and washings, or dialysis in order to eliminate residual reactants and counter ions.

!e particles were characterized with dynamic light scattering, transmission electron microscopy (TEM), 
X-ray di%raction and zeta potential measurements14. During all experiments, the samples were suspended homo-
geneously in distilled water as a colloidal dispersion. All samples were sonicated immediately prior to the meas-
urements to disperse transiently formed aggregates. Bare 30-nm particles present a low surface charge (8.6 mV 
for Gd0.6Eu0.4VO4 particles) and tended to partially precipitate during the acceleration periods transporting the 
sample between the di%erent magnetic "eld locations. We therefore used SiO2-coated nanoparticles obtained 
by silicate condensation at room temperature in water31. Silica-coated nanoparticles present a higher surface 
charge (− 31 mV for Gd0.6Eu0.4VO4 particles) and thus show higher colloidal stability and do not precipitate in the 
experimental conditions. Note that the presence of a silica coating changes the relaxivity of the nanoparticles only 
slightly14. !is is not surprising given the amorphous nature of the silica coating31 which allows the penetration of 
small molecules14,32. 5-nm nanoparticles obtained with the citrate route have a surface charge of − 13 mV due to 
the presence of citrate ions at the particle surface and did not require any further coating.

!e R1 of background water was measured in the suspension bu%ers a$er removal of the nanoparticles by cen-
trifugation and "ltration. We centrifuged the solutions containing the nanoparticles during 10 minutes at 10000 g. 

Figure 1. Rapid sample shuttling for "eld-dependent measurements of longitudinal relaxivity: !e change 
of the magnetic "eld that the sample experiences, as a function time axis, is presented in (a). !e inversion 
recovery pulse sequence, shown in (b), is synchronized with the sample shuttling in order to allow for evolution 
of the magnetization towards equilibrium in the presence of the low magnetic "eld, during the delay time. !e 
sample position inside the superconducting NMR magnet during the experiments is shown in (c). !e sample 
position is synchronized with the pulse program.

(b)

Figure 3.30: (a) NMR signals of biphenol with (in blue) and without the protein
(in red). (b) NMRD profiles of the signals of a biphenol (in blue) and of the same
signals when the small molecule interacts with a protein (in red). These profiles were
obtained using the HRR prototype in ENS.

Although further analysis are currently being preformed to obtain quanti-
tative information about the interactions, including the implementation of a
more complete method for the analysis of the spectra, these data show that
HRR allows us to monitor changes in the NMRD profile of the small molecule
and therefore makes it possible to use it as a reporter of its interaction with
the macromolecule.
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3.5 PD-1 bioconjugation with activated PEG

Protein functionalization is a relevant process in various fields, especially in
biotechnology, materials science, and, more recently, medicine. The impor-
tance of protein functionalization lies in its ability to modify proteins, either
chemically or genetically, to tailor their properties and functions to meet spe-
cific requirements in various applications. Among these, functionalized pro-
teins have a key role in the development of biosensors and biomaterials, bio-
catalysis, and as therapeutic agents in the treatment of various diseases.
HACTR-PD-1 mutant (K131T/K135R) has been designed for selective bio-
conjugation reactions involving immunogenic ligands and paramagnetic com-
plexes, such as DOTA derivatives carrying a N-hydroxy succinimide (NHS),
as in the case of L-asparaginase II (Section 3.3.1). It would be possible to
design a selective MRI contrast agent candidate, formed by HACTR-PD-1 mu-
tant carrying a Gd-DOTA ligand, for tumor cells overexpressing PD-L1. FFC
and high resolution relaxometry could be useful in designing and characteriz-
ing such promising CAs by monitoring the relaxation enhencement occurring
upon the binding of the PD-1 derivative to the PD-L1. The NMRD profile,
obtained by FFC relaxometry, of a solution of the conjugated protein could
provide extremely useful insights into the interaction between PD1 and PD-L1.

On the down side, proteins functionalization can lead to an undesired loss
of affinity for the partner, thus it is important, in the framework of affinity
studies, to evaluate the effect of bioconjugation on the reactivity and stability
of the protein [52].
I was involved in finding the best conditions for the N-terminus functional-
ization of the HACTR-PD-1 mutant (K131T/K135R) with N-hydroxy succin-
imide (NHS) activated PEG. PEG conjugates of the HACTR-PD-1 mutant
were obtained by bioconjugation reaction between the protein and NHS es-
ter derivatives of PEG-1000, PEG-5000 (weight of 1 and 5 kDa, respectively).
Protein concentration during the reaction was ∼ 1 mg/mL in 150 mM sodium
phosphate buffer at pH 7.5, and a large excess of NHS ester activated PEG
was employed (reactive PEG to protein molar ratio of 15:1). After overnight
incubation at room temperature under gentle stirring, the conjugates were pu-
rified from the unreacted fraction by size exclusion chromatography using a
HiLoad Superdex 16/60 200 pg column and then dialyzed on 10 MW cut-off
membrane against 150 mM sodium phosphate buffer at pH 7.5.
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6 ABSTRACT: Targeting immune checkpoints is a well-established
7 strategy in cancer therapy, and antibodies blocking PD-1/PD-L1
8 interactions to restore the immunological activity against cancer
9 cells have been clinically validated. High-affinity mutants of the PD-
10 1 ectodomain have recently been proposed as an alternative to
11 antibodies to target PD-L1 on cancer cells, shedding new light on
12 this research area. In this dynamic scenario, the PD-1 mutant, here
13 reported, largely expands the chemical space of nonantibody and
14 nonsmall-molecule inhibitor therapeutics that can be used to target
15 cancer cells overexpressing PD-L1 receptors. The polyethylene
16 glycol moieties and the immune response-stimulating carbohy-
17 drates, used as site-selective tags, represent the proof of concept for
18 future applications.

19 ■ INTRODUCTION

20 T-cells are crucial components of the immune system involved
21 in the adaptive response against pathogens and unhealthy cells,
22 including cancer cells.1−5 Unfortunately, immune selection
23 pressure often enables abnormal cells to deceive the immune
24 system and escape immune surveillance. For example, many
25 immunogenic tumors can bypass immune destruction by
26 exploiting checkpoints that are naturally deputed to regulate
27 the immune system and suppress autoimmunity.6

28 One of these checkpoints modulates T-cell function through
29 the activation of programmed cell death protein 1 (PD-1) and
30 its physiological programmed cell death ligands PD-L1 and
31 PD-L2.7,8 Cancer cells overexpressing PD-L1 transmembrane
32 protein neutralize the cytotoxic activity of T-cells, becoming
33 free to replicate and metastasize.9 Currently, PD-L1 is a target
34 for cancer therapy, and several monoclonal antibodies designed
35 to bind the ectodomain of this transmembrane protein have
36 been approved for clinical use.10−13 Thanks to recent advances
37 in the characterization of PD-L1 biology, numerous small-
38 molecule inhibitors have also been developed.14,15

39 An additional recent approach to inhibit the PD-1/PD-L1
40 axis relies on the use of the recombinant PD-1 ectodomain to
41 address the PD-L1 protein on the surface of cancer cells.16 In
42 fact, the formation of a complex between recombinant PD-1
43 and PD-L1 on cancer cells hampers the interaction of the latter
44 with PD-1 exposed on T-cells and circumvents the main issue
45 of the immune system suppression.17,18

46It is noteworthy that recombinant PD-1 can also be used as a
47vector to target cancer cells overexpressing PD-L1 with probes,
48toxins, or therapeutic molecules. An advantage of this approach
49over the monoclonal antibodies is related to the possibility of
50using Escherichia coli as an expression system where this
51protein can be easily produced using straightforward
52manufacturing procedures. This strategy is also advantageous
53over using small molecules that are often difficult to modify
54without altering the affinity for the target. Particularly
55intriguing is the possibility of employing recombinant PD-1
56as a carrier to address cancer cells with immune-stimulating
57agents. For example, the administration of L-rhamnose
58conjugated to proteins or peptides is known to induce an
59immune response through the generation of antirhamnose
60antibodies.19,20 These antibodies may be effective in activating
61macrophages and lymphocytes, thus, eliciting an immune
62response cascade.
63For this purpose, a vast literature exists on the functionaliza-
64tion of endogenous or biocompatible macromolecules with N-
65hydroxysuccinimide (NHS)-activated rhamnosides as do-
66nors.21,22 Bioconjugation with NHS-activated molecules is
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67 indeed one of the most effective strategies to decorate or
68 functionalize peptides or proteins under physiological con-
69 ditions to modulate their solubility, bioavailability, or
70 immunogenicity.
71 Recently, the high-affinity mutant of the N-terminal domain
72 of PD-1, termed high-affinity consensus PD-1 (HAC-PD-1,
73 hereafter), has been developed and successfully investigated for
74 immunotherapy and PET imaging of cancers overexpressing
75 PD-L1.16 A limitation of this effective mutant is, however, its
76 limited versatility in terms of bioconjugation. As a matter of
77 fact, conjugation of HAC-PD-1 with amine-reactively activated
78 molecules is not feasible because two residues of lysine are
79 located in the binding site for PD-L1. The functionalization of
80 one or both of these residues would interfere with the binding
81 properties of the mutant, likely preventing the interaction with
82 PD-L1.
83 Here, we report on the design, biophysical characterization,
84 and site-selective glycosylation of a new mutant of PD-1,
85 namely, HACTR-PD-1. The HACTR-PD-1 mutant presents
86 (i) a nanomolar affinity vs PD-L1, (ii) the N-terminal moiety
87 as a unique amino group reacting with NHS-reagents, and (iii)
88 suitable features for the development of new anti-PD-L1
89 proteins endowed with modular immunological activity. The
90 site-selective functionalization of HACTR-PD-1 with polymers
91 or rhamnosides as model glycans is herein described. The
92 monofunctionalization of the mutant did not dampen its
93 affinity vs PD-L1 and the immunomodulating properties of the
94 derivatives obtained were investigated in vitro vs two different
95 types of breast cancer (BC) cell lines. The HACTR-PD-1
96 rhamnosyl derivatives successfully prepared, namely, 1-
97 HACTR-PD-1 and 2-HACTR-PD-1, are characterized by
98 two different spacers and different types of glycosidic bonds
99 used to link the rhamnosyl moiety to the mutant.

100 ■ EXPERIMENTAL SECTION
101 Expression and Purification of the Human HACTR-PD-1
102 Mutant. E. coli BL21 (DE3) cells were transformed with the pET-28a
103 (+) plasmid encoding the HACTR-PD-1 mutant (residues D26−
104 R147, with the following mutations: V64H, L65 V, N66 V, Y68H,
105 M70E, N74G, K78T, C93A, L122 V, A125 V, K131T, A132I, and
106 K135R). In order to obtain uniformly isotopically enriched PD-1
107 [U−15N] and [U−13C, 15N], the cells were cultured in M9 minimal
108 medium supplied with 1.1 g of 15N−NH4Cl or 1.1 g of 15N−NH4Cl
109 and 3 g of 13C-glucose, respectively, 1 mL of 0.1 mg/mL solution of
110 ampicillin, 1 mL of 1 mg/mL solution of thiamine, 1 mL of 1 mg/mL
111 solution of biotin, 1 mmol·dm−3 MgSO4, and 0.3 mmol·dm−3 CaCl2;
112 they were allowed to grow at 37 °C until OD600 reached 0.8 and then
113 overexpression was induced with 1 mmol·dm−3 isopropyl β-D-1-
114 thiogalactopyranoside. They were further incubated at 37 °C
115 overnight and then harvested by centrifugation at 6500 rpm (JA-10
116 Beckman Coulter) for 15 min at 4 °C. In all instances, the pellet was
117 suspended at first in 50 mmol·dm−3 Tris-HCl, pH 8.0, 200 mmol·
118 dm−3 NaCl, 10 mmol·dm-3 β-mercaptoethanol, and 10 mmol·dm−3
119 EDTA (50 mL per liter of culture) and sonicated for 30 s 10 times on
120 ice at 4 °C. The suspension was centrifuged at 40,000 rpm (F15-6 ×
121 100y Thermo Scientific) for 40 min, and the supernatant was
122 discarded. The recovered pellet was resuspended in 50 mmol·dm−3
123 Tris-HCl, pH 8.0, 200 mmol·dm−3 NaCl, 10 mmol·dm−3 β-
124 mercaptoethanol, and 6 mol·dm−3 guanidinium chloride (25 mL
125 per liter of culture) and newly incubated at 4 °C overnight under
126 magnetic stirring. Again, the suspension was centrifuged at 40,000
127 rpm (F15-6 × 100y Thermo Scientific) for 40 min. The pellet was
128 discarded, whereas the supernatant containing the denatured protein
129 solution was diluted in a refolding buffer containing 0.1 mol·dm−3
130 Tris-HCl, pH 8.5, 1 mol·dm−3 arginine, 0.25 mmol·dm−3 reduced
131 glutathione, and 0.25 mmol·dm−3 oxidized glutathione. The solution

132was incubated at 4 °C under stirring for 12−18 h, clarified by passing
133through a 0.45 μm filter, and then dialyzed extensively against 10
134mmol·dm−3 Tris, pH 8.0, and 20 mmol·dm−3 NaCl. The protein
135solution was concentrated with an Amicon Stirred Cell and then
136purified by size exclusion chromatography (SEC) using a HiLoad
137Superdex 26/60 75 pg (GE Healthcare) column previously
138equilibrated in 10 mmol·dm−3 Tris-HCl at pH 8.0 and 20 mmol·
139dm−3 NaCl.
140Functionalization of the HACTR-PD-1 Mutant with NHS-
141Activated PEG and Activated Rhamnose Derivatives 1 and 2.
142Polyethylene glycol (PEG) conjugates of the HACTR-PD-1 mutant
143were obtained by reacting the protein with NHS ester derivatives of
144PEG-1000, PEG-5000 (Creative PEG Works), and rhamnosides
145(protein concentration around ∼1 mg/mL in 0.15 mol·dm−3 sodium
146phosphate buffer, pH 7.5, and reactive to a protein molar ratio of
14715:1). After overnight incubation at room temperature with gentle
148stirring, the conjugates were purified from the unreacted fraction by
149SEC using a HiLoad Superdex 16/60 200 pg column and dialyzed on
150a 10 MW cutoff membrane against 0.15 mol·dm−3 sodium phosphate
151pH 7.5 buffer.

