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In vivo 2D-IR Spectroscopy of [NiFe] Hydrogenases: A Shielding
Role of the Protein Matrix

Mathesh Vaithiyanathan,? Cornelius C. M. Bernitzky,® Denise Poire,>® Janna Schoknecht,® Igor V.
Sazanovich,® Partha Malakar,® Ryan Phelps,® Paul M. Donaldson,® Gregory M. Greetham,? Ingo
Zebger,© Oliver Lenz,© Marius Horch*2

ABSTRACT: Hydrogenases are metalloenzymes that catalyze the cleavage and evolution of dihydrogen (H,), a perfectly clean
fuel. Thus, they represent ideal model catalysts for sustainable energy conversion approaches utilizing H,. Due to the
presence of biologically uncommon CO and CN- ligands at their catalytic metal sites, infrared (IR) spectroscopy is a key
technique in hydrogenase research that can even be used to study these enzymes within living cells. Here, we introduce
two-dimensional (2D) IR spectroscopy as a new in vivo technique for exploring the impact of the conditions in the cytoplasm
on the properties of hydrogenases. Utilizing the soluble NAD*-reducing [NiFe] hydrogenase from the H»-oxidizing model
bacterium Cupriavidus necator H16 as a suitable and biotechnologically relevant model enzyme, we demonstrate the
feasibility of this approach. Our data indicates that even subtle structural details of the [NiFe] active site are unaffected by
the unique gel-like properties of the highly dense cytoplasm, pointing towards a shielding role of the protein matrix that
isolates this deeply buried metal center from environmental influences. In a more general sense, this study demonstrates
that adequate strategies for scatter suppression can turn 2D-IR spectroscopy into a suitable technique for probing enzymes

and other molecular targets in living cells and other complex biological environments

Introduction

The
hydrogenases, metalloenzymes that catalyze the reversible

energy metabolism of many organisms involves
splitting of molecular hydrogen (H>) into protons and electron.?
This fundamental process is of significant importance as it can
be emulated for the sustainable utilization of H, as a fuel or a
source of reducing equivalents for biosynthesis.’? In this
context, O,-tolerant NAD*-reducing [NiFe] hydrogenases are
valuable model enzymes, and whole-cell catalytic systems
involving such enzymes promise to accomplish Hj-based
processes in a truly sustainable manner. To tailor or enhance
the efficiency of these processes deep
understanding of the in vivo properties of hydrogenases is

however, a

required.

Infrared (IR) spectroscopy is a powerful technique for studying
the active site of hydrogenases via the structurally sensitive
stretching vibrations of intrinsic CO and CN- ligands bound to
the active-site Fe (Fig. 1). Utilizing the soluble NAD*-reducing
[NiFe] hydrogenase from Cupriavidus necator H16 (CnSH) as a
model enzyme (Fig. 1), we have previously demonstrated that
this technique can also be used to probe the [NiFe] active site in
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vivo (Fig. 2A).3* Moreover, we have recently introduced two-
dimensional (2D) IR spectroscopy as a novel technique for
studying the structure and dynamics of hydrogenases in
detail.>® Here, we combine these two approaches to
demonstrate how 2D-IR spectroscopy can be used to study
hydrogenases in their native cellular environment. Utilizing the
extraordinary sensitivity of this technique towards details of the
solvent environment, we explore the impact of the cytoplasm
on the active site by comparing spectra recorded from CnSH in
living cells of C. necator with those obtained from the isolated
enzyme in dilute aqueous solution, poised in its catalytically
active states. Our results indicate that the protein-embedded
[NiFe] active site is effectively shielded from environmental
solvent influences, e.g. those associated with altered water
dynamics and macromolecular crowding in cells,191! thereby
supporting the idea of a protein scaffold that constrains the
structure and dynamics of the catalytic center.®12714 |n a wider
sense, this study illustrates that in vivo 2D-IR spectroscopy is a
promising approach for studying enzymes and other molecular
targets within complex environments like live cells.

