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ARTICLE INFO ABSTRACT

Keywords: The complete assignment of 'H, *C and '®N protein signals, which is a straightforward task for diamagnetic
Paramagnetic NMR proteins provided they are folded, soluble and with a molecular mass below 30,000 Da, often becomes an
Metalloproteins intractable problem in the presence of a paramagnetic center. Indeed, the hyperfine interaction quenches signal

Biological inorganic chemistry
Metal ion in biological systems
HIPIP
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intensity; this prevents the detection of scalar and dipolar connectivities and the sequential assignment of
protein regions close to the metal ion(s). However, many experiments can be optimized and novel experiments
can be designed to circumvent the problem and to revive coherences invisible in standard experiments. The
small HiPIP protein PioC provides an interesting case to address this issue: the prosthetic group is a [Fe,S41%*
cluster that is bound to the 54 amino acids protein via four cysteine residues. The four cluster-bound cysteine
residues adopt different binding conformations and therefore each cysteine is affected by paramagnetic re-
laxation to different extent. A network of tailored experiments succeeded to obtain the complete resonance

assignment of cluster bound residues.

1. Introduction

Since Luigi Sacconi and the golden age of coordination chemistry
[1], the presence of a paramagnetic center has represented a challen-
ging opportunity for NMR spectroscopists [2-7]. The Zeeman interac-
tion between electron spin and nuclear spins originates contributions to
chemical shifts and relaxation rates of those nuclear spins sensing the
electron spin. On the one hand, these shifts and relaxation properties
provide information on the coordination geometry of the metal center
(number and type of ligands and coordination mode) and on the elec-
tronic properties of the metal center at room temperature. On the other
hand, the line broadening induced by paramagnetic relaxation disturbs
communication between nuclear spins and eventually prevents the
detection of these signals [8-10].

The growing interest for metal ions in biology and the advent of
high field NMR spectrometers contributed to maintain, for decades, the
interest in NMR of paramagnetic systems. In paramagnetic metallo-
proteins, the consequences of the hyperfine interaction are manifolds.
In the presence of a paramagnetic center, the complete assignment of
'H, '3C and '°N protein signals, nowadays a straightforward task for
diamagnetic proteins provided they are folded, soluble and with a
molecular mass below 30,000 Da [11-14], often becomes a jigsaw
puzzle, in which several pieces of the puzzle are missing. When both
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coherence transfer and cross relaxation effects are not observed because
signal intensities are quenched due to the hyperfine interaction, the
sequential assignment is not possible. In the case of proteins uniformly
enriched with >N and '3C, the sequence specific assignment strategy of
NMR signals is based on scalar connectivities that are obtained via a
battery of standard triple resonance experiments and eventually sup-
ported by NOESY-type experiments. The latter are usually redundant,
so that when some piece of information is missing in any of the standard
experiments, it is still possible to achieve the complete NMR assignment
with a systematic approach.

The quench of NMR information due to a paramagnetic center is not
randomly distributed throughout the entire protein frame but is loca-
lized in a sphere, usually called “blind sphere”, around the para-
magnetic center [15,16]. When the protein backbone falls within the
blind sphere, the sequential connectivities may be lost. The assignment
is then available only for residues outside the sphere where the para-
magnetic effect is dominant. Many efforts and many instrumental and
technological developments over the last twenty years contributed to
develop experiments tailored to the identification of signals affected by
the hyperfine interaction and to “revive” coherences invisible in stan-
dard experiments [17]. In order to obtain a complete NMR assignment,
the automated sequence specific assignment protocol must be com-
plemented with a non-systematic approach where experiments are

E-mail addresses: louro@itgb.unl.pt (R.O. Louro), piccioli@cerm.unifi.it (M. Piccioli).

https://doi.org/10.1016/j.ica.2020.119984

Received 6 July 2020; Received in revised form 14 August 2020; Accepted 23 August 2020

Available online 28 August 2020

0020-1693/ © 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://www.sciencedirect.com/science/journal/00201693
https://www.elsevier.com/locate/ica
https://doi.org/10.1016/j.ica.2020.119984
https://doi.org/10.1016/j.ica.2020.119984
mailto:louro@itqb.unl.pt
mailto:piccioli@cerm.unifi.it
https://doi.org/10.1016/j.ica.2020.119984
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ica.2020.119984&domain=pdf