152■ RESULTS AND DISCUSSION
153The interaction of PD-1 on T-cells with PD-L1 on tumor cells
154reduces the T-cell function and dampens the antitumor
155immune response. Although beneficial under physiological
156conditions (autoimmunity control and modulation of harmful
157inflammations), in a tumoral scenario, such interactions
158promote tumor escape and progression. Impressive clinical
159results have been obtained by blocking the PD-1/PD-L1
160interaction with monoclonal antibodies as specific inhibitors
161(immune checkpoint inhibitors) in advanced- and metastatic-
162stage cancers. Even though PD-1/PD-L1-neutralizing antibod-
163ies are considered the most promising drugs in cancer
164immunotherapy, the use of antibodies in some solid tumors9

165has raised some concerns due to potential toxicity that may
166result from ADCC-mediated lysis of subsets of immune cells
167that express PD-L1.23 Therefore, current clinical trials are
168evaluating anti-PD-1/PD-L1 drugs for use in combination with
169other drugs or immune modulators.
170Design and Expression of the HACTR-PD-1 Mutant.
171Capitalizing on the potential of small proteins and their broad
172applicability in the modulation of the immune system, inspired
173by the already described HAC-PD-1 protein,16 an original set
174of PD-1 derivatives, where the two lysine residues K131 and
175K135 are replaced by nonreactive amino acids toward the NHS
176moiety, has been designed and screened in silico by performing
177docking calculations.
178After structural analysis of the experimental HAC-PD-1/PD-
179L1 complex, three amino acids with different physical−
180chemical properties were taken into consideration to replace
181the two residual lysines present in the protein binding site: (i)
182a charged amino acid (Arg), (ii) a polar uncharged amino acid
183with a long side-chain (Gln), and (iii) a polar uncharged amino
184acid with a short side-chain (Thr). A computational study was
185performed by using the HADDOCK 2.2 web-portal24 to screen
186in silico the mutations on the stability of the complex with PD-
187L1. The complexes of PD-L1 with the two HAC-PD-1 mutants
188K131T/K135R and K131R/K135R showed the most favorable
189docking energies expressed in terms of HADDOCK-scores
190(see Table S1, Supporting Information). It is noteworthy that
191the stability of the two complexes is like that of the parent
192HAC-PD-1/PD-L1 adduct. The analysis of the calculated
193structural models revealed that in the K131R/K135R protein,
194the native small β-strand bearing the two mutated residues
195adopts a random coil shape. Conversely, this secondary
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196 structure element is well preserved in the K131T/K135R
197 mutant (HACTR-PD-1). Therefore, this last mutant was
198 selected for expression in E. coli to evaluate the correct folding
199 and PD-L1-binding properties.
200 The spreading of the signals in the 1D 1H NMR and 2D
201

1H−15N HSQC spectra recorded on the HACTR-PD-1
202 protein is consistent with that of a well-structured protein.
203 The 2D 1H−15N HSQC spectrum shows sharp and well-
204 resolved signals. The backbone assignment of the protein,
205 obtained from the analysis of triple-resonance spectra recorded
206 on samples of [U−13C, 15N] HACTR-PD-1, allowed us to
207 identify and characterize 114 spin systems over 122 total
208 residues. The predictions of the secondary structure elements,
209 obtained by TALOS+ analysis using the resonances of

210HACTR-PD-1 as input (Figure S1), indicate that the
211HACTR-PD-1 mutant has the same folding as the HAC-PD-
2121 protein. Concerning the protein partner, PD-L1, the
213assignment was already available in the BMRB (accession
214code 51169).25

215Epitope mapping and qualitative information on the binding
216affinity were achieved by monitoring the evolution of the
217resonances of the 15N isotopically enriched HACTR-PD-1 in a
2182D 1H−15N HSQC NMR spectrum upon the addition of
219 f1increasing amounts of PD-L1 in natural abundance (Figure 1A
220and S2). In the spectra of HACTR-PD-1, the intensity of
221several signals decreases progressively, while new signals
222appear by increasing the concentration of PD-L1. These
223spectral changes fit with an interaction in the slow exchange

Figure 1. Region of 2D 1H−15N HSQC spectra of HACTR-PD-1/PD-L1 complexes superimposed with the corresponding references: (A) free
HACTR-PD-1 (black) with respect to HACTR-PD-1 in the presence of PD-L1 (in 1:1 molar ratio, red); (B) HACTR-PD-1 conjugated with PEG
5 kDa (black) with respect to HACTR-PD-1 conjugated with PEG 5 kDa in the presence of PD-L1 (in 1:1 molar ratio, red); and (C) HACTR-PD-
1 conjugated with L-rhamnose (black) with respect to HACTR-PD-1 conjugated with L-rhamnose in the presence of PD-L1 (in 1:1 molar ratio,
red). The spectra were acquired on spectrometers operating at 900 (A), 950 (B), and 700 (C) MHz, 1H Larmor frequency, and 298 K. The spectra
of the complexes were acquired with a higher number of scans than the reference spectra. The signal surrounded by the blue square is related to the
new amide formed by conjugation with PEG5000 or the L-rhamnose derivative.

Figure 2. Chemical shift perturbation of HACTR-PD-1 in the presence of PD-L1 (A) and of PD-L1 in the presence of HACTR-PD-1 (B) (in a 1:1
molar ratio) evaluated using the Picasso Web server. The residues experiencing the largest perturbations have been highlighted in red and blue,
respectively, and used as “active residues” in the HADDOCK calculation. (C) Model of the complex between HACTR-PD-1 (light cyan) and PD-
L1 (wheat) with the lowest HADDOCK-score. The active residues have been highlighted as red and blue sticks, respectively. (D) Superimposition
of the model of the complex evaluated with HADDOCK, where HACTR-PD-1 is in light cyan and PD-L1 is in wheat, with the X-ray structure
(PDB code: 1IUS), where HAC-PD-1 is in purple and PD-L1 in green.
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224 regime on the NMR time scale. Complementary information
225 was obtained by monitoring the evolution of the signals of the
226

15N isotopically enriched PD-L1 in a 2D 1H−15N HSQC NMR
227 spectrum upon the addition of HACTR-PD-1 in natural
228 abundance (Figure S3). This set of NMR data is consistent
229 with a slow exchange regime on the NMR time scale previously
230 observed and provides complementary information on the
231 residues involved in the binding. To obtain the experimental
232 restraints for the docking calculation of the adduct between
233 HACTR-PD-1 and PD-L1, a prediction of the assignment of
234 the resonances observed in the 2D 1H−15N HSQC NMR
235 spectra of the complex and the related chemical shift

f2 236 perturbation set (Figure 2A,B) were generated by using the
237 PICASSO Web server.26 In the program, the 2D 1H−15N
238 HSQC reference spectra of free [U−15N] HACTR-PD-1 and
239 free [U−15N] PD-L1 were compared to the spectra of
240 [U−15N] HACTR-PD-1/PD-L1 and [U−15N] PD-L1/
241 HACTR-PD-1 (in 1:1 molar ratio), respectively, to provide
242 the assignment and the chemical shift perturbations on the two
243 proteins in the complex. The residues experiencing the largest
244 effects were imposed as “active residues” in the HADDOCK
245 calculations (Figure 2C). The structural models of the mostly
246 populated cluster (53 structures over 200) were also endowed
247 with the lowest HADDOCK-score and were superimposable
248 with the experimental X-ray structure of the complex (PDB
249 code: 5IUS) available for the HAC-PD-1 protein (PyMOL
250 rmsd of 0.875, Figure 2D). Then, the affinity of HACTR-PD-1
251 for PD-L1 was investigated by isothermal titration micro-

f3 252 calorimetry (Figure 3). The titration was performed by adding
253 HACTR-PD-1 to PD-L1 and provided a dissociation constant
254 of 59 nmol·dm−3, which is in the good range for a drug
255 candidate.
256 Site-Selective Functionalization of the HACTR-PD-1
257 Mutant. Since the functionalization or bioconjugation of
258 proteins involved in protein−protein complexes can lead to an
259 undesired loss of affinity for the partner as functionalization
260 can potentially mask the interaction surface, the effect of
261 HACTR-PD-1 conjugation at the N-terminus was investigated
262 by using two PEG chains of different sizes (1 and 5 kDa).
263 These bulky polar chains have been chosen because they are
264 often used to increase protein solubility, half-life in vivo, and
265 renal clearance.27−29 Solutions of HACTR-PD-1 were thus
266 reacted with a 15-fold molar excess of the two linear PEG
267 chains properly activated as NHS ester derivatives. After
268 chromatographic purification (see Supporting Information),
269 samples of the two PEG-HACTR-PD-1 conjugates, obtained
270 starting from 15N isotopically enriched proteins, were
271 characterized by 2D 1H−15N HSQC NMR spectra.
272 The analysis of the spectra showed that the native folding is
273 well preserved in the PEGylated proteins with only three
274 residues at the N-terminus experiencing a large chemical shift
275 variation. Also, the interaction between the two PEG-HACTR-
276 PD-1 derivatives and PD-L1 is not negatively affected by the
277 PEG hindering chains since the slow exchange regime and the
278 distribution of the resonances observed in the 2D 1H−15N
279 HSQC NMR spectra of the complexes are largely similar to
280 those of the HACTR-PD-1 protein in complex with PD-L1
281 (Figure 1B and S4).
282 In keeping with this, to evaluate the potential of HACTR-
283 PD-1 as an immunomodulating vector (see above), the mutant
284 protein was conjugated to two selected rhamnopyranosides
285 characterized by two different glycosidic linkages: the non-

286native, physiologically stable C- and the native O-glycosidic
287linkages.
288Synthesis of Activated Rhamnosides 1 and 2. α-C-L-
289rhamnoside 1 and α-O-L-rhamnoside 2 were synthesized as
290 s1s2displayed in Schemes 1 and 2.
291In detail, C-rhamnoside 1 was obtained from the
292peracetylated C-allyl rhamnoside 3 as starting material, which
293was prepared as previously described.30 Upon oxidation with
294an excess of NaIO4 in the presence of RuCl4 as catalyst,
295compound 3 was transformed into carboxylic acid 4 (70% of
296conversion) which, in turn, was coupled with glycine 13C
297benzyl ester 5. The coupling reaction was performed by using
298EDAC and HOBT as coupling reagents in the presence of
299NMM as a base and dry DMF as a solvent. The rhamnoside 6
300so obtained (74%) was first transformed into the free
301carboxylic acid 7 (Pd/C, H2, THF, 2 h) and then reacted
302with the mono Boc-protected ethylenediamine 8 (with TBTU
303and NMM in dry DMF) to afford rhamnoside 9 (52%).
304After the removal of the acetyl residues (NH3, 4 mol·dm−3
305in MeOH, rt, overnight) and of the Boc protecting group
306(TFA, dry DCM, rt, 2 h), the crude 10 isolated as
307trifluoroacetic salt was reacted with 11 in the presence of
308NMM and dry DMF as the solvent. The desired rhamnosyl
309derivative 1 was thus obtained (75% over three steps), ready
310for the glycosylation of the PD-1 mutant (see Scheme 1 and
311Supporting Information).
312Triacetyl rhamnoside 1231 was the starting material for the
313synthesis of rhamnoside 2, which presents an O-glycosidic
314linkage and a shorted linker with respect to 1 (Scheme 2).
315Glycosylation of 12 with N-Boc protected ethanolamine 14

