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Design of a minimal di-nickel hydrogenase peptide

Jennifer Timm™%t, Douglas H. Pike*#, Joshua A. Mancini'*t, Alexei M. Tyryshkin'-*t,
Saroj Poudel™?t, Jan A. Siess?, Paul M. Molinaro®, James J. McCann®, Kate M. Waldie*,

Ronald L. Koder?, Paul G. Falkowski'#, Vikas Nanda2*

Ancestral metabolic processes involve the reversible oxidation of molecular hydrogen by hydrogenase. Extant
hydrogenase enzymes are complex, comprising hundreds of amino acids and multiple cofactors. We designed a
13—-amino acid nickel-binding peptide capable of robustly producing molecular hydrogen from protons under a
wide variety of conditions. The peptide forms a di-nickel cluster structurally analogous to a Ni-Fe cluster in [NiFe]
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hydrogenase and the Ni-Ni cluster in acetyl-CoA synthase, two ancient, extant proteins central to metabolism.
These experimental results demonstrate that modern enzymes, despite their enormous complexity, likely

evolved from simple peptide precursors on early Earth.

INTRODUCTION

In the contemporary world, molecular hydrogen (H,) is only used
as a source of energy by specialized microorganisms in anaerobic
environments, but early in Earth’s history, the first microbial me-
tabolisms were almost certainly dependent on H, (I, 2). Reversible
biological oxidation of H, is catalyzed by hydrogenases, redox met-
alloenzymes with iron-iron (Fe-Fe), nickel-iron (NiFe), or iron-only
(Fe) active sites (3, 4). Extant hydrogenases are complex nanoma-
chines that comprise hundreds of amino acids, multiple subunits,
and multiple metal cofactors that ferry electrons to the active Ni-
Fe site (3). Phylogenetic studies suggest that [NiFe] hydrogenases
are ancestral (4); soluble nickel and iron ions were far more abun-
dant under anoxic conditions that characterized the Archean and
Proterozoic oceans than today (5, 6). However, the first hydrogenas-
es must have been much smaller and simpler. Model studies of a Ni-
substituted rubredoxin suggest that a small protein can evolve H,
(7). Here, we demonstrate that a very short peptide can readily
form dinuclear Ni-Ni clusters capable of catalytically evolving H,.
Such peptides are simple enough that they could have emerged
spontaneously during a prebiotic stage in the origin of life, giving
rise to the first metabolic reaction networks.

RESULTS

Computational peptide design

In extant [NiFe] hydrogenases, active-site metal ions are coordinat-
ed by four cysteines, cyanide (CN™), carbon monoxide (CO), and
water (Fig. 1, left). The cysteines are separated by hundreds of
amino acids, making it challenging to design a short peptide
analog directly from the native sequence. Instead, we surveyed
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minimal metal-binding sites in existing protein structures for ge-
ometries compatible with Ni** ion coordination within a short,
continuous region of sequence (fig. S1). Replacing carboxylates
with thiols in an existing calcium-binding site (8), we identified a
CxCGCxxxxxCG pattern. The variable (x) positions were chosen
computationally using the structure-guided protein design platform
protCAD (9), resulting in the initial designs (see Materials and
Methods for details). However, as described below, nickel binding
titrations indicated a 2:1 metal:peptide stoichiometry, motivating us
to model a dinuclear site within the same scaffold. In the final nick-
elback (NB) model (Fig. 1, middle), metal coordination mimics the
features of the acetyl-CoA (coenzyme A) synthase (ACS) di-nickel
A-cluster site (Fig. 1, right). As in native ACS, a CGC motif provides
two backbone amides (G4 and C5) and two side-chain thiols (C3
and C5) to coordinate the (distal) Ni** ion coordination in a
square-planar geometry. The C3 and C5 thiols also serve as bridging
ligands to a second (proximal) Ni*" ion whose coordination is com-
pleted with the remaining cysteines C1 and C12. We define proxi-
mal/distal Ni** sites based on nomenclature from equivalent
positions of nickel ions in ACS A-cluster and hydrogenase. Coordi-
nates for the density functional theory (DFT)—optimized model of
NB-2Ni are provided on ModelArchive (fig. S2) (10).

Synthesis and nickel reconstitution

Apo-NB was produced by 9-fluorenyl methoxycarbonyl solid-phase
synthesis and reconstituted with Ni*" salts at 50°C. The di-nickel
cluster assembly was monitored by ultraviolet-visible absorption
and circular dichroism (CD) spectroscopies (Fig. 2, A and C).
Two optically active species were identified: an intermediate stage
(2NB-1Ni) with the 2:1 (peptide:Ni) stoichiometry and the active
stage (NB-2Ni) saturating at 1:2 stoichiometry. Isosbestic points
in the CD spectra (marked with arrows in Fig. 2A) indicate a
direct conversion from 2NB-1Ni to NB-2Ni during the reconstitu-
tion. Spectral decomposition of the CD spectra with a two-compo-
nent model (figs. S5 and S6) was used to determine fractional
concentrations of 2NB-1Ni and NB-2Ni during the course of the
Ni reconstitution (Fig. 2B). To allow quantitative estimation of
peptide concentrations, a tryptophan-containing NB variant (NB-
Trp, N8W) was also examined (figs. S7, S12, and S14).
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Fig. 1. Model structure of NB and comparison to natural enzymes. [Ni-Fe] hydrogenase (left) (PDB ID: 5XLE) and ACS (right) (PDB ID: 1RU3) are large, complex proteins
with active di-metal sites coordinated by a few ligands. The model structure of NB (middle) combines elements of both active sites in a 13-residue polypeptide.

