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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-



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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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 'H 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 Ty or Ry relaxation,
and transverse or spin-spin relaxation, denoted as Ty or Ry relaxation, where
R, and Ry 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 T,
and T, 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:

1 o Ty 2
pp _ * (Ho B
b0 <47r 3 ) I(I+ 1) [J(wr) + 47 (2wr)]

2 Ho hﬁ)/12>2 Te 4Tc
Z(Ho I(I+1 ( )
5 <47r 73 (I+1) 1+ wr?r? * 1+ 4dwr?7r2

(1.1)

where g is the permeability in vacuum, v; is the nuclear magnetogyric ratio,
r is the proton-proton distance, wy is the angular frequency and can be written
as —vr By, with By as the external magnetic field.

In this equation, and in the following, the function J(w), called spectral den-
sity function, and 7., 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:

2 o\ 2h*y32 37 Te 67e
R = (42 S(S+1)( )
1= 15lr) T S + wiT2 1y (wr — wgs)?72 1y (wr +ws)?72
(1.2)

where 75 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, §|.

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,
Ripare 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:

Rlpara = [CA]rl + Rldia (13)

where r 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
T, 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 Fquation 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:

pu— , ].-4
" 55.6 le ™ 108 ( )

In the first term: the concentration of the contrast agent containing the
paramagnetic ion is expressed in mM units, ¢ indicates the number of water
molecules coordinating the paramagnetic center, 77y, is the longitudinal pro-
ton relaxation rate in the bound water and 7, is the exchange correlation time
(or lifetime of first and second sphere water molecules of the complex). The

second term, r1pg, 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:

2 (ﬂo)z’yzgeuBS(SH)[ 7. - 37, ]
Tiv 15 \4r 76 1+ws?r?2 1+ wrir?2 (1.5)
AC T ’
s S+1 ( ) _ Tem
+35(5+1) o/ 14 wWiTeon

where the 7g is given by —%4E with g, as the electron g-factor and up as
the Bohr magneton. The first term is the Solomon’s relaxation for two unlike
spins interacting, where we considered wg < wy, 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).ATC is the hyperfine or contact coupling constant between
the electron of the paramagnetic center and the proton of the coordinated
water, while 7., = 7, + 7.1, where 7, is the electronic relaxation correlation

time.

The outer sphere contribution is

_ 32 (uo>2NA7nguBS(S+ 1)
mos =

405 7" 3" 1.6
105" \Ix) A Dy + Do) L1 ) #3877 @] (1.6)

where N4 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), Dpetar and Dijgana are, respectively, the diffusion

coefficients of paramagnetic complexes and water molecules, and

1+52/8+2%/8
14+ 2+ 22/2+ 23/6424/81 + 25/81 + 26/648

Jtr (w) —

z= 2<wTD+TT—ZZ> (1.7)
2

TD:5

where 7p, 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, 7., depends on the mean squared fluctuations of the

transient ZFS, A2, the correlation time for the modulation of the transient
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ZFS interaction, 7,, and the field:

1 1 4
—1 2
— AR [a5(5 + 1) - 3] ( ) 1.8
Te 25 io[4S(S+1) - 3] 1+w§73+1+4w373 (18)
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
1.1.5.

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) = ZE(t)E(t +7)= ZE(O)E(T) = (B(0))exp(—I7l/m) (1.9

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

the frequency domain:
Te

H) =T

(1.10)
where 7, 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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Figure 1.1: Plot of the spectral density function J(w) in logarithmic scale. The
profile a is obtained for a 7.—1-10"%s, while the profile b is obtained for a 7,=5-10"1%s.
The inflection points occurs at wr, = 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, 7, can be calculated, using the Stokes-Einstein equation [10], as

follows:
B 4mrna’

T. =
"3kT
with 7 is the solvent viscosity, a is the radius of the molecule considered as a

(1.11)

sphere, k is the Boltzmann constant and 7' 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 7, 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 Fquation 1.12:
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R = SHEY)J(w, ) + (1 — SE? J(w, 7¢) (1.12)

Two model-independent quantities are introduced: the correlation time for
the faster local motions, indicated as 7¢, 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,
S? = 1; in the case of completely isotropic internal motion, S? = 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:

= e ) (1.13)

where 7, is the electronic relaxation correlation time, 7, is rotational correla-
tion time, and 7, 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, 7,, modulating the overall reorientation of the molecule; the
electron relaxation time, 7., 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, 7y, is represented; in green, water molecules in the second coordination
sphere, at a longer distances, " and r”, with exchange correlation time, 77, and
Thr, and 7p, the diffusional correlation time; the distances of water molecules

in the first (closest, distance r) and second coordination spheres.
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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
'H NMRD profiles reflect the superposition of multiple spectral density func-
tions, J(w), associated with different characteristic motional correlation times.
In other words, since J(w) 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 us). 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: N 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-asparaginasell 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-asparaginasell 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 uM 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:

e structural and dynamic properties of biomolecules, like: L-asparaginasell,

protein cages, human transthyretin, and olive oil (see all Sections);

e 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);

e 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);

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

e 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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“high fields” field-cycling technique

measuring
field

Magnetic field
Magnetization
Magnetization

|

time T
“low fields” field-cycling technique

soaking field measuring
field

Magnetic field
Magnetization
Magnetization

T time T

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, 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 7 in Figure 2.1. The intensity of the first 200 us
of the FID, measured in Phase 3 of the previous list, is indeed proportional
to the magnetization at the delay 7. 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 >N labelled ANSII and conju-
gated system N-ANSII-DOTA registered at 298 K and 309 K in phosphate buffer
300 mM, pH 7.5. In panel (b) NMRD profiles of ®’N-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 ('H,
13C, 1N) 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 5bmm TXI S4 (*H, ¥C, °N) 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:

e The drive unit: arranges the primary motor that controls a rope, this

unit moves the shuttle sample up and down,;

e The sample transfer station: gives access to the pressurized F'SS area for

loading /removing the shuttle sample in the FSS;

e The guide tube: inserted in the standard BST within the magnet room

temperature bore;
e The end stop: the interface with the NMR probe;

e The electric and pneumatic box: to control the FSS (de-/pressurize the
F'SS) and show the F'SS 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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Sample transfer-station

Electronic & Pneumatic
box

l_'_l

Guide tube

End stop (shuttle)

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.

Polarization Motion ™~ / Motion Detection
at high field up down at high field

Relaxation

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 T 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.

Trigger Trigger

At )
Inversion Recovery H  Delay time;

I
|
T -+

Polarization Relaxation

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

dl— 1 —7— | = —ag

where the 17 and | indicate the movement of the shuttle container, and 7 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'. 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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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 2.9: (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-asparaginasell (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.
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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
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profiles of each field were then fitted using Origin.
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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 x? 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 y? 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) = Alp-exp(—R{'t) + (1 —p) - exp( — RPt)] + B (3.1)

where R{' and RP 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 Fquation 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:
Ry = Rigip + Ruaisy (3.2)
3 hyr?\ 2
Ruaip = 15 (F2 5 ) [82((wr ) + 40 (201,7) ) + (1= 82) (J(wr,77) + 47 (2wr, 7)) )|
(3.3)
8 /110\21000N 4v#h?[H]
Rigigyr = 4_57T<E> 2dDIT [Jaig(wr, 7p) + 4daips(wr, )] (3.4)

where in Rygrp: Dr is the diffusion coefficient of olive oil; [H] is the concen-
tration of the protons of the sample, expressed in mM; Jy¢¢ has the same
expression as in Equation 1.7 except for z = \/2wp.

A structural model where proton distances within CH, CH,, and CHj 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 CH, and CHj3 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 (7p = d?/2Dr, of the

order of several nanoseconds), likely due to close contacts between the fatty
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Dr* (m?/s) 9.5-101% exp[4160 K(1/(298 K)-1/T)]

d (A) 3.14+0.2

[HA] (mM) 109 + 3

HP] (mM) 30 £ 1

* (A) 1.75

Sa? 0.023 & 0.003

7 (ns) (7.7 £ 0.5) exp| (-3070 £+ 150 K)(1/(298 K)-1/T)]
7% (ns) (0.12 £ 0.02) exp[ (-3090 + 200 K)(1/(298 K)-1/T)]
Sp? 0.000082-+0.000020

7.2 (ns) (380 30) exp| (2620 + 150 K)(1/(298 K)-1/T)]
75 (ns) (0.0924 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 A, the distance between protons in CH, 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 'H-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 D50 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) = Z Alpiexp( — Ri't) + B (3.5)

considering a model where only dipole-dipole interactions are modulating the
relaxation rates (Fquation 3.3). The relative populations of each group, p;,
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 Afor
CH, protons, and 1.96 Afor CH; 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 'H NMR spectra at 288, 298 and 308 K, measured at 400
MHz.

fit collectively the FFC relaxometry and the high resolution NMR data.
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Figure 3.2: Fitting curves of the rate values obtained from biexponential fit of the
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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.

Pressure

kg/m3

Temperature Volume

29"0 5 10 15 20 o 5 10 15 20

ns ns

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
T1, 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 73, 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 7; and the corresponding Sa? 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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Figure 3.9: Values of 79 and the corresponding Sg? for selected protons of the
triolein alchilic chains. Chain A goes from 34-35 (glycerol protons) to 1 (methyl
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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 73 and the corresponding Sc? 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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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 CH, 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, CH, and CHj3 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-
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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 (77) and the corresponding order

parameter (5?) 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 71 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
D, 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.

Cl
N
\
o Cl

(a)

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 'H 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 4

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.

mutated 15 °C

© 03]" wild type 15 °C - .
C Y97 o wild type + tafamidis 15 °C B8-g 4 mutated 25 °C
0.2{ = wildtype25°C 0.24 & mutated 37 °C
| = wild type + tafamidis 25 °C 4 mutated + tafamidis 15 °C
0.14 o wild type 37 °C 0.14 & mutated + tafamidis 25 °C
0.0 o wild type + tafam|d|s 37 °C 0.0-- 4 mutated + tafamldls 37 °C .
0+ T
0.01 0.1 1 10 0.01 0.1 1 10
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Figure 3.16: (a) 'H NMRD profiles of 1.2 mM wild type TTR with and without
Tafamidis at 288, 298 and 310 K. (b) 'H 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, 7;, according to the model-free approach (see Section 1.1.3):

47'1'
R e = I
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where a constant contribution, «, is added to account for water relaxation
from protons with correlation times smaller than few nanoseconds (disper-
sion occurring beyond the highest magnetic field); 5 depends on the squared
proton-proton dipole—dipole interaction energy and on the protein concentra-
tion; ¢; 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
8 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:

e The presence of molecular aggregates, with a correlation time of hundreds
of nanoseconds, 71 and a very low weight factor, ¢;. The value of ¢
decreases going from the W'T 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;

e An intermediate correlation time of the order of tens of nanoseconds, 7,
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 (cy increases from 0.28 to 0.30), and this may be due to

a more rigid protein tumbling;

e 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, 73, 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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\impact the stability of macromolecular complexes.

/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

N
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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.” 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."!! 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.!! It is also used as a component of nanoparticles to
deliver cytotoxic molecules to cancer cells,>® or fused with

therapeutic peptides to prevent their fast clearance, proteo-
lytic degradation, and to improve solubility.")

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 T,
hormone. Functional TTR is an assembly of four identical
subunits, a dimer of dimers (D, 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."”! 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 T, hormone binding
sites."? 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 (K of ~2nM and ~200 nM
respectively), and prevents dissociation into monomers.!"’!
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.!'*

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.['"2!
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.”” Solid-state NMR may overcome
these limitations, and it is already used to investigate non-
crystalline protein samples, biologics and biomaterials.”!
Significant enhancements in sensitivity have been obtained
by the recent achievements in the NMR probe technology
and in biomolecular Dynamic Nuclear Polarization
(DNP).1-#41

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

Cl Cl
Jouse 1 -G
HO N o
o Cl o) Cl
Tafamidis Compound 2
H,N

Taf-Ptx

cl o

aRon

Cl

Scheme 1. Structures of Tafamidis, Compound 2, and Taf-Ptx.
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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.*”) A relaxometry analysis was carried
out to investigate the stability of the tetrameric protein and
the overall steadiness of protein dynamics upon ligand
binding.P***1 'TH 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).”” 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,™! 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)™! 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

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 SAWW.