Figure 3. ITC data for the binding of the N-terminal domain of PD-
L1 to HACTR-PD-1 in Tris buffer at pH 8.0 and 298 K. The
thermogram is reported at the top, and the plot of the heat-released vs
molar ratio is at the bottom of the panel. The data were fitted using a
single binding site model.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.3c00893
Biomacromolecules XXXX, XXX, XXX−XXX

D



316 was performed relying on the trichloroacetimidate strategy by
317 using trimethylsilyl triflate as a glycosidic promoter in dry
318 DCM as a solvent. O-rhamnoside 15, obtained as the α isomer
319 (62%), was deacetylated with NH3 in MeOH (4 mol·dm−3, rt,
320 5 h, 16, >90%) and the benzyl protecting group removed by
321 treatment with H2, catalytic Pd/C, and EtOH as a solvent (rt,
322 4 h, >90%) to afford the fully deprotected rhamnoside 17.
323 Compound 17 was finally reacted with linker 11 (see Scheme
324 1) to form the desired α-O-rhamnoside 2 suitably armed to
325 glycosylate HACTR-PD-1 (Scheme 2 and Supporting
326 Information).
327 The HACTR-PD-1 glycosylation was performed through
328 two different linkers, properly activated as NHS-ester
329 derivatives (Schemes 1 and 2), to afford the rhamnosyl

f4 330 mutants 1-HACTR-PD1 and 2-HACTR-PD1 (Figure 4). Both
331 glycosylations proceeded smoothly at room temperature in

332buffer phosphate, and the two rhamnosyl mutants were
333obtained quantitatively after dialysis.
334To confirm the data obtained for PEG-HACTR-PD-1, the
335rhamnosyl mutant 1-HACTR-PD1 was screened by NMR for
336its binding properties vs those of PD-L1. A new signal
337corresponding to the functionalized N-terminus appeared in
338the 2D 1H−15N HSQC NMR spectrum, with a few signals
339corresponding to residues structurally closed to the N-terminus
340experiencing a sizable chemical shift variation. As previously
341observed for the PEGylated derivatives, the presence of L-
342rhamnose at the N-terminus of HACTR-PD-1 did not affect
343the interaction with PD-L1, which is still in the slow exchange
344regime on the NMR time scale (see Figure 1C and S6). This
345was indeed expected due to the smaller size of the rhamnoside
346with respect to the PEG. NMR analysis was used to verify that
347all the compounds were pure (>95% pure).

Scheme 1. Synthesis of the α-C-L-rhamnoside 1

Scheme 2. Synthesis of α-O-L-rhamnoside 2
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348 Biological Tests. Finally, to investigate the biological
349 profile of the new PD-1 mutant and of its L-rhamnosyl
350 derivatives, a set of cell-based assays were carried out on wild-
351 type (natural) PD-1, HACTR-PD-1, 1-HACTR-PD-1, and 2-
352 HACTR-PD-1. The two rhamnosyl derivatives were screened
353 to investigate the possible effects of the linker’s length and the
354 glycosidic bond on cell tests.
355 PD-L1 has been established as a valuable biomarker for
356 different types of cancer, and several studies have demon-
357 strated that PD-L1 expression may be used to predict the
358 outcome of the disease: patients with high PD-L1 expression
359 have a significantly worse prognosis.32

360 BC is one of the most common tumors in women, and
361 triple-negative breast cancer (TNBC) is the most aggressive
362 BC, is difficult to treat, and has a poor prognosis. Antibodies
363 targeting PD-1 or PD-L1 are currently considered a promising
364 therapeutic strategy in TNBC.
365 MDA-MB-231 and MCF-7 cell lines represent valid study
366 models for the evaluation of the activities of new compounds
367 for BC therapy. In fact, these two cell lines embody a wide

368range of characteristics that are typically found in BC. MCF-7
369is an ER-, PR-, and HER2-positive type of adenocarcinoma,
370while MDA-MB-231 cells stand for a triple-negative type of
371metastatic adenocarcinoma and are more aggressive than
372MCF-7 cells. Before testing the PD-1 variants’ activity on the
373selected tumor cell lines, we evaluated the expression of PD-L1
374in each line. Flow cytometry analysis was thus performed,
375showing that PD-L1 is expressed on both cell lines (Figure S7).
376This result clearly confirms that both cell lines can be used to
377study the effect of the newly synthesized recombinant PD-1
378proteins on restoring and/or modulating antitumor immune
379activity.
380First, wild type PD-1, HACTR-PD-1, and 1- and 2-HACTR-
381PD-1 were tested to evaluate their immunomodulatory activity
382in a macrophage model. All proteins were active (see Figures
383S8−S10); glycosylated (1- and 2-HACTR-PD-1) and not
384glycosylated (HACTR-PD-1) mutants displayed similar
385immunomodulatory activities in inducing M1 differentiation
386and TNF-α release, with a moderate but significant higher
387activity for glycosylated derivatives (Figure S10). M1 macro-

Figure 4. Rhamnosylated mutants 1-HACTR-PD-1 and 2-HACTR-PD-1.

Figure 5. Effects of WT PD-1, HACTR-PD-1, and 1-HACTR-PD-1 on T-cell-mediated BC cell cytotoxicity. CAM-labeled cancer cells were treated
with 10 or 50 μg/mL of PD-1, HACTR-PD-1, or 1-HACTR-PD-1 for 1 h and then incubated with PHA-stimulated PBMC. After 24 h of coculture,
BC cells were harvested, and the level intensity of CAM was analyzed by FACS. (A) PBMC-mediated cytotoxicity against the MDA MB 231 cell
line in the presence or absence of WT PD-1, HACTR-PD-1, or 1-HACTR-PD-1; (B) PBMC-mediated cytotoxicity against the MCF-7 cell line in
the presence or absence of WT PD-1, HACTR-PD-1, or 1-HACTR-PD-1. Results are expressed as the mean ± SEM of at least three independent
experiments run in triplicate using PBMCs from three different donors. *p ≤ 0.05 natural/recombinant protein treated vs untreated cocultures; **p
≤ 0.01 natural/recombinant protein treated vs untreated cocultures. For data on 2-HACTR-PD-1, see Figure S12.
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388 phages are pro-inflammatory cells involved in the recruitment
389 and differentiation of other immune cells toward an antitumor
390 phenotype. Of note, immune checkpoint inhibitors evoke a
391 higher response when they are associated with other drugs able
392 to stimulate the locked immune system.33 In this view, the
393 ability of mutants (in particular of 1- and 2-HACTR-PD-1) to
394 induce M1 differentiation can represent a valuable opportunity
395 to educate macrophages toward a pro-inflammatory, antitu-
396 moral phenotype.
397 Afterward, the ability to overcome T cell inhibition mediated
398 by PD-L1/PD-1 interaction was also investigated, starting from
399 inhibited T cells’ regulatory and cytotoxic functions.34 Since
400 both CD8 T and NK cells show cytotoxic activity against
401 tumor cells and literature data suggest that both are affected by
402 PD-L1/PD-1 binding, we performed a cytotoxic assay using
403 peripheral blood mononuclear cells (PBMCs) that contain
404 both populations. Cytotoxicity experiments were thus
405 performed to verify the ability of PD-1 mutants to restore T
406 and NK cell cytotoxic activity against tumor cells. Phytohe-
407 magglutinin (PHA)-stimulated PBMC were cocultured with
408 CAM-stained tumor cells for 24 h, and the tumor cells’ death
409 was analyzed by FACS.

f5 410 As shown in Figure 5, WT PD-1 and HACTR-PD-1 were
411 able to re-establish the CD8 T and NK cells’ cytotoxic activity
412 in a concentration-dependent manner. As far as WT PD-1 and
413 HACTR-PD-1 are concerned, similar data were collected for
414 both MDA-MB-231 and MCF-7 cell line cocultures. Differ-
415 ently, for 1-HACTR-PD-1, significant results were obtained in
416 coculture with MCF-7 tumor cells. Comparable data were
417 registered for 2-HACTR-PD-1 (see Figure S11).
418 T helper cell functions are also affected by the PD-L1/PD-1
419 pathway.35 CD4 T helper cells are plastic cells that can
420 differentiate toward the Th1 or Th2 phenotype depending on
421 the milieu composition. In particular, Th1-polarized cells are
422 pro-inflammatory cells defined by the production of interferon-
423 γ (IFN-γ). These cells mediate cellular immunity through
424 activation of pro-inflammatory macrophages and recruitment
425 and promotion of the cytolytic activity of NK and CD8+ T
426 cells, the main cells involved in the elimination of tumor cells.
427 Moreover, IFN-γ can directly induce cell death through the
428 binding of the IFN receptor and the induction of apoptosis.
429 Another class of cells affected by the PD-L1/PD-1 pathway is

430represented by T regulatory (Treg) cells (CD4+CD25+). Tregs
431are a specialized T cell subpopulation involved in homeostasis
432and self-tolerance maintenance through immune response
433suppression. As is known, Tregs inhibit T cell proliferation and
434cytokine production.36 Treg population is recruited to the
435tumor site and promotes the immune-suppressive micro-
436environment through different pathways mediated by both
437cellular and soluble components (i.e., CTLA-4/B7, TGF-β,
438and IL-10). IL-10 is an immunoregulatory cytokine that
439inhibits innate and acquired immune responses and has
440important immune-inhibitory activity. In the tumor context,
441the PD-L1/PD-1 pathway induces CD4+ conversion in highly
442suppressive T cells. In detail, PD-L1 engagement results in
443downregulation of PI3K/Akt/mTOR signaling that switches
444CD4 differentiation toward regulatory T cells (Treg), which in
445the tumor context take part in immunosuppression.37 More-
446over, PD-1 signaling in CD4+ T cells reduces the PKC
447activation essential for the activation of NF-κB transcription
448factors responsible for the production of pro-inflammatory
449antitumoral cytokines like IFN-γ.38
450Starting from these observations, we screened the ability of
451PD-1 mutants to restore IFN-γ production and inhibit the IL-
45210 release.
453PHA-stimulated PBMCs were cocultured with tumor cells
454for 48 h, and the levels of IFN-γ and IL-10 were assessed by
455ELISA. The presence of both tumor cell lines affected PBMC
456cytokine production with a reduction of the IFN-γ
457concentration and an increase in IL-10. In both MDA-MB-
458231 and MCF-7 cell line cocultures, WT PD-1, HACTR-PD-1,
459and 1-HACTR-PD-1 were effective in increasing the IFN-γ
460 f6levels (Figure 6). The highest IFN-γ release was observed upon
461HACTR-PD-1 treatment. In fact, HACTR-PD-1 in MDA-MB-
462231/PBMC coculture induces an increase in IFN-γ production
463of 250%, while WT PD-1 and 1-HACTR-PD-1 induce an
464increase of 92 and 84%, respectively. When tested on MCF-7/
465PBMC coculture, all recombinant proteins induced higher
466IFN-γ production when compared with MDA-MB-231/
467PBMC-treated cells, even if the rates between the different
468treatments remained very similar. In all compound-treated
469cocultures, a significant increase in IL-10 production was
470observed (Figure 6), but this result was expected since with
471recombinant protein treatment, we have eliminated the PD-1/

Figure 6. Effects of WT PD-1, HACTR-PD-1, and 1-HACTR-PD-1 on T helper or Treg cytokine release. Cancer cells were treated with 10 μg/mL
WT PD-1, HACTR-PD-1, or 1-HACTR-PD-1 for 1 h and then incubated with PHA-stimulated PBMCs. After 48 h of cell culture, media were
collected, and IFN-γ and IL-10 were measured by ELISA. (A) IFN-γ and IL-10 released by PBMCs cocultured with the MDA MB 231 cell line in
the presence/absence of WT PD-1, HACTR-PD-1, or 1-HACTR-PD-1; (B) IFN-γ and IL-10 released by PBMCs cocultured with the MCF-7 cell
line in the presence or absence of WT PD-1, HACTR-PD-1, or 1-HACTR-PD-1. Results are expressed as the mean ± SEM of at least three
independent experiments run in triplicate using PBMCs from different donors. *p ≤ 0.05 natural/recombinant protein treated vs untreated
cocultures; **p ≤ 0.01 natural or recombinant protein treated vs untreated cocultures. For data on 2-HACTR-PD-1, see Figure S12.
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472 PD-L1 inhibitory effect on PHA-stimulated PBMCs. WT PD-1
473 and 1-HACTR-PD-1 induced a higher level of IL-10, while
474 HACTR-PD-1 induced a lower level in both coculture systems.
475 Of note, when we analyzed the ratio between these cytokines
476 that can be used as a rate of protumoral or antitumoral
477 microenvironments, we observed that both HACTR-PD-1 and
478 1-HACTR-PD-1 induced a clear increase in the IFN-γ/IL-10
479 ratio in both cell lines. These results suggest that both mutants
480 participate in the establishment of an antitumor microenviron-
481 ment able to sustain the antitumor immune responses.
482 To evaluate whether the tested mutants can induce changes
483 in the lymphocyte subtype percentage after 72 h of tumor cell/
484 PBMC coculture in the presence or absence of natural or
485 recombinant proteins, PBMCs were harvested and labeled with
486 anti-CD3, CD4, CD8, and CD25 antibodies and analyzed by

f7 487 FACS (Figure 7).
488 Although to a different extent, an increase in CD8 T cell
489 percentage and a significant decrease in CD4/CD25
490 percentage (Figure 7) were detected for all mutants in
491 PBMCs cocultured with both MDA-MB-231 and MCF-7 cell
492 lines. An increase in CD4 was observed when PBMCs were
493 cocultured with MCF-7 in the presence of recombinant
494 proteins; conversely, when PBMCs were cocultured with
495 MDA-MB-231, a slight but significant increase was observed
496 for both CD4 and CD8 lymphocytes. All together, these data
497 corroborate the properties of the compounds tested in
498 mediating a desired antitumoral environment at the cellular
499 level.