LB. Trindade, et al.

optimized to circumvent the loss of information due to paramagnetic
relaxation. Each experiment should be performed using customized
acquisition and processing parameters and ad hoc pulse sequences, in
order to minimize the loss of information arising from paramagnetic
relaxation. Since paramagnetic relaxation depends on the nucleus in-
vestigated [18] and on the metal-to-nucleus distance [19], also the
assignment strategy needs to be defined according to the structural
properties of the system investigated, that is why we termed this as a
“non-systematic” approach. As we will show throughout this article,
four cysteine residues bound to the same paramagnetic center with
different coordination topologies will be assigned using, for each of
them, a different combination of tailored NMR experiments.

It is worth noting that paramagnetic NMR represents nowadays a
toolkit with many applications in structural biology [20] and material
science [21]. Used to induce orientation, or relaxation or shifts, the
binding of paramagnetic tags at specific protein sites contributes to
address protein structures [22,23], protein—protein interactions
[24-26], RNA [27], invisible states [28-30], membrane proteins [31],
intrinsically disordered proteins [32-34], drug discovery [35], in-cell
NMR [36,37]. On the one hand, ab-initio calculations of paramagnetic
shifts and susceptibility, contributed to design ad-hoc paramagnetic
probes and to compute paramagnetism-based structural restraints
[38-41]; on the other hand relaxation anisotropy [42,43], inter-
molecular interactions [44], cross correlations [45-47], charge delo-
calization [48], still pose questions on the accuracy of paramagnetic
relaxation as structural restraints. Methodological aspects play a non-
marginal role in this scenario: new experiments have been recently
developed to accurately measure relaxation rates greater than 100 s ™!
[49,50]. The quantification of shift and relaxation properties of a small
number of additional signals may become the key to unravel a reaction
mechanism [51,52].This is why a small and stable paramagnetic pro-
tein is an ideal test case to verify the efficiency of a given experimental
approach. The case study presented here is a High Potential Iron-sulfur
Protein (HiPIP), consisting of 54 amino acids and a [Fe4S41%* co-
ordinated by cysteine 22, cysteine 25, cysteine 34, and cysteine 47, as
represented in Fig. 1.

HiPIPs are a class of small electron-transfer proteins, characterized
by a small polypeptide chain (54-90 aa) bound to a [Fe,S,1°*/2*
cluster [53]. The CD spectrum of PioC (Fig. 1) shows features char-
acteristic of a folded protein with a small content of a-helix, as in-
dicated by two negative bands at 222 and 209 nm and the absence of
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Fig. 1. Primary sequence and CD spectrum of PioC.
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the minimum at 198 nm typical of random coil segments. This is con-
sistent with the absence of secondary structure elements and with a
protein fold essentially driven by the [4Fe-4S] cluster. Three peculia-
rities of HiPIPs are relevant for this study: i) a large fraction of the
protein (especially for the smallest protein of the series) is wrapped
around the cluster and therefore it is affected by paramagnetic relaxa-
tion; ii) cysteines bind the cluster adopting different conformations,
given by the ¥, and 7, dihedral angles [, is the C,-Cp-S ., -Fe solid
angle] and also by the orientation of CO, HN and H,C, dipoles.
Therefore, the consequences of paramagnetism on all Cys resonances
(C, Cq Cg, N, Hy Hg,Hp) depend on the local conformation; iii)
[Fe4S4]2" have negligible magnetic susceptibility anisotropy and we
expect that nuclei in the proximity of the cluster but not directly bound
to it, will experience substantial paramagnetic relaxation effects but
small/negligible contributions to the chemical shifts. This situation
represents the most challenging case for the assignment, because many
signals are broadened and buried within the diamagnetic envelope. The
optimized protocol verified here would be the basis for the study of
more complex and unstable proteins, such as those of the iron-sulfur
cluster assembly machinery.