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,”” which
ensures its release into the cell allowing for the inhibition of
tubulin polymerization.”! 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,>™! 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 'H-"N
TROSY-HSQC spectrum, and the absence of signal split-
ting, are both consistent with the preservation of the D,
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 '"H-"N TROSY-HSQC spectrum recorded on the
deuterated sample, these signals are also broad, suggesting
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the occurrence of a conformational heterogeneity/exchange
for the protein (Figure S6). These features also affect the
quality of the 3D 'H-"N NOESY spectrum, where only few
NOE correlations are visible (Figure S7). As expected for a
folded protein of 55 kDa, in the 2D *C-"N 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; Asnl124-Glul27; 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-LeuS58,
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-"C, "N] TTR was
first analyzed by solution NMR. During the NMR titration,
the cross-peaks of the free protein in the 2D 'H-"N
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.'>*" In the presence of Tafami-
dis at 100 uM 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 Serl12
located at the interface between the dimers of the tetrameric
assembly (PDB code: 3TCT).” 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, Leul7, Alal9, Val20, Arg21, Gly22, Ser23, Ile26,
Gly53, His88, Val94, Tyrl05, Thr106, Ile107, Leulll,
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Ser112, Alal20, Vall22) are in the expected Tafamidis
binding site (Figure S13). Some of the signals experiencing
large perturbations (Alal9, Arg2l, Gly22, Leulll) 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, Arg2l, Gly22, Ala25, Leulll, Serll2,
Alal20, Vall22) 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 (Alal9, 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 “C-PC 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, Argl03, Ilel07,
Alal08, Ser117, Thr118, Thr119, Alal20, Thr123; see Fig-
ure 2, panel A and B). This also occurs for a few signals in
the 2D “N-®C 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
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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. 'H and “N in solution, and “*Ca and N in the
solid-state), the N 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.F’! 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 (Kj).[*

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 (K1 =0.065+0.017 uM, Figure S15C; K;2=9.21+
1.14 uM, 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,l' supporting a high
affinity interaction between Taf-Ptx and TTR with a
conjugated ligand/protein stoichiometry of 2:1.
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Figure 2. Comparison of a region of 2D "C-">C 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 CB/Cy2 in threonine, Ca/
Cd1 in isoleucine and Ca/CP 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 C/Ca of serine 115 and Ca,/CP of arginine 103.

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 (Trp41l, 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-
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tion). In the presence of 50 uM 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 AG value >47.342.5kJmol ™ can
be estimated in this case, suggesting a significant Taf-Ptx
induced stability of TTR complex (Table S3).
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Figure 3. A), B) 2D "*N ">C 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 (A3 >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 49 = 1/ZY(AéCu/Z)2 + (40y/5)%."" 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,
Leul10, 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)"
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, Leulll, Serl112, 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, Leul7, 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.**! 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 "N-"C
isotopically enriched samples of TTR and “C-detected
experiments. The analysis of the NCA spectra shows that
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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 (Alal08, Leull0, Serll5
and Vall21l) 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 (A3 >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 (Ad > 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-?H, 3C, ®N] and [U- *3C, **N] TTR.

Escherichia coli BL21(DE3) RIPL PLysS cells were transformed with pET-28a(+) plasmid
encoding human TTR gene. For the expression of [U- 13C, °N] TTR, cells were grown in M9 minimal
media supplemented with °NH4CI and **C-glucose. For the expression of [U-2H, $3C, ®N] TTR, cells
were inoculated into 10 cm? of Silantes OD2 medium and scaled up to 1 dm? of the same enriched
medium. The same experimental protocol was used to purify the samples of [U- 3C, N] TTR and
[U-?H, 13C, 1N] TTR. Cells were grown at 37 °C until optical density (ODeoo) reached 0.6-0.8.
Expression was induced with 1 mmol-dm= of isopropyl p-D-thiogalactoside (IPTG), cells were
incubated at 37 °C overnight and harvested by centrifugation at 4 °C, for 15 min at 7500 rpm. Cell
pellet was resuspended in lysis buffer [20 mmol-dm™ Tris-HCI, pH 8.6, 5 mmol-dm™ DTT, 1
mmol-dm 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 cm? of 0-200 mmol-dm3, 300 cm?® of 0.2-0.5 mol-dm™, 60 cm® of 0.5-1.0 mol-dm™ and
60 cm® of 1 mol-dm™) 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= MES-
NaOH, pH 6.5, 0.1 mol-dm™ NaCl, 5 mmol-dm®DTT, 1 mmol-dm 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 cm® 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 cm?®) and then washes with
H20 (3x20 cm?®) were carried out. The organic layer was dried under anhydrous Na;SO4, 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 cm® of DCM and the solution
was cooled to 0 °C. Subsequentially 0.3 cm® 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 cm? of DCM and pH adjusted to 7-8 with NaHCOj3 saturated

solution. Extractions were performed with DCM (3x20 cm?®) and the organic layer was dried over
S3



anhydrous Na>SOg4, 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 cm? 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 mm?3, 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 cm? of DCM, washed with a saturated solution of NH,ClI
(3x40 cm?®) and H20 (6x20 cm?®). The organic layer was dried over anhydrous NazSOs, 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 cm® 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 cm® 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 cm® of DCM and washed with a
saturated solution of NH4ClI (3x20 cm?®), H20 (3x20 cm®). Solvent was dried under Na,SOs, 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 mm?3 of protein
solution in the final buffer [5S0 mmol-dm= MES-NaOH, pH 6.5, 0.1 mol-dm NaCl, 5 mmol-dm
DTT, 1 mmol-dm™ protease inhibitors] to 10 mm?3 of crystallization buffer [100 mmol-dm® HEPES
— NaOH, pH 7.5, 400 mmol-dm= CaCly, 34% PEG400].[M The reservoirs were filled with 800 mm?
of crystallization buffer and the plates were incubated at 20 °C. The protein concentration in the
sample was 10 mg-cm=. The native crystals of apo TTR were afterwards soaked in a solution
containing the compound 2 with a 1 mmol-dm3 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 Il 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 A resolution but the
structure was refined at 1.6 A: it belongs to space group P2:2:2 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,? reduced and scaled using XSCALER! and amplitudes were calculated using
XDSCONV.! The structure was solved using the molecular replacement technique; the model used
was 3TCT.EB! The successful orientation hand translation of the molecule within the crystallographic
unit cell was determined with MOLREP.™ The refinement and water molecule fitting were carried

out using PHENIX.B! In between the refinement cycles, the model was subjected to manual rebuilding
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using COOT.l The quality of the refined structure was assessed using the program
MOLPROBITY.[ Data processing and refinement statistics are shown in Table S1. Coordinates and
structure factors have been deposited at the PDB under the accession code BAWW.

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 A: 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. *H 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, R, 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, *H 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.

'H NMRD profiles of 1.2 mmol-dm™ 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. !

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

correlation times t;, according to the model-free approach:[©*]

R1=a+,6’21ivci< L AR )

1+w2t?  1+4w?t]
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where c; are weight coefficients summing to 1. The parameter S depends on the squared proton-
proton dipole—dipole interaction energy and on the protein concentration, and the coefficients c;
report on the contributions from protons with the associated correlation times. The parameter a 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, *H 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 c;. The parameter § 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 schemel!® [3D tr-HNCA, tr-HNCACB, tr-HNCO, tr-HN(CA)CO]*-28l
were performed on perdeuterated [U-?H, *C, N] samples of native TTR (at the concentration of 500
umol-dm-3 with respect to the monomer) in water buffer solution [50 mmol-dm= MES, pH 6.5, 100
mmol-dm= NaCl, 5 mmol-dm= DTT, 0.1% NaNs, 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.l*”1 A 3D H-N 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 (*H Larmor frequency), respectively, and equipped with triple resonance cryo-probes. Two-
dimensional carbon-detected solution *C->N 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.[*8:°]

Solution NMR experiments on TTR/Tafamidis and TTR/Taf-Ptx complexes. The titration with
Tafamidis was performed using uniformly *C, ®N-isotopically enriched [U-3C, ®*N] TTR at the
concentration of 800 pmol-dm™ (with respect to the monomer) in 50 mmol-dm= MES buffer at pH
6.5, with 100 mmol-dm= NaCl, 5 mmol-dm™ DTT, 0.1% NaNs and protease inhibitors (Roche).
Increasing aliquots of the ligand (solubilized in DMSO-ds), to reach the final concentrations in
solution of 25, 50, 100, 200, 400 and 800 umol-dm=, were added to TTR solution and 2D H-*N
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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-ds)
were added to the solution of [U-3C, N] TTR [~ 400 umol-dm, with respect to the monomer, in
50 mmol-dm MES buffer at pH 6.5, with 200 mmol-dm= NaCl, 5 mmol-dm= DTT, 0.1% NaNs and
protease inhibitors (Roche)] and 2D *H-N 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= MES, pH 6.5 and 20 mmol-dm= 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 H.0 until the resolution of the 1D {*H}'*C CP
solid-state NMR spectra stopped changing.?®! 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, *®N] 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 |11 spectrometer operating at 800 MHz (18.8 T, 201.2 MHz 3C
Larmor frequency) equipped with a Bruker 3.2 mm Efree NCH probe-head and on a Bruker Avance
111 850 MHz wide-bore spectrometer (20 T, 213.6 MHz *3C 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 *C-detected solid-state NMR spectra [2D N-*C NCA, **N-13C NCO and *C-3C
DARR; 3D NCACX and NCOCX] were acquired on the samples in 3.2 mm rotors, using the pulse
sequences reported in the literature.?*?"1 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.[%8]

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 mm?3 of 20 pmol-dm-3 TTR in
labelling buffer (130 mmol-dm-3 NaHCOs, 50 mmol-dm-3 NaCl, pH 8.2) was prepared and mixed
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with 100 mm? of 80 pmol-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
NaH2POs, 100 mmol-dm-3 KCI, 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 eprotein = 18575 M-1 cm™* at 280 nm, erep-dye = 195000 Mt cm™ at
650 nm, cf = 0.04 and I is the pathlength.

[protein] = 4280~ (As0XCf) (Equation 1)

Eprotein X1

[dye] = —=**— (Equation 2)

€RED d

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).

_ [dye]
DOL = rotein] (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 mm® 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 mm?®
in PB-T, 1 mmol-dm-3 EDTA 2 % DMSO. The molecule was tested at the highest concentration of
50 pmol-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 (Kq) mean value + confidence intervals, the latter defining the range where the Kq 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 umol-dm™ TTR was incubated with n.48 serial dilutions of urea (from 6 mol-dm=to 1.3
mol-dm) in the presence and absence of 50 pmol-dm™ 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
NaH2PQ4, 100 mmol-dm= KCI, 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 (AG) and the concentration of denaturant to achieve 50%
of protein unfolding (Cso). Data are reported as mean values + standard deviations (SD) from n.3

independent measurements (Table S3).
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Figure S1.*H 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
(BAWW, 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 *H N TROSY-HSQC of [U-2H-3C >N] TTR with the assignment reported on the
signals. The spectrum was acquired on a NMR spectrometer operating at 950 MHz (*H Larmor
frequency) and 310 K.
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Figure S6. Portions of the 2D H ®N 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 °N 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 (*H Larmor frequency) and
310 K.
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Figure S7. Selected strips of 3D *H-1°>N 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 B—sheet in
solvent exposed regions (i.e. H31-T40).
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Figure S8. 2D 3C >N 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 *3C-direct detection.
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Figure S9. 2D ®N *C NCO (A), *N 3C NCA (B) and *C-*C DARR (C) spectra acquired after
rehydration on a sample of freeze-dried [U-3C, ©®N] TTR. Spectra were acquired on a spectrometer
operating at 800 MHz (*H Larmor frequency) with MAS of 14 kHz and temperature of ~ 290 K.
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Figure S10. 2D N 3C NCA spectrum of rehydrated freeze-dried [U-*C, N] TTR with the
assignment reported on the signals. The spectrum was acquired on a spectrometer operating at 800
MHz (*H Larmor frequency) with MAS of 14 kHz and temperature of ~ 290 K.
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Figure S11. Region of the 2D H->N HSQC spectra of free TTR (200 uM with respect to the
tetramer, blue) and TTR in the presence of ~100 uM Tafamidis (A, red) or ~100 uM Taf-Ptx (B, red).
The signals of the free and bound species display almost equal intensities as indicated by the assigned
peak of Serl12.
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Figure S12. 2D H ®N 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 (*H 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.
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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 Ad =

1/2 \/A6£, + (ASy/5)2. The residues experiencing the largest variations (A8 > 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)E! with the residues
experiencing the largest perturbations (Ad > 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 'H-N 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 **N 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 [%o] is
plotted against ligand concentration (mol-dm=)Data obtained from three independent measurements;

error bars represent the standard deviation of the points.
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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
1.541

Wavelength

35.47-1.6 (1.657-1.6)
Resolution range

P21212
Space group

43.48 85.34 63.79 9090 90
Unit cell

384543 (15355)
Total reflections

31504 (2783)
Unique reflections
12.2 (5.5)
Multiplicity
98.21 (88.60)
Completeness (%)
22.29 (2.08)
Mean Il/sigma(l)
16.87

Wilson B-factor

0.08045 (0.9225)

R-merge
0.08391 (1.016)
R-meas
0.02336 (0.4066)
R-pim
1(0.668)
CC1/2
1(0.895)
cc~
31492 (2783)
Reflections used in
refinement
1574 (139)
Reflections used for
R-free
0.1783 (0.2452)
R-work
0.2035 (0.2458)
R-free
0.968 (0.839)
CC(work)
0.977 (0.802)
CC(free)
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2068
Number of non-
hydrogen atoms
1785
macromolecules
54
ligands
229
solvent
231
Protein residues
0.014
RMS(bonds)
1.28
RMS(angles)
98.68
Ramachandran
favored (%)
1.32
Ramachandran
allowed (%)
0.00
Ramachandran
outliers (%)
0.00
Rotamer outliers
(%)
3.92
Clashscore
23.91
Average B-factor
22.45
macromolecules
31.26
ligands
33.63
solvent
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Table S2. Best fit values of the *H 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

a 0.35+0.01 0.35+0.01 5T

B 20404 2.0+0.4 107 52

C1 0.007 + 0.002 | 0.004 + 0.002

o 310+ 70 109s

C2 0.28+0.04 |0.30+0.05

[7) 30+2 10°s

C3 0.72+0.04 |0.69+0.05

z 5+1 107s
»(15°C) |40+1 40 + 1 107s
(37 °C) 19+1 22+1 10°s
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Table S3. Free energy of protein stability (AG) and Cso values obtained for TTR in the presence and
absence of Taf-Ptx. Results are reported as mean * standard deviation of n.3 independent
experiments. AG and Cso values of TTR in complex with Taf-Ptx are estimated from a denaturation
curve that does not reach an unfolding plateau.