500 ■ CONCLUSIONS
501 In conclusion, in this article, we describe the design,
502 expression, biophysical characterization, and site-selective
503 glycosylation of the HACTR-PD-1 protein, a new mutant of
504 the PD-1 ectodomain. The preservation of the folding state of
505 the protein was proved by the minimal alteration of the 2D
506

1H−15N HSQC spectra and by the nanomolar affinity vs PD-
507 L1 that was assessed by NMR spectroscopy and isothermal
508 titration microcalorimetry as independent techniques. This
509 new mutant, featuring the N-terminal moiety as a unique free
510 amino group, was selectively functionalized with biocompatible
511 moieties relevant for modulation of the PD-1 mutant in terms
512 of solubility, clearance, and immunostimulant properties. The

513investigation of the biological profile of the new PD-1 mutant
514and of its L-rhamnosyl derivatives was carried out, and a set of
515cell-based assays was discussed. Rhamnoside tags have been
516selected as examples of known immunomodulators.17−19

517The data collected clearly suggested that the HACTR-PD-1
518mutant and its rhamnosyl derivatives reduced the anergy for all
519components of the T cells, with a resultant increase in
520proliferative and functional responses. Both HACTR-PD-1 and
521the rhamnosyl derivatives possess the ability to stimulate the
522innate immune system (in particular, macrophages) to set a
523pro-inflammatory environment essential to sustain an anti-
524tumoral immune response and to promote an antitumoral
525milieu, switching the IFN-γ/IL-10 ratio.
526Rhamnosyl derivatives 1-HACTR-PD-1 and 2-HACTR-PD-
5271 showed similar activity in all tests, independent of the linker
528and glycosidic bond. Endowed with immunomodulating
529properties similar to, or in some cases, only slightly lower
530with respect to HACTR-PD-1, the site-selectively function-
531alized mutants 1-HACTR-PD-1 and 2-HACTR-PD-1, thanks
532to the antigenic properties of rhamnose, represent the proof of
533concept for an unprecedented application of a PD-1 mutant as
534a ligand and also as a carrier with a panel of immunological
535activities. In perspective, the novel functionalized mutants
536herein described may pave the way for the development of new
537biologics to target the cancer cells overexpressing the PD-L1
538receptor, not only by inhibiting the PD-1/PD-L1 interaction
539but also by exerting a more direct cytotoxic and immunological
540activity. On this forecast generation of molecules, a more in-
541depth investigation into ADME and immunological properties
542will be conducted.
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Figure 7. Effects of WT PD-1, HACTR-PD-1, and 1-HACTR-PD-1 on the T subset percentage. Cancer cells were treated with 10 μg/mL PD-1,
HACTR-PD-1, or 1-HACTR-PD-1 for 1 h and then incubated with PHA-stimulated PBMCs. After 72 h of coculture, PBMCs were harvested,
labeled with CD3, CD4, CD8, and CD25 monoclonal antibodies, and the percentage of CD4-, CD8-, and CD4−CD25-positive cells was evaluated
by FACS. (A) CD4, CD8, and CD4−CD25 percentage after coculture with the MDA MB 231 cell line in the presence or absence of WT PD-1,
HACTR-PD-1, or 1-HACTR-PD-1; (B) CD4, CD8, and CD4−CD25 after coculture with the MCF-7 cell line in the presence or absence of WT
PD-1, HACTR-PD-1, or 1-HACTR-PD-1. Results are expressed as the mean ± SEM of at least three independent experiments run in triplicate
using PBMCs from different donors. For data on 2-HACTR-PD-1, see Figure S13.
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Synthesis of compound 3: 

 

Allyl-TMS (690 µL, 4.34 mmol), BF3 . Et2O (1.2 mL, 4.34 mmol) and TMSOTf (20 µL, 0.11 mmol) were 
added to a solution of peracetylated L-rhamnose (720 mg, 2.17 mmol) in dry CH3CN (4 mL) at 0°C. The 
reaction mixture was stirred at 0°C for 5 hours, then neutralized with Et2O (5 mL) and NaHCO3 (s.s., 10 
mL), diluted with EtOAc, washed with H2O (2x) and brine (2x). The organic layer was dried over anhydrous 
Na2SO4 and the solvent removed under vacuum. The crude mixture was purified by flash chromatography on 
silica gel (PE/EtOAc : 8/2) to yield 3 as a colourless oil (450 mg, 66 % yield). 

MW: (C15H22O7) 314.33 g/mol. 

ESI-MS: m/z (%) 337 (100) [M+Na]+. 

1H NMR: (500 MHz, CDCl3) δ: 5.79 (ddt, J b-c trans = 17.1 Hz, J b-c cis = 10.1 Hz, J b-a = 6.95 Hz, 1H, H-b), 
5.16 – 5.12 (m, 4H, H-3 + H-2 + H-c), 5.06 – 5.01 (m, 1H, H-4), 3.99 – 3.93 (m, 1H, H-1), 3.78 (dq, J 5-4 = 
8.5 Hz, J 5-6 = 6.3 Hz 1H, H-5), 2.58 – 2.51 (m, 1H, 1H of H-a) 2.45 – 2.38 (m, 1H, 1H of H-a), 2.12 (s, 3H, 
Ac), 2.06 (s, 3H, Ac), 2.01 (s, 3H, Ac), 1.23 (d, J 6-5 = 6.3 Hz, 3H, H-6) ppm. 

13C NMR: (125 MHz, CDCl3) δ: 170.3 (Cq, CO), 170.1 (Cq, CO), 169.9 (Cq, CO), 132.9 (CH, C-b), 118.2 
(CH2, C-c), 74.4 (CH, C-1), 71.5 (CH, C-4), 70.4 (CH, C-3), 69.1 (CH, C-2), 68.2 (CH, C-5), 33.7 (CH2, C-
a), 20.9 (CH3, Ac), 20.8 (CH3, Ac), 20.7 (CH3, Ac), 17.6 (CH3, C-6) ppm. 

Synthesis of compound 4: 

 

NaIO4 (1.14 g, 5.34 mmol) and RuCl3·H2O (12 mg, 0.053 mmol) were added to a solution of 3 (420 mg, 1.33 
mmol) in the mixture of solvents H2O:CCl4:CH3CN = 2:1:1 (14 mL) at 0°C. The reaction mixture was stirred 
at room temperature for 3.5 hours, after which it was filtered on #4 frit filtered on a Celite® pad, washing 
with H2O (2x) and NaHCO3 (s.s. 2x). The mixture of solvents was transferred in a separating funnel and the 
aqueous layer was washed with DCM (3 times). The combined organic phases were extracted with H2O (2x) 
and NaHCO3 (s.s. 2x). The aqueous layers were pulled together, acidified to pH=4 by addition of conc. HCl, 
then reextracted with DCM (3x). The organic phase was dried over Na2SO4 and solvents were removed in 
vacuo to obtain 300 mg of crude 4 that was progressed to the next step without further purification. 

MW: (C14H20O9) 332.31 g/mol. 

ESI-MS: m/z (%) 331 (100) [M - H]- . 

1H NMR: (500 MHz, CDCl3) δ: 5.23 (dd, 1H, J 2-3 = 3.4 Hz, J 3-4 = 7.5 Hz, H-3), 5.17 (dd, 1H, J 1-2 = 4.9 Hz, 
J 2-3 = 3.4 Hz, H-2), 5.00 (dd, 1H, J 4-3 = 7.5 Hz, J 4-5 = 6.5 Hz, H-4), 4.48 – 4.42 (m, 1H, H-1), 3.96 – 3.89 

Allyl-TMS
BF3 . Et2O
TMSOTf

CH3CN dry, 0 °C
5 h, 66 %

a
b

c

3

O

AcO OAc

AcO

OAc
O

AcO OAc

AcO

H2O/CCl4/CH3CN
2:1:1

0 °C to rt, 3.5 h
70 %

NaIO4
RuCl3 . H2O

O

AcO OAc

AcO

4

O

AcO OAc

AcO

3

O

OHa

S  3



(aquint, 1H, J  = 6.5 Hz, H-5), 2.82 – 2.76 (A part of an ABX system, J a-b = 15.5 Hz, J a-x = 9.6 Hz, 1H, 1H 
of H-a), 2.70 – 2.66 (B part of an ABX system, 1H, J b-a = 15.5 Hz, J b-x = 4.6 Hz, one H of H-a), 2.12 (s, 3H, 
Ac), 2.11 (s, 3H, Ac), 2.08 (s, 3H, Ac), 1.35 (d, J 6-5 = 6.6 Hz, 3H, C-6) ppm.  
13C NMR: (125 MHz, CDCl3) δ: 174.5 (Cq, CO), 170.1 (Cq, CO), 169.9 (Cq, CO), 169.9 (Cq, CO),  71.4 
(CH, C-4), 69.8 (CH, C-5), 69.7 (CH, C-2), 69.3 (CH, C-1), 68.5 (CH, C-3), 35.3 (CH2, C-a), 20.9 (CH3, 
Ac),  20.8 (CH3, Ac), 20.7 (CH3, Ac), 16.9 (CH3, C-6) ppm. 

Synthesis of compound 6: 

 

To a solution of 4 (280 mg, 0.84 mmol) in dry DMF (3.8 mL), EDAC.HCl (315 mg, 2.02 mmol) and HOBT 
(250 mg, 1.85 mmol) were added at 0 °C (solution A). The solution was stirred at 0 °C for 30 minutes. To a 
solution of 5 (345 mg, 1.01 mmol) in dry DMF (6.6 mL), NMM (333 µL, 3.03 mmol) was added at 0 °C 
(solution B). The solution was stirred at 0 °C for 20 minutes. Solution B was then added to solution A and 
the reaction mixture stirred at 0 °C for 40 minutes and at room temperature for 3 hours. The mixture was 
then diluted with EtOAc and washed with HCl 3% (3x), NaHCO3 (s.s., 3x) and brine (3x). The organic layer 
was dried over anhydrous Na2SO4 and the organic solvent removed under vacuum. The crude was purified 
by flash chromatography on silica gel (PE/EtOAc : 45/55) to yield compound 6 as a colourless oil (360 mg, 
75 % yield). 