2. Materials and methods
2.1. Protein expression and purification

Unlabeled, '°N labeled and '°N,'*C labeled PioC samples were ex-
pressed as described elsewhere [54]. The lysate was ultra-centrifuged at
204709g for 90 min at 4 °C and the supernatant was dialyzed overnight
against 50 mM potassium phosphate buffer pH 5.8 with 300 mM NaCl
before injection in a His-trap affinity column (GE Healthcare). The
fraction containing Histag-PioC eluted with 250 mM imidazole and was
incubated overnight with Thrombin (GE Healthcare) for digestion.
After removing the imidazole, a 2nd passage through the His-trap
column was performed to remove the His-tagged protein. The purity of
untagged PioC was confirmed by SDS-PAGE with Blue Safe staining
(NzyTech) and by UV-Visible spectroscopy. Final protein concentration
was approximately 0.5 mM.

Circular Dicroism Measurements. Circular dicroism spectrum of PioC
(35 uM) was obtained over a wavelength range from 190 to 260 nm, at
a scan rate of 50 nm/min and a response time of 1 sec in a quartz
cuvette of 1.0 cm path length using Jasco J-810 CD spectropolarimeter.
The spectrum was acquired with an accumulation of 30 scans.
Temperature control within the CD instrument was done using the
Peltier temperature control device that is integrated within our in-
strument

2.2. NMR experiments

Double and triple resonance 'H detected experiments were recorded
using Bruker AVANCE-NEO spectrometers operating at 700 MHz and
500 MHz, equipped with cryogenically cooled triple resonance inverse
detection probeheads (CP-TXI). 13C-detected experiments, collected on
an AVANCE-NEO 700, were acquired at 176.05 MHz using a cryo-
genically cooled probe-head optimized for '°C direct detection (CP-
TXO). 'H experiments were recorded at 400 MHz using a room tem-
perature, selective 5 mm 'H probe without pulsed field gradients, de-
signed for the acquisition of large spectral windows. All spectra were
processed using the Bruker software TopSpin.

Proton resonances were calibrated with respect to the signal of 2,2-
dimethylsilapentane-5-sulfonic acid (DSS). Nitrogen chemical shifts
were referenced indirectly to the 'H standard using a conversion factor
derived from the ratio of NMR frequencies. Carbon resonances were
calibrated using the signal of dioxane at 69.4 ppm (298 K) as secondary
reference.

HNCA experiments were performed as 2D experiments. Data ma-
trices of 1024x160 data points were acquired, using 512 scans for each
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Fig. 2. 500 MHz 298 K, H(N)CA (A) and 13¢ HSQC (B) spectra of PioC optimized for peaks involving fast relaxing resonances. The 13Ca shift values allows the
sequential assignment of three out of the four cluster-bound cysteines in the HNCA, while the BCH, pairs are unambiguously identified via '*C HSQC.

fid and 0.5 s recycle delays. °C- and '>N-HSQC experiments were ac-
quired with 1024x256 data point matrices using 1024 (*3C) and 256
(**N) scans for each fid and 0.15 s recycle delays. In both cases, 'H
signals were acquired as antiphase doublets without decoupling during
acquisition [55].

1D NOE experiments were collected over an 80 ppm spectral
window using a superWEFT [56] pulse sequence with 110 ms and
133 ms as inter-pulse and acquisition delays, respectively. About
500.000 scans for each experiment were performed. Selective satura-
tion was applied during the inter-pulse delay to achieve steady state,
each signal was suppressed ca 50-70% of its initial intensity. Experi-
ments were acquired in an interleaved way with an experiment in
which selective irradiation was applied off resonance [57,58].

One dimensional *3C experiments were performed without 'H de-
coupling. A short, hard pulse was used to excite the full **>C spectrum.
32768 scans were recorded, using a 75 ms recycle delay. A *C-3C
COSY experiment was performed as previously described [59]. A
2048x512 data point matrix was acquired, over 258 ppm spectral
windows. About 480 scans for each fid were collected, using 22 ms and
200 ms as acquisition and recycle delays, respectively. The final 2D
spectrum used for assignment was obtained by considering only a
1500x400 data point matrix, apodized with sine bell function before
Fourier transformation.

