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ABSTRACT: We present the first solid-state NMR study of an iron-sulfur protein. The combined
use of very fast (60 kHz) magic-angle spinning (MAS) and tailored RF irradiation schemes allows
the detection and the assignment of most of the 'H and **C resonances of the oxidized high-
potential iron-sulfur protein | from E. halophila (EhHIPIP 1), including those in residues
coordinating the Fe,S, cluster. For these residues, contact shifts as large as 100 ppm and 400 ppm
for 'H and C resonances, respectively, were observed, which represent the most shifted solid-
state NMR signals ever measured in metalloproteins. Interestingly, by targeting EhHiPIP | in a
crystalline environment, we were able to capture distinct paramagnetic signatures from the two
conformations present in the asymmetric unit. The magnetic properties of the system were
verified by following the temperature dependence of the contact-shifted cysteine resonances.

Introduction

A vast share of the whole proteome of all living organisms is made by metalloproteins: metal
ions play an important role in a large variety of biochemical and cellular events, and many of them
contain unpaired electrons which make them paramagnetic.’ The presence of such paramagnetic
metal centers induces large modifications on the magnetic properties of the surrounding nuclei,
and it has long been proven that the measurement of such effects by NMR provides a direct
access to the electronic structure and the underlying molecular geometries and thus chemical
properties of metalloproteins.2

However, not all the paramagnetic metalloproteins are amenable for solution NMR
characterization, mostly because of molecular size or aggregation state, which make the NMR
signals broad beyond detection. Building on a decade of methodological and technical
advancements, magic-angle spinning (MAS) NMR has emerged as a new tool for the
characterization of biomolecular samples.? This technique has experienced a real revolution with
the introduction of very fast (>30 kHz) MAS probes.* In this new spinning regime, sensitivity and



resolution experience a spectacular enhancement as compared to slower rates. Thanks to these
developments, it has already been shown that nuclei in close proximity to a metal center can be
efficiently detected” and that faster MAS translates into a significant reduction of the blind zone
close to the metal center with respect to solution studies.® The most remarkable difference
between solution and the solid state is that Curie relaxation, one of the major contributors to
paramagnetic line broadening, is absent in the solid state.’

However, up to now, only a handful of high-resolution solid-state NMR studies have been
performed on paramagnetic metalloproteins. They mainly concerned two enzymes in
microcrystalline form, the human superoxide dismutase (SOD)® and the catalytic domain of
matrix-metalloproteinase-12 (MMP-12),% ° two proteins with high-affinity binding sites for
divalent paramagnetic cations such as Cu®* (SOD) or Co** (MMP and SOD). Expanding the
repertoire of solid-state NMR accessible paramagnetic systems is however not necessarily a
trivial task, because of the different properties of the different metals in the different
coordination environments that are encountered in metalloproteins. An example of this is
represented by trivalent lanthanide ions, where the quality of the spectra is extremely dependent
on the properties of the metal ligands: whereas small inorganic complexes'® or rigid binding sites
in proteins™® yield substantially sharp lines, a more flexible coordination environment reorients
the magnetic susceptibility tensor,’” producing significant inhomogeneous broadening, or
possibly reintroducing Curie relaxation.”
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Figure 1. A) Asymmetric unit of EhHiPIP | showing the two molecules. B) Superposition of
the two molecules showing the cluster and the coordinating cysteines.

Among the biologically relevant metal ions, iron plays an important role. Pioneering work by
the McDermott group has used information from paramagnetic shifts to identify the ligand
position in cytP450 adducts,** and more recently Ramamoorthy’s group has provided a detailed
characterization of membrane bound cytP45015 and described a model of the membrane-bound
cytb5-cytP450 complex by the combined use of solution and solid-state NMR.*® Here, we report
the first solid-state NMR data on a protein containing an iron-sulfur Fes-S, cluster. Iron-sulfur
clusters are ubiquitous prosthetic groups of many metalloenzymes,'’ often associated to
membranes, and they have a variety of functions in diverse cellular processes in almost all life-



forms.! In a first seminal work, solid-state NMR was used to elucidate the fine details of the
electronic structure of model Fes-S4 cluster compounds by studying the dependence of their
isotropic and anisotropic **C shifts over a very large temperature range.'® Here, we use NMR at
very fast MAS, together with a set of spectroscopic tools recently developed for the study of