MW: (C2213CH29NO10) 480.46 g/mol. 
ESI-MS: m/z (%) 480 (100) [M +Na]+. 
1H NMR: (500 MHz, CDCl3) δ: 7.42 – 7.33 (m, 5H, Ph), 6.74 (bs, 1H, NH), 5.24 (dd, J 3-4 = 6.6 Hz, J 3-2 = 
3.4  Hz, 1H, H-3), 5.20 (d, J = 3.2 Hz, 2H, CH2-Ph) 5.11 (dd, J 2-1 = 6.1 Hz, J 2-3 = 3.4 Hz, 1H, H-2), 4.95 
(dd, J 4-3 = 6.6  Hz, J 4-5 = 5.3 Hz, 1H, H-4), 4.41 (ddd, J 1-Ha = 9.8 Hz, J 1-2 = 6.1 Hz, J 1-Ha = 3.7 Hz, 1H, 
H-1), 4.14 – 4.05 (m, 2H, H-b), 3.99 – 3.93 (m, 1H, H-5), 2.66 – 2.60 (A part of ABX system, J a-b = 15.5 Hz, 
J a-x = 9.8 Hz, 1H, 1H of H-a), 2.58 – 2.53 (B part of ABX system, J b-a = 15.5 Hz, J b-x = 3.7 Hz, 1H, 1H of 
H-a), 2.10 (s, 3H, Ac), 2.08 (s, 3H, Ac), 2.08 (s, 3H, Ac), 1.38 (d, J 6-5 = 6.6 Hz, 3H, H-6) ppm. 
13C NMR: (125 MHz, CDCl3) δ: 169.9 (Cq, CO), 169.8 (Cq, CO), 169.7 (Cq, CO), 169.7 (13Cq, CO), 169.4 
(Cq, CO), 135.1, 128.7, 128.6, 128.4, 71.5 (CH, C-4), 70.3 (CH, C-5), 69.5 (CH, C-2), 68.7 (CH, C-3), 68.2 
(CH, C-1), 67.2 (CH2, OBn), 41.5 (d, J c-c = 61.8 Hz, CH2, C-b), 36.8 (CH2, C-a), 20.9 (CH3, Ac), 20.8 (CH3, 
Ac),  20.8 (CH3, Ac), 16.7 (CH3,C-6) ppm. 
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Pd/C (66 mg, 106.42 mmol) was added to a solution of 6 (270 mg, 0.56 mmol) in THF (7 mL) and H2O (30 
µL). The suspension was stirred at room temperature under H2 atmosphere for 2 hours. The mixture was then 
filtered on a Celite® pad, washing with THF and the solvent was removed under vacuo. The crude compound 
was then resolubilized in DMF (2.7 mL), then TBTU (328 mg, 1.02 mmol), NMM (156 mg, 1.53 mmol) and 
compound 8 (106 mg, 0.66 mmol) were added at 0°C. The mixture was stirred at room temperature for 3 
hours then diluted with EtOAc and washed with HCl 3% (3x), NaHCO3 (s.s. 3x) and brine (3x). The organic 
layer was dried over Na2SO4 and the organic solvent evaporated to dryness. The crude was purified via flash 
chromatography on silica gel (CH2Cl2:CH3OH  / 95:5), to yield compound 9 as a pale yellow oil (140 mg, 50 
% yield over two steps). 

MW: (C2213CH37N3O11) 532.55 g/mol. 

ESI-MS: m/z (%) 555 (100) [M + Na]+. 

1H NMR: (500 MHz, CDCl3) δ: 7.34 (bs, 1H, NH), 7.16-7.10 (m, 1H, NH), 5.28 (bs, 1H, NH), 5.19 (dd, J 3-4 

= 6.6 Hz, J 3-2 = 3.4 Hz, 1H, H-3), 5.14 (dd, J 2-1  = 6.1 Hz, J 2-3 = 3.4 Hz, 1H, H-2), 4.97 (dd, J 4-3 = 6.6 Hz, J 
4-5 = 5.3 Hz, 1H, H-4), 4.43 – 4.37 (m, 1H, H-1), 3.95 – 3.88 (m, 3H, H-5 + H-b), 3.39 – 3.32 (m, 2H, H-c), 
3.27 – 3.21 (m, 2H, H-d), 2.74 – 2.67 (A part of an ABX system, J a-b = 15.0 Hz, J a-x = 9.6 Hz, 1H, 1H of H-
a), 2.61 – 2.53 (B part of ABX system, J b-a = 15.0 Hz, J b-x = 4.7 Hz, 1H, 1H of H-a), 2.08 (s, 3H, Ac), 2.07 
(s, 3H, Ac), 2.03 (s, 3H, Ac), 1.41 (s, 9H, tBu), 1.31 (d, J 6-5 = 6.6 Hz, 3H, H-6) ppm. 

13C NMR: (125 MHz, CDCl3) δ: 170.4 (Cq, CO), 170.1 (Cq, CO), 169.9 (Cq, CO), 169.9 (Cq, CO), 169.8 
(Cq, CO), 169.3 (13Cq, CO), 79.7 (Cq), 71.4 (CH, C-4), 69.9 (CH, C-1), 69.7 (CH, C-5), 68.7 (CH, C-2), 68.5 
(CH, C-3), 43.15 (d, J c-c = 52.3 Hz, CH2, C-b), 40.6 (CH2, C-c), 40.2 (CH2, C-d), 36.7 (CH2, C-a), 28.4 
(3CH3, tBu), 20.9 (CH3, Ac), 20.8 (CH3, Ac), 20.7 (CH3, Ac), 17.0 (CH3, C-6) ppm. 

Synthesis of compound 10: 

 

Compound 9 (120 mg, 0.22 mmol) was dissolved in 0.5 mL of a 4 M solution of NH3 in CH3OH. The 
reaction mixture was stirred at room temperature for 24 hours then evaporated to dryness. The crude 
compound was then resuspended in anhydrous CH2Cl2 (1.6 mL) and TFA (120 µL, 1.56 mmol) was added 
dropwise at 0 °C. The solution was stirred at room temperature for 2 hours then it was evaporated to dryness 
to give crude 10 (140 mg) which was used without further purification. 

MW: (C1313CH24F3N3O8) 420.35 g/mol. 

ESI-MS: m/z (%) 307 (100) [M + H]+ . 

1H NMR: (500 MHz, CD3OD) δ: 4.31 (ddd, J 1-Ha = 9.1 Hz, J 1-2 = 5.4 Hz, J 1-Ha = 3.7 Hz, 1H, H-1), 3.90 – 
3.85 (m, 2H, H-b), 3.80 (at, J 2-H = 3.6 Hz, 1H, H-2), 3.69 (dd, 1H, J 3-4 = 6.6 Hz, J 3-2 = 3.4 Hz, H-3), 3.67 – 
3.61 (m, 1H, H-5), 3.53 – 3.47 (m, 3H, H-4+H-c), 3.08 (t, J d-c = 5.8 Hz, 2H, H-d), 2.75 – 2.69 (A part of an 
ABX system, J a-b = 14.5 Hz, J a-x = 9.1 Hz, 1H, 1H of H-a), 2.60 – 2.54 (B part of an ABX system, J b-a = 
14.5 Hz, J b-x = 5.4 Hz, 1H, 1H of H-a), 1.30 (d, J 6-5 = 6.3 Hz, 3H, H-6) ppm. 
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13C NMR: (125 MHz, CD3OD) δ: 172.3 (Cq, CO), 170.4 (13Cq, CO), 72.7 (CH, C-1), 71.1 (CH, C-4), 71.1 
(CH, C-5), 71.1 (CH, C-3), 70.8 (CH, C-2), 42.4 (d, J c-c = 52.6 Hz, CH2, C-b), 39.6 (CH2, C-d), 36.6 (CH2, 
C-c), 36.2 (CH2, C-a), 16.7 (CH3, C-6) ppm. 

Synthesis of compound 1: 

 

NMM (58 mg, 0.58 mmol) was added to a solution of 10 (115 mg, 0.15 mmol) in dry DMF (1.6 mL). After 
20 minutes, compound 11 (220 mg, 0.64 mmol) [1] was added. The reaction mixture was stirred at room 
temperature for 20 hours then the suspension obtained was filtered on #4 frit and washed with DMF (2x). 
The solid (unreacted linker 11) was discarded, while the organic phase was evaporated to dryness. The crude 
was purified by precipitation with EtOAc, the precipitate was filtered on #4 frit, washed with EtOAc (2x) 
and dried under vacuum affording the desired compound 1 (65 mg, 70 % yield over three steps). 

MW: (C2113CH34N4O11) 531.52 g/mol. 

ESI-MS: m/z (%) 554 (100) [M + Na]+, 570 (100) [M + K]+ . 

[α]D22 = +2.9 (c=0.1 in CH3OH). 

1H NMR: (500 MHz, CD3OD) δ: 4.31 (ddd, J1-Ha 9.1 Hz, J1-2 5.3 Hz, J1-Ha 3.7 Hz, 1H, H-1), 3.88 – 3.82 (m, 
2H, H-b), 3.79 (at, J 2-H = 3.6 Hz, 1H, H-2) 3.69 (dd, 1H, J 3-2 = 3.4 Hz, J 3-4 = 6.6 Hz, H-3), 3.67 – 3.61 (m, 
1H, H-5) 3.49 (t, J 4-3 = 6.6 Hz, 1H, H-4), 3.31 (m, 4H, H-c, H-d), 2.86 (s, 4H, H-i+H-l), 2.71 – 2.76 (m, 3H, 
H-e + 1H of H-a), 2.60 – 2.54 (B part of an ABX system, Jb-a 14.5 Hz, Jb-x 5.5 Hz, 1H, H-a) 2.28 – 2.24 (m, 
2H, H-h), 1.81 – 1.69 (m, 4H, H-f + H-g), 1.30 (d, J 6-5 = 6.3 Hz, 3H, CH3-6) ppm. 

13C NMR: (125 MHz, CD3OD) δ: 174.6 (Cq, CO), 172.3 (Cq, CO), 170.6 (Cq, CO), 170.5 (13Cq, CO), 168.7 
(Cq, CO), 72.7 (CH, C-1), 71.0 (CH, C-4), 71.0 (CH, C-5), 71.0 (CH, C-3), 70.7 (CH, C-2), 42.5 (d, Jc-c = 
52.6 Hz, CH2, C-b), 38.8 (CH2, C-d), 38.4 (CH2, C-c), 36.30 (CH2, C-a), 35.0 (CH2, C-h), 29.8 (CH2, C-e), 
24.8 (CH2, C-i + C-l), 24.5 (CH2, C-f), 23.8 (CH2, C-g), 16.6 (CH3, C-6) ppm. 

Synthesis of compound 12: 

 

Benzylamine (1.6 mL, 14.5 mmol) was added to a solution of peracetylated rhamnose (969 mg, 2.9 mmol) in 
THF (16 mL). The mixture was stirred at room temperature for 19 hours after which a 1 M solution of HCl 
(60 mL) was added and stirred for 30 minutes. The water phase was then extracted with CH2Cl2 (x4), the 
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organic layer was dried over anhydrous Na2SO4 and concentrated under vacuum. The crude mixture (1.15 g) 
was purified by flash chromatography on silica gel (PE/EtOAc : 6/4), yielding 12 as a white solid (623 mg, 
74 % yield, α anomer 90 % - β anomer 10 %). 

Characterization of α anomer: 
M.W.: (C26H38O17) 622.57 g/mol. 
1H NMR: (α anomer) (500 MHz, CDCl3) δ: 5.35 (dd, J 3-4 = 10.0 Hz, J 3-2 = 3.4 Hz, 1H, H-3), 5.25 (dd, J2-3 
= 3.4 Hz, J2-1 = 1.8 Hz, 1H, H-2), 5.14 (dd, J 1-OH = 3.9 Hz, J 1-2 = 1.8 Hz, 1H, H-1), 5.06 (t, J = 9.9 Hz, 1H, 
H-4), 4.12 (dq, J 5-4 = 9.9 Hz, J 5-6 = 6.3 Hz, 1H, H-5), 3.56 (d, J OH-1 = 3.9 Hz, 1H, OH), 2.14 (s, 3H, Ac), 
2.04 (s, 3H, Ac), 1.98 (s, 3H, Ac), 1.20 (d, J 6-5 = 6.3 Hz, 3H, H-6) ppm. 
13C NMR: (α anomer) (125 MHz, CDCl3) δ: 170.5 (Cq, CO), 170.3 (Cq, CO), 170.3 (Cq, CO), 92.2 (CH, 
C-1), 71.3 (CH, C-4), 70.4 (CH, C-2), 69.0 (CH, C-3), 66.5 (CH, C-5), 21.1 (CH3, Ac), 20.9 (CH3, Ac), 20.9 
(CH3, Ac), 17.6 (CH3, C-6) ppm. 

Synthesis of compound 13: 

 

To a solution of 12 (393 mg, 1.35 mmol) in dry CH2Cl2 (15 mL), trichloroacetonitrile (1.0 mL, 10.0 mmol) 
and DBU (100 µL, 0.67 mmol) were added at 0 °C under N2 atmosphere. The mixture was stirred at room 
temperature for 4 hours, then the mixture was diluted with CH2Cl2 (30 mL) and washed with NH4Cl (s.s. x3), 
H2O (x2) and eventually brine (x1). The organic phase was dried over Na2SO4 and concentrated in vacuo to 
give the crude 13 as a brown foam (679 mg, quant. yield) which was used without further purification. 