Protein Sample AG (kJ/mol) Cso (M)
TTR 25.7x2.6 3.98 £0.03
TTR+Taf-Ptx >473+£25 >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(I1I) 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 (7g) of the paramagnetic complex, macromolecules with at-
tached gadolinium(III) complexes have been synthesized and characterized by
relaxometry. In particular, Gd-DOTA conjugated L-asparaginasell (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 (R;) of
adjacent water protons, increasing signal intensity in T;-weighted MRI images.
This creates a higher contrast between tissues with and without paramagnetic
ions. Manganese(II) also acts as a Ty-agent by increasing transverse relax-
ation (Rz), reducing signal intensity in To-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(H,0)g|*" 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 '°N 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].

()

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 pK, of the a-amine of the
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Residue Number pK, 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 e-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 'H 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 ¢; and ¢,
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].

1.0+ 104
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;0_8- © M l---f". . 0ok
® S ln..‘:.o e
5 061 S 6 "agn
g X
5 & 15 °C
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A N ELELELELELELCLITTYEPIPTe
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(a) (b)

Figure 3.18: (a) 'H 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) 'H NMRD profiles
of GADOTA-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, 7y, that lies between 0.2 and 0.5

s, slower with respect to the value observed for the free complex in water [67].

Water 'H relaxivity (mM™"' s
= =2 N N W

OO O o1 ©O O O

1 1 1 1 1 ]

= 15°C

e 25°C

A 37°C
0 T T T 1
0.01 0.1 1 10 100

Proton Larmor frequency (MHz)

Figure 3.19: 'H relaxivity profiles of GADOTA-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 'H
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
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as an MRI contrast agent.

B 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." 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.”’ For instance, they have been
associated with nephrogenic systemic fibrosis in patients with
impaired renal clearance.*”®

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 Rec.eived‘ October 28, 2022 Kjﬂc‘f?gﬁ‘n‘ls‘u‘%a[e
in the water proton relaxation rate due to a gadolinium Revised: ~ November 22, 2022 SEER 8
concentration of 0.001 mol dm™, Published: December 2, 2022 207 nid
An effective way to increase relaxivity at low and RN ¢
intermediate magnetic fields (below ca. 1 T) is slowing i

down the reorientation mobility of the complex. This can be

© 2022 The Authors. Published by
American Chemical Society
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achieved by functionalizing low-molecular-weight
gadolinium(III) complexes to bind noncovalently to macro-
molecules,"' *° b confining them within nanosized matrices,
like nanogels,"*~"* or by exploiting nanosized gadolinium(III)-
based compounds.'”~** 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 7y is related to the applied magnetic field B, through the
relationship 7% = (y;B,) ™!, with 77! = 73" + 73 + R,,, where ;
is the proton magnetogyric ratio, 7y is the lifetime of the water
molecule(s) coordinated to the gadolinium(III) ion, and R, is
the electron relaxation rate.”>® At 1.5 T, if water exchange and
electron relaxation are slower than molecular reorientation, 73"
= 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.”” 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

https://doi.org/10.1021/acs.bioconjchem.2c00506
Bioconjugate Chem. 2022, 33, 2411-2419
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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.”**’
Chimeric proteins were also constructed by inserting an EF-
hand motif, which can bind a gadolinium ion, into a
functionalized protein.’’~>* 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 a-parvalbumin.*

An easier, preferable alternative is attaching a paramagnetic
tag to a diamagnetic protein, like albumin and immunoglobu-
lins.** 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.”> The possibility of
genetically engineering protein polymers at multiple backbone
sites allows attaching multiple paramagnetic tags per
protein.sé'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 polylysine™ or
dextran,® for instance, shows low relaxivities because of the
internal mobility which limits the relaxivity enhancement.*’
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.*!

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 S-carbon arm, activated with the ester, is used for
covalent attachment to the primary amine of lysine residues via
amide bond formation (Figure 1).° Carboxylates and

(o}

—N

Figure 1. 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid
mono-N-hydroxysuccinimide ester (DOTA-NHS-ester) chemical
structure.

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

2412

methanethiosulfonate anchor groups.*” In these cases, they
showed a relaxivity not exceeding 25 s™' mM ™' 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.***

ANTSII consists of four identical subunits, forming a dimer of
dimers of 138 kDa with D, symmetry, with an extensive
mobility in the nanosecond timescale.”” 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' mM™! 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.* 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.”” 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.

Each of the four ANSII subunits contains 22 lysine
residues, which can be largely functionalized.”® 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.

)

B 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 pK, of the a-
amine of the N-terminus compared to the e-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.’"*> Under these conditions, a few amines in the
protein are expected to be significantly reactive.””>* Mild
conditions for conjugation were employed, as we aimed at
evaluating the paramagnetic relaxation enhancement with
distant gadolinium(II) 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

https://doi.org/10.1021/acs.bioconjchem.2c00506
Bioconjugate Chem. 2022, 33, 2411-2419
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Figure 2. Deconvoluted mass spectra of ANSII 107 M (left panel) and deconvoluted mass spectra of DOTA-NHS conjugated protein 107 M

(right panel).

to standard procedures.’>*® 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 (P0080S) being equal to 34595 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 34985, 35371, 35757, and 36144 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 throu§h a bioinformatic
analysis using the program PROPKA.’>** This analysis
suggests that the most reactive amino groups residues are
the N-terminus and lysines 104, 49, and 71 (see Table S1).
Water '"H NMRD Profiles of ANSI-DOTA. The 'H
NMRD profiles of water solutions of diamagnetic (metal free)
ANSII-DOTA at 18, 25, and 37 °C are shown in Figure 3. The
concentration of the monomeric protein was 0.38 mmol dm™.
The decrease in the relaxation rates measured for increasing
magnetic fields reports on the dynamics of the water protons
interacting with the protein.”” Their dipole—dipole coupling
energy is modulated by the shortest time between the overall
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Figure 3. '"H NMRD profiles of a water solution of DOTA-
conjugated ANSII (0.38 mmol dm™ monomeric protein concen-
tration) at 1S5, 25, and 37 °C (solid symbols). Basically identical
profiles were measured for the unconjugated ANSII protein (empty
symbols).

reorientation time 7y of the tetrameric protein assembly, the
local internal mobility times 7;, and the lifetime 7); of the water
molecule on the protein surface. Water molecules with 7y,
longer than 7y or 7; thus provide information on the molecular
tumbling time and on possible presence of faster internal
mobility. The "H NMRD profiles were fitted using eq 1°*°”

4t

n

1+ 4(1)21',12

Tn

+
1+ wzfﬂz

N
Rldia=a+ﬁzcn ()
n 1

where ¢, 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 7’s obtained from the fit were indicated as 7z and
75 respectively.’” 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% NaNj3, 0.1 mg mL™" protease
inhibitors (Pefabloc)), when the following values were
obtained at 25 °C: ¢, = 042, 7, = 6.0 X 10% s, 7, = 9 X
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Table 1. Best-Fit Parameters of the 'H NMRD Profiles of
DOTA-Conjugated ANSII

15 °C 25 °C 37 °C
a 0.47 0.36 0.28 st
B 1.2 x 107 s72
o 0.31
TR =1, 8.7 X 1078 6.7 X 1078 49 x 1078 s
=1, 13 x 1078 9.3 x 107 55 %1070 s

“=1-c.

107 5.°° The values of 7y confirm that indeed the protein
forms tetrameric assemblies, being of the order of what
expected for globular proteins with MW of ca. 140 kDa.>® 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.”’
Water '"H NMRD Profiles of Gd-DOTA-Conjugated
ANSIl. 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

104
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Figure 4. "H NMRD profiles of a water solution of Gd-DOTA-
conjugated ANSII (0.24 mmol dm™) at 15, 25, and 37 °C (solid
symbols). The profiles of the Gd-free protein are also shown as empty
symbols.

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™ gadolinium (IIT)
concentration, are shown in Figure 5.

Interestingly, the relaxivity is guite large (although much
smaller than the theoretical limit®") 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.””** The
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Figure 5. 'H relaxivity profiles of GADOTA-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.

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.**
The fit of the high-field region (proton Larmor frequencies
larger than S MHz) shows that reorientation times 7; 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 (7g, 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,”*>°® which can reproduce the effects of the
ZFES both in the electron and the nuclear relaxation rates, in
the Redfield and slow rotation limits.”” The slow rotation limit
implies that reorientation is much slower than electron
relaxation (determined from the parameters A, and 7,
according to the pseudorotation model®®). Contributions
from even faster motions (with correlation time 7;) were
included through a Lipari-Szabo model-free approach' " 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 2. Best-Fit Parameters of the 'H Relaxivity Profiles of
GdDOTA-Conjugated ANSII

15 °C 25 °C 37 °C
e 3.05 A
q* 1
A, 0.0095 cm™!
T, 16 X 1072 15 x 10712 14 x 10712 s
T 3.8 x 107 3.6 X 107 34 %107 s
v 5.5 % 1077 3.6 X 1077 23 % 1077 s
s? 0.71
7 1.7 X 1071 12 X 1071 0.8 x 10710 s
ZES 0.03 cm™!
0 35 47 N degrees

“Fixed values. The outer-sphere parameters d (distance of closest
approach) and D (diffusion coefficient) were fixed to 3.6 A and to
1.8 X 107%,2.3 X 107°, and 3.0 X 107 m* s™! at 15, 25, and 37 °C,

respectively.
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shown in Figure S 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 6
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 8 is constrained to be
the same at all temperatures (unless the squared order
parameter S%, 7,, and 7; are unrealistically allowed to increase
with increasing temperature). Some inaccuracy in the
calculated rates is expected because 7; 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 developed’’™"* 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 6 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 us, i.e., about double with respect to the values
observed for the free chelates in water.”””* 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.”*Figure 6 shows the largest enhancement in relaxivity,
which can be achieved for an optimal lifetime of the
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Figure 6. 'H relaxivity profiles calculated for optimized water
exchange (7 &~ 2—3 X 107® 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.

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' mM™". 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.

B CONCLUSIONS

The relaxometric profiles of the Gd-labeled ANSII indicate a
relaxivity at about 1 T more than S 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 DOQO3A
derivatives,'” which are sufficiently stable and inert for
biological use.”® 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.

B EXPERIMENTAL PROCEDURES

Protein Expression and Purification. ANSII was ex-
pressed and purified in both nonlabeled and "*N-labeled forms,
following the published protocol for ANSII production and
purification.””

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™ protein solution was employed for the
conjugation. The reaction occurred overnight in 150 mmol
dm™ 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™> MES—NaOH 100 mmol dm™3 NaCl,
pH 6.5.

Chelation Reaction. A 10 mmol dm™* solution of GdCl,
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.

https://doi.org/10.1021/acs.bioconjchem.2c00506
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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 uL
min~! 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~'; ion source gas 2 (GS2) 0 L min™'; curtain gas (CUR)
20 L min!, collision energy (CE) 10 V; declustering potential
(DP) 30 V, acquisition range S00—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°° M using LC-MS water, pH S.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.

'H 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.”’

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.2c00506.

