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Metal-ligand cooperativity is an essential feature of bioinorganic catalysis. The design principles of such
cooperativity in metalloenzymes are underexplored, but are critical to understand for developing
efficient catalysts designed with earth abundant metals for small molecule activation. The simple
substrate requirements of reversible proton reduction by the [NiFe]-hydrogenases make them a model
bioinorganic system. A highly conserved arginine residue (R355) directly above the exogenous ligand
binding position of the [NiFe]-catalytic core is known to be essential for optimal function because
mutation to a lysine results in lower catalytic rates. To expand on our studies of soluble hydrogenase-1
from Pyrococcus furiosus (Pf SH1), we investigated the role of R355 by site-directed-mutagenesis to
a lysine (R355K) using infrared and electron paramagnetic resonance spectroscopic probes sensitive to
active site redox and protonation events. It was found the mutation resulted in an altered ligand binding

environment at the [NiFe] centre. A key observation was destabilization of the Ni,**-C state, which

Received 1st February 2020 . - . . .
Accepted 28th July 2020 contains a bridging hydride. Instead, the tautomeric Ni,"-L states were observed. Overall, the results
provided insight into complex metal-ligand cooperativity between the active site and protein scaffold

DOI: 10.1039/d0sc00628a that modulates the bridging hydride stability and the proton inventory, which should prove valuable to
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Introduction

Metalloenzymes activate stable small molecules (H,, N,, CO,)
for rapid, specific, and efficient redox chemistry,"* characteris-
tics that are critical to establish in bioinspired systems.*™®
Consequently, searching for design principles of metal-
loenzymes has been an area of significant interest. It has long
been apparent that cooperative interactions between the metal
centre and protein scaffold are critical to enzyme function,>”®
and a well-established approach to probe structure-function
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design principles for efficient bioinspired catalysts.

relationships is to make mutations to the protein scaffold and
relate changes of enzymatic activity to structural perturbations
near the active site. Complementary spectroscopic probes of the
active site can reveal changes of electronic structure and
dynamics related to the enzyme activity. Our laboratory has
used these approaches to study soluble hydrogenase 1 from
Pyrococcus furiosus (Pf SH1)," a model hydrogenase (H,ase)
enzyme that catalyses the reversible oxidation of molecular
hydrogen: H, < 2H" + 2e™.

PfSH1 belongs the class of Hyases with the [NiFe] active site
depicted in Fig. 1a,"" and more specifically to the group 3b
cytoplasmic [NiFe]-Hases that use NADP(H) as an external
electron donor/acceptor during cellular metabolism.*"***
Although various [NiFe]-H,ases have adopted distinct features
for optimal function in particular ecological and cellular envi-
ronments,*>*¢ it is believed they utilize a similar mechanistic
framework that includes (1) H, diffusion along hydrophobic gas
channels between the buried active site and protein surface, (2)
electron transfer along a chain of iron-sulphur clusters between
the active site and external donors/acceptors, and (3) proton
transfer along a series of water molecules and amino acid
residues between the active site and external environment."”
The [NiFe]-Hjases also share a common set of intermediate
states that constitute the catalytic cycle,'**®* and a minimal
sketch of turnover is depicted in Fig. 1b.**¢

This journal is © The Royal Society of Chemistry 2020
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Fig.1 (a) The [NiFe]-active site based on the Ni,2"—SR crystal structure from Desulfovibrio vulgaris Miyazaki F (PDB code 4U9l). Select conserved
amino acid residues in the second coordination sphere are displayed, as well as the iron sulphur cluster proximal to the active site. Colour code:
carbon (grey); nitrogen (blue); oxygen (red); hydrogen (white); sulphur (yellow), nickel (green) and iron (brown). (b) one proposed elementary
proton-coupled electron transfer (PCET) mechanism at the [NiFe]-hydrogenase active site that is largely based on mechanistic investigations of
Pf SH1. For simplicity, the proton limited Ni,2*—SR substrates are listed with Niz>*-SR.