M.W.: (C14H18Cl3NO8) 434.65 g/mol. 
1H NMR: (500 MHz, CDCl3) δ: 8.72 (s, 1H, NH), 6.20 (d, J 1-2 = 1.9 Hz, 1H, H-1), 5.45 (dd, J 2-3 = 3.5 Hz, J 

2-1 = 2.0 Hz, 1H, H-2), 5.36 (dd, J 3-4 = 10.2 Hz, J 3-2 = 3.5 Hz, 1H, H-3), 5.17 (t, J 4-H = 10.0 Hz, 1H, H-4), 
4.09 (dq, J 5-4 = 10.0 Hz, J 5-6 = 6.2 Hz, 1H, H-5), 2.18 (s, 3H, Ac), 2.07 (s, 3H, Ac), 2.00 (s, 3H, Ac), 1.27 (d, 
J 6-5 = 6.2 Hz, 3H, H-6) ppm. 

Synthesis of compound 15: 

 

To a solution of 13 (679 mg, 1.35 mmol) and Z-ethanolamine 14 (401 mg, 2.05 mmol) in dry CH2Cl2 (10 
mL), TMSOTf (60 µL, 0.33 mmol) was added at 0 °C under a N2 atmosphere. The mixture was stirred at 
room temperature for 2.5 hours, then the reaction mixture was diluted with CH2Cl2 (30 mL) and washed with 
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H2O (x3) and brine (x1). The organic phase was dried over anhydrous Na2SO4 and concentrated under 
vacuum to give the crude (995 mg), which was purified by flash chromatography on silica gel (PE/EtOAc : 
6/4 to 5/5) to give 15 as a yellow oil (396 mg, 63 % yield over two steps). 

M.W.: (C22H29NO10) 467.47 g/mol. 
ESI-MS: m/z (%): 490.33 (100) [M+Na]+, 506.33 (35) [M+K]+, 956.58 (6) [2M+Na]+, 972.00 (3) [2M+K]+. 
[α]D26°C = -42° (c = 0.873 g/100 mL, CHCl3). 

1H NMR: (500 MHz, CDCl3) δ: 7.39 – 7.35 (m, 4H, Ar), 7.34 – 7.28 (m, 1H, Ar), 5.28 – 5.22 (m, 2H, H-2 + 
H-3), 5.19 – 5.15 (m, 1H, NH), 5.11 (d, J = 3.4 Hz, 2H, CH2-Ph), 5.06 (t, J 4-H = 9.7 Hz, 1H, H-4), 4.73 (d, J 
1-2 = 1.6 Hz, 1H, H-1), 3.83 (dq, J 5-4 = 9.8 Hz, J 5-6 = 6.3 Hz, 1H, H-5), 3.79 – 3.72 (m, 1H, 1H of H-a), 3.55 
– 3.49 (m, 1H, 1H of H-a), 3.48 – 3.42 (m, 1H, 1H of H-b), 3.42 – 3.35 (m, 1H, 1H of H-b), 2.14 (s, 3H, Ac), 
2.03 (s, 3H, Ac), 1.98 (s, 3H, Ac) 1.20 (d, J 6-5 = 6.4 Hz, 3H, H-6) ppm. 
13C NMR: (125 MHz, CDCl3) δ: 170.3 (Cq, CO), 170.2 (Cq, CO), 170.1 (Cq, CO), 156.5 (Cq, CO), 136 (Cq, 
Ph), 128.7 (CH, Ph), 128.3 (CH, Ph), 97.7 (CH, C-1), 71.1 (CH, C-4), 69.8 (CH, C-3), 69.2 (CH, C-2), 67.4 
(CH2, C-a), 67.0 (CH2, CH2-Ph), 66.7 (CH, C-5) 40.8 (CH2, C-b), 21.0 (CH3, Ac), 20.9 (CH3, Ac), 20.9 
(CH3, Ac), 17.5 (CH3, C-6) ppm.  

Synthesis of compound 16: 

 

Compound 15 (393 mg, 0.85 mmol) was dissolved in 13 mL of a 4 M solution of NH3 in CH3OH. The 
mixture was stirred at room temperature for 4 hours after which the reaction mixture was evaporated to 
dryness and purified by flash chromatography on silica gel (CH2Cl2/CH3OH : 9/1) to afford 16 (249 mg, 86 
% yield) as a cerous solid. 

M.W.: (C16H23NO7) 341.36 g/mol. 
ESI-MS: m/z (%): 364.33 (100) [M+Na]+, 380.25 (39) [M+K]+, 704.92 (29) [2M+Na]+, 720.58 (4) [2M+K]
+. 
[α]D26°C = -43° (c = 0.913 g/100 m in CH3OH). 
1H NMR: (500 MHz, CD3OD) δ: 7.37 – 7.33 (m, 4H, Ar), 7.32 – 7.26 (m, 1H, Ar), 5.08 (s, 2H, CH2-Ph), 
4.68 (d, J 1-2 = 1.8 Hz, 1H, H-1), 4.58 (s, 1H, NH), 3.81 (dd, J 2-3 = 3.5 Hz, J 1-2 = 1.8 Hz, 1H, H-2), 3.75 – 
3.69 (m, 1H, one H of H-a), 3.65 (dd, J 3-4 = 9.5 Hz, J 3-2 = 3.5, 1H, H-3), 3.58 (dq, J 5-4 = 9.5 Hz, J 5-6 = 6.3 
Hz, 1H, H-5), 3.52 – 3.44 (m, 1H, one H of H-a), 3.37 (at, J 4-H = 9.4 Hz, 1H, H-4), 3.35 – 3.28 (m, 2H, H-b), 
1.24 (d, J 6-5 = 6.3 Hz, 3H, H-6) ppm. 
13C NMR: (125 MHz, CD3OD) δ: 158.9 (Cq, CO), 138.3 (Cq, Ph), 129.5 (CH, Ph), 129.0 (CH, Ph), 128.8 
(CH, Ph), 101.7 (CH, C-1), 74.0 (CH, C-4), 72.3 (CH, C-2), 69.9 (CH, C-5), 67.5 (CH2, CH2-Ph), 67.3 
(CH2, C-a), 41.7 (CH2, C-b), 18.0 (CH3, C-6) ppm.  
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To a solution of 16 (249 mg, 0.73 mmol) in ethanol (10 mL), Pd/C (10 % wt, 189 mg) was added under a N2 
atmosphere. The reaction was stirred at room temperature, under H2 atmosphere. After 16 h the suspension 
was filtered through a pad of Celite®, the solvent was removed under vacuum to give pure 17 (150 mg, 
quant. yield) as a cerous solid. 

M.W.: (C8H17NO5) 207.23 g/mol. 
ESI-MS: m/z (%): 208.17 (100) [M+H]+, 230.17 (23) [M+Na]+. 
[α]D26°C = -52° (c = 0.355 g/100 mL in CH3OH). 

1H NMR: (500 MHz, CD3OD) δ: 4.70 (d, J 1-2 = 1.8 Hz, 1H, H-1), 3.83 (dd, J 2-3 = 3.4 Hz, J 2-1 = 1.8 Hz, 1H, 
H-2), 3.72 (ddd, J a-a’ = 10.4 Hz, J a-b = 6.1 Hz, J a-b’ = 4.6 Hz, 1H, one H of H-a), 3.66 (dd J = 9.5, 3.4 Hz, 
1H, H-3), 3.58 (dq, J = 9.5, 6.3 Hz, H-5), 3.45 (ddd, J a-a’ = 10.4 Hz, J a-b = 6.4 Hz, J a-b’ = 4.6 Hz, 1H, one H 
of H-a), 3.38 (at, J 4-H = 9.5 Hz, 1H, H-4), 2.89 – 2.76 (m, 2H, H-b), 1.27 (d, J 6-5 = 6.3 Hz, 3H, H-6) ppm.  
13C NMR: (125 MHz, CD3OD) δ: 101.9 (CH, C-1), 74.0 (CH, C-4), 72.4 (CH, C-3), 72.2 (CH, C-2), 69.9 
(CH, C-5), 69.8 (CH2, C-a), 42.1 (CH2, C-b), 18.0 (CH3, C-6) ppm. 

Synthesis of compound 2: 

 

NMM (380 µL, 3.46 mmol) was added to a solution of 17 (150 mg, 0.72 mmol) in dry DMF (15 mL). After 
20 minutes, 11 (695 mg, 2 mmol) was added. The mixture was stirred at room temperature for 1 hour after 
which the mixture was evaporated to dryness and purified via flash chromatography on silica gel (CHCl3/
CH3OH : 80/20) to afford 2 (153 mg, 49 % yield over two steps) as a white foam. 

M.W.: (C18H28N2O10) 432.43 g/mol. 
ESI-MS: m/z (%): 455.42 (100) [M+Na]+, 471.33 (8) [M+K]+. 
[α]D26°C = -31° (c = 0.605 g/100 mL in CH3OH). 
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1H NMR: (500 MHz, CD3OD) δ: 4.68 (d, J 1-2 = 1.7 Hz, 1H, H-1), 3.81 (dd, J 2-3 = 3.5 Hz, J 2-1 = 1.7 Hz, 1H, 
H-2), 3.72 (ddd, J a-a’ = 10.2 Hz, J a-b = 6.5 Hz, J a-b’ = 4.7 Hz, 1H, one H of H-a), 3.69 – 3.62 (m, 1H, H-3), 
3.56 (dq, J 5-4 = 9.4 Hz, J 5-6 = 6.2 Hz, 1H, H-5), 3.45 (ddd, J a-a’ = 10.2 Hz, J a-b = 6.5 Hz, J a-b’ = 4.6 Hz, 1H, 
one H of H-a), 3.44 – 3.33 (m, 3H, H-4 + H-b), 2.83 (s, 4H, H-g), 2.69 – 2.65 (m, 2H, H-c), 2.28 – 2.21 (m, 
2H, H-f), 1.79 – 1.70 (m, 3H, H-d + H-e), 1.25 (d, J 6-5 = 6.3 Hz, 3H, H-6) ppm. 
13C NMR: (125 MHz, CD3OD) δ: 175.7 (Cq, CO), 171.9 (Cq, CO), 170.1 (Cq, CO), 101.6 (CH, C-1), 73.9 
(CH, C-4), 72.3 (CH, C-3), 72.1 (CH, C-2), 69.8 (CH, C-5), 66.9 (CH2, C-a), 36.4 (CH2, C-c), 31.2 (CH2, C-
f), 26.5 (CH2, C-g), 26.0 (CH2, C-d), 25.1 (CH2, C-e), 18.0 (CH3, C-6) ppm. 

Material and Methods  

Cell culture 

The MDA-MB-231 is a highly aggressive, invasive, and poorly differentiated triple-negative breast cancer 
(TNBC) cell line as it lacks estrogen receptor (ER), and progesterone receptor (PR) expression, as well as 
human epidermal growth factor receptor 2 (HER2). MDA-MB-231 cells were cultivated in DMEM medium 
complete with inactivated 10% fetal bovine serum (FBS), 1% penicillin/streptomycin and 1% L-glutamine. 
MCF-7 represents an ER-positive breast cancer model expressing both ERα and Erβ, PR as well as HER2 
receptors. MCF-7 cells were cultivated in EMEM medium supplemented with 10% FBS, 1% penicillin/
streptomycin, 1% L-glutamine, 1% non-essential amino acids, 1% sodium pyruvate and 1% insulin. Both 
cell cultures were kept in an incubator at 37°C in a humidified atmosphere with a CO2 pressure of 5%.  
Human Peripheral Blood Mononuclear Cells (PBMC), were isolated from the buffy coat of healthy 
volunteers after their informed consent. PBMC were separated from whole blood by density gradient (ficoll) 
centrifugation. Isolated PBMC were cultivated in RPMI medium, completed with 10% FBS, 1% Kanamycin 
solution, 1% L-glutamine, 1% non-essential amino acids and 1% sodium pyruvate. 
To evaluate the expression of PD-L1 on cell lines, MDA MB 231 and MCF-7 cells were harvested labelled 
with PE-conjugated anti-PD-L1 antibody and the level of PD-L1 expression analysed by flow cytometry. 