highly paramagnetic materials,”* *°

to characterize the high-potential iron-sulfur protein | from E.
halophila (EAHIPIP 1)* in a microcrystalline preparation. In EAHIPIP I, a cubane Fe,S4 cluster is
coordinated by the side-chains of four cysteine residues (Cys33, Cys36, Cys50 and Cys66). In its
oxidized form, it formally contains one Fe’" ion and three Fe*" ions, but experimental data are
consistent with the cluster being formed by one mixed valence pair (with $=9/2), containing two
Fe®>* ions and one ferric ions pair containing two Fe** ions (forced by exchange coupling to S=4,

see later), resulting in an overall spin of the cluster equal to 1/2.2%*

Over the last twenty years, EhHiPIP | has become a model system for biophysical applications,
and has been extensively characterized by X-ray crystallography,””> EPR and M®éssbauer

2L 2% \where

measurements at very low temperatures,23 Raman spectroscopy,23 and solution NMR,
the electronic properties of the FesSs cluster give distinctive features in the 'H*** and **C
spectra.21 The electronic properties of Fe,S,4 clusters are made extremely complex by the presence
of the highly asymmetric protein matrix that induces equilibria between different charge
distributions among the iron ions. In particular, EAHIPIP | has two EPR isomers: while one iron is
always 2.5+ and another is always 3+, two other irons exchange 2.5+ and 3+ character with 80%
/ 20% probability (Figure 1B).” This is actually rather common among the different HiPIPs (see
Figure 6 in reference). The mixed valence pair usually assumes the higher spin state (thus the
corresponding shifts are positive) and forces the ferric pair to have a lower spin state with
opposed spin, due to exchange coupling, yielding as mentioned above a ground state of the type
19/2, 4, 1/2). To further complicate the picture, it is found that the ground state is not a pure
|9/2, 4, 1/2) state, but rather a superposition of different states.?® However, since the behavior
of HiPIPs has remarkable similarities, one can expect the exchange coupling parameters to be
similar to what has been estimated with a quantum mechanical formalism for EAHIPIP Il, which
has a single EPR isomer.”’

Besides benchmarking MAS-NMR with a new target paramagnetic system, the present
investigation on microcrystalline EAHIPIP | thus represents an important complement to the
literature data, by providing a link between the characterizations of the molecule in solutions and
in crystals. Most notably here, the unit cell of crystalline EAHIPIP | contains two molecules,
featuring an overall backbone RMSD of 0.67 A (Figure 1).%* Considering that paramagnetic NMR
shifts are highly sensitive to the local geometry,”® solid-state NMR could be able to capture
distinct signatures from the two conformations present in the asymmetric unit.



Experimental Section

Protein preparation. Purified °C, *°

N labeled HiPIP | from E. halophila was purchased from
Giotto Biotech S.r.l. (Sesto Fiorentino, Italy). Protein solutions of 10 mg/ml were dialysed against
10 mM TRIS pH 8. Protein crystals were grown by sitting drop vapor diffusion using a ratio of 1:1
(protein / reservoir). The reservoir solution consisted of 3.5 M Ammonium Sulfate, 100 mM MES
pH 5.6. Platelet-like crystals were obtained in 3-4 days. Crystals were harvested by centrifugation
and packed in a 1.3 mm rotor using the ultracentrifugal device 1 (Bruker Biospin).”® The rotor was
center-packed with FKM inserts (courtesy of Bruker Biospin) to avoid dehydration.

NMR experiments. Paramagnetic solid-state NMR experiments were performed on a 500 MHz
Bruker Avance IIl spectrometer equipped with a double-resonance 1.3 mm probe. All
experiments were acquired at 60 kHz MAS. The temperature was regulated in order to obtain an
estimated sample temperature of 298 K, unless otherwise specified. One dimensional *H spectra
were acquired with the double adiabatic spin echo sequence using tanh/tan refocusing pulses at
200 kHz, with a sweep width of 500 kHz over 50 us.7' % The water signal was suppressed by
presaturation using a continuous pulse of 2 kHz for 10 ms. The recycle delay was set to 20 ms.
The 'H-"H radiofrequency driven recoupling (RFDR) spectrum®® was acquired using a mixing time
of 0.5 ms, a recycle delay of 20 ms.** The (*H)-3C transferred echo double resonance (TEDOR)??
was acquired with a recoupling period of 16.67 s (one rotor period) and a recycle delay of 50
ms. A two-dimensional adiabatic magic-angle turning (aMAT) experiment® was used to estimate
the shift anisotropies of each individual signal in the spectrum. This experiment was acquired
using a non-selective 90 pulse, six tanh/tan SHAPs that swept through 5 MHz in 50 ps, and a
recycle delay of 50 ms. Experiments for backbone assignments (2D (H)NH, 3D (H)CANH,
(H)(CO)CA(CO)NH, (H)CONH and (H)CO(CA)NH)** were recorded on a 1 GHz Bruker Avance I
spectrometer equipped with a triple-resonance 1.3 mm probe at 60 kHz MAS. For each of these
correlations, the experimental parameters are listed in Table S1.