3. Results
3.1. Paramagnetism-tailored HNCA and '>C HSQC experiments

In order to identify signals affected by the hyperfine interaction, we
recorded a paramagnetic-tailored HNCA experiment. The spectral
windows of 'H, '®N, '3C, and '3C’ spins are critical parameters that
need to be adjusted: when the paramagnetic center is a [Fe,S4]%*
center, the hyperfine shift arises only from the contact contribution due
to unpaired electron delocalization [17]. Therefore, 13C[5 and 3C,
spins, that are respectively two and three sigma bonds away from the
iron ions, will likely experience a sizable hyperfine shift, typically
consisting of about 50-90 ppm for 13C[5 and 15-35 ppm for *3C, atoms.
En-revanche, 'H,, '°N and '3C’, that are four sigma bonds away from the
paramagnetic center, will be affected at much lower extent, if any.
Therefore, to obtain a paramagnetic HNCA we should move the '3C,
carrier from 53.5 ppm, which we take as reference value for a dia-
magnetic HNCA, to about 85 ppm, while the other spectral windows of
the experiments remain the same of a standard experiment. Then, the
optimization of the INEPT and the inverse INEPT steps of the experi-
ment is crucial. The coherence transfer delay responsible of the H—N
scalar coupling evolution, typically 5.5 ms i.e. 1/(2Jyy), must be

shortened to about 1.0-2.0 ms. This is due to the fact that magnetiza-
tion H,N, relaxes with *H T, which is highly sensitive to paramagnetic
relaxation enhancements [49]. Counter-intuitively, the long delay for
the N to Ca transfer, typically 45 ms, does not require a strong reduc-
tion. Indeed, during the N to C, INEPT transfer, and back transfer, *Hy
and '3C, spins are on the z axis and the only in-plane magnetization is
N,. The Solomon equation has a y*> dependence [19]; therefore para-
magnetic relaxation is very much dependent on the active nucleus
[15,18,60-64]. Given the same metal-to-nucleus distance, the para-
magnetic relaxation enhancement is 16 times smaller for '*C spins and
100 times smaller for *°N spins than the 'H case [65]. Therefore, during
a triple resonance experiment, the critical steps are those where the 'H
magnetization is on the xy plane and therefore it is relaxing with 'H T,
while the N to C, INEPT is relatively unaffected by the paramagnetic
effects. Other crucial modifications of the standard experiment are the
removal of other elements that contribute to increase the overall
duration of the experiment: the selective 'H 180° pulses used for wa-
tergate, the use of 1 ms long gradients, the echo-antiecho quadrature
detection scheme. Indeed, all these blocks require additional delays
where 'Hy magnetization is on the xy plane [66]. Short acquisition
times and recycle delays are also required. Short acquisition time has a
multiple role: on the one hand, its reduction must be coherent with the
decrease of recycle delay in order not to change the duty cycle of the
experiment; on the other hand, fast relaxing signals disappear after a
few millisecond of acquisition, therefore there is no need to acquire the
NMR signal up to 100 ms, as it is typically the case of standard ex-
periments. The use of fast repetition rates is a requirement not only to
increase the number of scans, that are always needed when dealing
with paramagnetic signals, without increasing the overall experiment
time, but also because fast repetition is efficient to suppress the solvent
peak because of progressive saturation. The very same concepts are
used to optimize the *C HSQC experiment. The paramagnetic tailored
HSQC experiment has been performed using 1.2 ms instead of the
3.3 ms of the standard set-up, without the constant time evolution
during the '*C dimension, removing the inverse INEPT step and without
any '3C decoupling.

Thanks to the paramagnetism-tailored HNCA experiment (Fig. 2A),
Hy, Ny and C, resonances of Cys22, Cys25 and Cys34 have been as-
signed due to the sequential connectivities observed with HN signals of
residues Gly23, Arg26 and Ile35. Arg26 and Ile35 are unambiguously
identified with the standard assignment strategy; Gly23 has not been
sequence specifically assigned because it belongs to the two-residue
fragment between Cys22 and Cys25. However, the C, shift, un-
ambiguously identified in a standard HNCA experiment, allow us to
assign the HN signal at 8.62 ppm as due to a Glycine residue, and the
only cysteine residue followed by a Glycine is, indeed, Cys22. Fig. 2B
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Fig. 3. A 1D 'H NMR spectrum of PioC, optimized to observe hyperfine shifted
and fast relaxing resonances. Two isolated peaks (labeled a-b) are observed.
B-C 1D NOE difference spectra obtained upon selective saturation of signals at
16.0 ppm (B) and 14.5 ppm (C). The NOE peaks observed in the difference
spectra, labeled c-m, are used to perform the assignment of signals a and b.
Experiments were performed at 400 MHz and 298 K.

shows a paramagnetic **C-HSQC-AP experiment. The Anti-Curie tem-
perature dependence (data not shown) confirms the identification of 4-
BCH; and 3-aCH of the ligand cysteines. Through the cross peaks ob-
tained in the '®C-HSQC and in the HNCA experiments, the H, re-
sonances of Cys22, Cys25 and Cys34 have been assigned.