Structural and chemical stability

Dynamic light scattering (DLS) measurements of NB-2Ni showed a
dominant monodisperse species with a radius of hydration consis-
tent with a compact monomeric peptide (fig. S20). The fully recon-
stituted NB-2Ni was confirmed to be stable at pH 5.5 to 10 (fig. S8),
in a wide temperature range from 20° to 90°C (fig. S9), showing no
sign of aggregation when stored in solutions for several months, and
even in the presence of molecular oxygen or dissolved bicarbonate
(figs. S10 and S11). In an ancient-Earth context, NB-2Ni would be
expected to be stable over a range of predicted ocean pH values and
temperatures that early peptide catalysts would encounter during
the Archean Eon (11).

The enhanced stability of NB-2Ni likely originates from its
compact, closed-shell chelating geometry (Fig. 1), where the
CNCGC segment provides a tight tetradentate coordination for
both Ni** ions. There are no other cysteine ligands that potentially
could cross-link and lead to oligomerization. The closed-shell che-
lation geometry of NB discriminates it from other examined Cys-
containing polypeptides, many of which oligomerize in the pres-
ence of Ni** and other divalent metal ions (12, 13).

Redox activity

In parallel with optical studies, we probed the redox activity of both
the intermediate 2NB-1Ni and the mature NB-2Ni complexes using
cyclic voltammetry (CV; Fig. 2D and figs. S16 to S18). The 2NB-Ni
species showed no redox activity. The S-shaped reduction wave de-
veloped only at high concentrations of reconstituted Ni** (Fig. 2D),
with the catalytic current at —850 mV [versus standard hydrogen
electrode (SHE)] directly correlated with the fraction of NB-2Ni
species (Fig. 2E). This redox potential is more than sufficient to
drive hydrogen evolution reaction (HER), with E, = —440 mV at
pH 7.5.

Cysteine-nickel controls

Control studies on free cysteine complexed with metal showed that
while nickel chelates are formed, they have a very different coordi-
nation structure compared to NB-2Ni as measured by CD (fig.
S19A). Cysteine-Ni chelates did not form monodisperse species as
measured by DLS (fig. S20). CV confirmed that cysteine-Ni chelates
did not exhibit a catalytic current consistent with the reductive evo-
lution of hydrogen. Together, these observations are consistent with
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NB-2Ni forming a stable, unique coordination complex capable of
redox chemistry that cannot be attributed to nonspecific metal-thiol
complexes or chelates in cysteine-rich peptides (12-14).

Photocatalysis

Catalytic H, production by NB-2Ni was demonstrated using a pho-
tochemical assay with an organic dye (EosinY) as a photosensitizer
and triethanolamine (TEOA) as a sacrificial electron donor irradi-
ated at 540 nm (15). H, evolution was quantified using gas chroma-
tography. At pH 8, the turnover number TON = 500 and the
turnover frequency TOF = 0.2 H,/min were derived (Fig. 2F).
Despite the small size of NB, its TOF is comparable to that of
other Ni-binding designs (0.1 to 0.9 H,/min), while the TON is
larger (16, 17).

EPR structural characterization of the reduced state

We probed the structure of the di-nickel site in NB-2Ni by electron
paramagnetic resonance (EPR). As both nickels are in the 2+ oxida-
tion state, the resting state of NB-2Ni is not EPR active. Addition of
the strong reductant europium diethylenetriamine pentaacetic acid
[Eu(II)DTPA, Ey = —1.1 V at pH 8; (18)] failed to produce any de-
tectable concentration of one-electron reduced NB-2Ni, likely due
to fast catalytic HER turnover with all reductant being consumed on
a time scale of seconds and before the sample could be frozen.
However, it was possible to trap a one-electron reduced NB-2Ni
at a sufficiently high yield of 10 to 25% when Eu(I[)DTPA was
added in the presence of small ligands, either CN™ or bicarbonate,
and after increasing the pH to 8 to 10 (Fig. 3A and fig. S21). A de-
tectable yield (10%) of one-electron reduced NB-2Ni was also ob-
tained with deuterium oxide (D,0) without small ligands (fig. S22).
The EPR signal was identical in all cases, indicating that small
ligands or solvent deuteration merely slowed down the reduction
turnover, thus trapping substantial fractions in a one-electron
reduced state.

