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Abstract: In paramagnetic metalloproteins, longitudinal relaxation rates of 1BC’ and 13C* nuclei
can be measured using '>C detected experiments and converted into electron spin-nuclear spin
distance restraints, also known as Paramagnetic Relaxation Enhancement (PRE) restraints. 1>C are
less sensitive to paramagnetism than TH nuclei, therefore, 13C based PREs constitute an additional,
non-redundant, structural information. We will discuss the complementarity of 13C PRE restraints
with 1H PRE restraints in the case of the High Potential Iron Sulfur Protein (HiPIP) PioC, for which
the NMR structure of PioC has been already solved by a combination of classical and paramagnetism-
based restraints. We will show here that 13C R; values can be measured also at very short distances
from the paramagnetic center and that the obtained set of 13C based restraints can be added to
IH PREs and to other classical and paramagnetism based NMR restraints to improve quality and
quantity of the NMR information.

Keywords: HIPIP; iron-sulfur proteins; metalloproteins; structural biology; paramagnetic NMR;
paramagnetic relaxation enhancement; NMR solution structure

1. Introduction

Metalloproteins play crucial roles in catalysis, electron transfer, metal storage /transport.
Many of them are available in two different oxidation states and are paramagnetic in at
least one of them [1,2]. NMR can provide the structure in solution at atomic resolution of
paramagnetic proteins [3]. Tailored NMR experiments, paramagnetism-based structural
restraints, and ad-hoc structure calculation programs allowed obtaining solution structures
of paramagnetic proteins with a resolution comparable, if not better, with that of diamag-
netic analogues of similar size [4-12]. In this scenario, relaxation-based NMR restraints
are a powerful class of dipole-dipole restraints, providing through-space connectivities
between the NMR active nuclei and the metal center(s) [13-23]. We have shown that, when
a sufficient number of Paramagnetic Relaxation Enhancements (PRE, hereafter) effects are
measurable throughout the entire protein, PREs restrain the conformational space with an
efficiency comparable to Nuclear Overhauser Effects (NOE), even though they originate
a set of distances all involving a single point, i.e., the paramagnetic center [24]. In the
case of the NMR structure of the small paramagnetic protein PioC [25], obtained with
a combination of NOE and paramagnetism-based NMR restraints, we showed that the
solution structure obtained with only Paramagnetic NMR restraints is essentially the same
as the one obtained with the full set of NMR restraints [24]. However, the only PREs used
for structure calculations were Ry and R, relaxation rates of 'H spins obtained via 13C- and
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I5N- Heteronuclear Single Quantum Coherences (HSQC) type experiments [26,27]. In order
to sample the backbone more accurately, the relaxation rates of 1*C’ and 3C* spins are ex-
pected to have two advantages: (i) together with Hy and Hy, 1*C’ and 13C* would provide
a set of relaxation rates capable to define the relative orientation of the backbone of each
aminoacid with respect to the metal center (Figure 1); (ii) because paramagnetic relaxation
depends on y? of the investigated nucleus, >C are less sensitive to paramagnetism and,
therefore, they are expected to provide complementary information with respect to the 'H
based PREs: when paramagnetism is strong and 'H signals are not observable, 1>C signals
are still detectable [28], therefore 13C based PREs constitute an additional, non-redundant,
structural information.

—

Cys 34 Ser 33 Ser 32
A

Lys 35

Figure 1. Schematic drawing of protein backbone vs. a metal ion: the availability of a larger number
of Ry values contributes to place the backbone with respect to the metal. The C’ and C* distances
from the iron ion are reported.

We will test this idea on the protein PioC, that we have already used to study the
effects of PREs vs. classical restraints. The Iron-sulfur High Potential Iron Protein (HiPIP)
PioC from Rhodopseudomonas palustris TIE-1 [25] contains a [Fe4S4]3*/%* cluster, being stable
in the reduced [FesS4]%* form. The protein has only 54 amino acids and it is an excellent
case to validate novel NMR approaches for paramagnetic molecules. Most of the protein
is affected by paramagnetism, but the intensive study by NMR has provided an almost
complete sequence-specific assignment and the blind sphere, i.e., the region of the protein
where, in principle, no information can be obtained by NMR due to paramagnetic induced
line broadening, has been essentially eliminated, opening the way to new approaches of
investigation. The methods validated using PioC could then be applied in more challenging
systems, in which the paramagnetic relaxation prevents the identification of signals in a
large sphere around the metal center [29]. Here, 13C direct detection and '3C PREs may
become a precious tool to refine the structure in the proximity of the metal center [30-36].
Towards this aim, here we present how *C R; relaxation rates can be measured using
13C detected experiments in highly paramagnetic systems, further discussing their com-
plementarity and consistency with 'H PRE restraints. Finally, we will consider how the
NMR structure of PioC can be refined when 3C based NMR restraints are added into
structure calculations.