Percentages of free and conjugated ANSII (Figure S1)
and pKa and buried surface of amines of ANSII (Table
s1) (PDF)

B AUTHOR INFORMATION

Corresponding Author

Giacomo Parigi — Magnetic Resonance Center (CERM),
University of Florence, Sesto Fiorentino 50019, Italy;
Department of Chemistry “Ugo Schiff’, University of Florence,
Sesto Fiorentino 50019, Italy; Consorzio Interuniversitario
Risonanze Magnetiche Metallo Proteine (CIRMMP), Sesto
Fiorentino 50019, Italy; ©® orcid.org/0000-0002-1989-
4644; Email: parigi@cerm.unif.it

Authors

Giulia Licciardi — Magnetic Resonance Center (CERM),
University of Florence, Sesto Fiorentino 50019, Italy;
Department of Chemistry “Ugo Schiff’, University of Florence,
Sesto Fiorentino 50019, Italy; Consorzio Interuniversitario
Risonanze Magnetiche Metallo Proteine (CIRMMP), Sesto
Fiorentino 50019, Italy

Domenico Rizzo — Magnetic Resonance Center (CERM),
University of Florence, Sesto Fiorentino 50019, Italy;

2416

Department of Chemistry “Ugo Schiff’, University of Florence,
Sesto Fiorentino S0019, Italy; Consorzio Interuniversitario
Risonanze Magnetiche Metallo Proteine (CIRMMP), Sesto
Fiorentino 50019, Italy

Maria Salobehaj — Magnetic Resonance Center (CERM),
University of Florence, Sesto Fiorentino 50019, Italy;
Department of Chemistry “Ugo Schiff”, University of Florence,
Sesto Fiorentino 50019, Italy; Consorzio Interuniversitario
Risonanze Magnetiche Metallo Proteine (CIRMMP), Sesto
Fiorentino 50019, Italy

Lara Massai — Department of Chemistry “Ugo Schiff’,
University of Florence, Sesto Fiorentino 50019, Italy

Andrea Geri — Department of Chemistry “Ugo Schiff”,
University of Florence, Sesto Fiorentino 50019, Italy

Luigi Messori — Department of Chemistry “Ugo Schiff”,
University of Florence, Sesto Fiorentino 50019, Italy;

orcid.org/0000-0002-9490-8014

Enrico Ravera — Magnetic Resonance Center (CERM),
University of Florence, Sesto Fiorentino 50019, Italy;
Department of Chemistry “Ugo Schiff”, University of Florence,
Sesto Fiorentino 50019, Italy; Consorzio Interuniversitario
Risonanze Magnetiche Metallo Proteine (CIRMMP), Sesto
Fiorentino 50019, Italy; ©® orcid.org/0000-0001-7708-
9208

Marco Fragai — Magnetic Resonance Center (CERM),
University of Florence, Sesto Fiorentino 50019, Italy;
Department of Chemistry “Ugo Schiff’, University of Florence,
Sesto Fiorentino $S0019, Italy; Consorzio Interuniversitario
Risonanze Magnetiche Metallo Proteine (CIRMMP), Sesto
Fiorentino 50019, Italy; ©® orcid.org/0000-0002-8440-
1690

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.bioconjchem.2c00506

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors acknowledge the Fondazione Cassa di Risparmio
di Firenze, the PRIN 2017A2KEPL project “Rationally
designed nanogels embedding paramagnetic ions as MRI
probes”, and the European Commission through H2020 FET-
Open project HIRES-MULTIDYN (grant agreement no.
899683) for the financial support. They also acknowledge
the support and the use of resources of Instruct-ERIC, a
landmark ESFRI project, and specifically the CERM/
CIRMMP Italy center.

B REFERENCES

(1) Wahsner, J.; Gale, E. M.; Rodriguez-Rodriguez, A.; Caravan, P.
Chemistry of MRI Contrast Agents: Current Challenges and New
Frontiers. Chem. Rev. 2019, 119, 957—1057.

(2) Gianolio, E.; Bardini, P.; Arena, F.; Stefania, R.; Di Gregorio, E.;
Iani, R.; Aime, S. Gadolinium Retention in the Rat Brain: Assessment
of the Amounts of Insoluble Gadolinium-Containing Species and
Intact Gadolinium Complexes after Repeated Administration of
Gadolinium-Based Contrast Agents. Radiology 2017, 285, 839—849.

(3) McDonald, R. J.; McDonald, J. S.; Kallmes, D. F.; Jentoft, M. E.;
Murray, D. L; Thielen, K. R; Williamson, E. E.; Eckel, L. J.
Intracranial Gadolinium Deposition after Contrast-Enhanced MR
Imaging. Radiology 2015, 275, 772—782.

(4) 1dée, J.-M.; Port, M.; Robic, C.; Medina, C.; Sabatou, M.; Corot,
C. Role of Thermodynamic and Kinetic Parameters in Gadolinium
Chelate Stability. . Magn. Reson. Imaging 2009, 30, 1249—1258.

https://doi.org/10.1021/acs.bioconjchem.2c00506
Bioconjugate Chem. 2022, 33, 2411-2419



Bioconjugate Chemistry

pubs.acs.org/bc

(5) Di Gregorio, E.; Gianolio, E.; Stefania, R.; Barutello, G.; Digilio,
G.; Aime, S. On the Fate of MRI Gd-Based Contrast Agents in Cells.
Evidence for Extensive Degradation of Linear Complexes upon
Endosomal Internalization. Anal. Chem. 2013, 85, 5627—5631.

(6) Marckmann, P.; Skov, L.; Rossen, K.; Dupont, A.; Damholt, M.
B.; Heaf, J. G;; Thomsen, H. S. Nephrogenic Systemic Fibrosis:
Suspected Causative Role of Gadodiamide Used for Contrast-
Enhanced Magnetic Resonance Imaging. J. Am. Soc. Nephrol. 2006,
17, 2359—-2362.

(7) Uzal-Varela, R;; Rodriguez-Rodriguez, A.; Martinez-Calvo, M,;
Carniato, F.; Lalli D.; Esteban-Gémez, D.; Brandariz, 1.; Pérez-
Lourido, P.; Botta, M.; Platas-Iglesias, C. Mn2+ Complexes
Containing Sulfonamide Groups with PH-Responsive Relaxivity.
Inorg. Chem. 2020, 59, 14306—14317.

(8) Rizzo, D.; Ravera, E,; Fragai, M.; Parigi, G.; Luchinat, C. Origin
of the MRI Contrast in Natural and Hydrogel Formulation of
Pineapple Juice. Bioinorg. Chem. Appl. 2021, 2021, 1—12.

(9) Licciardi, G; Rizzo, D.; Ravera, E.; Fragai, M; Parigi, G;
Luchinat, C. Not Only Manganese, but Fruit Component Effects
Dictate the Efficiency of Fruit Juice as an Oral Magnetic Resonance
Imaging Contrast Agent. NMR Biomed. 2022, 35, No. e4623.

(10) Wu, Y.; Zhou, 1. Y.; Igarashi, T.; Longo, D. L.; Aime, S.; Sun, P.
Z. A Generalized Ratiometric Chemical Exchange Saturation Transfer
(CEST) MRI Approach for Mapping Renal PH Using Iopamidol.
Magn. Reson. Med. 2018, 79, 1553—1558.

(11) Caravan, P.; Cloutier, N. J.; McDermid, S. A.; Ellison, J. J.;
Chasse, J. M.; Lauffer, R. B.; Luchinat, C.; McMurry, T. J.; Parigi, G.;
Spiller, M. Albumin Binding, Relaxivity and Water Exchange Kinetics
of the Diasterecisomers of MS-325 a Gadolinium(III) Based
Magnetic Resonance Angiography Contrast Agent. Inorg. Chem.
2007, 46, 6632—6639.

(12) Anelli, P. L.; Bertini, L; Fragai, M.; Lattuada, L.; Luchinat, C;
Parigi, G. Sulfonamide-Functionalized Gadolinium DTPA Complexes
as Possible Contrast Agents for MRI: A Relaxometric Investigation.
Eur. J. Inorg. Chem. 2000, 2000, 625—630.

(13) Li, H; Parigi, G; Luchinat, C; Meade, T. J. Bimodal
Fluorescence-Magnetic Resonance Contrast Agent for Apoptosis
Imaging. J. Am. Chem. Soc. 2019, 141, 6224—6233.

(14) Carniato, F.; Tei, L.; Botta, M.; Ravera, E.; Fragai, M.; Parigi,
G.; Luchinat, C. 1H 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, 9065—9072.

(15) Fragai, M.; Ravera, E; Tedoldi, F.; Luchinat, C; Parigi, G.
Relaxivity of Gd-Based MRI Contrast Agents in Crosslinked
Hyaluronic Acid as a Model for Tissues. ChemPhysChem 2019, 20,
2204-2209.

(16) Courant, T.; Roullin, V. G.; Cadiou, C.; Callewaert, M.; Andry,
M. C.; Portefaix, C.; Hoeffel, C.; de Goltstein, M. C.; Port, M,;
Laurent, S.; Elst, L. V.; Muller, R; Molinari, M.; Chuburu, F.
Hydrogels Incorporating GADOTA: Towards Highly Efficient Dual
T1/T2 MRI Contrast Agents. Angew. Chem., Int. Ed. 2012, 51, 9119—
9122.

(17) Yon, M.; Gineste, S.; Parigi, G.; Lonetti, B.; Gibot, L.; Talham,
D. R;; Marty, J.-D.; Mingotaud, C. Hybrid Polymeric Nanostructures
Stabilized by Zirconium and Gadolinium Ions for Use as Magnetic
Resonance Imaging Contrast Agents. ACS Appl. Nano Mater. 2021, 4,
4974—4982.

(18) Aime, S.; Frullano, L.; Geninatti Crich, S. Compartmentaliza-
tion of a Gadolinium Complex in the Apoferritin Cavity: A Route To
Obtain High Relaxivity Contrast Agents for Magnetic Resonance
Imaging. Angew. Chem., Int. Ed. 2002, 41, 1017—1019.

(19) Rotz, M. W,; Culver, K. S. B.; 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 20185, 9, 3385—3396.

(20) Carniato, F.; Tei, L.; Botta, M. Gd-Based Mesoporous Silica
Nanoparticles as MRI Probes. Eur. J. Inorg. Chem. 2018, 2018, 4936—
4954.

2417

(21) Carniato, F.; Tei, L; Martinelli, J; Botta, M. Relaxivity
Enhancement of Ditopic Bishydrated Gadolinium(III) Complexes
Conjugated to Mesoporous Silica Nanoparticles. Eur. J. Inorg. Chem.
2018, 2018, 2363—2368.

(22) Tei, L; Gugliotta, G; Gambino, G.; Fekete, M.; Botta, M.
Developing High Field MRI Contrast Agents by Tuning the
Rotational Dynamics: Bisaqua GdAAZTA-Based Dendrimers. Isr. J.
Chem. 2017, 57, 887—895.

(23) Alhaique, F.; Bertini, I; Fragai, M.; Carafa, M.; Luchinat, C.;
Parigi, G. Solvent 1H NMRD Study of Biotinylated Paramagnetic
Liposomes Containing Gd-Bis-SDA-DTPA or Gd-DMPE-DTPA.
Inorg. Chim. Acta 2002, 331, 151—157.

(24) 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 Agentsl. J. Am.
Chem. Soc. 2008, 130, 2546—2552.

(25) Mastarone, D. J.; Harrison, V. S. R;; Eckermann, A. L.; Parigi,
G.; Luchinat, C.; Meade, T. J. A Modular System for the Synthesis of
Multiplexed Magnetic Resonance Probes. J. Am. Chem. Soc. 2011,
133, 5329—-5337.

(26) 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, 89—100.

(27) Matsumoto, Y.; Jasanoff, A. Metalloprotein-Based MRI Probes.
FEBS Lett. 2013, 587, 1021—-1029.

(28) Yang, J. J.; Yang, J.; Wei, L.; Zurkiya, O.; Yang, W,; Li, S.; Zou,
J; Zhou, Y.,; Maniccia, A. L. W,; Mao, H.; Zhao, F.; Malchow, R;;
Zhao, S.; Johnson, J.; Hu, X.; Krogstad, E.; Liu, Z.-R. Rational Design
of Protein-Based MRI Contrast Agents. J. Am. Chem. Soc. 2008, 130,
9260—9267.

(29) Xue, S.; Qiao, J.; Py, F.; Cameron, M.; Yang, J. J. Design of a
Novel Class of Protein-Based Magnetic Resonance Imaging Contrast
Agents for the Molecular Imaging of Cancer Biomarkers. Wiley
Interdiscip. Rev.: Nanomed. Nanobiotechnol. 2013, S, 163—179.

(30) Caravan, P.; Greenwood, J. M.; Welch, J. T.; Franklin, S. J.
Gadolinium-Binding Helix—Turn—Helix Peptides: DNA-Dependent
MRI Contrast Agents. Chem. Commun. 2003, 2574—2575.

(31) Daughtry, K. D.; Martin, L. J.; Sarraju, A.; Imperiali, B.; Allen,
K. N. Tailoring Encodable Lanthanide-Binding Tags as MRI Contrast
Agents. ChemBioChem 2012, 13, 2567—2574.

(32) Grum, D.; Franke, S.; Kraff, O.; Heider, D.; Schramm, A.;
Hoffmann, D.; Bayer, P. Design of a Modular Protein-Based MRI
Contrast Agent for Targeted Application. PLoS One 2013, 8,
No. e65346.

(33) Xue, S; Yang, H; Qiao, J.; Pu, F; Jiang, J.; Hubbard, K;
Hekmatyar, K.; Langley, J; Salarian, M.; Long, R. C.; Bryant, R. G,;
Hu, X. P,; Grossniklaus, H. E,; Liu, Z.-R;; Yang, ]J. J. Protein MRI
Contrast Agent with Unprecedented Metal Selectivity and Sensitivity
for Liver Cancer Imaging. Proc. Natl. Acad. Sci. US.A. 20185, 112,
6607—6612.