Various aspects of the primary and secondary coordination
sphere fine tune the electronic structure*”* and further aid
catalysis by stabilizing redox/protonation states necessary for
turnover®® and facilitating electrostatic and dynamic processes
for efficient substrate processing.'®'”**** Directly relevant to
protons and hydrides, the primary sphere stores one proton and
the two electrons of H, as a bridging hydride in the Ni,*>*~C and
Ni,>*-SR states.>**3” The Ni,**-C state can adopt tautomeric
forms that are broadly termed Ni, -L (Fig. 1b), and cryogenic
FTIR spectroscopy with the Desulfovibrio vulgaris Miyazaki (Dv
MF) enzyme demonstrated C418% is protonated in the Ni,"-L2
state.?® An electron transfer from Ni,"-L1 to an iron-sulphur
cluster and a proton transfer to the secondary sphere forms
Ni,>"~8.11921 The closest ionizable residue to C418 is the highly
conserved glutamic acid E17 (Fig. 1a), which is crucial for the
Ni,>*-S < Ni,"-L1 transition because mutation to the non-
ionizable amino acid glutamine (E17Q) shuts off the transi-
tion in PfSH1 (ref. 10) and Escherichia coli Hyd-1 (Ec Hyd-1).*® A
large H/D kinetic isotope effect observed for the Ni,>'-S —
Ni,>*~C transition in Pf SH1," which requires a Ni,*-L inter-
mediate, indicated proton tunnelling through a hydrogen bond,
meaning that protonated C418 hydrogen bonds to E17 in the
Ni,'-L1 state, and protonated E17 hydrogen-bonds to C418 in
the Ni,**-S state.>* Thus, C418 and E17 act as a proton donor/
acceptor pair during the Ni,>*-S < Ni, L1 transition as illus-
trated in Fig. 1b.

Another residue known to be critical for substrate processing
is the highly conserved arginine located above the active site
exogenous ligand binding position (R355, Fig. 1a). Mutation of
this residue to lysine (R355K) in Ec Hyd1 strongly attenuated
enzyme activity,**** but the exact function(s) of R355 remain

This journal is © The Royal Society of Chemistry 2020

unclear'’**354%4 and have yet to be investigated in PfSH1. Here,
we present steady state kinetic and equilibrium spectroscopic
studies of the R355K variant in Pf SH1. Our results provided
insight into possible roles of R355, and also allowed us to study
a redox state under equilibrium conditions that is not acces-
sible in native SH1. Importantly, H/D exchange kinetics indi-
cated that reduced H, oxidation activity in R355 is not solely
a consequence of the initial step of H, cleavage (Ni,>'-S <
Ni,2*-SR interconversion), and EPR and FTIR signatures
demonstrated this mutation influences exogenous ligand
binding at the active site. A key finding was the effect of the
mutation on the Ni,>*~-C < Ni,"-L tautomeric equilibrium.
Minimal Ni,>’~C spectroscopic signatures were detected in
R355K, which indicated the mutation alters the thermodynamic
landscape and affects hydride reactivity. Observation of Ni,'-L1
and Ni, -L2 signatures over a wide pH range provided a unique
opportunity to further explore the communication between
C418 and E17 when the nickel formally adopts a +1 redox state.

Results
Steady state kinetics

Fig. 2a shows the steady state H, oxidation and H' reduction
rates of R355K compared to native and E17Q PfSH1 at pH = 8.4
(standard pH values for when measuring PfSH1 activity are 8.0-
8.4 (ref. 13, 14 and 42)) and T = 80 °C (near optimal turnover
conditions®). E17Q was utilized as a “control” variant because
spectroscopic studies have indicated E — Q minimally perturbs
active site electronics,'®*** making it a useful “baseline”
mutation. The activity of E17Q was 20-30% of native SH1, which
was consistent with a previous report.’ The H, oxidation and

Chem. Sci., 2020, 11, 8572-8581 | 8573
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Fig. 2 (a) H, oxidation and H* reduction activities of native, E17Q, and
R355K SH1 at T = 80 °C, pH = 8.4 (100 mM HEPPS buffer). The inset
indicates the corresponding catalytic biases of WT, E17Q, and R355K
SH1, defined as the ratio of the rate of hydrogen oxidation versus
hydrogen production. (b) Time course of H/D formation for native and
R355K SH1 in 50 mM KP, and 1.5 mM dithionite at pH = 6.3. Raman
spectra for select time points are provided in Fig. S3. The R355K SH1
plot has been scaled to account for concentration differences (sepa-
rate plots of native SH1 and R355K H/D exchange without scaling are
provided in Fig. S4 and S5%). The wavenumber calibration and an
example workup at a specific time point are provided in Fig. S1and S2.

H' reduction activity of R355K was ~2% and 16% relative to
native SH1, respectively. Native and E17Q SH1 had a clear bias
for H, oxidation, with the bias defined as the ratio of the H,
oxidation rate versus the H' reduction rate (kpa,ox/ki’ rea) at pH
= 8.4. R355K had no obvious catalytic bias.