2. Materials and Methods

Sample preparation. PioC was expressed and purified, as previously reported [25].
Uniformly °N, 13C labelled PioC was expressed and purified in the M9 minimal media
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with the addition of ammonium sulfate (°N5, 99%) and [U-13Cg] D-glucose in the M9
minimal media when labelling was required. The detailed procedure has been previously
reported [24,37].

Ry longitudinal relaxation rates of 13C’ spins. A Bruker Avance III 700 MHz spectrometer
operating at 700.06 MHz 'H frequency, equipped with a 5 mm, cryogenically cooled,
inverse detection probe head (TXI), was used to measure *C’ R longitudinal relaxation
rates. Two series of HNCO-T; experiments were recorded with parameters summarized in
Table 1. The series with 7 s of recycle delay was recorded using the following relaxation
delays: 2 ms, 50 ms, 150 ms, 200 ms, 400 ms, 600 ms, 1s,1.5s,2 s, 3 s and 5 s. The series
recorded with 2 s of recycle delay, the relaxation delays were: 2 ms, 6 ms, 10 ms, 16 ms,
24 ms, 50 ms, 70 ms, 100 ms, 140 ms, 220 ms, 350 ms, 360 ms, 500 ms and 700 ms. R; of fast
relaxing C’ spins were measured using a tailored IR-COCA-AP. Experiments were recorded
at 700 MHz Bruker AVANCE NEO spectrometer, equipped with a 5 mm cryogenically
cooled probe head optimized for '3C direct detection (CT-TXO), operating at 176.05 MHz
13C frequency. The 13C’-C* evolution delay was set to 2.7 ms, the IPAP scheme for virtual
homonuclear decoupling was abolished, acquisition and recycle delays were shortened (see
Table 1) to increase the number of transients per experimental time. The inversion recovery
delays were: 1 ms, 10 ms, 50 ms, 80 ms, 120 ms, 200 ms, 300 ms, 500 ms, 800 ms, 1.2 s and
2 s. Longitudinal relaxation rates of carbonyl spins of Proline preceding residues were
measured using a CON-T; experiment (Table 1) with the following delays for the inversion
recovery of the magnetization: 2 ms, 50 ms, 100 ms, 150 ms, 200 ms, 400 ms, 600 ms, 1 s,
15s,2s,35sand 5s.

Table 1. Experiments performed and relevant parameters.

. Time Domain Number of Spectral Width (ppm) Acquisition Time (ms) Recycle
Experiment F, Fi Scan F, F1 F, F1 Delay (s)

HNCO-T 1024 64 16 13.7 36 53 125 7
HNCO-T, 1024 96 64 13.7 50 53 125 2

CON-T; 1024 96 32 40.6 51 71.7 13.3 6.4
IR-COCA-AP 1024 128 48 64.5 25 45 14.5 2
IR-COCA-AP * 512 96 192 40.6 40 35.8 6.8 1
IR-CACO-IPAP 512 64 16 31.6 30 46 6 5
IR-CACO-AP 512 128 32 31.6 30 46 12.1 2

IR-CACO-AP * 512 96 224 31.6 50 46 5.4 0.5

* Series of experiments to measure Cysteines C'/C* longitudinal relaxation rates.