TH NMR and NOE Experiments. The use of one dimensional, steady
state NOE experiments obtained upon selective saturation of hyperfine
shifted signals is a well-established approach, extensively used, since
the last century, by all NMR groups dealing with NMR spectroscopy of
paramagnetic systems [58,67-74]. Far from being obsolete, 1D NOE
experiments are still the most efficient experiment when one needs to
identify as many as possible dipolar connectivities between signals
belonging to the first coordination sphere and those of the immediate
proximity. Indeed, a selective one-dimensional experiment allows one
to optimize the signal-to-noise ratio and detect NOEs below 0.5%. NOE
experiments are applicable only when there are well-isolated signals
that can be selectively saturated [75]. Indeed, the 'H NMR spectrum of
PioC (Fig. 3A) contain two signals that experience downfield hyperfine
shift (16.6 ppm and 14.5 ppm) with antiCurie temperature dependence
and paramagnetic line broadening, showing the typical fingerprint of
two Hg signals of cysteines bound to a [FesS41%" cluster [76]. More-
over, signals a and b, at 16.6 and 14.5 ppm, have been identified as Cys
Hj signals also in the '3C-HSQC previously shown. Fig. 2B-2C show the
NOE difference experiments performed upon selective irradiation of
these two signals. They allow us to detect and measure Nuclear Over-
hauser Enhancements (NOEs) between these two protons and their
environment. From the selective saturation of the Hg signal at 16.6 ppm
(Fig. 3B), a strong NOE is observed with its geminal partner at
6.60 ppm (f). Other NOEs are observed with Gly23 Hy (c), with Arg21
Hg (h) and Arg21 Hy (i). All these protons belong to the second co-
ordination sphere of the cluster, they do not experience any hyperfine
shift and therefore they have been assigned with the standard assign-
ment protocol. This network of inter-residue connectivities un-
ambiguously assign the signal at 16.6 ppm as the Cys22 Hp, signal.
Additionally, this NOE experiment also allows us to identify spatial
proximity with Hs and H, of Phe28 (e,f) and with Glu43 H, (g). Upon
irradiation of Hp signal at 14.5 ppm (Fig. 3C), a strong NOE is observed
to the HN resonance of Cys34 at 8.55 ppm (j), already identified from
the HNCA experiment and identifies the signal at 14.5 ppm as the Hg, of
Cys34. In addition, Cys34 Hp, gives NOEs to H,, Val 37 (1) and Hy Ile 41
(m). As an obvious consequence of these assignments, Cg signals of
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Fig. 4. A 1D '3C NMR spectra of PioC, optimized to observe fast relaxing re-
sonances. Figure shows the spectral region where we expect to observe **Cg and
13Ca of cluster-bond residues. B Upper diagonal part of a '3C-'*C COSY
spectrum of PioC showing the connectivities between C’ and Coa signals.
Acquisition and processing parameters are optimized to identify connectivities
among fast relaxing resonances.

Cys22 and Cys34 can be attributed from the '*C HSQC-AP experiment
shown in Fig. 2B.

3.2. 13C direct detection experiments

The development of triple resonance NMR probes with the inner coil
designed and optimized at cryogenic temperature for *C direct detec-
tion, represents one of the instrumental advancements that significantly
contributed to the successful use of *3C direct detection in paramagnetic
systems [18]. Indeed, 13¢C direct detection provides useful information,
also in the 1D *3C spectrum, shown in Fig. 4A. Signals belonging to Cys
bound residues are expected to experience a strong anti-Curie tem-
perature dependence. This allows us to confirm the assignment of
Cys22 and Cys34 C, and Cg signals and of Cys 25 C,. Additionally, two
other Cys Cp signals are observed at 111.1 and 102.65 ppm, consistent
with the paramagnetic '*C HSQC spectrum.