Cell co-culture 
For co-culture experiments, each cell line was plated in a 96 well tissue culture-treated plate at a 
concentration of 30000 cells/well. Cells were kept in a humidified incubator at 37°C in 5% CO2 for 24 h to 
allow the cell to adhere. PBMC were activated or not activated by PHA 10 µg/mL overnight treatment. 
To establish co-culture cell lines were treated with 10 µg/mL or 50 µg/mL of WT PD-1, HACTR-PD-1, 1- or 
2-HACTR-PD-1-L-rhamnose for 1 hour, followed by the addition of inactivated/activated PBMCs (3 x 10^5 
cells/well). To distinguish the effects of co-culturing PBMCs with breast cancer cells from PBMC activation, 
two controls were used; activated PBMCs cultured alone (negative control) or co-cultured with breast cancer 
cells from each cell line, in the absence of recombinant or natural proteins.  

Proliferation assay 
To evaluate the effect of WT PD-1, HACTR-PD-1 or HACTR-PD-1-L-rhamnose on T cell proliferation 
PBMC were labelled with 0.25 mM carboxyfluorescein succinimidyl ester (CFSE) in serum-free PBS for 30 
min at 37°C. FBS was then added to stop the reaction, and cells were washed several times with completed 
RPMI-1640. CFSE-labelled PBMC were added to pleated MDA-MB-231 or MCF-7 (untreated/treated 1h 
with WT PD-1, HACTR-PD-1, 1- or 2-HACTR-PD-1-L-rhamnose) and stimulated with 10 µg/mL of PHA. 
After 6 days of co-culture, PBMC were harvested, and T cell proliferation analyzed by FACS. 

Cytotoxicity assay 
The effect of WT PD-1, HACTR-PD-1 or HACTR-PD-1-L-rhamnose on T cell cytotoxic activity was 
analyzed using Calcein-AM cytotoxicity assay. MDA-MB-231 and MCF-7 cells were labelled with 1 mM 
CAM at 37°C for 15 min, washed, and seeded in a 96-well plate at a density of 3 x 104 cells in 50 µL per 
well. The following day, labelled target cells were treated with 10 µg/mL or 50 µg/mL of WT PD-1, HACTR-
PD-1, 1- or 2-HACTR-PD-1 for 1 hour and incubated at a 1:10 ratio with overnight stimulated PBMC 
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(PBMC stimulation was performed as described in paragraph Cell Co-Culture). Each plate included target 
cells alone, as controls, for spontaneous cell death measurements. Plates were incubated at 37°C in a 
humidified atmosphere with 5% CO2 for 24h. After incubation, the cells of each well were harvested, washed 
and labelled with propidium iodide (PI), and the cytotoxicity was measured by flow cytometry (FACS). Live 
target cells were identified as CAMhigh/PI- population, whereas killed target cells were CAMlow/PI+ and the 
effector cells were CAM- (at least 10-fold less fluorescent than killed target cells). After gating on target 
cells, cytotoxicity was calculated as the % increase in CAMlow/PI+ population relative to target cells alone 
[cytotoxicity, % = (CAMlow/PI+ in experimental wells – CAMlow/PI+ in control wells)/CAMhigh/PI- in control 
well x 100]. The mean cytotoxicity % SEM for each condition was calculated from three replicate 
experimental wells. 

THP1 cell culture and differentiation 

THP1 cell line was obtained from ATCC and maintained in RPMI 1640 medium supplemented with 10% of 
foetal bovine serum (FBS), 2 mmol/L L-glutammine (Immunological Sciences, Rome, Italy) and 1 mg/mL 
kanamycin (Sigma-Aldrich Milan, Italy). THP1 cells (2 x 105 cells/mL) were seeded in 6 multiwell and 
differentiated into macrophages (M0) by 24h incubation with 150 nM phorbol 12-mystrate-13-acetate 
(PMA) (Sigma-Aldrich) followed by 24h incubation in RMPI medium. Macrophages were polarized into M1 
macrophages by incubation with 0.5 mg/mL lipopolysaccharide (LPS) (Sigma Aldrich, Milan Italy). 

Flow cytometry 

Flow cytometry analyses were performed using the Accuri C6 (Thermo Fisher Scientific, Italy). Forward 
(FCS) and side (SSC) scatters were used to identify cell populations and measure size and granularity of the 
cells. Auto-fluorescence was recorded by analyzing unstained cells in the FL-1 channel (blue laser; 
excitation 488, emission 530/30). For detection of cell surface markers 1 mg/mL of monoclonal mouse anti-
human antibodies CD14-FITC, CD86-PE, CD11b- PeCy7 were used for each sample. THP1 cells (2 x 105 
cells/mL) were seeded in 6 MW and differentiated into macrophages as described. Differentiate macrophages 
(M0) were treated with increasing concentrations (0.1 – 10 mg/mL) of tested compounds or with 0.5 mg/mL 
(LPS). After 24h incubation, cells were harvested, washed, incubated with the antibodies for 30 minutes on 
ice in the dark. Labelled samples were washed, resuspended in PBS and analyzed by FACS, for each sample 
10000 events were recorded. All data was analyzed using FCS express 7 (Flow cytometry software, DeNovo 
software).  

ELISA assay 

To evaluate the effect of new PD-1 mutants on T helper/reg cell activity co-culture experiments were 
performed as described previously. After 48h of co-culture, plates were centrifuged at 1500 rpm for 5 
minutes and cell supernatants collected and stored at -80°C until the analysis. IFN-γ and IL-10 quantification 
in the culture media was performed by ELISA, following the manufacturer’s instructions. Absorbance at 450 
nm was monitored with a microplate reader. THP1 cells (2 x 105 cells/mL) were seeded in 6 MW and 
differentiated into macrophages as described. Differentiate macrophages (M0) were treated with increasing 
concentrations (0.1 – 10 mg/mL) of tested compounds or with 0.5 mg/mL (LPS). After 24h incubation 
culture media were collected and stored in –80°C until analysis. Levels of IL-8, TNF-a and IL-10 were 
measured by ELISA assay according to manufacturer’s guidelines (Biolegend® San Diego, CA, USA). 

Cell subset characterization 
To evaluate the effect of WT PD-1, HACTR-PD-1, 1- or 2-HACTR-PD-1 on T cell subset frequency co-
culture experiments were performed as described previously. After 72 h of co-culture PBMC were harvested 
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labelled for 30 min on ice with anti-human CD3, CD4, CD8 and CD25 and washed 2 times with PBS. CD3, 
CD4, CD8, and CD25 frequency were analyzed by FACS. 

Statistical analysis 
Results are expressed as means ± SEM of at least three independent experiments. Independent experiments 
were conducted using PBMC from at least 3 different donors. Statistical significance was evaluated by the 
one-way ANOVA followed by the Student's t test for unpaired populations, using Graph Pad Prism 9 (Graph 
Pad Software, Inc., San Diego, CA, USA). Differences were considered statistically significant when p < 
0.05. 

Expression and purification of human wild-type PD-L1  
Escherichia coli BL21 (DE3) cells were transformed with pET-21a (+) plasmid encoding PD-L1 gene. In 
order to obtain uniformly isotopically enriched PD-L1 [U-15N], the cells were cultured in M9 Minimal 
Medium supplied with 1.1 g 15N- NH4Cl, 1 mL of 0.1 mg/mL solution of ampicillin, 1 mL of 1 mg/mL of 
thiamine, 1 mL of 1 mg/mL of biotin, 1 mmol·dm-3 MgSO4, 0.3 mmol·dm-3 CaCl2; they were allowed to 
grown at 37 °C until OD600 reached 0.8 and then overexpression was induced with 1 mmol·dm-3 isopropyl β-
D-1-thiogalactopyranoside. The cultures were further incubated in agitation at 37 °C, overnight, and then 
harvested by centrifugation at 6500  rpm (JA-10 Beckman Coulter) for 15 min at 4°C. In all instances the 
pellet was suspended, at first, in 50 mmol·dm-3 Tris-HCl pH 8.0, 200 mmol·dm-3 NaCl, 10 mmol·dm-3 β-
mercaptoethanol, 10 mmol·dm-3 EDTA, (50 mL per litre of culture) and sonicated for 30 seconds 10 times on 
ice at 4 °C. The suspension was centrifuged at 40,000 rpm (F15-6x100y Thermo Scientific) for 40 min and 
the supernatant was discarded. The recovered pellet was resuspended in 50 mmol·dm-3 Tris-HCl pH 8.0, 200 
mmol·dm-3 NaCl, 10 mmol·dm-3 β-mercaptoethanol, 6 mol·dm-3 Guanidinium Chloride (25 mL per litre of 
culture) and newly incubated at 4 °C overnight under magnetic stirring. Again, the suspension was 
centrifuged at 40,000 rpm (F15-6x100y Thermo Scientific) for 40 min. The pellet was discarded, whereas the 
supernatant containing the denatured protein solution was diluted in a refolding buffer containing 0.1 
mol·dm-3 Tris–HCl, pH 8.5, 1 mol·dm-3 arginine, 0.25 mmol·dm-3 reduced glutathione and 0.25 mmol·dm-3 
oxidised glutathione. The solution was incubated at 4 °C under stirring, for 12-18 h, clarified by passing a 
0.45-µm filter and then dialyzed extensively against 10 mmol·dm-3 Tris, pH 8.0, 20 mmol·dm-3 NaCl. The 
protein solution was concentrated with an Amicon® Stirred Cell and then purified by size exclusion 
chromatography using a HiLoad Superdex 26/60 75pg (GE Healthcare) column previously equilibrated in 10 
mmol·dm-3 Tris-HCl pH 8.0 and 20 mmol·dm-3 NaCl. 

NMR measurements 
Solution NMR experiments for backbone resonance assignment [3D HNCA, HNCACB, CBCA(CO)NH, 
HNCO, HN(CA)CO]1–3 were performed on [U-13C, 15N] samples of the HACTR-PD-1 mutant (at the 
concentration of 350 µmol·dm-3) in the same water buffer solution used for PD-L1 resonance assignment4 
[10 mmol·dm-3 Tris, pH 8, 20 mmol·dm-3 NaCl]. For 3D HNCACB non-uniform random sampling at 62% 
and compressed-sensing reconstruction was used.5 A 3D HNCA was also recorded at a lower pH [buffer: 20 
mmol·dm-3 HEPES, pH 6.8, 20 mmol·dm-3 NaCl, 0.1% NaN3] to identify a higher number of spin systems. 
All solution spectra were recorded at 298 K on Bruker AVANCE III and AVANCE NEO NMR spectrometers, 
operating at 950 and 500 MHz, 1H Larmor frequency, (22.3 T and 11.7 T), respectively, equipped with triple 
resonance cryo-probes. Secondary structure prediction was performed with TALOS+6 by using the chemical 
shifts of HN, N, C’, Cα, and Cβ as input data. 

NMR Titrations of the functionalized HACTR-PD-1 mutant with PD-L1 
The interactions of the free and functionalized HACTR-PD-1 mutant with PD-L1 have been investigated 
through solution NMR titrations. During the NMR titration, increasing aliquot of PD-L1 [to reach the 
concentrations of 12.5, 25, 50 µmol·dm-3 in solution] were added to the solution of free [U-15N] HACTR-
PD-1 mutant or [U-15N] HACTR-PD-1 mutant functionalized with PEG1000, PEG5000 and rhamnose-
derivative [at protein concentration of 50 µmol·dm-3 in 10 mmol·dm-3 Tris, pH 8, 20 mmol·dm-3 NaCl]. 2D 
1H-15N HSQC NMR spectra were recorded after each addition on Bruker AVANCE III and AVANCE NEO 
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NMR spectrometers, operating at 950 and 900 or 700 MHz, 1H Larmor frequency, (22.3 T, 21.1 T and 16.4 
T) respectively, equipped with triple resonance cryo-probes. An NMR titration of [U-15N] PD-L1 [50 
µmol·dm-3 in 10 mmol·dm-3 Tris, pH 8, 20 mmol·dm-3 NaCl] with free HACTR-PD-1 mutant was also 
performed on Bruker AVANCE III spectrometer, operating at 950 MHz, 1H Larmor frequency (22.3 T); 
equivalent aliquots of HACTR-PD-1 [to reach the concentrations of 12.5, 25, 50 µmol·dm-3 in solution] were 
added to [U-15N] PD-L1 solution. 