R; longitudinal relaxation rates 13C* spins. C* nuclei longitudinal relaxation rates mea-
surements were recorded at a 700 MHz NMR spectrometer, equipped with a probe head
optimized for 13C direct detection experiments, as mentioned above. A series of experi-
ments was collected using a IR-CACO-IPAP pulse sequence [38] in which the inversion
recovery delays were: 5 ms, 100 ms, 220 ms, 340 ms, 460 ms, 700 ms, 1s,1.6s,2.455,3.65,
4.6 s and 5 s. An IR-CACO-AP series was recorded to sample fast relaxing C* spins. The
experiment is optimized as described above (Table 1). The inversion recovery delays used
were: 1 ms, 5 ms, 10 ms, 20 ms, 40 ms, 60 ms, 80 ms, 120 ms, 200 ms, 300 ms, 500 ms, 800 ms,
1.2 s and 2 s. All the experiments were recorded using waltz65 and garp4 decoupling
scheme for 'H and '°N decoupling. Smoothed square shape for all gradients was used. Q5-
and Q3-shaped pulses, with a duration of 300 and 231 s respectively, [39] were used for
13C band-selective 7t/2 and 7 flip angle pulses.

Data analysis and assessment. All the spectra were processed with a squared cosine
weighting functions on Topspin 4.0.8 software. Exponential decays of the inversion recovery
experiments were evaluated using cross-peak intensities. The intensity of each signal was
integrated using Computed Aided Resonance Assignment (CARA) software [40]. All
relaxation data were analyzed using the Origin 2022 software (v9.9.5). Peak intensities were
fitted with a three-parameter exponential decay model.
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Structure calculation. Structure calculations were performed with the software CYANA
2.1[41-43]. NOEs converted into upper distance limits, backbone dihedral angle constraints
and 'H PREs restraints were derived from the previously calculated and deposited structure
(PDB: 6XYV) [24]. In the final structure calculation, 2000 conformers are calculated using
the standard simulated annealing schedule with 65,000 torsion angle dynamics steps per
conformer. The 20 conformers with the lowest Target Function are analyzed and compared
with the previous deposited structure that was calculated with the same procedure. Details
about the FeS cluster design and insertion into the structure calculation were previously
reported [24].

3. Results and Discussion
3.1. Measurements of 13C" Longitudinal Relaxation Rates via ' H Detection Methods

13C’ longitudinal relaxation rates can be collected via an HNCO-type experiment [44].
The experiment gives rise to an HSQC-type spectrum in which the signal intensity of each
H;-N; peak is modulated by the R; relaxation rate of the preceding carbonyl (C’;.1). Proton
magnetization is decoupled during the inversion recovery of 1*C’ spins, while no inversion
pulses are given on 3C* and !°N. This sequence does not remove cross correlation effects
between 13C’, with both 13C* and >N, which may be operative during the longitudinal
recovery delay of 1*C’ spins. In order to properly sample the decay of both fast and slow
relaxing signals, the experiment was, indeed, repeated twice with two different set of
recovery and recycle delays. Obtained results are summarized in Table 2.

Table 2. Ry measured for C' and C* nuclei and related upper limit restraint used in structure calculation.

!/

Residues Exp I({SE% Err ( CEII\D/}E) Residues Exp IT;S;X Err ( COI;I_ IID\}IE)
VAL 1 * 1.19 0.1 VAL 1 ~ 2.09 0.5
THR 2 THR 2
LYS 3 LYS 3
LYS 4 LYS 4
ALA 5 * 1.06 0.1 ALA 5 ~ 1.76 0.1
SER 6 * 1.23 0.4 SER 6 ~ 1.84 0.4
HIS 7 HIS 7 ~ 1.78 0.1
LYS 8 * 1.14 0.2 LYS 8
ASP 9 * 1.06 0.1 ASP 9 ~ 1.79 0.1
ALA 10 * 1.55 0.1 8.02 ALA 10 ~ 2.31 0.2
GLY 11 * 1.43 0.1 8.43 GLY 11 ~ 3.61 0.3
TYR 12 * 1.42 0.1 8.46 TYR 12 ~ 3.12 0.3 6.82
GLN 13 & 1.26 0.1 GLN 13 ~ 2.37 0.2
GLU 14 * 0.88 0 GLU 14 ~ 1.79 0.1
SER 15 = 2.11 15 SER 15 ~ 1.85 0.5
PRO 16 * 1.05 0.1 PRO 16 ~ 1.87 0.2
ASN 17 * 1.08 0.1 ASN 17 ~ 2.04 0.2
GLY 18 * 0.93 0.1 GLY 18 ~ 3.25 0.4
ALA 19 & 1.24 0.8 ALA 19 ~ 1.57 0.1
LYS 20 LYS 20
ARG 21 ARG 21
CYS 22 ## 5.96 0.9 6.11 CYS 22 > 18.32 1.7 5.72
GLY 23 * 1.26 0.1 9.59 GLY 23 ~ 3.37 0.2
THR 24 ** 5.87 2.2 THR 24 ~~ 2.19 0.4
CYS 25 ## 4.93 0.7 6.32 CYS 25 > 14.1 1.9 5.93
ARG 26 ARG 26
GLN 27 # 7.68 1 5.56 GLN 27 ~~ 7.07 0.6
PHE 28 * 2.07 14 7.16 PHE 28 ~~ 8.82 1.1 5.51
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Table 2. Cont.