Two dimensional '3C detected experiments have shown their po-
tential over the last years, especially for intrinsically disordered pro-
teins [77], systems in chemical exchange [78] and paramagnetic pro-
teins [15,63,79,80]. In particular, the *3C-'3C COSY is a very simple
and powerful experiment. As previously shown [59], the choice of
timax> temax and of the recycle delay can critically affect the identifi-
cation of C,C’ connectivities in both upper and lower part of the di-
agonal in the COSY spectrum. A tailored choice for tjmax and tomax
values provided [59], for the upper diagonal part, the spectrum shown
in Fig. 4B, which identified all C,/C’ connectivities of cluster bound
cysteines. This allowed us to assign C’ resonances of the four Cys re-
sidues, to confirm the assignment of C, of Cys22, Cys25 and Cys34 and
to identify the missing Cys47 Cq, unobserved in the 1D '3C experiments
because in overlap with Cys34 and Cys22 Ca and unobserved also in
the '*C-HSQC-AP experiment shown previously. The set of '3C direct
detected experiments is completed by a CON experiment [18]. A CON-
based experiment has also been used to measure correlated chemical
shift modulations in metalloproteins [78]. The version of the experi-
ment tailored to the assignment shows the N(i)/C(i-1) connectivity
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Fig. 5. 2D CON spectrum of PioC, collected at 175 MHz *3C Larmor Frequency.
Signals involving C’ spins from cluster-bound cysteines are labeled in Figure.

observed via a C’ to N INEPT transfer, which is quite robust with respect
to paramagnetic relaxation enhancements, Fig. 5 confirms indeed the
cysteine amide nitrogen assignment for Cys22, Cys25 and Cys34 and
provides the assignment for the amide nitrogen of Cys47.

15N HSQC experiments. We have already shown, in several para-
magnetic proteins, that most of the HN peaks that are lost in a standard
15N-HSQC experiment can be recovered when the INEPT HN delay is
shortened and the inverse INEPT is replaced by the acquisition of 'HN
signals in antiphase mode [50,51]. This is in strict analogy with what
was previously discussed in detail for the HNCA and the '*C HSQC
cases. The four cysteines HN peaks are shown in Fig. 6. Like the pre-
vious CON experiment, the identification of the HN peaks from Cys
residues confirm the assignment obtained with HNCA and extend it to
the assignment of the amide Cys47 HN, which escaped detection also in
the “optimized” version of HNCA. This accounts for a very efficient R,
'H relaxation of the Cys 47 Hy amide proton that would prevent the
identification of its HNCA peak. Consistently, the Hy signal at 6.50 ppm
has 'H T, values of 5.1 ms, accounting for an HN belonging to the first
coordination sphere of the cluster without any connectivity in triple
resonance experiments. All of them are affected by paramagnetic re-
laxation; however, paramagnetism affects these four signals to different
extent, as qualitatively observed here from the relative peak intensities
in the >N-HSQC-AP experiment. Cys25 and Cys34 have relatively sharp
Hy resonances, clearly observable in the paramagnetic optimized
HNCA, suggesting a cysteine orientation in which the amide group is
pointing far from the cluster. On the other hand, Cys22 HN is very weak
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Fig. 6. Expanded region of a >N HSQC-AP spectrum of PioC where the four
cluster-bound cysteines are labeled. Spectrum has been recorded at 500 MHz,
298 K.
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in the HNCA experiment and HN of Cys47 is not observed at all. Both
Cys22 and Cys47 HN are observable in the paramagnetic >N-HSQC
only at very short INEPT transfer delays, indicating that the HN vector
is, in these cases, pointing towards the cluster.