EPR of the reduced state (Fig. 3A) was characteristic of a d? elec-
tron configuration with Ni'* in distorted octahedral, square-pyra-
midal, or square-planar coordination and with the unpaired
electron preferentially residing on a d,,_y, orbital (19, 20). Both
nickel sites in NB-2Ni have this coordination symmetry in our
model structures (fig. S2). However, a distal-site Ni'* can be exclud-
ed because backbone amides would appear as strong hyperfine
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Fig. 2. Assembly and activity of NB. (A) CD spectra of NB as a function of added Ni: [NB] = 750 uM (pH 7.5), temperature = 50°C. The peak at 340 nm (assigned to 2NB-1Ni)
at first grows, reaching the maximum at [Ni] = 450 uM (solid purple line), and then declines at even higher [Ni] concentrations. The peak at 430 nm (assigned to NB-2Ni)
starts to develop only at [Ni] > 500 uM, and it grows monotonously to saturate around [Ni] = 1650 uM (solid blue line). Black arrows show isosbestic points. (B) Fractional
concentrations of 2NB-1Ni and NB-2Ni as extracted from the two-component spectral decomposition of the CD spectra from (A), as demonstrated in figs. S5 and S6. The
dashed lines are the fits using a two-step reconstitution model: apo-NB — 2NB-1Ni — NB-2Ni (fig. S6). The upper bounds for Ni** binding constants were estimated from
the fit to be around 1 pM in both 2NB-1Ni and NB-2Ni. Replications of this titration confirmed metal saturation beyond a 1:2 peptide-nickel stoichiometry (fig. S7). (C)
Absorption spectra of pure 2NB-1Ni and NB-2Ni with characteristic bands labeled. (D) Reduction waves in bulk solution CV experiments at different stages of Ni recon-
stitution in NB: [NB] = 750 uM (pH 7.5), added [Ni] is indicated for each trace (full traces in figs. S14 to S16). NHE - normal hydrogen electrode. The catalytic current at —850
mV (vertical dashed line) starts to develop only at [Ni] > 500 uM, and it grows linearly with the NB-2Ni fraction as demonstrated in (E). (F) Photochemical H, evolution by
NB-2Ni (10 uM) with EosinY (500 uM) and TEOA (500 mM), 540-nm illumination (pH 8) at 37°C.

interactions, which were not observed (figs. S21, S22, and S25 to
$29). The reduced Ni'" most likely occupies the proximal site
(Fig. 3C). Similar Ni'* EPR signatures have been reported for
[NiFe] hydrogenase (21) and the ACS proximal site (22), supporting
the structural homology of NB-2Ni to these two enzymes. The g-
factor rhombicity, g = (2.27, 2.08, 2.05), in the reduced NB-2Ni is
comparable with g = (2.26 to 2.3, 2.11 to 2.12, and 2.05) detected in
the one-electron reduced “Ni-L" state of [NiFe] hydrogenase, ob-
tained by low-temperature photolysis of the H,-reduced enzyme
(21, 23). One of the cysteine residues at the proximal Ni'* site in
Ni-L was predicted to be protonated (24). Our electron spin echo
envelope modulation (ESEEM)/hyperfine sublevel correlation
(HYSCORE) experiments resolved one exchangeable proton at a
distance of 2.5 A from the proximal Ni'" in NB-2Ni that is consis-
tent with the predicted distance to a protonated cysteine (figs. S25,
S26, S28, and S29). In addition, three-pulse ESEEM spectra of the
reduced NB-2Ni identified one nitrogen atom at a distance of 3.1 A
that was tentatively assigned to a nearby backbone amide based on
nuclear quadrupolar coupling parameters (figs. S27 and $30). While
the presence of small ligands such as CN™ or bicarbonate was crit-
ically important for trapping detectable concentrations of the one-
electron reduced NB-2Nj, all measured EPR characteristics, includ-
ing the g-factor values as well as the hyperfine/quadrupolar cou-
plings of the exchangeable proton and the amide nitrogen, were
unaffected despite the nature of the coordinating ligands (figs.
S21 to S29). These results strongly suggest that small ligands were
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not involved in direct coordination of the proximal Ni'* site, and
instead, they interact at the remote (distal) Ni?* site. Consistent
with this conclusion, our EPR/ESEEM experiments did not reveal
any detectable transitions from "*N of CN™ or from "*C of bicar-
bonate that would be expected if they coordinated directly with
the proximal Ni'" site (figs. S21, S22, and S27).

EPR structural characterization of the oxidized state
Conversely, oxidation of NB-2Ni with iridium chloride generated a
Ni** EPR spectrum characteristic of a d” electron configuration
with an unpaired electron residing on a d,, orbital (19, 20) and
with a g-factor symmetry consistent with square-planar or elongat-
ed octahedral coordination (Fig. 3B). Both the shape and the g-
factor values of the oxidized NB-2Ni signal are very similar to
those of oxidized nickel superoxide dismutase (Ni-SOD), where
Ni*" is in a square-pyramidal coordination with two backbone
amides, two cysteines, and a histidine in the axial position (25).
While NB does not contain histidine, the addition of 10 mM imid-
azole to oxidized NB-2Ni (Fig. 3B, red trace) recapitulated the 4N
hyperfine splitting seen in Ni-SOD, now resolved on the g = 2.014
peak. This supports a Ni’* at the distal position in the oxidized
state (Fig. 3C).