/
Residues Exp 1(117% Err ( C}fl}\)/}E) Residues Exp 1};7(1:;)( Err ( COI;I_ %}[E)

ARG 29 ARG 29

PRO 30 = 1.47 1.2 PRO 30 ~ 1.65 0.2

PRO 31 * 1.11 0.1 PRO 31 ~ 1.41 0.1

SER 32 * 1.19 0.1 SER 32

SER 33 ** 4.55 0.9 SER 33 ~ 1.95 0.3 9.17
CYS 34 #i# 3.53 0.5 6.75 CYS 34 > 13.44 0.8 5.97
ILE 35 ILE 35 ~ 2.12 0.5 8.26
THR 36 THR 36 ~~ 4.35 0.9

VAL 37 ** 4.34 0.4 VAL 37 ~~ 493 0.4
GLU 38 * 1.28 0.1 9.35 GLU 38 ~ 2.15 0.1

SER 39 - 1.45 1.1 SER 39 ~ 2.32 0.5

PRO 40 * 1.18 0.1 PRO 40 ~ 1.83 0.2

ILE 41 * 1.63 0.2 7.82 ILE 41 ~ 2.56 0.6 7.34
SER 42 * 1.86 0.1 SER 42 ~ 3.51 0.5

GLU 43 * 1.55 0.1 8.04 GLU 43 ~ 2.28 0.2

ASN 44 * 1.56 0.1 8 ASN 44 ~ 1.68 0.2

GLY 45 # 4.56 0.6 6.04 GLY 45 ~~ 4.42 0.4

TRP 46 # 8.79 1 5.45 TRP 46 ~~ 9.58 1.7 5.44
CYS 47 ## 8.54 1.5 5.78 CYS 47 > 18.58 4.3 7.71
ARG 48 ARG 48

LEU 49 LEU 49

TYR 50 TYR 50 ~ 3.07 1.4 6.86
ALA 51 * 2.03 0.1 ALA 51 ~ 294 0.2

GLY 52 GLY 52 ~ 3.22 0.3

LYS 53 * 1.31 0.5 LYS 53

ALA 54 ALA 54

Experiment are associated with each symbol as follows: * HNCO-T; (Slow), ** HNCO-T; (Fast), = CON-Ty,
# IR-COCA-AP, ## IR-COCA-AP*, ~ IR-CACO-IPAP, ~~ IR-CACO-AP, > IR-CACO-AP*.

In our hands, the HNCO-T; experiment was hardly susceptible to experimental
optimization with respect to fast relaxing signals. The in-phase carbonyl single quantum
coherence is created via a refocused N-C’ INEPT step which requires, for the out-and-back
pathway, about 100 ms. A refocused INEPT cannot be significantly shortened without
losing the efficiency of the transfer and, consequently, the formation C’, signal is in phase.
Accordingly, many R; values cannot be properly measured due to efficient paramagnetic
relaxation effective during the HNCO block.