3.3. Relaxation rates as assignment tools

The two gCH; protons of Cys25 and Cys47 can be, finally assigned
by analyzing the relaxation rates of Hy protons, measured from a '*C IR-
HSQC-AP experiment. Indeed, the '*C HSQC-AP shows the 3CH, groups
(Fig. 3B) of Cys25 and Cys47 that are not yet sequence specifically
assigned. An Inversion Recovery building block, applied on top of a 13C
HSQC experiment, allows us to measure R; rates of the Hp protons, in
analogy with what was already done for the >N HSQC-AP case [49].
Measured R; 'H rates are 313 s~' and 282 s~ ! for the two protons
bound to the Cg at 103.8 ppm, while the two protons bound to the Cg at
88.3 ppm show rates of 450 s~ ! and 130 s~ '. Conversion of R, 'H rates
into upper distance limits gives metal-to-proton distances of 3.8 A and
3.9 A for the two protons bound to the Cg at 103.8 pm, while the two
protons boundeto the Cp at 88.3 ppm have metal-to-proton distances of
3.6 A and 4.5 A. These data show that Cys25 and Cys47 have different
binding topologies: while in one case the two gCH, protons are equally
distant from the iron ion, in the other case the germinal zCH; has a
strong asymmetry, with one proton “facing” the iron ion at a short
distance and the other one being about 0.9 A farther. The X-ray and the
NMR structures of the many HiPIPs characterized so far show that the
cluster binding topologies are well conserved throughout the very many
HiPIPs of known structure [81-84]. Indeed, the  , dihedral angle of
CyslII (the second in the cluster binding sequence), which in the case of
PioC is Cys25, is such that we expect two very similar metal-to-proton
distances for the two Cys25 Hp protons. In the case of CysIV, which in
PioC is Cys47, the ¥, dihedral angle is such that gCH, protons are quite
asymmetric with respect to the iron ion, with one Hg close to the cluster
and the other much farther apart. The symmetrical BCH, group (Cg at
103.8 ppm) is therefore assigned to Cys25 while gCH, protons with
asymmetric distances (Cg at 88.3 ppm) are assigned to Cys47.

The assignment is also supported by the hyperfine shift values ex-
perienced by each of the eight sCH, protons. It is well known that
hyperfine shifts of gCH, protons of cysteine residues bound to a
[Fe4S41°* cluster depend on 7y dihedral angle, according to a Karplus-
like relationship [85,86]. According to this model and to the pattern of
shifts observed throughout several reduced HiPIPs, the gCH, pair at ca.
10 and 8.0 ppm is likely to be attributed to Cys25, in agreement with
the assignment via relaxation rates [76].

4. Discussion

The procedure for the assignment of cysteine residues bound to a
paramagnetic center can be summarized in the color-coded Table 1.
The sequence specific assignment, performed using the standard set of
triple resonance experiments, leaves unassigned fragments: Cys22-
Phe28, Ile35-Val37 and Cys47-Ala51. These regions encompass the four
cysteine residues binding the 4Fe-4S cluster (Cys22, Cys25, Cys34 and
Cys47) and the three amino acids following each of these. Therefore,
the sequence specific assignment approach leaves Table 1 completely
blank and sets the stage for a non-systematic approach to the assign-
ment. The paramagnetic HNCA constituted the link between the re-
sidues assigned with the standard experiments and backbone resonance
of cluster bound cysteines, thus providing, via the link with the HN of
the following residue, the assignment of three out of four Cys C, car-
bons (yellow). In turn, 3¢ HSQC correlate each C, with the corre-
sponding Ha (orange). The 13¢ HSQC also clearly identifies the four
sCH;, of cluster-bound cysteines, two of them can be assigned thanks to
1D NOE experiments (green). '*C-'3C COSY and CON allows to com-
plete the assignment of N and C,, providing the assignment of missing
resonances from Cys47 (blue). Indeed, due to cysteine residues’
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Table 1
Sequence-Specific Assignment of cysteine resonances. Table legend indicates the experiment used to assign each signal.
Chemical shift (ppm)
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a: HNCA. b: *C-HSQC. ¢: 1D-NOE and '3C-HSQC d: '3C-'3C COSY and CON e: ®N-HSQC. f: Relaxation rates.

topology, the Cys47 Hy amide nitrogen is too close to the metal center
and therefore the corresponding connectivity in an HNCA experiment
would be lost. However, the CON is an efficient complement of the
above experiment: when the polarization transfer from backbone Hy is
not feasible due to fast R, relaxation of Hy signal, the polarization
transfer from the preceding C’ residue is an “alternative route” that
makes possible the assignment of Cys47 N signal. Once Cys47 N has
been assigned, the I5N-HSQC shows a, yet unassigned, HN peak con-
sistent with the Cys47 N shift, which is therefore attributed to Cys47
HN (red). Finally, the analysis of relaxation rates and considerations on
the topology of Cys binding residues contribute to complete the puzzle
and to assign Cys25 and Cys47 gCH, (brown).