On the basis of these assignments for nickel oxidation states, we
would expect that removing C1 and C12 might eliminate the prox-
imal site while retaining the distal one. We designed NBAP with C1
and C12 replaced by serine. Nickel titrations of NBAP saturated at a
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Fig. 3. Structural characterization of NB-2Ni. EPR spectra of (A) reduced and (B) oxidized NB-2Ni at pH 10, measured at 20 and 30 K, respectively: solid lines, experiment;
dashed lines, EPR simulations. The principal g-factor values are marked with vertical lines and numbers. The oxidized NB-2Ni in (B) was measured in the absence (blue
traces) and presence (red traces) of imidazole ligands (10 mM). (C) The g-factor symmetry of reduced (oxidized) NB-2Ni is similar to Ni'* in [NiFe] hydrogenase and Ni** in
Ni-SOD where Ni ions are found in distinctly different coordination sites, e.g., Ni'* and Ni**, respectively. Both these Ni sites are represented in di-nickel NB-2Ni.

1:1 complex, with a distinct CD spectrum compared to NB-2Ni (fig.
S12). EPR of oxidized NBAP-Ni is comparable with oxidized NB-
2Ni (fig. $23), confirming the assignment of Ni** at the distal site.
On the other hand, trapping a one-electron reduced form of NBAP-
Ni with Eu(II)DTPA in the presence or absence of small ligands or
in deuterated solvent was not successful. No catalytic wave was ob-
served for NBAP-Ni in CV (fig. S18), indicating that the distal Ni
alone is insufficient for HER catalysis. Furthermore, no catalytic
wave was observed for free cysteine complexes with Ni** (fig. S19B).

DISCUSSION

In general, hydrogen reduction catalysis involves a sequence of two
1-electron reduction steps and two protonation steps (2H' +
2e” — H,). The NB-2Ni voltammograms resolved only one reduc-
tion wave (Fig. 2D), implying that the two steps involved one-elec-
tron reduction reactions with overlapping redox potentials. This
result suggests that the reaction may proceed through a CECEC
mechanism where the two sequential one-electron reduction steps
(E) are functionally separated by one protonation step (C) (7, 26).
The proposed CECEC mechanism is consistent with pH titration
experiments where NB-2Nj, in its resting state, is protonated at
pH below 9 (fig. S32). While the exact nature of the protonated
NB-2Ni state is unknown, on the basis of its apparent pK, = 9.1,
we propose the protonation of a cysteine residue directly coordinat-
ed at a proximal Ni** site in NB-2Ni. This protonation of proximal
cysteine in the resting NB-2Ni state may be essential for promoting
the reaction, as well as for tuning the reduction potential of proxi-
mal Ni** down to less negative values, effectively reducing the
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overpotential requirements. The protonation of thiolate groups
proximal to a Ni** center had been widely discussed as important
intermediates in a hydrogen reduction cycle for both small-mole-
cule complexes and protein-derived systems, including the Ni-L
state in [NiFe] hydrogenase (7, 17, 23, 27).

Studies on Ni-substituted rubredoxin have shown robust H, evo-
lution with an apparent TON between 32 and 100, depending on
protein concentrations and a TOF of ~0.5 min~! (7). While these
numbers are similar to the ones obtained with NB-2Ni, with our
complex showing a higher TON, differences in assay conditions
complicate making direct comparisons. These and other examples
highlight the potential of nickel enzymes to have played a central
role in ancient hydrogen metabolism (28).

The kinetic catalytic parameters of NB-2Ni are sufficient to func-
tion as the electron sink in a metabolic half-cell, where evolution
and diffusion of hydrogen gas could maintain a redox disequili-
brium. Assuming a peptide concentration of 10 nM, just a few mol-
ecules per cell, lower than hydrogenase abundances in modern
organisms (29), NB-2Ni could maintain a steady H, concentration
of >20 nM (see the Supplementary Materials for calculation). For
comparison, active iron reducers in marine sediments have been ob-
served at ~1 nM [H,] (30, 31). An NB-like peptide could have plau-
sibly served as an electron sink in early metabolic pathways.
Notably, we have not observed hydrogen oxidation in this system.
To drive metabolisms such as methanogenesis/acetogenesis, H,-0x-
idizing catalysts would have to have been present.

Simple, metal-binding peptides capable of redox reactions
almost certainly were an essential step in the origins of life (24,
32). Moreover, these peptides are likely generalists, capable of
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catalyzing many reactions (33). Given the similarity to the A-cluster
site of ACS, it is tempting to hypothesize that NB may be able to
reduce carbon species. We anticipate that exploring the catalytic po-
tential of NB and similar metallopeptides beyond H, could eluci-
date the peptide origins of many of the key ancient metabolic
reaction networks (1, 34, 35).