We also measured the H/D exchange rate of D, substrate
with native and R355K SH1 in H,O at pH = 6.3 (where it is
known Pf SH1 has a large H/D exchange rate**) and T' = 20 °C.
Raman spectra of the gas headspace was used to follow the
conversion of the D, substrate to HD.**** The H/D exchange
process is independent of electron transfer because it only
requires the Ni,>’~S < Ni,”*-SR interconversion (Scheme S17),
provided the proton transport pathway is in equilibrium with
bulk solution. Exponential fits of the kinetics indicated 13% of
the exchange rate was retained for R355K (Fig. 2b).

Electron paramagnetic resonance (EPR) spectroscopy

We utilized EPR spectroscopy to identify paramagnetic inter-
mediates in native and R355K Pf SH1. The [NiFe] active site is
known to display rhombic features corresponding to low

8574 | Chem. Sci, 2020, 11, 8572-8581
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symmetry S = %Ni** or Ni* electronic configurations.?*!
Because the y-subunit of PfSH1 harbours a [2Fe2S] cluster that
exhibits a strong axial signal that overlaps with and masks the
typical [NiFe]-hydrogenase g, features, the values of g, were
estimated and fixed for the spectral fits,* which were generated
with the MATLAB EasySpin toolbox.*®

The main EPR feature in native enzyme was a signal with g, ~
2.13 and g, ~ 2.22 for both pH = 6.7 and 9.3 (Fig. 3). We
assigned these to Ni,>'~C because the g-values closely corre-
sponded to the Ni,**-C feature reported in PfSH1 by Silva and
co-workers,* and because the difference between g, and g, was
not consistent with oxidized/inactive paramagnetic states.*** A
summary of Pf SH1 EPR work based on results from Silva and
co-workers and our results is provided in Table S7.}
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Fig. 3 X-Band EPR spectra of native and R355K SH1 (microwave
power = 10 mW, temperature = 70 K except for the pH = 6.7 R355K
sample, which was run at 50 K in order to detect signal). The g, region
is not shown because of an overlapping signal due to a [2Fe2S] cluster
(or other cofactor) as described in the text. Because of the stronger
native SH1 signals and the sample dependent background in the g <
2.05 region, the maximum value of g, was normalized to 1 for each
data set for visual clarity. Fits are located below the data and were
scaled by the same factor as the respective spectrum. Individual plots
of processed spectra and fits are provided in Fig. S6-S9.1 The g-values
are listed in Tables S3-S6.1 The protein was isolated under anaerobic
conditions and stored under 3—-4% hydrogen at least one week. The
samples were prepared in 25 mM MOPS (pH = 6.7) or 25 mM glycine
(pH = 9.3) buffer.

This journal is © The Royal Society of Chemistry 2020
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The R355K spectra were different (Fig. 3). The pH = 6.7 sample
appeared to have three obvious features, and the pH = 9.3 sample
one obvious feature. The pH = 9.3 sample feature, g, ~ 2.11(6) and
g, ~ 2.36, was consistent with Ni,"-L, which is clear by computing
Ag, and Ag, between Ni,>’-C and Ni,"-L in various [NiFe}
hydrogenases (see Table S8t) and because the g, g, set is not
consistent with inactive paramagnetic states.**> The pH = 6.7
displayed three clear features. One signal assigned as Ni*'-X was
similar to an oxidized inactive feature reported by Silva and co-
workers.* The other two features exhibited a g, value between what
is expected for Ni,*'-C and Ni,-L (g, ~ 2.12), and corresponding
g, values that more readily distinguish the two features as Ni,*>*-C
(g, ~ 2.215) and Ni,'-L (g, ~ 2.38, though this signal is overlapped
with Ni**-X and less clear than in the pH = 9.3 sample). Verifi-
cation of the Ni,"-L species was also clear from infrared spec-
troscopy (discussed below).

Fourier transform infrared (FTIR) spectroscopy

Intermediate states accessible under equilibrium conditions,
including diamagnetic ones, were identified using infrared
spectroscopy, which is a technique sensitive to the carbon
monoxide and two cyanide vibrations of the catalytic core. The
IR-detected stretching frequencies shift when the delocalized
electron density on and nearby the core is perturbed due to -
backbonding between Fe and the CO and CN ligands. Thus,
a specific vco and vy Symmetric/antisymmetric pair report on
a distinct active site electron count and extent of protonation.*”
Multiple states caused the vy region to be highly congested;
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thus, we relied on the typical vgo region of Pf SH1 (1900-
1980 cm™)1*218 to identify distinct states.