Although this analysis cannot be performed in an automated or
semi-automated approach, the assignment is unambiguous and solid.
Each individual assignment is supported by clear and consistent scalar
and dipolar connectivities. The detectability of these connectivities is
critically dependent on the relaxation properties of the system.
Therefore, it is not possible to provide an “assignment protocol” that
can be systematically used in different paramagnetic systems. For each
chromophore and each binding residue, the interplay between the de-
lays needed for the various coherence transfers and the relaxation rates
of concerned resonances determines the best route to assign each signal.

Another interesting feature that can be exploited to obtain hints for
the assignment and structural information in paramagnetic proteins, is
the unpaired spin delocalization that may occur via hydrogen bonds. It
is known that the network of hydrogen bonds around an iron-sulfur
cluster plays a crucial role in stabilizing the cluster within the protein
frame and in determining its reduction potential [87,88]. Fig. 7 reports
the chemical shift differences between the '°N shifts values observed in
PioC and those expected according the average '°N values reported in
the BMRB data base [89]. There are three '°N shift values that are
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Fig. 7. Chemical shift differences between N shift values observed in PioC and
average aminoacid values, as reported in the Biological Magnetic Resonance
Data Bank (http://www.bmrb.wisc.edu/ref info/statful.htm). Residues whose
15N shift values are outliers by more than 20 ppm with respect to the average
values (GIn27, Val37 and Leu49) are shown in red. (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)

outliers by more than 20 ppm with respect to the average values. This is
only consistent with the presence of three hydrogen bonds that involve
peptide HN of GIn27, Val37 and Leu49. Indeed, the NMR structure of
PioC [90] confirms that Sy of Cys25, Cys34, Cys47 are amenable to act
as acceptors of hydrogen bonds from the above HN groups. This pro-
vides an additional path for the unpaired spin density delocalization
from the metal center towards protein residues. This effect is weaker
with respect to the electron density spin delocalization occurring via
sigma bonds, however the observed shifts provide a direct, rare, ex-
perimental evidence of the way in which hydrogen bonds are involved
into the highest occupied molecular orbitals of the chromophore.

5. Concluding remarks

Paramagnetic NMR is nowadays a wide research field, covering a
variety of important problems in chemistry and biology including cat-
alysts, battery materials, metalloproteins and large protein—protein as-
semblies [21,42,91,92]. We have shown here that paramagnetic NMR is
also a fil-rouge connecting coordination chemistry to structural biology,
via advancements of knowledge and of investigation tools. The con-
tribution of the hyperfine interaction to chemical shift and nuclear re-
laxation has been first addressed by coordination chemists. About half a
century after the first successful applications of paramagnetic probes in
biological chemistry [10,93-97], the subject has been periodically re-
visited and re-interpreted [30,98-100] to address structural and func-
tional properties in biological systems and biomedicine. NMR of para-
magnetic systems essentially contributed in providing a cross-over be-
tween inorganic chemistry and biochemistry and played a fundamental
role in the development of Biological Inorganic Chemistry [101-109].

As far as Iron-Sulfur proteins are concerned, a longstanding major
interest of the bio-inorganic chemistry community is the understanding
at the molecular level of the way proteins of the iron-sulfur cluster
assembly cellular machineries interact with one another, and how these
machineries assemble different FeS clusters and deliver them to target
proteins with high efficiency and specificity [110-113]. Typically,
proteins involved into these processes are of large molecular size, dif-
ficult to isolate and purify, poorly soluble, thermodynamically unstable
and driven by weak and transient interactions. In this scenario, small
and stable proteins like PioC can be viewed as model systems that allow
biophysicists to design and validate new experimental approaches that
could eventually become useful to understand structure and dynamics
of more complex systems.

The complete assignment of cysteine residues, including the elusive
nuclei that could be detected and assigned only with this protocol, will
be the ground for a systematic study of the relaxation properties of
cysteine residues bound to [Fe4S41%" cluster. There is work in progress
for the detailed quantitative understanding of all factors contributing to
transverse and longitudinal nuclear relaxation in the proximity of a
paramagnetic center [43,44,114,115]. A [Fe4$4]2Jr cluster has unique
properties in terms of electronic structures and, at the same time, is a
common inorganic protein cofactor; we expect that accurate relaxation
rates of all active spins of the cysteine residues will provide further
information on the electron and nuclear relaxation properties in the
system.
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