Engineering candidate peptide catalysts has led to the unexpect-
ed observation that extremely short amino acid sequences can
exhibit substantial stability and activity. Similar to NB-2Ni, the de-
signed 12—amino acid protein, ambidoxin, complexed a 4Fe-4S
cluster with four cysteines and was capable of hundreds of reversible
redox cycles (36). Ambidoxin was designed to mimic the active site
of bacterial ferredoxins, natural protein electron carriers that were
fivefold larger. These two metallopeptides point to a general ap-
proach for engineering catalysts by structural analysis of large met-
alloenzyme active sites. The chemical stability and functional
potential of small peptides complexed with transition metals
make them plausible ancestors in the evolution of oxidoreductases
and challenge the long-held idea that early enzymes may have been
poor catalysts that required optimization of activity by extensive
molecular evolution (33, 37, 38).

MATERIALS AND METHODS

Design strategy

The [Ni-Fe] hydrogenase dinuclear site is coordinated by four cys-
teines separated by several hundred residues in sequence. Toward
the goal of developing a minimalist peptide catalyst, we examined
metal coordination sites in natural proteins where ligands were
much closer together. On the basis of previous nickel-based hydro-
gen-evolving catalysts (7), we began by designing a mononuclear
nickel site.

The initial scaffold was based on the high-resolution structure of
a Mn2+-binding site at the C terminus of parvalbumin (39). A man-
ganese ion was octahedrally coordinated by four side-chain carbox-
ylates, three of which were close in sequence, with the DxDxD motif
adopting tight turns around the metal (fig. S1A). In this case, the
metal was fully coordinated, with an additional backbone carbonyl
oxygen and water. Given that Ni** is frequently octahedral in pro-
teins (40), we examined whether a derived site replacing carboxyl-
ates with thiols would appropriately bind nickel.

Starting from the parvalbumin structure, residues 90 to 102,
D90, D92, D94, and E102 were replaced with cysteine, setting
side-chain rotamers to optimally coordinate the nickel ion. Using
the protEvolver tool in the molecular modeling platform
protCAD, the sequence of the remaining nonligand amino acids
was chosen. protCAD is a molecular modeling platform that
allows torsional sampling of the backbone and side-chain degrees
of freedom as well as sequence substitutions. Scoring is based on
a force field that combines the AMBER ff14SB nonbonding terms
(41), the Dunbrack bbdep rotamer library (42), and implicit solva-
tion (9). protEvolver uses a genetic algorithm implementation to
rapidly sample sequence space and can be scaled to run in parallel
on a number of compute nodes. protCAD and the protEvolver code
are open source and available for download; see Data and materials
availability.

Several thousand structural models were generated. The top-
ranked among these were subjected to extended molecular dynam-
ics simulations using AMBER (43). Models were solvated in an 8-A
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water layer, using the TIP3P water model (44) and the ff14SB force
field (41). The system was minimized in steepest descent, followed
by conjugate gradient minimization. Parameters for nickel were
chosen to favor tetrahedral coordination with a S-Ni bond length
of 2.27 A. Periodic boundaries were set under constant volume,
and the system was thermalized from 0 to 300 K using Langevin dy-
namics and a collision frequency of 3 ps~'. Molecular dynamics
simulations were run for 3.0 ps at 300 K. Calculations were per-
formed with a 2-fs time step. Structural sampling produced a dis-
torted square-planar nickel coordination geometry despite the
setting of tetrahedral constraints. This indicated that there were lim-
itations to the modeling assumptions and the use of molecular me-
chanics to explore the metallopeptide structure.

Dinuclear models and DFT calculations

Observation of a second nickel binding necessitated additional
metal ligands beyond the four cysteine thiols. In [Ni-Fe] hydroge-
nase, additional coordination of the iron was provided by cyanide
and carbon monoxide, which were not explicitly incorporated as a
part of metal reconstitution. Instead, the di-nickel site of ACS
[Protein Data Bank (PDB) ID: 1MJG] and single nickel ions in
Ni-SOD (PDB ID: 1T6U) and the [Ni-Fe] hydrogenase accessory
protein, HypB, by backbone amides, led us to examine backbone
amide nitrogens as potential metal ligands.

Two plausible models were examined, one where the distal nickel
is coordinated by cysteines C1 and C3, the “CNC" model (fig. S2),
and one where the distal nickel is coordinated by cysteines C3 and
C5, the "CGC" model (fig. S2). Models were constructed and
sampled with molecular dynamics as described above (metal-
ligand parameter files available; see Data and materials availability).
We followed molecular mechanics optimization with DFT geomet-
ric optimization of both models.