The FTIR spectrum of native SH1 at pH = 7.2 is shown in
Fig. 4a (dashed black line). Similar to what we have observed
before under a nitrogen or ~4% H, atmosphere after anaerobic
purification, the FTIR spectrum is dominated by a feature near
1967 cm ™', corresponding to Ni,**-C.***' Minor features cor-
responded to Ni,>*-S (~1950 em™ '), and Ni,**-SR and sub-
forms™®* Ni,>*-SR’ and Ni,>*-SR” (~1954, 1940, and
1931 cm™ ). Ni,>*-SR” probably overlaps with the inactive Ni,**-
S state, so both features may be present near 1931 cm™ *,1%215

The R355K spectrum at pH = 7.2 is drastically different
(Fig. 4a, solid purple line). The 1967 cm ™! feature due to Ni,*>*-C
was missing. Instead, the tautomeric Ni,'-L states were
observed near 1920 cm ™ *,'*'>?! and observation of these states
supports the assignment of the R355K Ni, -L EPR feature(s).
Significant spectral overlap in the region > 1930 cm ™' compli-
cated the assignment of other states by direct comparison to
native SH1. To aid in the assignments, we generated redox
difference spectra using an equilibrium photochemical reduc-
tion.*® Photoexcitation of CdSe/CdS dot-in-rod nanocrystals in
the solution rapidly reduced a redox mediator (1,1’-trimethyene-
2,2-dipyridium dibromide, E° = —550 mV vs NHE (ref. 51)),
which caused the solution potential to decrease.>* The enzyme
then equilibrated with the more reducing conditions. The
spectral changes due to reduction are shown in the (light-dark)
difference spectra (Fig. 4b). A strong bleach near 1946 cm ™" was
assigned to depletion of the enzyme resting state, Ni,>*-S. The

b)
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(a) FTIR spectrum of native and R355K SH1 at pH 7.2, prepared after anaerobic purification of the enzyme and storage under 3-4% H,.

Native SH1 displays a dominant peak that corresponds to the Ni,**—C state. R355K displays a different distribution of states; unlike native SH1, the
Ni,>*—C state absorbance is not apparent. Instead, the tautomeric Ni,*—L states are observed. The presented structure of Ni,*—L assumes
identical cysteine based protonation to what has been experimentally demonstrated in Dv MF (see ref. 23). (b) Difference spectra (light—dark)
following an equilibrium photochemical reduction of R355K with CdSe/CdS core/shell nanocrystals (OD ~ 0.15-0.3) and 30 mM 1,1'-trime-
thyene-2,2'-dipyridium dibromide as a redox mediator (E° ~ —550 mV vs. NHE) in 30 mM phosphate/50 mM MPA buffer (oH = 7.2). The illu-
mination wavelength was 405 nm (~4 mW). Abbreviated first coordination sphere structures are pictured with the corresponding induced
absorbance or bleach. The dashed arrow corresponds to Ni,-SR”. A weak induced absorbance signal near 1965 cm~! may correspond to Ni,>* -
C. Second derivative (vco and vcy region) and absorbance spectra (vco region) are provided in Fig. S10 and S11.1 The vy region of the difference

spectra is shown in Fig. S12.+
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strong induced absorbance near 1936 cm™ ' was assigned to an
increased population of the fully reduced state, Ni,>*~SR’. There
was also a small induced absorbance near 1920 cm™*
sponding to Ni,'-L. We attributed the very weak induced
absorbance near 1965 cm ™" to Ni,>*-C.

FTIR signatures of R355K were further investigated from pH
6.7 to 9.3. The normalized spectra and corresponding multi-
component Voigt fits are shown in Fig. 5a. It is clear that the
1944.8 + 0.8 cm ™' feature (Ni,>'-S, red) decreases in relative
amplitude with increasing pH, whereas the 1939.0 4+ 1.42 cm™'§
feature (Ni,>*~SR/, light blue) increased in relative amplitude
with increasing pH. The summed areas of these two features

corre-

had no obvious pH dependence and after scaling for oscillator
strength differences,* corresponded to 33-41% of the total
peak area at full width half maximum (see Table S127). Plotting

View Article Online
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the population of these two states versus the estimated H,/H"
couple at each pH value shows these features appear in a redox
window expected of active states (Fig. 5b),>**"** which further
supports their assignments as Ni,>*-S and Ni,>’-SR’. In
conjunction with our ability to observe R355K turnover from
steady state kinetics and even methyl viologen reduction under
mild conditions (e.g. 5% H, and heat, see Fig. S28 and S297) it is
clear active states are accessible between pH = 6.7 and 9.3
under the conditions used.