Results and discussion
Figure 2A shows the 'H, °N dipolar-based correlation spectrum of oxidized EhHiPIP | obtained
on a 1 GHz spectrometer at a MAS rate of 60 kHz.

This spectrum correlates the frequency of each amide 'H with that of its bonded N spin, and
thus provides a fingerprint of the protein, similar to the 'H, *°N scalar-based correlation acquired

in solution.3***

Using a recently established approach, sequence-specific assignments of these
resonances were obtained with the help of 3D spectra, correlating 1H, PN to the
neighboring *CO/**CA, either in the same or in the previous residue. The set of four 3D spectra
was jointly analyzed, so to simultaneously match the two independent **C (CO and CA) chemical

shifts that are correlated with '*H and *°N nuclei from adjacent residues (Figure S1).

This procedure allowed for a partial assignment of the backbone resonances, which reveals the
presence of two distinct HN peaks for several residues. Differences up to 0.5 ppm in the 'H



dimension were observed (e.g. for His12, Arg26 and GIn28 as displayed in Figure 2A), compatible
with the two backbone conformations observed by X-ray.

Figure 2B and 2C display the 1D *H and **C spectra of oxidized ERHiPIP I, obtained on a 500 MHz
spectrometer at a MAS rate of 60 kHz. These two spectra contain contact shifted resonances, up
to 100 ppm in the 'H case and up to 400 ppm for *C, associated to the nuclei in B and a positions
in the cysteine residues coordinating the FesS,; cluster. To our knowledge, these resonances
represent the most hyperfine-shifted signals observed for a metalloprotein by solid-state NMR.
In both cases, a double spin-echo with two adiabatic pulses (short high-powered adiabatic pulses,
SHAPs)™ was employed to achieve broadband excitation without phase distortions. The
interpretation of these spectra was made easier by the acquisition of two additional 2D maps, a
'H-"H RFDR spectrum (Figure 2D),*® which correlates protons close in space, and a (*H)->*C TEDOR
spectrum,® which correlates pairs of nearby protons and carbons (Figure 2E).
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Figure 2. A) 1H, 15N correlation spectrum of EhHIPIP I. B) 1H and C) 13C double-adiabatic echo
spectrum. D) Selected regions of the 1H-1H RDFR spectrum. E) Selected regions of the (1H)-13C
TEDOR spectrum. (‘) and (“) denote the two different forms observed for that residue.

Note that the short relaxation times of these strongly paramagnetic signals and their large
isotropic chemical shifts obliterate spin diffusion and prevent heteronuclear coherence transfers
by cross-polarization, while the pulsed methods used here provide a broadband, offset-
insensitive route to efficient 2D correlations.> The hyperfine-shifted peaks show very limited
dipolar (or contact) shielding anisotropy (Fig. S2). This, coupled with the small size of the protein,
explains the limited contribution of Curie-spin relaxation in this system in solution. The pattern
of the 'H and “*C contact-shifted resonances is characteristic of the electronic distribution in the

oxidized Fe,S cluster, and is analogous to what already reported in solution (see Table §2).2%% 2