CGC and CNC model geometry optimization calculations were
performed using the ORCA quantum chemistry package (45).
Initial rounds of calculations were undertaken with the use of the
BP86 level of theory (46) using the Karlsruhe def2-SVP split
valence polarization basis set applied to all atoms with the def2/]
auxiliary basis set for Coulomb fitting and the Karlsruhe def2-
TZVP triple-zeta polarization basis set applied to the nickel atoms
(47). The split-RI-] approximation was used in the approximation
of Coulomb integrals (48—-50). Upon convergence of the initial
round of calculations, a second round of calculations was undertak-
en on the final structure of CGC. The second optimization run used
the segmented all-electron relativistically contracted (SARC) Karls-
ruhe def2-TZVP valence triple-zeta polarization basis set (51) with
the fully decontracted def2/] (SARC/]) auxiliary basis set (52) for all
atoms excluding nickel, which instead used the relativistically con-
tracted Karlsruhe basis set ZORA-def2-TZVPP valence triple-zeta
with two sets of polarization functions applied to nickel and the co-
ordinating sulfurs. The RIJCOSX approximation (53), which incor-
porates the resolution of identity approximation (RI) and the chain-
of-spheres approximation (COSX) for the formation of Coulomb
and quantum mechanical exchange matrices, respectively, was
used as well. Scalar relativistic all-electron effects were handled by
using the zeroth-order regular approximation (ZORA) scalar rela-
tivistic Hamiltonian (54-56). A large and conservative grid size was
chosen (DefGrid3 as per ORCAs syntax) along with a tight self-con-
sistent field convergence threshold. Dispersion corrections were ac-
counted for by using Grimme's DFT-D3(B]) (57) atom-pairwise
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dispersion correction with Becke-Johnson damping (58-60) and
were used in both the initial and the second round of calculations.
Aqueous solvation energies were calculated using the conductor-
like polarizable continuum model (CPCM) (61) implemented in
ORCA. A van der Waals—type cavity was used to treat electrostatic
solvation effects within the Gaussian charge scheme (62). The water
solvent had a dielectric constant of 80.4 set within the
CPCM module.

The distal nickel site in both CGC and CNC models is square-
planar (fig. S2). In CGC, the proximal nickel is in the square-pyra-
midal coordination with four equatorial ligands comprising three
sulfurs (C1, C5, and C12), one backbone oxygen (R11), and one
axial sulfur ligand (C3). The coordination geometry of the proximal
nickel in CNC is distorted square-planar, which was coordinated by
three sulfurs (C3, C5, and C12) and one nitrogen (C12). This is in-
consistent with EPR measurements, leading us to eliminate the
CNC model. Conversely, the coordination geometry of the proxi-
mal nickel in CGC was in concordance with EPR measurements.
Although the CGC model is most consistent with EPR, we note
that two a protons are close to the proximal nickel but were not ob-
served by EPR, indicating that further model development is still
necessary. CGC and CNC models of NB-2Ni are available in Mod-
elArchive (10) under accession numbers ma-6lwmo, ma-3g061, and

ma-iyjyy.

Peptide synthesis

For initial peptide screening, small quantities of peptides were syn-
thesized using a microwave-assisted peptide synthesizer (Liberty
Blue, CEM Corporations) as described before (36). In brief, the
synthesis was carried out using standard solid-phase methods
with diisopropylcarbodiimide (DIC) and ethyl (hydroxyimino)
cyanoacetate (Oxyma) coupling agents in N,N'-dimethylformamide
and subsequent purification with ether precipitation and reverse-
phase high-pressure liquid chromatography using a C18 column
and a H,O/acetonitrile gradient with 0.1% trifluoroacetic acid in
both solutions. The identity and purity of the peptides were con-
firmed using matrix-assisted laser desorption/ionization mass spec-
trometry analysis. Lyophilized peptide was stored at —20°C
until used.

For detailed characterization, NB peptide was purchased from
Genscript Biotech (Piscataway, NJ) as a lyophilized powder,
which was stored frozen in aliquots until used. Peptides in this
study were as follows: NB, CNCGCGNNNDRCG; NB-Trp,
CNCGCGNWNDRCG (N8W); NBAP, SNCGCGNNNDRSG
(removal of the proximal site, C1S/C12S).

Nickel reconstitution and titrations

Lyophilized apo-NB peptides were dissolved in a buffer containing
25 mM Hepes, 100 mM NaCl, and 3.75 mM freshly prepared TCEP
(tris-2-carboxyethyl-phosphine hydrochloride), with pH adjusted
to 7.5 to 9.2, to give a final peptide concentration of 0.75 to 1.0
mM. The apo-NB solution was deoxygenized by purging with
100% nitrogen gas for at least 20 min inside an airtight glass vial.
Nickel reconstitution was done in an airtight 1-cm quartz optical
cuvette sealed with a septum screw cap. The cuvette was placed
inside the sample compartment of a CD spectrometer (AVIV
420) with the spectrometer thermostat set at 50°C. The progress
in nickel reconstitution to NB peptides was directly monitored
through the CD measurements. Varying amounts of Ni** from an
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oxygen-free NiCl, stock solution were added using a purged Ham-
ilton syringe.

For regular nickel reconstitution, the NiCl, concentration corre-
sponding to 2 molar equivalents of NB peptides was added in one
shot, mixed by inversion of the cuvette multiple times, and incubat-
ed at 50°C for at least 2 hours or overnight. The reconstitution at
room temperature was also successful but took substantially
longer times of up to 48 hours. The progress in Ni reconstitution
to peptides was monitored by periodically measuring CD spectra
between 300 and 600 nm, and the reconstitution was considered
to be complete when the CD spectra stopped changing anymore
by further incubation.