Ni,>*~-SR” and Ni,”>*-S (pink) were observed near 1933.5 +
0.6 cm™ ', Ni,"-L1 (yellow) was observed at 1917.8 + 1.17 cm ™
and Ni,"-L2 (brown) was observed at 1923.4 + 0.8 cm™'. The
weak feature observed near 1952 cm ™" may correspond to Ni, >~
SR (dark blue); however, it did not display an obvious induced
absorbance during the photochemical reduction that would be

a) b) )
1980 1960 1940 1920 1900 Estimated H,/H Couple / mV
T Y T ' T i T Y T i -360 -400 -440 -480
Nia'- L1 0.30FT T T ™ 030
® Nia'- 12 s
 Nia™- SR" / Nir”'-S H
@ Nia™'- SR' 8 o0 Jo.20
® Nia"- S £
@ Nia"-SR/Nix”™-2| 3
® Nix™"- X % 0.10 Jo.10
2
€ "
Q e —
3 -
- 000l : : . .00
g 70 75 80 85 9.0
© pH
£
3 c)
~
[J]
(%}
[=
©
o
P
)
2
< °
i< pH7.2
©
€
S
o
S :&u_.,,,,,
E pH7.5
[ 4
©
£ m
o
3
<
pH8.5
1 1 1 I 1 1 1 1 1 ’ i i
1980 1960 1940 1920 1900 1930 1920 1910

-1
Wavenumber / cm

Fig. 5

Bl
Wavenumber / cm

(a) FTIR spectra of R355K SH1 from pH 6.7-9.3 samples prepared under ~4% H, after anaerobic purification of the enzyme and storage

under a 3—-4% H, for at least one week. Samples were prepared in in 25 mM MOPS (pH 6.7), 50 mM Tris (pH 7.5), 50 mM HEPPS (pH 8.0 and 8.5), or
25 mM glycine (pH 9.3) buffer. The pH 7.2 sample is identical to that from Fig. 4a. Spectra were normalized such that the area under the curve
between 1880-2000 cm™! was equal to 1 (see ESIT). Non-normalized spectra are provided in Fig. S14,1 and second derivative spectra are
presented in Fig. S13.1 Individual normalized spectra are presented in Fig. S15-S20.1 The peak positions, peak areas at full-width half maximum,
and oscillator-strength corrected peak areas from the multicomponent Voigt spectral fits are provided in Tables S10-S12.1 Individual
components of the resultant spectral fits are plotted and colour coded by state as indicated in the legend. (b) The pH dependent populations of
the Ni,2* =S, Ni,2*=SR’, Niy* L1, and Ni,*-L2 states from the oscillator strength corrected peak areas from Table $12;1 the top axis estimates the
H,/H* couple of the cell for a given pH assuming 4% H, (see ESIt). (c) Zoomed in spectra that focuses on the Ni,*—L1 and Ni,*-L2 states.
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expected for Ni,>*-SR,* so it is likely an inactive state. At least
one state was consistently observed >1955 cm™" (grey). Because
the feature did not change significantly during the photo-
chemical (Fig. 4b, S10 and S11%), it likely corresponds to an
inactive state that does not reactivate under the experimental
conditions.

The summed populations of Ni,'-L1 and Ni,'-L2 had no
obvious pH dependence and were ~5-9% of the total peak area
(Table S12t). However, the equilibrium between Ni,'-L1 and
Ni,-L2 exhibited a clear pH dependence (Fig. 5b and c). One
possible explanation for the pH dependence would be an acid/
base equilibrium involving formation of a hydrogen bond
between C418 and the deprotonated form of E17 (ref. 21)
(CysSH + HOGlu < CysSH-OGlu; see Fig. 1b. This assumes Pf
SH1 exhibits the same type of terminal cysteine protonation
observed in Dv MF*). However, the data do not appear to be
a simple monoprotic acid-base equilibrium. This is not
surprising since E17 probably interacts with other protein
residues, which will affect its interaction with the active site. We
further address this in the discussion section.