3.2. Measurements of 13C’ Relaxation Rates via 13C Detection Methods

Paramagnetic relaxation depends on y? of the relaxing nucleus, therefore the use of
“protonless” experiments in which 'H spins are decoupled throughout the entire sequence,
offers the opportunity to design experiments that are more robust than 'H detected experi-
ments to the loss of information due to paramagnetic relaxation. A CON-T; experiment can
be easily implemented [45] to obtain *C Ry measurements by simply adding an inversion
recovery filter prior to the conventional CON sequence. We have used this approach to
measure R; values of Proline preceding residues, which were obviously missing in the
HNCO-T (Table 2). Vis-a-vis the optimization for paramagnetic relaxation, we have already
shown that a paramagnetically tailored CON experiment allows one to obtain signals
from residues closer to the metal than a standard CON [46,47]; however, when one aims
at monitoring signals that do not “survive” the long coherence transfer periods, C'/N
transfer should be replaced by a C'/C* transfer. To obtain reliable Ry measurements in the
presence of efficient paramagnetic relaxation effects, we propose the pulse sequence shown
in Figure 2a. The experiment is essentially an IR-COCA-AP experiment: the inversion
recovery building block for C’ spins will modulate the intensity of a COCA-AP experiment,
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in which the C* is detected in antiphase mode to avoid paramagnetic relaxation during the
IPAP block [48]. The spectrum is reported in Figure 3a. This is the shortest and simplest
experiment, and the only coherence transfer step can be optimized depending on the
relaxation properties of the C'yC*, antiphase magnetization, as shown in Figure 2c. With
this experiment we obtained a new set of Ry C’ measurements, that also contained signals
unobserved (or measured with a very low precision) in HNCO-T; and CON-T;. In our
hands we found that, for Ry rates larger than 4-5 s~!, the IR-COCA-AP experiment was
the most reliable experiment for C’ Ry measurements.
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Figure 2. (a) IR-COCA-AP; (b) IR-CACO-AP Phases as follows: ¢1: X,-X; $2. X; d3: X, XXX, VY,V V;
ba:y; D51 X,X,%X; Prec X,-X,-X,X, -X,X,X,-X. Semi-constant time evolution is given in the indirect dimen-
sion. 90° and 180° pulses are given as Q5 and Q3 band selective pulses, respectively. (c): calculated
efficiency of the coherence transfer function for a C'/C* coupling (53 Hz) versus the INEPT transfer
delay under the effect of relaxation. (a: no relaxation; b: 10s7 1, ¢: 5071, d: 100871, e: 200871,
f: 500 s~1). Black dashed line indicates the delay typically used in the experiment (4.7 ms), red dashed
line indicates the delay that we have used throughout the experiments reported in this article (2.7 ms).

3.3. Measurements of 13C* Relaxation Rates via '3C Detection Methods

By swapping the frequencies of C' and C%, the IR-COCA-AP experiment becomes an
IR-CACO-AP experiment, as shown in Figure 2b, where the peak intensity is modulated by
13C* Ry values. The obtained spectrum is reported in Figure 3b. The evolution delay A of
the experiment is optimized according to the relaxation properties of the C*;C’, coherence.
The effect of paramagnetic relaxation on the coherence transfer function C' /C* is described
by the same function shown in Figure 2c, however the relaxation rates of c’ yC"‘Z and the
C*yC'; are not the same. Many variants of the CACO experiments have been described
in the literature [36]. The CACO-AP that we used here has been widely shown to be the
most efficient experiment in the presence of strong paramagnetic relaxation effects [48]. As
a proof of concept of the validity of the 13C detected approach, we decided to use here a
standard IR-CACO-IPAP [38] to measure relaxation rates of “slow” relaxation 1*C% nuclei
and the IR-CACO-AP to obtain '3C* R; values of fast relaxing signals. The combined
approach provided R; C* values in the range 1.5-20 s !, as summarized in Table 2.



Magnetochemistry 2023, 9, 66

7 of 13

E] a. . E. b.
= o
O] i L
o \ © -
L) o oo
' . ] [ , 50 . e
1754, KL, : T
N ' \ . ) - ', %, - °
l'l "y ¢ . 60+ . < "..
1804 ' ' ’
"o 70
0
1854 ' 80!
85 80 75 70 65 60 55 50 45 40 5C(ppm) 190 185 180 175  &“C(ppm)
£ £
ic )
5 2
a O
o | = '
170 ]
85
)
175
) 90| 0
0 ] (]
180-
95-|
185 T T T T 100-— T T T T T T T T T 1
100 95 90 85 3 *C(ppm) 184 180 176 172 §C(ppm)

Figure 3. (a) IR-COCA-AP spectra; (b) IR-CACO-AP (c) IR-COCA-AP spectra Cys region; (d) IR-
CACO-AP Cys region. The reported spectra were recorded using parameters summarized in Table 1.
For each R; series, the experiment with the longest recovery delay is shown.