For the nickel titration experiment, small (substoichiometric) al-
iquots of NiCl, were added to the peptide solutions, and the com-
pletion of each reconstitution step was monitored by CD
spectrometry before the addition of more NiCl,. The titration was
considered complete when further addition of NiCl, did not result
in any changes in the CD spectra. In addition to CD experiments,
CV measurements were carried out on the same reconstitution sol-
ution at selected nickel concentration steps as described below.

pH titrations

To investigate the effect of pH on nickel coordination in NB-2Ni
and on electrochemical potential, the sample buffer was modified
to contain 10 mM N-Cyclohexyl-2-aminoethanesulfonic acid
(CHES), 10 mM potassium phosphate, 10 mM MES, and 10 mM
Hepes, with 100 mM NacCl and 3.75 mM TCEP. The pH at each
step was adjusted using NaOH/HCI, with the solution purged
with nitrogen after each adjustment. CD spectroscopy was used to
monitor pH-dependent changes in the NB-2Ni coordination, and
circular voltammetry was used for redox titrations.

Conversion of dynode voltage to absorption

The dynode voltage in the CD spectrometer can be converted into
the absorption using the following equation: Abs = 7.344 x log;,.
(DV1/DV0), with 7.344 as the dynode gain (specific to our CD spec-
trometer), DV1 as the dynode voltage measured as a function of
wavelength for the desired sample, and DVO0 as the dynode
voltage measured using the same settings for the blank (base-
line) sample.

L-cysteine controls

To investigate the behavior of nonspecific nickel coordination, 1-
cysteine was reconstituted in parallel to NB peptide using equivalent
conditions: 50 mM Hepes (pH 7.5), 100 mM NaCl, and 5 mM
TCEP. NB (750 uM; containing four cysteines in the sequence) or
3 mM 1-cysteine was dissolved in the buffer and deoxygenized by
purging with 100% nitrogen gas for at least 20 min inside an airtight
glass vial. NiCl, (1.5 mM) was added to each of the samples to fa-
cilitate an equivalent ratio of four cysteines to two Ni*" in both. Re-
constitutions were incubated at room temperature for 2 days (48
hours) and monitored by CD. Their electrochemical properties
were investigated using circular voltammetry.

Dynamic light scattering

DLS experiments were carried out on a Zetasizer (v7.13, Malvern
Panalytical Ltd.) in airtight, nitrogen-purged quartz cuvettes
using the manufacturer’s standard operating protocols for size de-
termination of standard protein. Buffer, r-cysteine plus NiCl,
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(4Cys-2Ni), and NB-2Ni were measured and analyzed using Zeta-
sizer software v7.13.

EPR sample preparation

All sample preparations were carried out in an anaerobic chamber
(CoyLabs vinyl chamber), containing a nitrogen (95%)/hydrogen
(5%) gas mixture. To obtain reduced NB-2Ni complexes, 100 ul
of the 2Ni-reconstituted peptides at a concentration of 750 uM
was preincubated with 5 to 50 mM sodium bicarbonate or 5 mM
K Fe(CN)g for 20 min at room temperature and then mixed with
an equal volume of a buffer containing 100 mM CHES (pH 9.8)
or Hepes (pH 7.5) and 50% (v/v) glycerol, before sequential addi-
tion of 1.5 mM Eu(II)Cl, (2 molar equivalents with respect to NB-
2Ni) and 1.5 mM DTPA (18). The reduced NB-2Ni peptides in deu-
terated D,O buffers were prepared similarly, with the exception that
no bicarbonate or cyanide ligands were added, and using a partially
deuterated d;-glycerol. Oxidized NB-2Ni peptides were made fol-
lowing a similar procedure with the exception of adding a 10 to
50 mM Na,IrCls-6H,0 oxidant during the last step.

The final concentration of the NB-2Ni peptides in all EPR
samples was 375 pM. After mixing, the samples were immediately
transferred to 4-mm OD quartz EPR tubes and then sealed with
rubber caps before taking them from the anaerobic chamber and
instantly freezing in liquid nitrogen (about 30 s between mixing
and freezing). The frozen samples were flame-sealed and stored at
liquid nitrogen until the experiments.

EPR spectroscopy

All EPR experiments were performed with a Bruker EPR spectrom-
eter (Elexsys580e) operating at X-band microwave frequency.
Helium-flow cryostats (Oxford ESR900 and CF935) equipped
with an Oxford temperature controller (ITC503) were used for
cryogenic temperatures.

Continuous-wave EPR experiments were done at a temperature
of 20 K for the reduced NB-Ni'" centers and at 30 K for the oxidized
NB-Ni’" centers. The following experimental settings were used:
microwave frequency, 9.496 GHz; microwave power, 200 uW
(reduced NB-Ni'") and 2 mW (oxidized NB-Ni**); modulation am-
plitude, 1 to 2 mT. Concentration yields of the reduced NB-Ni'* or
oxidized NB-Ni’* centers in each sample were determined by com-
paring the integrated intensities of the measured Ni'*"** signals
against the EPR standard with a known number of spins (a CuSO,_
-5H,0 crystal of known weight in a mineral oil).