Results and Discussion

In vivo IR spectroscopy on enzymes usually poses inherent
challenges, primarily stemming from the lack of contrast against
the cellular background, including other proteins, and the low
concentration of the target molecule within the cytoplasm
(number of molecules per unit cytoplasm volume). The latter
issue is enhanced by finite cell densities, which further reduce
the effective enzyme concentration (number of molecules per
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unit sample volume). Here, we address these challenges in
three ways. (1) The lack of contrast can be circumvented by
using appropriate IR chromophores, either artificially
introduced or inherent to the target system. [NiFe]
hydrogenases represent ideal model systems in this regard as
their intrinsic CO and CN oscillators absorb in a spectral region
(1900 and 2100 cm™!) that is free from other cellular
contributions and barely affected by water absorption. (2) Low
cellular enzyme concentrations can be overcome by high
expression levels. Due to a mutation in a hydrogenase
regulatory gene of wild-type C. necator, the intracellular CnSH
concentration can be very high even in the absence of H,,1>16
and cytoplasmic concentrations of this enzyme can be further
increased by homologous overproduction without affecting the
vitality of the cells.317 (3) The overall enzyme concentration can
be additionally raised by concentrating C. necator cell
suspensions to high densities, as previously demonstrated.3 The
latter strategy not only increases the effective sample
concentration without altering intracellular concentrations but
also reduces the water content of the samples, which is
advantageous for 2D-IR spectroscopy, where water absorption
of pump and probe light adversely affects signal size and noise.
We like to stress that the conditions used here do not impair the
vitality of the cells. The intracellular concentration of CnSH is
naturally high under the chosen growth conditions, and C.
necator H16 has been described as a biofilm-producing soil
bacterium.'® This means that it can thrive in high-density cell
aggregates, similar to the high cell densities used here for the
spectroscopic experiments.

While the structure and dynamics of synthetic peptides have
been studied by 2D-IR spectroscopy under conditions mimicking
the cellular environment,'®20 studies on proteins inside living
cells are scarce. The only published example is the investigation
of CO-bound hemoglobin in erythrocytes,???2 which was
possible due to the exceptionally high hemoglobin
concentration of up to 96 % of the cell dry weight.?® Such high
intracellular concentrations are non-physiological and
unattainable for the vast majority of proteins and therefore
mimic the situation in concentrated solutions of isolated
proteins rather than that found in cells. To the best of our
knowledge, no 2D-IR studies have been conducted on typical
eukaryotic cells or prokaryotic cells, and, furthermore, no
enzyme has been studied in vivo by 2D-IR spectroscopy.

One of the key challenges in the application of 2D-IR
spectroscopy in vivo is the occurrence of strong diagonal
artifacts due to pump-light scattering by cell suspensions (see
Fig. S1). Scattering can be mitigated through a combination of
(1) probe chopping,?® (2) polarization control, (3) careful
subtraction of negative time delays,?! (4) phase cycling, and (5)
the utilization of a bright probe beam.?? Probe chopping (1) is
avoided here as it introduced disproportionate amounts of
noise on our setup. The use of a perpendicular pump-probe
polarization geometry <ZZXX> (2) eliminates the scattering
effect on diagonal signals but also reduces their intensity.
Subtraction of negative time delays (3) was unable to remove
scattering contributions in the current case. To avoid the
limitations of (1) and (2) and retain the additional information

2| J. Name., 2012, 00, 1-3

available from polarization-resolved experiments, we,foqus.on
the following two approaches: (4) Usagff foldeFram&(ohase
cycling, which is based on the summation of data obtained with
different phase relations between the two pump pulses in a way
that retains the 2D-IR signals and cancels scattering
contributions. (5) Utilization of a bright probe as an easy and
straightforward method to obtain a better signal-to-noise ratio
and, in particular, reduce scattering contributions.?? Fig. 2B
shows a 2D-IR spectrum of the CO stretching region of CnSH in
intact cells of C. necator obtained with parallel pump-probe
polarization <ZZZZ> by combining four-frame phase cycling and
a bright probe beam. The spectrum is almost free of scattering
contributions as can be seen from the absence of interfering
intensity along the diagonal (cf. Fig. S1). In addition, the
spectrum reveals all expected signals in the probed spectral
region, as discussed below, demonstrating the possibility to
obtain high-quality 2D-IR spectra of hydrogenases in vivo. This
is further supported by the observation of weaker signals
related to the CN stretching vibrations (Fig. S2). Due to their
small transition dipole moments and the high spectral
complexity related to at least eight overlapping peaks in the 2D-
IR spectrum of each probed [NiFe] state,®’ these vibrational
modes are generally less suited for analyses of complex catalytic
mixtures, as observed in vivo. We also note that the CO ligand
is positioned trans to the substrate binding site of [NiFe]
hydrogenases and most relevant for controlling H; activation
and cleavage, due to its Lewis amphoteric character. For these
reasons, we will focus on the more intense and less congested
CO stretching region of the 2D-IR spectrum and the properties
of the CO ligand in the following.