Sample oxidation was monitored by two methods, one at pH
8.5 and the other at pH 9.3. In the first method (pH 8.5), the as
prepared sample under ~4% H, was subjected to a temperature
ramp between 8-70 °C which results in enzyme auto-oxidation
through enzyme consumption of the hydrogen and/or loss of
H, from the infrared cell. As shown in Fig. S21,7 the feature we
have assigned as Ni,**-SR’ decreased in intensity as the
temperature increased, and the Ni,>'-S feature increased in
intensity, which is exactly what is expected during auto-
oxidation. In the second method (pH 9.3), the sample cell was
stored in the air, which allowed the enzyme to oxidize over time.
FTIR spectra were measured periodically over the course of
a month (Fig. S22 and S23t). There was a growth of two states
between ~1958-1970 cm™ ' as the sample adopted more
oxidizing conditions (and perhaps 1950 cm™' as well, see
Fig. S22, S23 and Table S14+t). Such peaks are consistent with
known inactive states of native Pf SH1 near 1948, 1960, and
1963 cm ™ 1.5 Under highly oxidized conditions, a peak we are
unable to assign appeared near 2012 cm ' (and perhaps
1998 cm ™). Interestingly, an unassigned and unusually high
frequency state was recently observed at 1993 cm ™" in a similar
[NiFe]-hydrogenase, Hydrogenophilus thermoluteolus TH-1",
under oxidized (as isolated) conditions.*®

Exogenous carbon monoxide binding to R355K was also
compared to CO binding in native and E17Q Pf SH1 at pH 8.0
(Fig. 6). Exogenous CO is known to bind terminally to the nickel
atom®**” and exhibit a distinct vco peak around ~2050-
2060 cm~ "' depending on the exact enzyme.**’-*° Both native
and E17Q SH1 displayed exogenous v¢o peaks near 2044 cm ™"
with a corresponding endogenous vco peak near 1946 cm™ .
These peak positions are consistent with a minor redshift of
endogenous v relative to Ni2*-S (~1950 cm™" in native SH1)
and the location of exogenous vgo in [NiFe]-hydrogenases
following CO binding.?"*"->°

In contrast, the R355K spectrum showed a major endoge-
nous vco peak near 1949.5 cm ™', which is blue-shifted from the
Ni,>"~S peak of the variant (~1946 cm ™). Surprisingly, two vco

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 FTIR spectra of native, E17Q, and R355K SH1 at pH = 8.0
(50 mM HEPES or HEPPS buffer) after incubation with carbon
monoxide. Both native and E17Q SH1 displayed similar endogenous
and exogenous vco peaks. The R355K spectrum displayed a broad
distribution of endogenous vco peaks, with a major peak located near
1950 cm™~t. Two exogenous vco peaks were located near 2013 and
2025 cm™ . Individual spectra, the corresponding second derivatives,
and spectral fits are provided in Fig. S24-S27.1+ Peak positions are
tabulated in Tables S15 and S16.1

features were observed near 2013 and 2025 cm™ ", likely due to
exogenous CO binding. The presence of Fe bound CO would be
expected to give a significant trans effect, and the crystal
structure of bound CO in the R355K variant from Ec Hyd-2
showed CO is terminally bound to the nickel atom.*® There-
fore, it is likely these peaks are due to exogenous CO bound to
nickel, although we cannot rule out a weak interaction with the
iron. The vcy region also provides evidence for significant
alteration of R355K SH1 behaviour in the presence of exogenous
CO. A critical observation is shown in the inset of Fig. 6, where
a feature near 2100 cm ™" is indicative of at least one cyanide
frequency being blue-shifted compared to the Ni,**-S state,
which is not seen in native SH1, nor E17Q (see Fig. S25-S277).
This is an unusually high frequency vcy feature for almost all
known active, inactive, and CO bound enzyme states.'®****3!

Discussion

We have explored the role of the secondary sphere residue R355
in the soluble [NiFe]-hydrogenase SH1 from the hyper-
thermophilic organism Pyrococcus furiosus by mutating this
residue to a lysine. Mutagenesis can sometimes cause dramatic
changes to enzyme properties that are not obviously linked to
changes in structure,” making spectroscopic and kinetic
studies necessary for mechanistic insight. Here, our steady state
kinetic and equilibrium spectroscopic studies of R355K have
provided new understanding of Pf SH1 catalysis."**>*" An
important consideration is that despite extensive efforts over at
least three decades, it has not been possible to crystallize Pf
SH1; however, its similar spectroscopic behaviour compared to
other [NiFe]-H,ases implies a similar structure to those studied
by X-ray crystallography.'®***®* Thus, we often support
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conclusions from our FTIR and EPR studies based on structure-
function and electronic/computational studies of other [NiFe]-
H,ases, especially the extensively characterized group 1 Dv MF
and Ec Hyd-1 enzymes. However, it remains to be demonstrated
that the specific mechanistic conclusions for Pf SH1 can be
extended to other [NiFe] enzymes.