(34) Lauffer, R. B.; Brady, T. J. Preparation and Water Relaxation
Properties of Proteins Labeled with Paramagnetic Metal Chelates.
Magn. Reson. Imaging 1985, 3, 11—16.

(35) Frullano, L.; Caravan, P. Strategies for the Preparation of
Bifunctional Gadolinium(III) Chelators. Curr. Org. Synth. 2011, 8,
535-565.

(36) Karfeld, L. S.; Bull, S. R;; Davis, N. E.; Meade, T. J.; Barron, A.
E. Use of a Genetically Engineered Protein for the Design of a
Multivalent MRI Contrast Agent. Bioconjugate Chem. 2007, 18,
1697—-1700.

(37) Karfeld-Sulzer, L. S.; Waters, E. A; Davis, N. E.; Meade, T. J.;
Barron, A. E. Multivalent Protein Polymer MRI Contrast Agents:
Controlling Relaxivity via Modulation of Amino Acid Sequence.
Biomacromolecules 2010, 11, 1429—1436.

(38) Spanoghe, M.; Lanens, D.; Dommisse, R.; Van der Linden, A.;
Alderweireldt, F. Proton Relaxation Enhancement by Means of Serum
Albumin and Poly-I-Lysine Labeled with DTPA-Gd3+: Relaxivities as

https://doi.org/10.1021/acs.bioconjchem.2c00506
Bioconjugate Chem. 2022, 33, 2411-2419



Bioconjugate Chemistry

pubs.acs.org/bc

a Function of Molecular Weight and Conjugation Efficiency. Magn.
Reson. Imaging 1992, 10, 913—917. )

(39) Rebizak, R.; Schaefer, M.; Dellacherie, E. Polymeric Conjugates
of Gd3+—Diethylenetriaminepentaacetic Acid and Dextran. 2.
Influence of Spacer Arm Length and Conjugate Molecular Mass on
the Paramagnetic Properties and Some Biological Parameters.
Bioconjugate Chem. 1998, 9, 94—99.

(40) Zhang, Z.; Greenfield, M. T.; Spiller, M.; McMurry, T. J;
Lauffer, R. B.; Caravan, P. Multilocus Binding Increases the Relaxivity
of Protein-Bound MRI Contrast Agents. Angew. Chem., Int. Ed. 2008,
44, 6766—6769.

(41) Tircsé, G.; Tircséné Benys, E; Garda, Z.; Singh, J.; Trokowski,
R.; Briicher, E.; Sherry, A. D.; Téth, E.; Kovécs, Z. Comparison of the
Equilibrium, Kinetic and Water Exchange Properties of Some Metal
Ion-DOTA and DOTA-Bis(Amide) Complexes. J. Inorg. Biochem.
2020, 206, No. 111042.

(42) Geraldes, C. F. G. C.; Luchinat, C. Lanthanides as Shift and
Relaxation Agents in Elucidating the Structure of Proteins and
Nucleic Acids. Met. Ions Biol. Syst. 2003, 40, 513—588.

(43) Keizers, P. H. J.; Ubbink, M. Paramagnetic Tagging for Protein
Structure and Dynamics Analysis. Prog. Nucl. Magn. Reson. Spectrosc.
2011, 58, 88—96.

(44) Nitsche, C; Otting, G.Chapter 2: Intrinsic and Extrinsic
Paramagnetic Probes. In Paramagnetism in Experimental Biomolecular
NMR; Royal Society of Chemistry, 2018; pp 42—84 DOI: 10.1039/
9781788013291-00042.

(4S) Thonon, D.; Jacques, V.; Desreux, J. F. A Gadolinium Triacetic
Monoamide DOTA Derivative with a Methanethiosulfonate Anchor
Group. Relaxivity Properties and Conjugation with Albumin and
Thiolated Particles. Contrast Media Mol. Imaging 2007, 2, 24—34.

(46) Téth, E.; Pubanz, D.; Vauthey, S.; Helm, L.; Merbach, A. E.
The Role of Water Exchange in Attaining Maximum Relaxivities for
Dendrimeric MRI Contrast Agents. Chem. - Eur. J. 1996, 2, 1607—
1615.

(47) Swain, A. L.; Jaskolski, M.; Housset, D.; Rao, J. K.; Wlodawer,
A. Crystal Structure of Escherichia Coli L-Asparaginase, an Enzyme
Used in Cancer Therapy. Proc. Natl. Acad. Sci. US.A. 1993, 90, 1474—
1478.

(48) Hill, J. M.; Roberts, J.; Loeb, E.; Khan, A.; MacLellan, A.; Hill,
R. W. L-Asparaginase Therapy for Leukemia and Other Malignant
Neoplasms. Remission in Human Leukemia. JAMA 1967, 202, 882—
888.

(49) Heo, Y.-A; Syed, Y. Y.; Keam, S. J. Pegaspargase: A Review in
Acute Lymphoblastic Leukaemia. Drugs 2019, 79, 767—=777.

(50) Cerofolini, L.; Giuntini, S.; Carlon, A.; Ravera, E.; Calderone,
V.; Fragai, M.; Parigi, G.; Luchinat, C. Characterization of PEGylated
Asparaginase: New Opportunities from NMR Analysis of Large
PEGylated Therapeutics. Chem. - Eur. J. 2019, 25, 1984—1991.

(51) Rosen, C. B.; Francis, M. B. Targeting the N Terminus for Site-
Selective Protein Modification. Nat. Chem. Biol. 2017, 13, 697—705.

(52) Jiang, H.; D’Agostino, G. D.; Cole, P. A;; Dempsey, D. R.
Selective Protein N-Terminal Labeling with N-Hydroxysuccinimide
Esters. Methods Enzymol. 2020, 639, 333—353.

(53) Rostkowski, M.; Olsson, M. H.; Sendergaard, C. R; Jensen, J.
H. Graphical Analysis of PH-Dependent Properties of Proteins
Predicted Using PROPKA. BMC Struct. Biol. 2011, 11, No. 6.

(54) Cutino-Avila, B.; Gil, D.; Gonzéilez-Bacerio, J.; Mokarzel-
Falcon, L.; Chavez, M.; Diaz, J.; del Monte-Martinez, A. In Algorithm
Development for Protein Ionizable Group’s Reactivity on Covalent
Immobilization; Rational Design of Immobilized Derivatives, 2010.
DOI: 10.13140/2.1.1755.7769.

(55) Massai, L; Zoppi, C.; Cirri, D.; Pratesi, A; Messori, L.
Reactions of Medicinal Gold(III) Compounds With Proteins and
Peptides Explored by Electrospray Ionization Mass Spectrometry and
Complementary Biophysical Methods. Front. Chem. 2020, 8,
No. 581648.

(56) Cirri, D.; Massai, L.; Giacomelli, C.; Trincavelli, M. L.; Guerri,
A.,; Gabbiani, C; Messori, L.; Pratesi, A. Synthesis, Chemical
Characterization, and Biological Evaluation of a Novel Auranofin

2418

Derivative as an Anticancer Agent. Dalton Trans. 2022, 51, 13527—
13539.

(57) 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.

(58) Bertini, I; Fragai, M,; Luchinat, C.; Parigi, G. 'H NMRD
Profiles of Diamagnetic Proteins: A Model-Free Analysis. Magn.
Reson. Chem. 2000, 38, 543—550.

(59) Halle, B.; J¢hannesson, H.; Venu, K. Model-Free Analysis of
Stretched Relaxation Dispersions. J. Magn. Reson. 1998, 135, 1—13.

(60) Ravera, E.; Parigi, G.; Mainz, A; Religa, T.; Reif, B.; Luchinat,
C. Experimental Determination of Microsecond Reorientation
Correlation Times in Protein Solutions. J. Phys. Chem. B 2013, 117,
3548—3553.

(61) Aime, S.; Botta, M.; Fasano, M.; Terreno, E. Lanthanide(II)
Chelates for NMR Biomedical Applications. Chem. Soc. Rev. 1998, 27,
19-29.

(62) Parigi, G.; Ravera, E.; Luchinat, C. Magnetic Susceptibility and
Paramagnetism-Based NMR. Prog. Nucl. Magn. Reson. Spectrosc. 2019,
114—-115, 211-236.

(63) 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.
A 1995, 113, 151—158.

(64) Freed, J. H. Dynamic Effects of Pair Correlation Functions on
Spin Relaxation by Translational Diffusion in Liquids. IL. Finite Jumps
and Independent T, Processes. J. Chem. Phys. 1978, 68, 4034—4037.

(65) Bertini, L; 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.

(66) Kruk, D.; Nilsson, T.; Kowalewski, J. Nuclear Spin Relaxation
in Paramagnetic Systems with Zero-Field Splitting and Arbitrary
Electron Spin. Phys. Chem. Chem. Phys. 2001, 3, 4907—4917.

(67) Kowalewski, J.; Luchinat, C.; Nilsson, T.; Parigi, G. Nuclear
Spin Relaxation in Paramagnetic Systems: Electron Spin Relaxation
Effects under Near-Redfield Limit Conditions and Beyond. J. Phys.
Chem. A 2002, 106, 7376—7382.

(68) Bloembergen, N.; Morgan, L. O. Proton Relaxation Times in
Paramagnetic Solutions. Effects of Electron Spin Relaxation. J. Chem.
Phys. 1961, 34, 842—850.

(69) Lipari, G.; Szabo, A. Model-Free Approach to the
Interpretation of Nuclear Magnetic Resonance Relaxation in Macro-
molecules. 1. Theory and Range of Validity. J. Am. Chem. Soc. 1982,
104, 4546—4559.

(70) Fries, P. H. Computing Electronic Spin Relaxation for Gd3+-
Based Contrast Agents — Practical Implementation. Eur. J. Inorg.
Chem. 2012, 2012, 2156—2166.

(71) Kowalewski, J.; Kruk, D.; Parigi, G. NMR Relaxation in
Solution of Paramagnetic Complexes: Recent Theoretical Progress for
S > 1. Adv. Inorg. Chem. 2005, 57, 41—104.

(72) Belorizky, E.; Fries, P. H.; Helm, L.; Kowalewski, J.; Kruk, D.;
Sharp, R. R;; Westlund, P.-O. Comparison of Different Methods for
Calculating the Paramagnetic Relaxation Enhancement of Nuclear
Spins as a Function of the Magnetic Field. ]. Chem. Phys. 2008, 128,
No. 052315.

(73) Powell, D. H.; Dhubhghaill, O. M. N.; Pubanz, D.; Helm, L.;
Lebedev, Y. S.; Schlaepfer, W.; Merbach, A. E. Structural and
Dynamic Parameters Obtained from 170 NMR, EPR, and NMRD
Studies of Monomeric and Dimeric Gd3+ Complexes of Interest in
Magnetic Resonance Imaging: An Integrated and Theoretically Self-
Consistent Approachl. J. Am. Chem. Soc. 1996, 118, 9333—9346.

(74) Laurent, S.; Elst, L. V.; Muller, R. N. Comparative Study of the
Physicochemical Properties of Six Clinical Low Molecular Weight
Gadolinium Contrast Agents. Contrast Media Mol. Imaging 2006, 1,
128-137.

(75) Aime, S.; Castelli, D. D.; Crich, S. G.; Gianolio, E.; Terreno, E.
Pushing the Sensitivity Envelope of Lanthanide-Based Magnetic

https://doi.org/10.1021/acs.bioconjchem.2c00506
Bioconjugate Chem. 2022, 33, 2411-2419



Bioconjugate Chemistry

pubs.acs.org/bc

Resonance Imaging (MRI) Contrast Agents for Molecular Imaging
Applications. Acc. Chem. Res. 2009, 42, 822—831.

(76) Takécs, A.; Napolitano, R.; Purgel, M.; Bényei, A. C.; Zékany,
L.; Briicher, E.; T6th, I; Baranyai, Z.; Aime, S. Solution Structures,
Stabilities, Kinetics, and Dynamics of DO3A and DO3A-
Sulphonamide Complexes. Inorg. Chem. 2014, 53, 2858—2872.

(77) Ravera, E.; Ciambellotti, S.; Cerofolini, L.; Martelli T.;
Kozyreva, T.; Bernacchioni, C.; Giuntini, S.; Fragai, M.; Turano, P.;
Luchinat, C. Solid-State NMR of PEGylated Proteins. Angew. Chem.,
Int. Ed. 2016, 55, 2446—2449.

2419

[0 Recommended by ACS

Molecular Engineering of Self-Immolative Bioresponsive MR
Probes

Jian-Hong Tang, Thomas J. Meade, et al.
APRIL 28,2023

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ

The Application of Bio-orthogonality for In Vivo Animal
Imaging

Jun Yang, Chongzhao Ran, et al.