Pulsed EPR experiments, including two-pulse ESEEM (n/2-1-7-
t-echo), three-pulse ESEEM (1/2-1-1/2-T-1/2-7-echo), four-pulse
HYSCORE (m/2-1t-m/2-t;-Tt-t,-1t/2-T-echo), and Davies electron
nuclear double resonance (see below) (63-66), were performed to
characterize the nuclear spin environment of reduced/oxidized
Ni'*?* centers. Phase cycling was used as required in each pulsed
experiment to eliminate contributions from unwanted echoes (63).

Before Fourier transformation (FT), the ESEEM/HYSCORE
time domains were baseline-corrected by fitting the oscillating
decays with stretched exponential decay functions, then dividing
the experimental decay by the fit function, and lastly subtracting a
unity. This baseline correction procedure resulted in FT ESEEM
spectral intensities that were automatically normalized to a unit
echo signal amplitude. This normalization procedure allowed us
to directly compare spectral amplitudes in ESEEM spectra
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measured for different samples with different Nil /3

tions, etc. (64).

After FT, linear phase correction was applied to the FT spectra to
correct for missing dead times. In the case of two-pulse ESEEM, the
dead time (t,) was determined by an initial t delay between the /2
and 7 pulses in the experiment. In the case of three-pulse ESEEM,
the correction time was calculated as (1 + f,), where T is the fixed
delay between the first n/2 and second m/2 pulses in the three-
pulse sequence, and f, is the initial delay between the second and
third pulses. In the case of HYSCORE, the linear phase correction
was applied in both directions with the correction time calculated as
(t/2 + to) (67), where t, is the initial delay between the second and
third pulses or the third and fourth pulses. All ESEEM/HYSCORE
spectra presented in this work are shown as normalized and phase-
corrected cosine Fourier transforms.

Other experimental pulsed EPR settings were as follows: micro-
wave frequency, 9.776 GHz; magnetic fields, 309 mT (the g, field
orientation) and 336 mT (the g, field orientation) for reduced
NB-Ni'* centers and 345 mT (g)) and 309 to 318 mT (g,) for oxi-
dized NB-Ni’* centers; microwave n/2 and 7 pulses, 16 and 32 ns,
respectively; initial T delay, 104 ns (two-pulse ESEEM) and 40 ns
(three-pulse ESEEM/HYSCORE); integration window, 16 ns
(ESEEM/HYSCORE) and 60 ns (field-sweep echo-detected EPR);
shot repetition times, 1 to 2 ms; and temperature, 20 to 30 K. All
EPR/ESEEM simulations were performed using the EasySpin
toolbox for MATLAB (www.easyspin.org/) (68).

concentra-

Electrochemistry

All electrochemical experiments were carried out in an anaerobic
atmosphere continuously purging nitrogen gas though the solution
and headspace of the electrochemical cell. The CV experiments
were set up using a Bio-Logic potentiostat (EC50) and a three-elec-
trode configuration with a Ag/AgCl electrode (BASi) as a reference
and a platinum wire as a counter electrode. A glassy carbon elec-
trode (3 mm, MF-2012, BASi) was used as a working electrode,
and it was polished with (1 pM) alumina slurry before every mea-
surement. For every experiment, 5 ml of NB-Ni peptide at various
concentrations was filled into a three-port Echem cell and connect-
ed to the electrodes while purging the solution with N,. During the
CV scan, the purging needle was withdrawn from the solution while
still purging the headspace. Data were acquired using the EC-lab
software (V10.44) and then baseline-corrected and analyzed using
MATLAB. All potentials quoted in this work were referenced to an
SHE and calculated as E(SHE) = E(Ag/AgCl) + 205 mV.

Photochemical experiments

Photocatalytic activity of Ni-reconstituted NB peptides toward H,
evolution was examined in the presence of EosinY dye (=910 mV
versus SHE) as a photosensitizer and TEOA as a sacrificial electron
donor (15). The samples [10 uM NB, 500 uM EosinY, and 200-500
mM TEOA in Hepes buffer (pH 8.0), with 100 mM NacCl] of a
typical volume of 1 ml were placed in airtight 13.5-ml glass vials
sealed with a 10-mm-thick rubber stopper. Before illumination,
the samples were purged with nitrogen gas for at least 20 min to
remove any traces of oxygen.

The samples were placed into the box lined with aluminum foil
from inside and were illuminated with green light (540 nm) from
two 5-W light-emitting diode bulbs installed in the microscope
light source (fig. S3). The incident light intensity on the samples
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of ~0.2 mW/cm? was measured using an Ophir photodiode power
meter (Nova II with PD300-3W-V1). During the course of the pho-
tochemical reaction, the amount of H, gas produced in the head-
space of the vials was probed periodically using a gas
chromatographer (SRI Instruments, Model 310) equipped with a
thermal conductivity detector and using nitrogen as a carrier gas.

Supplementary Materials
This PDF file includes:

Figs. S1 to S32
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