3.4. Relaxation Measurements of 13C of Fe-Bound Cysteine Residues

The delocalization of unpaired electron spin density from each iron ion onto the
ligands induces significant contact hyperfine shifts on '3C spins of Cys residues. As the
main mechanism for this delocalization is the Fe-S- C*- C*-C’ sigma bond pathway, the
hyperfine shift values of Cys 13C spins are expected to follow this order. For Cysteine
residues bound to a [FeyS4]>* cluster we observe, on average, 60-80 ppm, for C*, 30-35 ppm
for C* and negligible contributions for C’ [49,50]. In order to measure Cys 13C Ry rates, we
set the C* carrier at ca 86 ppm and repeated the experiments discussed above. The four
C*/C’ connectivities are clearly observed, as shown in Figure 3c,d. As expected, the Ry
rates of Cysteine C’ and C* signals, also reported in Table 2, experience the largest '3C PRE
values throughout the protein backbone.

3.5. Conversion of Relaxation Rates into Distance Restraints

R; values summarized in Table 2 can be factorized according to (1):
Robs = Rgia + Rparar (1)

where R is the experimentally measured longitudinal relaxation rate, Rpara is given by
the contributions arising from the hyperfine interaction and Rg;, accounts from all the
other contributions to longitudinal relaxation. The ideal strategy to obtain Rpara contribu-
tions would be that of measuring Rg;, by repeating the experiment on the same sample
in a diamagnetic state. Unfortunately, in PioC both oxidation states of [FesS4]P*/2* are
paramagnetic, and the cluster cannot be removed without substantially the structure of
the protein. Thus, to factorize the Rpara contributions, for each series of experiments, the
average of R.ps values of residues 5-7, that are far from the paramagnetic center, provided
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an average value for Rgj,; that was used in Equation (1) to obtain a list of Rpara values.
This is an approximation because several factors, such as internal mobility, chemical shift
anisotropy relaxation and cross correlations, modulate the Ry;, value of each aminoacid. In
turn, Rpara arises from the sum of electron-nucleus dipole-dipole coupling and unpaired
electron delocalization onto the investigated nucleus, the so-called Fermi Contact relaxation
Equation (2):

Rpara = Rpp + RFC/ (2)

The first contribution has a r ¢ dependence from the electron spin (S)—nuclear spin (I)
distance, and therefore the contact contribution in principle needs to be factorized out [51].
However, The Rpc contact contribution is significant only for Fe-bound Cysteine nuclei,
which has been treated separately. All other Rpara were then directly converted into upper
limit distances according to Equation (3):

K 6
par

1

The (ﬁ) ® term converts Rpara into a distance from an iron ion of the cluster,
assuming the unpaired spin density in the cluster is localized on the iron ions and that,
for each Rpara, the effect is fully due to the distance from the closest iron ion. To minimize
errors due to these approximations, and in order not to be biased from any structural
model, each nuclear spin is not restrained to a specific iron of the cluster but to the center
of the mass of the cubane (ME), which is located at about 1.4 A from the edges of the
cubane where iron ions are located. The UPLyg used in the structure calculation are also
reported in Table 2. Concerning the eight restraints from *C* and *C’ of cluster bound
Cys residues, we used the same approach used for the other Rpara values, and then we
empirically applied a tolerance to remove the consistent violations on these distances. We
obtained structure with acceptable target functions by increasing the calculated distance of
C* and C’ by 15% and 5%, respectively.

3.6. Structure Calculations

13C derived PREs were included in the structure calculation to refine the NMR struc-
ture of PioC and to assess the efficiency of these constraints. The 27 C" and C* constraints
were added to the structure restraints available [52-54] for this protein, that are summarized
in Table 3. The structure obtained with this extended set of NMR restraints is shown in
Figure 4, together with the structure obtained without 13C PREs. Within the uncertainty, the
pairwise RMSD to the mean of the structure obtained with the new set of restraints is the
same as the one obtained previously. The backbone RMSD between the mean structures of
the two families is 0.43 A. This compares with the backbone RMSD values of 0.46 + 0.11 A
and 0.43 £ 0.10 A, observed for the families with and without 13C PREs, thus indicating that
the two structures are identical. Figure 5 shows that, with the exception of a small region
between Cys25 and Cys 34, the per-residue RMSD between the two average structures
is always lower than the sum of the RMSD of the two families [55]. This means that the
two structures are distinguishable only for a small rearrangement in the residues 27-28,
which correspond to the protein region following Cys25, while no significant variations
are observed for the rest of the protein structure. The small increase in target function
(Table 3) indicates that the new set of restraints is fully compatible with the previous one
and contribute to finding a convergent energy minimum. Figure 6 shows the 1*C PRE-
based distance restraints obtained here vs. the ensemble of conformers with and without
their use in the structure calculations. '3C PRE-based restraints are fully congruent and
integrated into the full set of NMR restraints. The addition of '3C restraints results in a
lower dispersion of the calculated distances, particularly relevant for residues located in
the 5-9 A sphere from the cluster. The plot also shows that Tyrosine 50 retains a high
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divergence, due to the fact that very few restraints are available for this residue, which the