HADDOCK calculations 
The PDB structure of the complex between the HAC-PD-1 mutant and PD-L1 (PDB code: 5IUS)7 was used 
as a starting input to generate the structures of the different mutants (K131T/K135R, K131R/K135R, 
K131Q/K135Q, K131T/K135Q) with PyMOL. The residue K135 is at the interface between the two proteins 
in the complex and faces an aspartate (D61) on the PD-L1 side. For this reason, in most of the complexes we 
kept the positive charge in this position by mutating the lysine to an arginine. Then, the obtained complexes 
were minimized through MODELLER8 and finally water refined using the HADDOCK web-portal on the 
WeNMR GRID (http://www.wenmr.eu), using the refinement interface.9,10 Reference calculations were also 
performed for the 5IUS and 4ZQK11 PDB structures, which were refined and scored in the same way. The 
interacting energy of the complexes was also analyzed on the PRODIGY server12,13 after MODELLER and 
HADDOCK minimization. The model of the HACTR-PD-1/PD-L1 complex was obtained by performing 
docking calculations with the software HADDOCK 2.4 on the WeNMR GRID (http://www.wenmr.eu).9,10 In 
all calculations, during the rigid-body docking, 1000 complexes were generated, then 200 structures were 
selected for the semi-flexible simulated annealing in torsion angle space, and finally refined in Cartesian 
space with explicit solvent. The model structure of HACTR-PD-1 and PD-L1, obtained with the previous 
calculations, provided the input coordinates for the proteins. The NMR titrations of [U-15N] HACTR-PD-1 
with PD-L1 and [U-15N] PD-L1 with HACTR-PD-1, analyzed with the PICASSO web server,14 provided 
experimental ambiguous restraints (“active residues”) to drive the docking calculation. 

ITC Titration of the HACTR-PD-1 mutant with PD-L1 
Isothermal titration microcalorimetry experiments were performed at 298 K with a VP-ITC microcalorimeter 
(MicroCal, Inc., Northampton, MA). After an initial injection of 1 µL, aliquots of 13 µL of 300 µmol·dm-3 
HACTR-PD-1 were stepwise injected into the sample cell containing a 30 µmol·dm-3 solution of PD-L1 until 
complete saturation was obtained. All experiments were performed in 10 mmol·dm-3 Tris-HCl at pH 8.0 with 
20 mmol·dm-3 NaCl. Heats of dilution were measured by injecting the ligand solution into the buffer, and the 
obtained values were subtracted from the binding heats. The thermodynamic parameters and KA values were 
calculated by fitting the data to a single binding site model with the Origin 7.0 software (MicroCal, Inc.). 

Table S1. HADDOCK-scores evaluated on the best four structures of the complexes for the mutants 
considered in the study. 

Complex HADDOCK-score

4ZQK -112 ± 2

5IUS -119 ± 3

5IUS RR -114 ± 2

5IUS TR -113 ± 1

5IUS TQ -108 ± 2

5IUS QQ -96 ± 2
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Figure S1. Secondary structure prediction obtained by the program TALOS+ using the experimental 
values of chemical shifts of HN, N, C’, Cα, and Cβ atoms as input data. The blue bars indicate the β-strand 
propensity. 

 

Figure S2. 2D 1H-15N HSQC overlaid spectra of free HACTR-PD-1 (black) with respect to HACTR-PD-1 in 
the presence of PD-L1 (in 1:1 molar ratio, red). The spectra were acquired on a spectrometer operating at 
900 MHz, 1H Larmor frequency, and 298 K. The spectrum of the complex was acquired with a higher 
number of scans than the reference spectrum. 
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Figure S3. 2D 1H-15N HSQC overlaid spectra of free PD-L1 (blue) and PD-L1 in the presence of HACTR-
PD-1 (in 1:1 molar ratio, red. The spectra were acquired on a spectrometer operating at 900 MHz, 1H Larmor 
frequency, and 298 K. The spectrum of the complex was acquired with a higher number of scans than the 
reference spectrum. 
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Figure S4. 2D 1H-15N HSQC overlaid spectra of HACTR-PD-1 conjugated with PEG 5 kDa (black) and 
HACTR-PD-1 conjugated with PEG 5 kDa in the presence of PD-L1 (in 1:1 molar ratio, red). The spectra 
were acquired on a spectrometer operating at 950 MHz, 1H Larmor frequency, and 298 K. The spectrum of 
the complex was acquired with a higher number of scans than the reference spectrum. 

 

Figure S5. Rhamnosylated mutants 1- HACTR-PD-1 and 2- HACTR-PD-1 
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Figure S6. 2D 1H-15N HSQC overlaid spectra of HACTR-PD-1 conjugated with L-rhamnose, 1- HACTR-
PD-1 (black) and HACTR-PD-1 conjugated with L-rhamnose in the presence of PD-L1 (in 1:1 molar ratio, 
red). The spectra were acquired on a spectrometer operating at 700 MHz, 1H Larmor frequency, and 298 K. 
The spectrum of the complex was acquired with a higher number of scans than the reference spectrum. 

 

Figure S7. PD-L1 level expression on MDA MB 231 and MCF-7 breast cancer cell lines. Representative 
overlapping histogram plots of PD-L1 level of expression on MDA MB 231 and MCF-7 cells analysed by 
FACS; isotype control black; PD-L1 l blue. Data represent one of at least three independent experiments. 
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Figure S8. Effects of test compounds on THP1 cells morphological changes. (A) Representative forward 
light scatter and side light scatter plots of THP1 cells treated 24 h with 150 nM of PMA and of M0 treated 
(24 h) with 0.5 µg/mL of LPS or 1 µg/mL of tested compounds. (B) Representative histograms of 
autofluorescence of THP1 cells treated 24h with 150 nM of PMA and of M0 treated (24 h) with 0.5 µg/mL of 
LPS or 1 µg/mL of tested compounds. Data are representative of at least three experiments 
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Figure S9. Effects of compounds on marker surface expression on differentiated THP1 cells. (A) 
Representative flow cytometry histograms showing CD14, CD11b, and CD86 expression on M0 treated 
(24h) with WT-PD-1, HACTR-PD-1, 1-HACTR-PD-1-L-rhamnose or 2-HACTR-PD-1-L-rhamnose. Level 
of expression of CD14 (B), CD11b (C), and CD86 (D) on M0 treated (24 h) with WT-PD-1, HACTR-PD-1, 
1-HACTR-PD-1-L-rhamnose or 2-HACTR-PD-1-L-rhamnose. Results represent mean ± SEM of at least 
three independent experiments. * ≤0.05 treated vs. control (CTRL). 

 

Figure S10. Effects of tested compound on cytokines secretion in differentiated THP1 cells. PMA 
differentiated THP1 cells were treated with 0.5 µg/mL of LPS or 1 µg/mL of tested compounds for 48h, cells 
culture medium harvested and IL-8 (A) and TNF-α (B) levels measured by ELISA assay. Results represent 
mean ± SEM of at least three independent experiments. * ≤0.05 treated vs. control (CTRL). 
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Figure S11. Effects of WT PD-1, HACTR-PD-1 and 2-HACTR-PD-1 on T cell-mediated breast cancer cell 
cytotoxicity. CAM labelled cancer cells were treated with 10 or 50 µg/mL of PD-1, HACTR-PD-1 or 2-
HACTR-PD-1 for 1h and then incubated with PHA-stimulated PBMC. After 24h of co-culture breast cancer 
cells were harvested and the level intensity of CAM was analysed by FACS. A. PBMC mediated cytotoxicity 
against MDA MB 231 cell line in presence/absence of WT PD-1, HACTR-PD-1 or 2-HACTR-PD-1; B. 
PBMC mediated cytotoxicity against MCF-7 cell line in presence/absence of WT PD-1, HACTR-PD-1 or 2-
HACTR-PD-1. Results are expressed as the mean ± SEM of at least three independent experiments run in 
triplicate using PBMC from three different donors. *p≤0.05 natural/recombinant protein treated vs untreated 
co-cultures; **p≤0.01 natural/recombinant protein treated vs untreated co-cultures. 

 

Figure S12. Effects of WT PD-1, HACTR-PD-1 and 2-HACTR-PD-1 on T helper or Treg cytokine release. 
Cancer cells were treated with 10 µg/mL of WT PD-1, HACTR-PD-1 or 2-HACTR-PD-1 for 1h and then 
incubated with PHA-stimulated PBMC. After 48h of cell culture media were collected and IFN- and IL-10 
measured by ELISA. A. IFN- and IL-10 released by PBMC co-cultured with MDA MB 231 cell line in 
presence/absence of WT PD-1, HACTR-PD-1 or 2-HACTR-PD-1; B. IFN-γ and IL-10 released by PBMC 
co-cultured with MCF-7 cell line in presence/absence of WT PD-1, HACTR-PD-1 or 2-HACTR-PD-1. 
Results are expressed as the mean ± SEM of at least three independent experiments run in triplicate using 
PBMC from different donors. * p≤0.05 natural/recombinant protein treated vs untreated co-cultures; 
**p≤0.01 natural/recombinant protein treated vs untreated co-cultures 
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Figure S13. Effects of WT PD-1, HACTR-PD-1 and 2-HACTR-PD-1 on T subset percentage. Cancer cells 
were treated with 10 µg/mL of PD-1, HACTR-PD-1 or 2-HACTR-PD-1 for 1h and then incubated with 
PHA-stimulated PBMC. After 72h of co-culture, PBMC were harvested, labelled with CD3, CD4, CD8, and 
CD25 monoclonal antibodies and the percentage of CD4, CD8 and CD4-CD25 positive cells evaluated by 
FACS. A. CD4, CD8 and CD4CD25 percentage after co-cultured with MDA MB 231 cell line in presence/
absence of WT PD-1, HACTR-PD-1 or 2-HACTR-PD-1; B. CD4, CD8 and CD4CD25 after co-cultured 
with MCF-7 cell line in presence/absence of WT PD-1, HACTR-PD-1 or 2-HACTR-PD-1. Results are 
expressed as mean ± SEM of at least three independent experiments run in triplicate using PBMC from 
different donors 
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Chapter 4

Conclusions and Perspectives

In the context of this PhD thesis different NMR techniques have been used
for various purposes: from the physicochemical characterization of complex
systems to the study of potential MRI contrast agents, and from the study of
protein dynamics to that of protein-ligand interactions.
FFC relaxometry was applied to assess possible theranostic and MRI contrast
agents (of both synthetic and natural origin), measuring their relaxivity at
the fields of interest for MRI, and to discriminate the different contributions
to the relaxation of water protons through the models that were used to fit
the NMRD profiles. FFC has been extremely useful for the characterization
of motions in diamagnetic systems, and it allowed an estimation of local and
reorientational correlation times, as well as the presence of aggregate forms, of
biologically relevant proteins.
The new approach, offered by HRR, combines the high sensitivity and exquisite
qualitative nature of high-resolution NMR with the determination of multiscale
dynamics typical of fast field-cycling relaxometry. Therefore, this technique
constitutes an unprecedented investigation tool for interrogating both struc-
ture and dynamics of molecules with atomic resolution, over a very wide range
of time scales, from picoseconds up to microseconds and on different kinds of
systems.
Since HRR is based on a new technology, it required the development of new
classes of experiments, both from the point of view of the field of applicability
and of the experimental setup. An optimization of the pulse sequence, that
features the shuttling of the sample at the different fields, has been crucial in
order to achieve the highest sensitivity and the determination of the observable
of interest. A fast and reliable method for the analysis of the large amount
of data that arise from these measurements has been implemented and is cur-
rently under testing.
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In principle, HRR has a broad applicability: small complexes, biomolecules,
such as diamagnetic proteins and their interactions with small molecules, para-
magnetic proteins, contrast agents, food related systems, biological fluids etc.
The two main targets on which we plan to focus on are: the study of the
interaction of small molecules and metabolites in biological fluids, extending
the study that was already performed in blood serum [51]; the study of intrin-
sically disordered domains and proteins with fast internal mobility [32]. HRR
has the potential to give unprecedented information on the mobility of these
systems, that have a central role in many biological processes and diseases.

Some upgrades of the instrumentation are also expected in order to improve
the performances of HRR and to unblock very low relaxation fields, crucial for
many applications: first a magnetic tunnel (MT), which will sustain moderate
and low fields till 0.5 T during the transfer of the sample, in order to avoid
loss of magnetization, and also a Zero Field Coil (ZFC), a fast field-cycling
system of shielded coils that can generated a field of 0.5 T and change it down
to 100 µT and back up in 1 ms. As a consequence of the shorter delays in
the switching of the field, this new system will open the way for exploring
other timescales and make it possible to perform Ultrafast High Resolution
Relaxometry (UHRR) measurements.
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UHRR: a new technological concept to open a new window on multi-scale 
molecular motions with high-resolution

(a)

Investigating multi-scale molecular motions requires measurements over 
orders of magnitude of magnetic fields

(b)

Figure 4.1: (a) Schematic representation of the Ultrafast High Resolution Relax-
ometry system mechanism. (b) UHRR will widen the accessible molecular motions
timescales.
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