Our kinetic assays showed R355K exhibits lower H, oxidation
and H' reduction activity than native Pf SH1 (Fig. 2a). These
results are similar to those for Ec Hyd-1,>** although the
residual activity in SH1 is larger. Attenuated H/D exchange
(Fig. 2b) demonstrated the mitigated activity is associated with
active site properties. While it is somewhat surprising the H,
oxidation and H/D exchange rates of R355K are 2% and 13% of
native enzyme respectively, the active site transformations of H/
D exchange are more limited than what is necessary for H,
oxidation coupled with reduction of an external redox mediator.
H, oxidation involves H, cleavage, product release, and funda-
mental active site redox chemistry via formation of Ni,>*-S,
Ni,*-L, Ni,**-C, and Ni,>*-SR/SR’/SR”. In contrast, the H/D
exchange process only involves Ni,>*~S and Ni,**-SR (Scheme
S11), and simply demonstrates that R355K SH1 can cleave D,
and H,, exchange protons and deuterons with bulk solution,
and release HD product or the double exchanged H, product to
solution. These differences make it difficult to compare the H/D
exchange rates directly to the proton reduction/hydrogen
oxidation rates. Nevertheless, both assays clearly demon-
strated mitigated activity of R355K versus native PfSH1; but they
do not provide insight into how the R — K mutation affects the
active site. Thus, we turn to the spectroscopic signatures that
directly report on active site chemistry.

We first consider the FTIR spectra of external CO binding.
We observed one exogenous vco band in native and E17Q SH1,
and the endogenous v¢o and vcy bands were slightly redshifted
relative to Ni,”"-S, as observed for other [NiFe]-hydroge-
nases.**”*° In contrast, R355K exhibited exogenous vco and von
bands blueshifted relative to Ni,**-S. Furthermore, two exoge-
nous vgo bands were observed at lower energy compared to the
one exogenous band in native and E17Q SH1 (~2013 and
2025 cm™~ ! versus 2046 cm ™ '; Fig. 6). This shift is indicative of
greater m-backbonding to the exogenous CO, and thus stronger
binding of CO to the active site relative to native and E17Q SH1.
Computational studies have indicated inclusion of R355 is
critical for modelling exogenous CO ligand binding in [NiFe]-
hydrogenases, which was attributed primarily to steric
effects.®* When considering these former computational
analyses together with the differences in the FTIR spectrum of
exogenous CO bound R355K, it is clear R355 influences binding
of the (albeit sterically demanding) external CO ligand.