Figure 1: Overall architecture of CnSH and general structure of the [NiFe]
active site. CnSH is a dimodular enzyme consisting of the hydrogenase
module, HoxHY (in red and blue), and a NAD* reductase (diaphorase) module,
HoxFU (in black and white). The [NiFe] active site is located in the
hydrogenase large subunit, HoxH (in red), close to the interface with the small
hydrogenase subunit, HoxY (in blue). The general structure and localization of
the [NiFe] site is conserved in all [NiFe] hydrogenases. The homology model
of heterotetrameric CnSH was generated using AlphaFold2.2

This journal is © The Royal Society of Chemistry 20xx
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We start our analysis by comparing linear IR and 2D-IR spectra
in vivo. Different redox-structural states of the [NiFe] active site
are best identified by their characteristic CO stretching
vibrations (ca. 1900— 2000 cm™). These fundamental (0->1)
transitions can be detected by linear IR spectroscopy or
observed as diagonal signals in the 2D-IR spectrum. Comparing
the diagonal slice of the in vivo 2D-IR spectrum (Fig. 2C; Fig. S3)
with the linear in vivo IR spectrum (Fig. 2A), the diagonal
features of the 2D-IR spectrum reproduce the composition of
catalytic states discerned through linear IR absorption
spectroscopy. In addition, the observed in vivo composition is
similar to previous observations from C. necator cells.3
Specifically, the peaks at approximate positions of 1962, 1957,
1946, 1937, and 1926 cm™ signify the presence of the catalytic
intermediate Ni,-C, the unique Ni;-SR2 state, the reduced Ni,-
SR state, an unassigned but previously observed species,* and
the Ni,-SR’ state, respectively.> An additional signal can be
observed around 1912 cm™}, indicating the presence of the Ni,-
SR” state, but the intensity is too low for proper fitting. This
ensemble of catalytic states is also similar to the mixture
observed for purified, NADH-reduced CnSH (Fig. 2E-G). In the
following, we will therefore compare the in vivo 2D-IR spectrum
of CnSH in intact C. necator cells with the corresponding in vitro
spectrum recorded from the reduced enzyme (Fig. 2B,F).
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Figure 2: IR spectroscopic signatures of CnSH in living cells of C. necator (in
vivo, left) and as purified, NADH-reduced protein (in vitro, right). From top to
bottom: (A,E) Linear IR absorption spectra, represented as second derivatives.
(B,F) 2D-IR spectra shown as contour plots. (C,G) Diagonal slices through the
2D-IR spectra. (D,H) Pump slices through the 2D-IR spectra, exemplarily
shown for the Ni,-C state. The positions of the diagonal slices and the pump
slices are shown in panels B and F as dotted blue and green lines, respectively.
2D-IR spectra were recorded at a waiting time of Ty = 250 fs with parallel
pump-probe polarization and interpolated as described in the Supplementary
Information. Non-interpolated data are shown in Fig. S4.
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Physical Chemistry Chemical Physics

The visual comparison of in vivo and in vitro 2D-|R,spectra,pf
CnSH reveals striking similarities in terM40 BEFRAGTERRISS,
relative intensities, and two-dimensional lineshapes for all
observed signals in the CO stretch region. Specifically, Ni,-C, Nia-
SR2, Ni,-SR, the above-mentioned unassigned state, and Ni,-SR’
are observed as diagonal signals at fundamental frequencies of
ca. 1961, 1957, 1945, 1936, and 1921 cm™ in the in vitro 2D-IR
spectrum of CnSH. In addition, the Ni,-SR” state, which is not
clearly discernible in the in vivo 2D-IR spectrum of CnSH, is well-
resolved in the in vitro 2D-IR spectrum of the isolated enzyme
at 1911 cm™. Inspecting diagonal cuts of the two 2D-IR spectra,
we further note similar relative intensities in the in vitro and in
vivo data, in line with the linear IR spectra. As observed
previously, Ni,-SR”” exhibits the lowest relative intensity among
all reduced states, which explains why it is not well resolved in
the in vivo 2D-IR spectrum. In total, similar fundamental Ep1
transition energies and associated line intensities are observed
for CnSH in vitro and in vivo, indicating that the equilibrium
structure of the [NiFe] active site is not significantly affected by
the (cytoplasmic) solvent environment of CnSH, which is
consistent with previous linear IR studies.3?*