JULY 07, 2023

CHEMICAL & BIOMEDICAL IMAGING READ '

Rational Design of Gd-DOTA-Type Contrast Agents for
Hepatobiliary Magnetic Resonance Imaging

Weiyuan Xu, Lixiong Dai, et al.
JUNE 27,2023

JOURNAL OF MEDICINAL CHEMISTRY READ '

Rapid In Vitro Quantification of a Sensitized Gadolinium
Chelate via Photoinduced Triplet Harvesting

James A. Tranos, Youssef Z. Wadghiri, et al.
JANUARY 09, 2023

ACS OMEGA READ &

Get More Suggestions >

https://doi.org/10.1021/acs.bioconjchem.2c00506
Bioconjugate Chem. 2022, 33, 2411-2419



Large protein assemblies for high relaxivity contrast agents: the case of gadolinium-labeled
asparaginase

Giulia Licciardi,»»¢ Domenico Rizzo,>>¢ Maria Salobehaj,>>¢ Lara Massai,® Andrea Geri,® Luigi
Messori,? Enrico Ravera, ¢ Marco Fragai,»?¢ Giacomo Parigi®b-° *

aMagnetic Resonance Center (CERM), University of Florence, via Luigi Sacconi 6, Sesto Fiorentino,
50019 Italy; "Department of Chemistry “Ugo Schiff”, University of Florence, via della Lastruccia 3, Sesto
Fiorentino, 50019 Italy; and °Consorzio Interuniversitario Risonanze Magnetiche Metallo Proteine
(CIRMMP), via Luigi Sacconi 6, Sesto Fiorentino, 50019 Italy

Supporting information



w
(5]
" 1

w
o
N 1

N
[4)]
" 1

% (OF AREA)
S
1

15
10
5_

0 I N 1 v I S 1 * I +

& Qo’\ 06\ 06‘ <.)0"

x’\ xq’ -] xh
> 2 & >
& & & 3

Figure S1. The percentages of free and conjugated ANSII in the sample has been calculated

according to the relative intensity of each peak.



Table S1. pK, and buried surface of amines of ANSII

RESIDUE NUMBER | pK, 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 Aal.S-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).

a
X72
—
Pentamer
AalLS8-13 Negatively
360 subunits Cutaway charged
38 nm diameter view interior
b
x8 55°
oy +
Trimer OP Positively
24 subunits charged
14 nm diameter interior

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

The 'H NMRD profiles of diamagnetic AaL.S-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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Figure 3.21: (a) 'H NMRD profiles of diamagnetic AaLS-13 protein in sodium
phosphate buffer at 298 K (x symbols) and at 310 K (+ symbols). (b) 'H NMRD
profiles of OP in TRIS buffer at 298 K (* symbols) and at 310 K (+ symbols).

In order to evaluate possible nonviral theranostic platforms, AalLS-13 and
OP cages functionalized with a DOTA-based gadolinium(IIT) 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-lextC
(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 'H 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].

Gd-C4-1A

Figure 3.22: Structure of the DOTA-based gadolinium(III) complex employed for
AallS-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'mM™). 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 7; 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 71 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

71 (298 K) 5.2 37 4.0 43 1.8 ns
7i (310 K) 3.5 3.3 3.2 3.3 1.1 ns
71 (298 K) 540 1800 320 68 78 ps
71 (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-Aal.S-13 and Gd-OP-like cages.
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Figure 3.23: The grey symbols and lines refer to the 'H NMRD profiles of Gd-
C4-TA complex (x for 298 K, + for 310 K) in the corresponding protein buffer. In
panel (a) the 'H 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 'H
NMRD profiles of Gd-OP-3intC in blue, Gd-OP-2intC in pink, Gd-OP-1intC in red,
and Gd-OP-lextC 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.
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ABSTRACT: Diagnostic medical imaging utilizes magnetic
resonance (MR) to provide anatomical, functional, and molecular

information in a single scan. Nanoparticles are often labeled with (s0) Chi’;’:;i't;?:‘éfg:?”
Gd(III) complexes to amplify the MR signal of contrast agents @ —_—
(CAs) with large payloads and high proton relaxation efficiencies °ng
P . . /‘.._\/\(
(relaxivity, r). This study examined the MR performance of two . HPENET
structurally unique cages, AaLS-13 and OP, labeled with Gd(III). Iy~ L"(.)"
The cages have characteristics relevant for the development of o
theranostic pla.tformf, including (1) well—deﬁ.ned sFructl}re, G complex Gd-protsin conjugate
symmetry, and size; (ii) the amenability to extensive engineering; Fast molecular reorientation Increased relaxivity
(iii) the adjustable loading of therapeutically relevant cargo Long molecular reorientation

High contrast enhancement

molecules; (iv) high physical stability; and (v) facile manufacturing
by microbial fermentation. The resulting conjugates showed significantly enhanced proton relaxivity (r; = 11-18 mM ' s™" at 1.4 T)
compared to the Gd(IIT) complex alone (r; = 4 mM™" s™!). 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 ("H NMRD)
profiles showed maximum relaxivity values of SO mM ™" s™". Best-fit analyses of the "H 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 component consisting of r; and the concentration of Gd(III) in

Magnetic resonance (MR) imaging is an attractive modality for the CA ([GA(TID]).
medical diagnostic imaging because of its unlimited depth 1
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."” Admin-
istration of contrast agents (CAs) with paramagnetic metal
ions greatly enhances tissue contrast by shortening the
longitudinal (T,) and transverse (T,) 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

1
— = — + r[Gd(IID)]
T M

Clinically approved small molecule Gd(III) CAs typically
have r, ~ 4 mM ™" s™" at clinical MR field strengths (0.2—3 T),
where a local concentration of over 100 M CA is required to
induce a detectable change in T, 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.” Thus, signal
amplification strategies are needed to bridge the gap between
biomarker expression and the MR detection limit.

(Gd(III)) based CAs for T,-weighted images, where short T Received: October 21, 2022 W::: ‘‘‘‘‘ L
values correspond to a bright MR signal.” The efficiency with Accepted:  November 23, 2022 N
which a CA influences the water proton T is the relaxivity Published: January 10, 2023 $

iny e

(r,), defined by eq 1. The observed longitudinal relaxation rate
constant in the presence of CA (1/TS*) comprises a
background diamagnetic component (T5) and a paramagnetic
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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).” 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.”® 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,” including gold
NPs,'°™'7 carbon nanodiamonds,'® metal—organic frame-
works,"’ ligposomes,zo’21 dendrimers,”*™*® polymers,zg_31 mi-
celles,””™** and hydrogels.”>*” Of the parameters that govern
r; (eqs 1 and 2), conjugating Gd(III) complexes to NPs most
strongly influences the rotational correlation time (zg, eq 3) to
achieve what is called a “ry boost” in relaxivity at clinical field
strengths. A brief discussion of MR physics is required to
understand the origin of this 7z boost.

The relaxation processes of nuclear spins (i.e., T; 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 (T),, ~ 107° s at clinical field
strengths) of Gd(III) make it an excellent candidate to
influence water protons for MR imaging. The highest
contribution to r; comes from water molecules directly
coordinated to Gd(III) with a mean residence time 7, and
exchange with bulk water (eq 2). While r, 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 GA(III) ions from
the ligand.*

The dipolar longitudinal relaxation time (T,) 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
(z.), is determined by the fastest parameter among T}, 7y, and
7,, (eq 3). Relaxivity approaches the theoretical maximum
value when the inverse correlation time (77') matches the
Larmor frequency (w;) of water protons. This is when the
coupling of the electronic and nuclear spins is most efficient. At
clinically relevant field strengths, the fast 7 values (107" s to
1072 s) of small molecule Gd(IIT) CAs determine 7. and limit
relaxivity. Tethering Gd(III) complexes to macromolecules
results in a slower 7y that does not determine 7, allowing
relaxivity to approach theoretical maximum values (the 7y
boost).
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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.”*™*" 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(11I)-labeled NPs compared to small molecule Gd(III)
complexes increases bioavailability and potential for cellular
uptake.”*** 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.”> 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.* 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.””*’~>* 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. AaL.S-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).””~°' Owing to
its negatively supercharged interior and large keyhole-shaped
surface pores, AaLS-13 encapsulates positively charged cargo at
rates approaching the diffusion limit.”>** Additionally, the
surface-exposed termini of AaLS-13 offer further functionaliza-
tion opportunities, which have already been exploited to
display antibodies®* or for enzymatic labeling.®>~®’

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).°® Positive charges
were introduced by mutating six lumenal residues in the
starting scaffold to arginine, enabling efficient encapsulation of
negatively charged cargo, such as oligonucleotides®” and
anionic surfactants.”” 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.”

https://doi.org/10.1021/acsabm.2c00892
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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 ~13 nm positively supercharged cubic cages from
eight trimeric capsomers.

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 AalLS-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 7 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-Bu 2,2,2"-(1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetate (‘BuDO3A) and
benzyl acrylate.”””>”* Benzyl acrylate served as the foundation
for the functional arm that was later used to covalently link Gd-
C4-IA to the protein cages. ‘BuDO3A and benzyl acrylate were
reacted via an aza-Michael addition. The functional arm was
deprotected by Pd/C hydrogenation and reacted with ‘Bu-(4-
aminobutyl)carbamate. Acidic conditions were used to
perform a global deprotection of all ‘Bu groups, followed by
metalation with GdCl;. The Gd-C4-NH, 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 burled cysteine (Cys37) per monomer
with negligible react1v1ty * Functionalization of wt AaLS using
thiol-reactive species requires introducing additional surface
exposed cysteine residues.”* In contrast, AaLS-13 contains two
additional cysteine residues (CysS2 and Cysl27) per
monomer that were introduced during evolution. Although
CysS2 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 (Cysl08 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
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Figure 2. Synthetic scheme for Gd-C4-IA. (i) ‘BuDO3A (1 equiv), benzyl acrylate (2 equiv), DIEA (5.9 equiv), MeCN, N, (g), RT, 47%; (ii) 1 (1
equiv), Pd/C (catalyst), MeOH, H, (g), RT, 27%; (iii) 2 (1 equiv), ‘Bu (4-aminobutyl)carbamate (1.5 equiv), NHS (3 equiv), DIEA (S equiv),
DIC (S equiv), DMF, N, (g), RT, quantitative yield; (iv) 3 (1 equiv), TFA, CH,CL, N, (g), RT, crude; (v) 4 (1 equiv), GdCl;-6H,0 (1.3 equiv),

H,0, N, (g), RT, 34% over 2 steps; (vi) Gd-C4—NH, (1 equiv), iodoacetic anhydride (3 equiv), K,CO; (3 equiv), DMF, N, (g), 0

°C, 20%.
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Figure 3. Thiol-mediated functionalization of AaLS-13 and OP and transmission electron microscopy (TEM) images of AaLS-13 and OP-3;,C. (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 Argl103) are
highlighted as yellow spheres. (b) Representations of Gd(III) labeling the cysteine reactive sites. TEM images of (c) AaLS-13 and (d) OP-3,,C
cages, unmodified (left) or labeled with Gd-complexes (right). Scale bar is equal to S0 nm.

were previously shown to be mutable.”” The three variants,
OP-1,,C (S38C), OP-2,,C (S38C, R103C), and OP-3,,C
(S38C, R66C, R103C), provide 24, 48, or 72 reactive sites per
multimeric assembly on the lumenal surface, respectively. An
additional variant, OP-1,,C, 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(lll) 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 jodoacetamide 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 $30). 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-3,,C, OP-2,,C, and OP-1;,C). Labeling
efficiency is even higher for reactive sites positioned on the
exterior surface (60% for OP-1,,,C). These labeling efficiencies
are in the range of previously reported values.®”’*
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Table 1. Labeling of Protein Cages with Gd(III) Complexes

labeling” reactive labeling efficiency
sample name (complexes/cage) sites %
Gd-AaLS-13 149 + 12 360 41
Gd-OP-3,,C 347 72 46
Gd-OP-2,,C B+1 48 &7
Gd-OP-1,,C n+1 24 46
Gd-OP-1,,C 14+2 24 60

“Standard deviation accounts for variations across biological
replicates.

Furthermore, the Gd(III)-labeled cages were shown to be
stable for several months by MS analysis (Figures S28, $29).

2.4. MR Signal Amplification Revealed through
Relaxivity Measurements. Relaxivity measurements for
Gd-C4-1A 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.”>”® The ionic
relaxivity (r) jon;c) values are normalized per millimolar Gd(III)
to identify the structure that imparts the best MR physics
properties, whereas the particle relaxivity (r;pude Eq. S1)
accounts for the number of Gd(III) complexes per particle as
well as 7 jopc-

Gd-C4-1A was studied in sodium phosphate buffer (S0 mM
sodium phosphate (pH 8.0), 200 mM NaCl, S mM EDTA)
and Tris buffer (25 mM Tris (pH 7.6), 200 mM NaCl, § 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™ s7! at 1.4 T and 37 °C, and decreased to 2.6 and 3.2

https://doi.org/10.1021/acsabm.2c00892
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Table 2. Relaxivity Measurements of Gd-C4-IA and Gd(III)-
Labeled Protein Cages at 1.4 and 7 T*

1.4 T at 37 °C 7 T at 25 °C

T'Ljopi 71 particl 71 jopi icl
sample name  (mM OPC_I) (ml\/fi‘}cse_l) (mM~ . c_1) (ml\/fal}ce
Gd-C4-1A" 42 N/A 26 N/A
Gd-C4-T1A° 4.1 N/A 32 N/A
Gd-AaLs-13" 183 2727 8.0 1192
Gd-OP-3,,C° 15.9 525 53 175
Gd-OP-2,,C¢ 18.0 419 54 124
Gd-OP-1,,C° 15.0 165 46 51
Gd-OpP-1,,C* 11.2 157 4.9 69

ext
“Relaxation times (T;) were measured with error of <5%, while
standard dev1at10ns of [Gd(III)] were determined by ICP-MS of
triplicate samples. “Relaxivity data in $0 mM sodium phosphate (pH
8.0), 200 mM NaCl, S mM EDTA. “Relaxivity data in 25 mM Tris
(pH 7.6), 200 mM NaCl, S mM EDTA.

mM™' 57! at 7 T and 25 °C (Table 2). These values are
consistent those observed for g = 1 Gd(III) complexes.