The importance of R355 for ligand binding extends to the
catalytically relevant Ni,**~C state and tautomeric Ni,*-L states.
Both here and in other reports, activated native SH1 has clear
equilibrium IR and EPR detectable signatures diagnostic of
Ni,**~C (Fig. 3 and 4a),'>***>*% with minimal to no Ni,"-L, which
is only observed in trace amounts at pH = 8.5.>' In contrast,
only a minor amount of Ni,*>*~C was observed for R355K in the
EPR spectra and equilibrium photochemical reduction FTIR
difference spectra (Fig. 3 and 4b). Although Ni,>*-S and Ni,>"-
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SR’ comprised the bulk of the IR detected spectral signatures,
we also observed the Pf SH1 Ni,**-C tautomers, Ni,-L(1/2), at
room temperature over a broad pH range (Fig. 5). The clear
similarity of the IR signatures of Ni,'-L in native'®*"* and
R355K highly suggests Ni, ~C is destabilized relative to Ni,'-L.
Ni,'-L is not observed in most [NiFe]-hydrogenases under
ambient conditions, and the same is true for native Pf SH1. This
state is most commonly observed via photolysis of the Ni,**-C
hydride under cryogenic conditions to trap the Ni,'-L photo-
products.?*% However, the Ni,'-L tautomer has been readily
observed under ambient conditions in some [NiFe]-hydroge-
nases,?®* and the pK, and bond strength of the Ni,**~C hydride
has been hypothesized to vary through subtle electronic and/or
structural changes to partially explain such observations.®* A
shift of tautomeric equilibrium to favour base protonation over
metal-hydride formation has been demonstrated in a cationic
[FeFe] mimic and iron-diphosphine complex via ion-pairing of the
protonated base with anionic species such as BF, .***” Further-
more, depending on electronic structure of a nickel atom, there is
the possibility of the thermodynamic preference for thiolate
protonation over nickel-hydride formation.®®® The [NiFe] active
site is electron rich given the nature of the coordinating ligands,
and it is reasonable that R355 would act as a cationic species in an
ion pairing like interaction with the hydride ligand in the Ni,**-C
state, resulting in preferential hydride formation over cysteine base
protonation. Thus, R355 modulates the Ni,>*-C < Ni,"-L tauto-
meric equilibrium, and the mutation to lysine allows Ni, -L to be
trapped under ambient conditions. Interestingly, the inverse situ-
ation is observed in [FeFel-hydrogenases, in which unusual
conditions, site-directed mutagenesis,”>”* or photochemistry at low
temperatures” is required for trapping the terminal iron-hydride.
The pH dependence of Ni,-L(1/2) (Fig. 5) is complex. The
simplest model involves an acid/base equilibrium of E17, with
a hydrogen bond forming between E17 and C418 when E17 is
deprotonated (CysSH + HOGIlu versus CysSH-OGlu; see also
Fig. 1b).** However, the rest of the protein scaffold must be
considered because E17 is part of a proton transfer network. Thus,
its acid base chemistry and conformation(s) are likely coupled to
other components of the network which will affect its general
properties and interaction with the active site, which would be
similar to how the proton transfer pathway residues (and active
site) are coupled in [FeFe]-hydrogenases.”>” This indicates
a complex cooperativity between the primary, secondary, and outer
coordination sphere that affect active site properties of Pf SH1.
Lastly, another intriguing difference between native and
R355K PfSH1 is that only the proton limited fully reduced states
of R355K, Ni,>*-SR’ and a minor population of Ni,**-SR”, were
observed in the FTIR spectra (Fig. 4b and 5a). The proton
limited Ni,**-SR’ state is observed to increase in population
(and Ni,*>*-S to decrease) as the pH is raised or as the solution
potential is decreased in the photochemical reduction experi-
ment. No obvious IR band for the protonated fully reduced
Ni,>~SR state was observed at any pH (although the weak
inactive state band at 1952 cm ™' might mask the presence of
a small population) and none was observed to accumulate in
the photochemical reduction experiment. This behaviour is in
contrast with native PfSH1, for which we observe a strong Ni,*"~

This journal is © The Royal Society of Chemistry 2020
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SR band (1954 cm™ ') that decreases as the pH is raised from 6.5
to 9.5 and increases as the solution potential is reduced.*****°
While exact differences between sub-forms of Ni,**-SR have yet
to be determined,*®*>5° the >10 cm ™ redshift of v of Ni,>*-SR’
compared to Ni,**-SR is consistent with deprotonation of an
active site residue,”® with the most likely candidate being
C418.2° Both Ni,**-SR and Ni,**-SR’ each has a bridging hydride
that is likely destabilized in R355K (in the same manner as
observed for the Ni,*>*~C state), consistent with the mitigated H/
D exchange activity. We postulate that the destabilized hydride
is readily protonated in the Ni,>*-SR state by a nearby donor
(possibly C418) to form H,, whereas this donor is deprotonated
in Ni,>*-SR’, allowing the hydride state to accumulate. Proton-
ation of Ni,>’-SR to form H, would also reform the oxidized
Ni,**-S state, which would explain the large amount of Ni,*"-S
observed at pH > 8 relative to what would be expected based on
an estimated solution potential < —400 mV (Fig. 5a and b).**
This model is testable using time-resolved potential-jump
experiments to observe the transient formation of Ni,**-SR
prior to protonation of the hydride and formation of H,.

Conclusions

We have presented an electron paramagnetic and infrared spec-
troscopic study of the R355K variant in PfSH1. The mutant enzyme
revealed pieces of the complex cooperativity between the active site
metal and protein scaffold. The arginine itself was found to be
critical for controlling exogenous ligand binding; with regards to
known intermediate states, it was demonstrated to control the
Ni,**-C < Ni,"-L tautomeric equilibrium, which is relevant to
proton/hydride management crucial for substrate processing.
Further investigations of metal-ligand cooperativity in hydroge-
nases and other gas processing metalloenzymes via structure-
functional studies should lead to a better understanding of
design principles for sustainable bioinspired systems.
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