Next, we inspect excited-state absorption energies (E1»2 and
E,»3) that can be extracted from (horizontal) pump slices
through the 2D-IR spectrum, as demonstrated for the Ni,-C
state (Fig. 2D,H; Fig. S5).>° These observables, which provide
insights into the shape of the potential energy surface and the
bond properties of the CO ligand, are not accessible by linear IR
spectroscopy but well studied by 2D-IR spectroscopy of
hydrogenases.>® Excited-state absorption energies extracted
from in vivo and in vitro 2D-IR spectra of CnSH are listed in Table
S1 for all detectable [NiFe] states together with the
corresponding anharmonicities. The latter quantities are
calculated as differences between subsequent vibrational
transition energies, e.g. Eos1—Eis2. Thus, they represent
powerful descriptors reflecting the shape of the CO bond
potential, robust against possible systematic errors in
wavenumber accuracy. For an idealized Morse oscillator
(diatomic molecule in the gas phase), the difference between
neighboring transition energies (Eos1, Ei»2, and Ez»3) is a
constant. Inspecting the obtained anharmonicities, we find no
significant differences between CnSH in C. necator cells and the
isolated enzyme that are conserved across all redox-structural
states (Fig. 3A). In both cases, the observed transition energies
approximate the behavior expected for an idealized Morse
oscillator, consistent with our previous 2D-IR studies on other
[NiFe] hydrogenases.>®° As a consequence, the CO ligand can
be described as a diatomic oscillator, and the associated bond
properties of this ligand are experimentally indistinguishable for
purified SH and the enzyme in the highly dense cytoplasm.
While absolute and relative transition energies of CnSH are
practically identical in vivo and in vitro, we note differences in
relative intensities associated with the higher vibrational
transitions. Despite the low overall concentration of CnSH in the
cell suspension, higher vibrational transitions, E>»3, which are
generally less intense, are observed in the in vivo 2D-IR
spectrum (Fig. 2B). This can be explained by higher relative
intensities than those observed in the in vitro 2D-IR spectrum

J. Name., 2013, 00, 1-3 | 3
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(Fig. 2D,H; Fig. S5). While it is tempting to ascribe this
phenomenon to solvent-induced differences in the protein
shell, it should be noted that the usage of a bright probe beam
increases contributions of higher-order signals in the formally
third-order 2D-IR spectrum.?2 Consistently, in vivo 2D-IR spectra
recorded with a weak probe beam exhibit relative intensities
that are comparable to those observed for the isolated enzyme
(Fig. S6). While the observation of higher vibrational transitions
is useful for mapping out vibrational bond potentials, the
possibility of increased contributions from higher-order signals
needs to be taken into account when recording in vivo 2D-IR
spectra with a bright probe beam, in order to avoid misleading
conclusions.

We next turn our attention to an analysis of the two-
dimensional lineshapes of the 2D-IR spectra. As demonstrated
previously, the total linewidths of CO and CN stretching
vibrations of [NiFe] hydrogenases can be interpreted in terms
of a narrow inhomogeneous distribution of structural
microstates.® If such microstates interconvert on timescales
that are compatible with those of the 2D-IR experiments,
spectral diffusion might be observed as a waiting-time
dependent change of the 2D lineshape.?® At early waiting times
between pump and probe events, the lineshape will be
diagonally elongated, because microstates in resonance with a
certain pump frequency will be probed at the same frequency,
before converting into other microstates of the distribution that
absorb at slightly different frequencies. In that case, the anti-
diagonal linewidth reflects the homogeneous width governed
by fast dynamics and ultimately limited by the vibrational
lifetime. The diagonal linewidth, on the other hand, is a
convolution of the homogenous and the inhomogeneous width,
the latter reflecting the distribution of slowly-converting
structural microstates. At later waiting times, 2D lineshapes will
become more circular, because the entire inhomogeneous
distribution is sampled by the infrared chromophore between
pump and probe events. While 2D-IR signal intensities of CnSH
in living cells are too weak to be analyzed at later waiting times,
the ratio of diagonal and antidiagonal linewidths at early
waiting times provides valuable information on the width of the
inhomogeneous distribution and the degree to which the
underlying microstates might interconvert at ultrashort
timescales. Analyzing these aspects by determining the full
width at half maximum in both diagonal and anti-diagonal
directions, we find no significant differences between the
purified CnSH and the enzyme in its native cellular environment
(Fig. 3B; Table S2). More specifically, there is no systematic
decrease or increase of the ratio between diagonal and
antidiagonal linewidths that is conserved across the probed
redox-structural states of the [NiFe] center. This outcome
strongly suggests a scenario wherein the active site, which is
deeply embedded in the enzyme, experiences minimal
molecular interaction with the cellular solvent environment or
the artificial solvent. This conclusion is in line with the
previously deduced narrow distribution of structural
microstates and their slow interconversion.®
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Figure 3: Comparison of key quantities extracted from in vivo and in