As expected, higher ry;,,;. values were measured for the Gd-
C4-protein conjugates compared to Gd-C4-IA at both field
strengths due to the 7z boost (Table 2), with a stronger 7y
boost observed at the lower field strength (1.4 T, 37 °C). For
Gd-AaLS-13, 1, ;. increased from ~4 to 18.3 mM ™" s/, while
conjugation to the OP cages increased 7, ;. to 11—18 mM ™
s'. At 7 T and 25 °C, a smaller 7z boost was also observed,
with ) ;o increasing from ~3 mM ™' s™' to 5—8 mM™ 57! for
the Gd(III)-C4-protein conjugates. Interestingly, the protein
cages labeled with Gd(III) on the lumenal surface (Gd-AaLS-
13, Gd-OP-3,,C, Gd-OP-2,,C, and Gd-OP-1,,C) showed
higher 7, ;. values than Gd-OP-1,,C 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-1,,C,
which shows an ry ;. lower than but comparable to that of
Gd-OP-1,,C.

The ionic relaxivities measured here are comparable to other
Gd(III)—labeled protein cages, which show relaxivities of 10—
60 mM ™' 57!, depending on experimental conditions, particle
size, and location of the Gd(II) complex.**®307355758
Notably, previous studies of Gd(IIl)-labeled wt AaLS cages
showed ionic relaxivities of 30—60 mM ™' s™! at 1.4 T and 37
°C and 16 mM ™' s™" at 7 T and 25 °C.>*** Gd(III) complexes
in the interior of MS viral capsids similarly had higher ionic
relaxivities than Gd(III) complexes on the cage exterior,*
likely due to the restricted flexibility of Gd(III) complexes at
the cage interior compared to their counterparts at the exterior
surface.””

In order to determine the cause of the differences in 7, 5y
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 'H
Nuclear Magnetic Relaxation Dispersion Profiles. Gen-
eral Description of Methodology. "H NMRD profiles are
routinely used to study relaxation mechanisms of paramagnetic
complexes and nanomaterials.”” 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
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about paramagnetic complexes.”” The low field portion of
the NMRD profiles (0.0001— 01 T) are fit using a modified
Florence NMRD program,”*™*" 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 '"H NMRD profiles for Gd-C4-IA and the Gd-C4-
protein conjugates were collected at 25 and 37 °C in sodium
phosphate (Gd-C4-1A and Gd-AaLS-13) and Tris (Gd-C4-1A
and OP) buffers, and the normalized relaxivities per millimolar
Gd(HI) (ryene) 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.

Tz 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 g = 1
(Figure 4).”” 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 r ;,;. of 20—50
mM™" s7! (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-3,,C, Gd-OP-2,,C, and Gd-OP-

1,,C) are higher than cages with Gd(III) on the external
surface (Gd-OP-1,,C) (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-1;,,C to Gd-OP-2,,,C to Gd- OP-3;,,C. 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 7. that
originates from the field dependence of T,.. Thus, the other
field independent parameters in eq 3 (g and 7,,) must be
longer than T),. 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 7. determined
by a fast .

Very few Gd(III)-labeled protein cages have been studied by
"H NMRD, including Gd(IIT)-polymer covalently attached to
the interior of protein cages’0 % and Gd(III)-labeled MS2 viral
capsids.”” 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 ™' s7.*

Water Exchange Rate Does Not Limit the 5 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
T < Ty (eq 2), ie, that the coordinated water molecule is in
the fast exchange regime. Under these conditions, the water
lifetime (z,) is in the range of 107 to 107" s (Tables S5 and
S6) and does not limit the correlation time (7, > T.).
Gd(III)-labeled MS2 capsids have also been reported to
possess water molecules in the fast exchange regime, observed
by the temperature dependence of 'H NMRD profiles.”> A
long 73, and a lifetime 7,,, longer than T, but shorter than T,
(tg> T1m> Tm> T.) 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

https://doi.org/10.1021/acsabm.2c00892
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Figure 4. 'H 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-C4-1A, Gd-OP-3,,,C, Gd-
OP-2,,,C, Gd-OP-1,,,C, and Gd-OP-1,,,C 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.

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,®” with an S? parameter providing
the weight of the slower correlation time (7, from eq 4 and 1
— §* as the weight for the faster correlation time (7, from eq
S), where 7, is the correlation time of the faster local mobility
(Table 4).

1 1 1 1 1
+_

T1

(4)
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Table 3. Maximum Ionic Relaxivity for Gd-C4-IA and the
Gd-C4-Protein Conjugates

sample name Max 74 onc at 25 °C Max 7y jonic at 37 °C

Gd-C4-IA™* 10 7.5
Gd-C4-1A"¢ 10 7.5
Gd-AaL$-13%4 35 27.5
Gd-0p-3,,C" 48 40
Gd-0P-2,,C" 37.5 30
Gd-0op-1,,C" 325 28
Gd-opP-1,,C" 20 15

ext
“Relaxivity data in SO mM sodium phosphate (pH 8.0), 200 mM
NaCl, 5 mM EDTA. bReIaxivity data in 25 mM Tris (pH 7.6), 200
mM NaCl, 5 mM EDTA. “Relaxivity values at <0.02 T. “Relaxivity
values at 0.5 T.
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In both buffers, Gd-C4-IA exhibits 7, values of tens of
picoseconds (Table S4), as expected for a fast-tumbling small
molecule.””** On the other hand, both Gd(III)-labeled AaLS-
13 and OP proteins show similar high-field 7., 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 (zg) as indicated by the
relaxation profiles of the diamagnetic proteins (Table S3,
Figure S39), and are also smaller than 7,, (107™® to 1077 s,
Tables S5 and S6). Thus, this time value should be determined
by an intermediate correlation time (7;) that is slower than the
fast local mobility correlation time (7;) and faster than the
global correlation time (7g). The 7; 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 GA(III) complex.

The different ionic relaxivity values among the Gd-C4-
protein conjugates are ascribed to the different values of the 7
and 7y parameters. The lower relaxivity of Gd-OP-1,,C
compared toGd-OP-1,,,C can be ascribed to somewhat smaller
7; values than those observed for Gd-OP-2,,,C, Gd-OP-3;,C,
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-
1;,C to Gd-OP-2;,,C to Gd-OP-3,,,C. This is due to a 7; that
increases with the number of GA(III) complexes in the interior
of the protein cage from tens of picoseconds for Gd-OP-1;,,C
to a few nanoseconds for Gd-OP-3,,,C. This effect cannot be
related to magnetic coupling between Gd(III) ions, which
would rather decrease relaxivity. A relatively long 7, 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.”> A best fit analysis of the '"H NMRD
profiles also used the Liparis Szabo model-free approach to
model the anisotropic molecular reorientation time. In this
case, the GA(III) complexes on the exterior surface showed
higher local flexibility than for those on the interior surface
with 7; 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.”’

Transient coordination of Gd(III) to nearby charged protein
residues may explain 7; and 7, time scales in the AaLS-13 and
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Table 4. Selected 'H NMRD Parameters to Describe Molecular Reorientation

Gd-AaLS-13 Gd-OP-3,,C"” Gd-0P-2,,,C" Gd-OP-1,,C” Gd-OP-1,,C”
25 °C 37 °C 25 °C 37 °C 25 °C 37 °C 25 °C 37 °C 25 °C 37 °C
7, (ns) 52 3.5 3.7 33 4.0 32 4.3 33 1.8 1.1
7 (ns) 540 250 1800 480 320 98 68 38 78 28
s? 0.28 0.46 0.39 0.36 0.36
“Relaxivity data in 50 mM sodium phosphate (pH 8.0), 200 mM NaCl, 5 mM EDTA. “Relaxivity data in 25 mM Tris (pH 7.6), 200 mM NaCl, 5
mM EDTA.
37! 7 T2 9.4 T2
T, (ms)
Control Gd Agent Control Gd Agent Control Gd Agent
3500
67 uM [Gd-AaLS-13] =
31.9+ 06 uM [Gd] | [Fo,. afi e
T,(ms): | 1867£373 900+77 | 2850414 20205 | 299133 2226 +33 - 2630
% AR,: 107% 41% 34%
L 1750
20 uM [Gd-0P-3 C] | | ¥ =
31.3+ 0.6 uM [Gd] s o Dt | 875
v T,(ms): |1358+204 863+65 | 2869+25 1872+14 | 29083+20 20398
% AR,: 57% 53% 46% o

Figure 5. T;-weighted MR solution phantom images of (a) Gd-AaLS-13 and (b) Gd-OP-3,,C at 3, 7, and 9.4 T. (a) Control sample of 10% FBS in
50 mM sodium phosphate (pH 8.0), 200 mM NaCl, S mM EDTA. The Gd-AaLS-13 sample was prepared at 67 M with respect to monomer, and
Gd(III) concentration was measured by ICP-MS. (b) Control sample of 10% FBS in 25 mM Tris-HCI (pH 7.6), 200 mM NaCl, S mM EDTA. The
Gd-OP-3,,,C sample was prepared at 20 4M with respect to monomer, and Gd(III) concentration was measured by ICP-MS. Values at 3 T were
measured using a dual gradient echo method with two different flip angles. *Values at 7 and 9.4 T were obtained using a saturation recovery

method.

OP cages. Although the nature of the obtained 7; values and
the origin of the long 7; 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 7; 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 GA(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 7; from Gd-OP-1;,,C to Gd-
OP-2,,,C to Gd-OP-3,,,C such that 7; approaches the longer
correlation time 7; as interior space for mobility is reduced.
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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 (7;) to
a value similar to Gd-OP-2,,,C 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 GA(III) complexes (z,, = 1077 to
107% s, Tables S5 and S6), but is a remarkable result for
Gd(I1I)-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 'H
NMRD profiles (Figure 4), Gd-AaLS-13 and Gd-OP-3,,C
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,***” allowing the phantom image
measurements to be performed in FBS.

The longitudinal relaxation rate constant (R, = 1/T,) 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 uM Gd-AaLS-13 and 20 yM
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Gd-OP-3,,C with respect to the monomer, with Gd(III)
concentrations measured by ICP-MS as 31.9 yuM and 31.3 uM
Gd(III), respectively. At 3 T, Gd-AaLS-13 increased R, by
107%, while Gd-OP-3,,,C increased R; by 57%. At high field
strengths of 7 and 9.4 T, Gd-AaLS-13 increased R, by 41% and
34%, respectively, whereas Gd-OP-3,,,C increased R; by 53%
and 46%, respectively (Figure S).

In clinical MR exams, a detectable change in contrast
requires an approximately 20% increase in R,.”” At all field
strengths, the Gd-C4-protein conjugates show appreciable
contrast enhancement (%AR;) relative to control conditions
with 30 uM Gd(III). Considering that clinically approved
Gd(III) agents require a local concentration of 125 uM of
Gd(III) for detectable contrast enhancement, both Gd-AaLS-
13 and Gd-OP-3,,,C 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-3,,C, respectively. Lower
concentrations of Gd-OP-3,,,C (12.5 uM monomer, 23.2 M
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-3,,C 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.”* Other
strategies to passivate the surface of protein scaffolds and
extend the circulation times of the resulting cages have been
described.*®

3. CONCLUSIONS

Our results demonstrate the ability of Gd(I1I)-labeled AaLS-13
and OP protein cages to function as highly effective MR
contrast agents. We have investigated these newly labeled cages
by '"H 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(IIl) in each protein cage
and increased relaxivity over the Gd(IIl) 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-3,,C,
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 7y
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 7; values of tens to
thousands of picoseconds and 7,, 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-1;,,C to Gd-OP-2;,,C to Gd-OP-3,,,C. Steric crowding
slows 7; and favors transient Gd(IIl) 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
uM Gd(III) of Gd-AaLS-13 and Gd-OP-3,,,C, 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(IIT)-labeled protein cages (10—18 mM ™' s™* vs
10—60 mM ™" s71). 7555758 Only two previously studied
protein cages report higher ionic relaxivity values than what is
reported here (e.g, 60 mM™ s7).>*** 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.’