As mentioned above, based on the distribution of the hyperfine shift values of the & protons of
the coordinating cysteines, it was proposed that Cys50 coordinates the iron which is always mixed
valence, Cys33 coordinates the iron which is always ferric, and the oxidation of the iron ions
bound to the other two cysteines undergoes an exchange between two states with 80%/20%
population:** Cys36 is mainly mixed, and Cys66 is mainly ferric. The two pairs are
antiferromagnetically coupled to each other, and the mixed valence pair dominates the pattern.?”
*® The iron ion in the mixed-valence state induces a strong downfield shift on the coordinating
cysteine proton and carbons signals (Cys50). The Fe ion in the ferric state induces an upfield shift
on the protons and carbons of the attached cysteine (Cys33). The ion with large (80 %) ferric
character induces a small downfield shift on the coordinating cysteine signals (Cys66), while the
one with transient (20%) ferric character induces a downfield shift on the attached cysteine
(Cys36) which is smaller than that induced by a 100 % mixed-valence. Interestingly, it is apparent
that for three cysteines out of four, the contact-shifted resonances show a doubling in the MAS
NMR spectra of crystalline EhHIPIP | as compared to the solution case, however the pattern is
clearly maintained, allowing for direct porting of the solution assignment (see below), in turn
allowing for assignment of the bound carbons appearing in the TEDOR spectrum. Similarly, in the
2D maps of Figure 2D and 2E, the correlation patterns expected on the basis of the solution NMR
shifts are doubled. In particular, it appears that two forms are observable for Cys50 and Cys33,
for which each HB and CB nucleus displays two different chemical shift values. Different from the
case of the HN correlations, here the chemical shift difference between equivalent signals is more
than 10 ppm. Only one set of resonances is observable for Cys36, but the considerable
broadening of these two peaks suggests that two species with very close chemical shift values
may be associated to this residue as well. For Cys66 HB and CB are not observable, being buried
in the diamagnetic region of the spectrum, but from the Ha and Ca resonances it is clear that this
residue features two forms as well.

'H and **C chemical shifts and their assignment are reported in Table S2. It is interesting to
observe how in all the cases the chemical shift values in solution are very close to the average of
the values observed in the solid state. This may indicate that the conformation of the cluster-
coordinating cysteines in solution is intermediate or exchanges between two extreme
conformations represented by the two different molecules found in the crystal.

The possibility to detect strongly contact shifted 'H signals in microcrystalline EAHIPIP | allows
for the measurement of their temperature dependence, which in turn is a direct reporter of the
magnetic properties of the system. Under MAS, the temperature dependence of the proton
chemical shifts could be probed in the range between 293 K and 305 K. Figure 3 shows the Curie
plot obtained from these measurements, and linearly-fitted slopes and intercepts are reported in
the SI. Cys50 and Cys36 HP resonances, which are both bound to a mostly mixed-valence Fe ion,
follow a Curie-like temperature dependence, while Cys33 HB resonances, bound to a Fe ion
belonging to the ferric pair, follow a hyper-Curie dependence®’ (also termed pseudo-Curie in the



case of coupled metals), extrapolating quite far downfield in the limit of infinite temperature.
Cys66 Ha resonances follow instead an anti-Curie behavior, extrapolating far downfield at infinite
temperature too (for a discussion of the terms hyper-Curie, pseudo-Curie and anti-Curie see refs.
3%3%) The data reveal that a similar behavior is generally observed in solution and in the solid
state, and that no appreciable differences between the trends of the two sets of resonances
associated to the two different forms can be observed in the solid state. This confirms that the
spin distributions of the iron ions are preserved in the solid state, and the model used to interpret
solution data can thus be still considered valid. This is particularly useful to confirm the performed
assignment, especially where the little difference in chemical shifts makes it difficult to
discriminate between HB1 and HB2 protons, as in the case of Cys33. Interestingly, the curves of
Cys50 and Cys33 in solution have somewhat different slopes from those observed in the solid
state for the two forms. This may suggest that on changing temperature a modest structural
change could occur in solution, in such a way that the conformation passes from being closer to
one to being closer to the other of the two forms present in the solid state.
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Figure 3. Curie plot of EhHIPIP | in solution25 (empty symbols) and in the solid state (full symbols).

Conclusions
In summary, we showed that solid-state NMR with very fast MAS rates and tailored RF

irradiation schemes allows for the complete characterization of a highly paramagnetic
metalloprotein containing an oxidized Fe-S cluster in a microcrystalline state. Notably, resolved
resonances from nuclei that experience considerable 'H and C hyperfine shifts were detected



and assigned to two inequivalent conformations of the cubane cluster present in the asymmetric
unit. The magnetic properties of the system were finally verified by following the variable
temperature changes of the contact shifts. Fe-S clusters are common in biochemistry and are
present in many membrane-bound systems, which cannot be easily accessed by atomic-
resolution diffraction techniques. We expect therefore that the methods described above will be
very broadly applicable to such important class of targets. The recent advances in MAS technology
(>100 kHz), combined with the forthcoming developments in very high field technology, are
expected to ease even more the access to backbone as well as sidechain assignments and
collection of restraints, because of improved resolution in proton detection in fully-protonated
samples.*® We foresee that this will also prompt new methodological developments for observing
hyperfine shifted resonances.*
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