vitro 2D-IR spectra of CnSH. (A) Anharmonicities AE; = Eos1 — E12 and
AE; = E15; — E>53. (B) Linewidth ratio (diagonal / antidiagonal) of the
peak corresponding to the Ey1 transition. Data are shown for all probed
redox-structural states of the [NiFe] centre. Error bars reflect the
uncertainties of the plotted quantitates, calculated from the standard
errors of the fitting procedures used to determine transition energies
and linewidths (also see Figure S5 as well as Tables S1 and S2).

In total, the comparison of in vivo and in vitro 2D-IR spectra of
CnSH has revealed remarkable similarities between the
cytoplasmic enzyme and its purified counterpart, despite the
inherent sensitivity of the CO/CN oscillators to environmental
influences.8 This is relevant for two reasons: (1) The fact that all
spectroscopic observables are unaffected by the environment
indicates that the [NiFe] site is well isolated from environmental
(solvent) influences. This finding provides further support for
the idea that the chelating amide scaffold and the active site
cavity functionalize the [NiFe] site through a rigid framework,
while the overall protein environment acts as an insulating shell
that prevents severe effects of aqueous environments on the
active site.®=12714 This key aspect of the enzyme’s functionality
has been overlooked in design strategies aiming at the creation
of synthetic biomimetic catalysts for dihydrogen conversion. (2)
T Second, the indistinguishability of in vivo and in vitro 2D-IR
spectra indicates that biologically relevant information on the
[NiFe] active site can be obtained by this technique from studies
on purified enzymes. This finding allows detailed in vitro studies
at high protein concentration and under precise experimental
control that would be impossible to realize in vivo.

Conclusion

In the current study, we have demonstrated how 2D-IR
spectroscopy can be utilized to study hydrogenases within their
cellular environment. This methodology promises
representative insights into the native structure and dynamics
of hydrogenases, which is particularly relevant for the
knowledge-based design of cellular systems for the evolution or
utilization of dihydrogen. For the investigated model enzyme,
the soluble NAD*-reducing [NiFe] hydrogenase from C. necator,
we find a remarkable similarity of in vivo and in vitro data. On
the one hand, this finding highlights the role of the protein
matrix as a functional scaffold that (1) creates an entatic state
of the [NiFe] center and (2) isolates this catalytic site from the
solvent environment. We propose that these aspects should be
considered in the future design of bioinspired catalysts for
dihydrogen conversion. On the other hand, it provides a solid
basis for the more common approach of studying isolated

This journal is © The Royal Society of Chemistry 20xx
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hydrogenases in dilute aqueous solution. It remains to be tested
whether the similarity of in vivo and in vitro properties extends
to other types of hydrogenases, such as [FeFe] hydrogenases,
whose active site has only a single covalent bond to the protein.
In a broader sense, the current study demonstrated the power
of scatter suppression approaches 2122 and the resulting
feasibility of studying molecular targets by 2D-IR spectroscopy
within live cells or other complex biological environments.
Besides hydrogenases, this approach can be directly applied to
other organometallic systems, e.g. CO-releasing molecules for
therapeutic applications?6. Even more, the utilization of non-
canonical amino acids carrying suitable IR chromophores, e.g.
thiocyanate or azide groups,?’33 can extend this strategy
towards various research questions and any desired protein
synthesized within a genetically amenable organism. We
therefore expect this approach to considerably broaden the
scope of 2D-IR spectroscopy and its application within the
molecular life sciences. It will be exciting to see how different
cell types, intracellular composition, and localization in
subcellular compartments affect the structure, function, and
dynamics of different target molecules and their cofactors.
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