The high relaxivity of Gd(III)-protein conjugates results
from the low flexibility of the covalently bound Gd(III)
complex (77), so decreasing 7; could result in even higher ionic
relaxivity. This could be accomplished through a Gd(III)
complex that employs a shorter, more rigid connecting arm,”
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-4,,,C would presumably show even higher relaxivity
than Gd-OP-1,,C, Gd-OP-2,,,C, and Gd-OP-3,,C. Alterna-
tively, the long correlation time (7;) could be slowed to
approach expected values for 73, even though the nature of 7; is
currently not fully understood.

Gd(1II)-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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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 A 230-400 mesh silica gel was used for normal-
phase column chromatography. Unless otherwise stated, all silica gel columns were flashed with
air. *H and *C NMR spectra were obtained on a Bruker 500 MHz Avance Il 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 Il 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 MQ-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 x 250 mm, 5 ym). Semipreparative HPLC
used an Atlantis T3 C18 column (19 x 250 mm, 10 ym). Gd-C4-NH; 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 B-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 um 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 NGC™
Medium-Pressure Chromatography System from Bio-Rad Laboratories, Inc., unless otherwise



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
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Scheme S1. Synthetic preparation of Gd-C4-IA from starting components benzyl acrylate and ‘BuDO3A.

Synthesis of benzyl acrylate

Benzyl acrylate was synthesized following literature procedure.!

Synthesis of tri-tert-butyl 2,2',2""-(1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetate (‘Bu
DO3A)

'Bu DO3A was synthesized following literature procedure.? 3
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Structure of 1
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 'Bu 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 CH:Cl,. The organic layer
was washed with saturated NaHCO3 aqg. (3 x 20 mL) and saturated NaCl ag. (1 x 20 mL). The
organic layer was dried over Na,SO4 and concentrated under reduced pressure. The off-white
solid was purified by flash chromatography in 1:20 MeOH:CH.Cl, (Rf = 0.25, stained by Pt) to
yield 1 as a pale yellow oil (353.7 mg, 47.3% vyield). *H NMR (500 MHz, CDClz): & = 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(CHs)s); *C NMR (500 MHz, CDCls): & = 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(CHs)3), 82.1 (C(CHs)3), 66.2 (18),
56.3, 55.5, 49.8 (9, 11, 13), 30.8 (16), 27.7 (trans pair of C(CHz3)3), 27.6 (single C(CHs)3); ESI/MS*
m/z = 677.638 [M+H]*, 699.621 [M+Na]*.



Structure of 2

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 Hz (g) (3 x 100 mL) and then stirred under H- (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 Hz (g) (3 x
100 mL) and then stirred under H; (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:CH.CI, to 1:9
MeOH:CHCl, to 1:9:40 NH4sOH:MeOH:CH:Cl; (Rf1.9 meor:chzciz = 0.31, stained by Pt) to yield 2 as
a pale yellow oil (107.0 mg, 27.3% yield). *H NMR (500 MHz, CDs;OD): & = 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(CHa)s); **C NMR (500 MHz, CDsOD): & = 83.0 (C(CHs)3), 57.3 (11, 13),
56.6 (9), 51.5, 49.9, 32.4 (16), 28.4 (trans pair of C(CHs)s), 28.4 (single C(CHs)s); ESI/MS* m/z =
587.604 [M+H]*, 609.574 [M+Na]*, 1218.422 [2M+H+Na]".
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Structure of 3

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 pL, 0.912 mmol, 5 equiv.) and DIC (150
pL, 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 N (g) for 24 hours The solvent was concentrated under reduced
pressure, and the resulting yellow oil dissolved in CH2Cl, and washed with saturated NaHCOs (3
X 20 mL) and saturated NaCl ag. (3 x 20 mL). The organic layer was dried over Na,SO, and
concentrated under reduced pressure. The pale yellow oil was purified by flash chromatography
in 1:20 MeOH:CH2Cl, to 1:10 MeOH:CHzCl> (Rf1.9 meon:cHzciz = 0.5, stained by Pt) to yield 3 as a
pale yellow oil (150.1 mg, quantitative yield). *H NMR (500 MHz, CDsOD): & = 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(CHg)s), 1.41 (s, 17Hs, C(CHzs)s); **C NMR (500 MHz, CD;OD): 5 = 174.1
(10, 12, 14), 161.0 (17), 158.5 (22), 79.9 (C(CHz3)3), 79.8 (C(CHs)s), 41.0 (overlapping s, 3, 4, 5,
6), 40.7 (18), 40.0 (21), 37.7 (16), 37.6 (15), 28.8 (NCHsCOOC(CHzs)s), 28.6 (20), 28.3
(NHCOOC(CHeg)s), 27.7 (19); ESI/IMS* m/z = 757.803 [M+H]*.
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Structure of 4

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:CH.Cl, (100 mL) was stirred under N (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]*.
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Structure of Gd-C4-NH,

Synthesis of 2,2',2"-(10-(3-((4-aminobutyl)amino)-3-oxopropyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetate gadolinium(lil) (Gd-C4-NH.)

A crude solution of 4 (7 g, 14.3 mmol, 1 equiv.) in H,O (100 mL) was adjusted to pH 6.5 with 0.5
M HCI. To this stirring solution, a solution of GdCls hexahydrate (6.9763 g, 18.8 mmol, 1.3 equiv.)
in H.O (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-NH; 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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Structure of Gd-C4-IA

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(lll) (Gd-C4-IA)

The materials Gd-C4-NH. (187.4 mg, 0.235 mmol, 1 equiv.), iodoacetic anhydride (321.3 mg,
0.706 mmol, 3 equiv.), and K>CO3 (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 O °C and stirred
under N (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 H,O 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% vyield). 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]*
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3. NMR Spectra of Gd-C4-IA Synthons

cocl

Figure S1. *H NMR Spectrum of 1 in CDCl; at 500 MHz.

BRERANRRAE 3 FELBBABREATA Reese :
NRENRKNERRRS w @ e e e e e e e B ] ?
ey NS TN N |~y
B C(CH.)s
u
3 o}
o}
0 g 8 714
N\ P13
10 N
By-9 1[ ] 6
2 5
N 16 20 2
17
" 12H 15 @ 2
(o] 18
o \ (o) 2 2B
Bu
h
]
I
|
1.5 1.4 1.3
& (ppm)
T T T T T T
7.5 7.4 7.3 7.2 71 7.0
& (ppm)
22, 23,24 9,11,13
18
i 16
I 20, 21 !
|
] I TR A |
M T 7y T T T
e R ARG R 8 2
g A ¥oo i w oA
T T T T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0 05 1.0
5 (ppm)

S-12




2R g ang o @ mo e now
agd 4 B8R Sd s ww o SR
ERN q 88y e 8 gy ¢ aRR
N [ Y N Y
Bu
b 0 C{(CHy);
0 g 8 714
S\ M3
10 N N
’Bu’°1[ ]5
2 5 22
N N 16 20
“&H o u
o’ © 0 18
Bu
I
|
|
24 T T T T
L 130 129 128 127
it & (ppm)
T T T T 22,23
174 173 172 171
& (ppm) 20, 21
9,11,13
10,12, 13 C(CH;);
18 16
I
19
I
Il
1
[
L "
T T T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 20 80 70 60 50 40 30 20 10 -10
5 (ppm)

Figure S2. **C NMR Spectrum of 1 in CDCl; at 500 MHz.
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4. MS Spectra of Gd-C4-1A Synthons
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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.

x10° o

) C X
8.5 N
8.257 e ,"\F )‘ -
‘ Lo
7.751 644.2057 NN TN
7.5 r CNL
7.257

e 0)"0
Gg:: Gd-C4-NH:
6.2.5 1 642.2035 Calculated [M+H]": 644.2038

o Exact [M+H]': 644.2057
| 646.2081

5.75 643.2050 ‘ f
5.5

5.25

5
4.75]

4.5
4.257

p 6412029 ‘
3,751 ‘

3.5

Signal Instensity

3.25

: e
275 ‘ |
2.5 ‘
2,25 ‘ | ‘ |
2 ‘ 645.2071
1.75] ‘ ‘ f
157 | | “ a47.ru9a
1,25: ‘ ‘ | ‘ ‘ ‘
: | | \ | | \ \
075 640.2001 | | “ | ||
0.5 7 | \ \ | |
0.25 I\ | \ I \ I 648,2112
0 - ) | N N N L N L N ]\ | N
7 : :

T T T T T T T T
637 638 639 640 641 642 643 644 645 646 647 648 649 650 651

Counts vs, Mass-to-Charge (m/z)

Figure S22. HR-MS Spectrum of Gd-C4-NH,.
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6. HPLC Traces of Gd(lll) Complexes
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Figure S24. Analytical HPLC chromatogram traces of Gd(lll) complexes. (a) Gd-C4-NH, 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 (pl), and extinction coefficients at 280 nm (2so,
M-1cm) of proteins were calculated using the SIB Bioinformatics Resource Portal tool

(http://web.expasy.org/protparam/).
Aal S-13 (162 residues, MW = 17,684.01 Da, pl = 4.96, £280 = 13,980 M-icm)

MEIYEGKLTAEGLRFGIVASRFNHALVGRLVEGAIDCIVRHGGREEDITLVCVPGSWEIPVAAGE
LARKEDIDAVIAIGVLIEGAEPHFDYIASEVSKGLANLSLELRKPISFGDITDDELEEAIECAGTEH
GNKGWEAALSAIEMANLFKSLRLEHHHHHH

OP (192 residues, MW = 20,107.35 Da, pl = 8.67, €280 = 9,970 Mlcm™?)

MSQAIGILELRSIAAGMELGDAMLKSANVDLLVSKTISRGKFLLMLGGDIGAIQQAIETGTSQAG
RLLVDSLVLANIHPSVLPAISGLNSVDKRQAVGIVETRSVAACISAADRAVKGSNVTLVRVHMAR
GIGGKCYMVVAGDVSDVALAVTVASSSAGAYGRLVYASLIPRPHEAMWRQMVEGLEHHHHHH

OP-1inC (192 residues, MW = 20,123.41 Da, pl = 8.53, 280 = 9,970 M-tcm'L)

MSQAIGILELRSIAAGMELGDAMLKSANVDLLVSKTICRGKFLLMLGGDIGAIQQAIETGTSQAG
RLLVDSLVLANIHPSVLPAISGLNSVDKRQAVGIVETRSVAACISAADRAVKGSNVTLVRVHMAR
GIGGKCYMVVAGDVSDVALAVTVASSSAGAYGRLVYASLIPRPHEAMWRQMVEGLEHHHHHH

OP-2inC (192 residues, MW = 20,070.36 Da, pl = 7.78, 250 = 9,970 Mlcm™)

MSQAIGILELRSIAAGMELGDAMLKSANVDLLVSKTICRGKFLLMLGGDIGAIQQAIETGTSQAG
RLLVDSLVLANIHPSVLPAISGLNSVDKRQAVGIVETCSVAACISAADRAVKGSNVTLVRVHMAR
GIGGKCYMVVAGDVSDVALAVTVASSSAGAYGRLVYASLIPRPHEAMWRQMVEGLEHHHHHH

OP-3inC (192 residues, MW = 20,017.31 Da, pl = 7.11, &5 = 9,970 M*cm™?)

MSQAIGILELRSIAAGMELGDAMLKSANVDLLVSKTICRGKFLLMLGGDIGAIQQAIETGTSQAG
CLLVDSLVLANIHPSVLPAISGLNSVDKRQAVGIVETCSVAACISAADRAVKGSNVTLVRVHMAR
GIGGKCYMVVAGDVSDVALAVTVASSSAGAYGRLVYASLIPRPHEAMWRQMVEGLEHHHHHH

OP-1exC (192 residues, MW = 20,082.32 Da, pl = 7.84, &80 = 9,970 Mlcm™)

MSQAIGILELRSIAAGMELGDAMLKSANVDLLVSKTISRGKFLLMLGGDIGAIQQAIETGTSQAG
RLLVDSLVLANIHPSVLPAISGLNSVDCRQAVGIVETRSVAACISAADRAVKGSNVTLVRVHMAR
GIGGKCYMVVAGDVSDVALAVTVASSSAGAYGRLVYASLIPRPHEAMWRQMVEGLEHHHHHH

S-36



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-1ixC, OP-2ixC, and OP-3inC, respectively. The
residues targeted from mutation were Ser38, Arg66 and Arg103. The variant OP-1iC, which
contains the S38C mutation, has been previously described.* As such, plasmid
pPET29b(+)_OPS38C was used as a basis for generation of the OP-2;C (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-2iC were:
OP_R103Cfw; GTATTGTGGAAACCTGTAGCGTGGCGGCG and OP_R103Cry;
CGCCGCCACGCTACAGGTTTCCACAATAC, affording plasmid pET29b(+) OP-2i,C, 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-1exC. Using the previously reported pET29b(+) OP plasmid® as a starting point, primers
OP_K93Cfw; GGTCTGAATAGCGTGGATTGCCGTCAGGCGGTGGGTATTG, and OP_K93Cry;
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 approp