new set of 13C restraints was not able to reduce.

Table 3. The table summarizes the structural restraints utilized in ensemble calculations and the
results derived from PSVS (v1.5) analysis performed on the obtained family structures.

13C PRE-Less

Full Set Restraints
Z":))thzzzg:er of meaningful NOE upper distance 344 344
Total meaningful dihedral angle restraints: 51 51
Total number of paramagnetic NMR restraints: 216 189
Residual CYANA Target Function: 1.47 £ 0.06 1.07 & 0.08
Pairwise RMSD to the mean:
Backbone RMSD$ (residues 5-50): 0.46 + 0.07 043 +0.10
All heavy at. RMSD$ (residues 5-50): 1.03 £*0.23 1.14 £0.16
Ramachandran Plot Summary from Procheck *:
Most favored regions: 63.70% 65.50%
Additionally allowed regions: 34.60% 32.80%
Generously allowed regions: 1.70% 1.40%
Disallowed regions: 0.00% 0.30%
Average no. of distance viol/stru:
>0.5 A: 0 0
RMS of Distances violations per meaningful 0.0204 0.0146

distance constraint (A):

* Selected residue ranges: 5-50. Calculated using PSVS 1.5 (Bhattacharya et al. 2007).

Figure 4. NMR structures of PioC obtained with full set of restraints (beige) and 13C PRE restrains

less structure (cyan). Residues 549 are shown.
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Figure 5. Per-residue backbone RMSD (5-50). The RMSD between the two mean structures (white tri-
angles) is compared with the sum of the pairwise backbone RMSD of each ensemble (black triangles).
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Figure 6. PRE-derived distances vs. solution structures distances. The structures have been calculated
without the 13C PRE restraints (a) and using the full set of restraints (b). In the 5-9 A distance range,
the dispersion of calculated distances from the structures are significantly decreased. When '3C PREs
are used to refine the structure (b) the calculated distances are restrained with a very few violations
observed in the b. part of the figure (values above the line representing the upl values).

4. Conclusions

We have shown here that '3C PRE-based restraints provide a consistent set of NMR
restraints that can be added to 'H PREs and to other classical and paramagnetism-based
NMR restraints, to improve quality and quantity of the NMR information. The range of
distances sampled by '>C PREs, within each paramagnetic center, is different from that of
'H PREs, therefore the consistency between the two sets of data it is not straightforward
and needs to be verified and assessed. The synergistic effect of 13C and 'H PREs restraints,
that we have demonstrated in PioC as a proof of concept, will be even more beneficial for
systems in which the paramagnetic effects are stronger. In those cases, the combined use of
13C and 'H PREs restraints will then be mandatory to reduce the blind sphere around the
metal and improve calculation precision and accuracy. It is well known that the redundancy
of NOEs is important to obtain accurate NMR solution structures [56-58]; this study shows
that this also holds for PREs. This widens up the interest for measuring an increased
number of relaxation rates. Small metalloproteins like PioC represent a paradigmatic case
to assess the effect of PREs. This can be extremely useful for the NMR characterization
of native metalloproteins where the metal center cannot be substituted, denovo designed
metalloproteins [59], metalloproteins in which the metal center can be replaced with a
paramagnetic probe [60,61], paramagnetic proteins of larger size and complexity [62-64],
and in diamagnetic proteins where the use of metal tags may contribute to elucidate protein—
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protein interactions [16,65]. Finally, it is worth mentioning that 13C detected NMR is also
a robust approach to study high molecular weight systems such as large size proteins,
protein—protein complexes and antibodies [66].
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