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[bookmark: _Hlk71299963]Abstract: 
Ultrafast two-dimensional infrared (2D-IR) spectroscopy of Escherichia coli Hyd-1 (EcHyd-1) reveals the structural and dynamic influence of the protein scaffold on the Fe(CO)(CN)2 unit of the active site. Measurements on as-isolated EcHyd-1 probed a mixture of active site states including two, which we assign to Nir-SI/II, that have not been previously observed in the E. coli enzyme. Explicit assignment of carbonyl (CO) and cyanide (CN) stretching bands to each state is enabled by 2D-IR. Energies of vibrational levels up to and including two-quantum vibrationally excited states of the CO and CN modes have been determined along with the associated vibrational relaxation dynamics. The carbonyl stretching mode potential is well described by a Morse function and couples weakly to the cyanide stretching vibrations. In contrast, the two CN stretching modes exhibit extremely strong coupling, leading to the observation of formally forbidden vibrational transitions in the 2D-IR spectra. We show that the vibrational relaxation times and structural dynamics of the CO and CN ligand stretching modes of the enzyme active site differ markedly from those of a model compound K[CpFe(CO)(CN)2] in aqueous solution and conclude that the protein scaffold creates a unique biomolecular environment for the NiFe site that cannot be represented by analogy to simple models of solvation. 
Introduction
[bookmark: _Hlk71113870]The [NiFe] hydrogenases, which catalyze the interconversion of molecular hydrogen with protons and electrons (H2 ⇌ 2H+ + 2e-) are of considerable interest in the pursuit of sustainable H2 production technologies, because high turnover rates are achieved by an active site containing earth-abundant base metal atoms (Figure 1).1 Furthermore, some of the Group-1 subclass of periplasmic membrane-bound [NiFe] hydrogenases, such as Hyd-1 from E. coli (EcHyd-1), can sustain H2-catalysis in the presence of O2, leading to an ‘O2-tolerant’ designation.2 The use of hydrogenase-inspired catalysts in sustainable energy supply, and the design of synthetic systems for photo-bio H2 production is however impeded by the lack of a complete understanding of the mechanisms of H2 activation and evolution.3-5
The importance of achieving a deeper understanding of the hydrogenase active site is illustrated by the fact that, small molecules that mimic the biological reaction center have tended to be inferior H2 evolution catalysts5-6 indicating that the protein matrix plays an important role in controlling or defining the chemistry of the active site.7-10 Indeed, the synthetic systems that have approached, or exceeded, enzymatic levels of performance have all featured either a significant second coordination sphere surrounding the metal centers or synthetic subsites placed within a protein matrix.11-26 It follows that experimental techniques able to reveal the intermolecular interactions, structure and bonding of the hydrogenase active site, and quantify the modulation induced by the protein scaffold, will be valuable in determining the contributions of the second coordination sphere to H2 generation.
The hydrogenase-catalyzed H2 activation pathway involves a number of active site states,1 each of which features an FeII(CO)(CN)2 moiety (Figure 1(a)). The frequencies of the stretching vibrational modes of these organometallic ligands (νCO, νCN) are sensitive to structural and redox changes of the active site. As such, IR spectroscopy has been 
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Figure 1. a) Catalytic cycle for EcHyd-1 with truncated structures of the bimetallic active site. b) IR absorption (FT-IR) spectra of EcHyd-1 in the νCO region of the spectrum showing the spectrum obtained under (i) H2-reduced and subsequently O2 oxidized, (ii) as-isolated (aerobically purified at pH 7.6), and (iii) H2 reduced conditions. Colored labels indicate the wavenumbers of bands due to carbonyl stretching modes and the color scheme is consistent with that in (a). The ‘a’ and ‘r’ subscripts used in state designations indicate ‘active’ and ‘ready’ active site states.

central to the development of our current picture of hydrogenase chemistry, but a dynamic picture of the active site environment is still to fully emerge.27-33 As hydrogen bonds to the cyanide ligands are direct of points contact between the active site and the protein scaffold, spectroscopic methods that interrogate cyanide ligand structure and dynamics will provide particularly important source of information for validating quantum chemical simulations. In turn, the conclusions obtained will enable accurate predictions with which to guide our exploitation of the hydrogenase catalytic center, ideally leading to optimized synthetic systems. 
To date numerous spectroscopy tools have provided valuable data on the hydrogenases. Recently, resonance Raman spectroscopy has been used to probe metal-ligand bonding,34-36 while nuclear resonance vibrational spectroscopy has allowed detection of bridging hydrides.37 Advanced time resolved photogating and potential jump spectroscopies have enabled investigation of proton-coupled electron transfer processes and short-lived intermediates along the catalytic pathway.38-45 Recently, ultrafast 2D-IR spectroscopy was used to investigate the active site of the regulatory hydrogenase from R. eutropha (ReRH). 2D-IR is an non-linear laser spectroscopy method that uses a sequence of ultrashort IR pulses to produce a two-dimensional map correlating excitation (pump) and detection (probe) frequencies.46-51 This 2D representation of the vibrational modes of a molecule effectively places the linear IR absorption spectrum along the diagonal of the 2D-plot while off-diagonal peaks identify coupled vibrational modes.47 The pump-probe nature of the 2D-IR experiment means that vibrational levels higher than v=1 can be reached, giving information on the shape of vibrational potential energy surfaces, while pulse polarizations can be tailored to extract molecular structural information associated with mode specific orientation changes of excited modes relative to the general molecular frame. The sub-picosecond time resolution of 2D-IR means that structural and vibrational dynamics can be obtained revealing bond-specific insights into the rapid changes and interactions that occur during chemical processes. 
When applied to ReRH, 2D-IR provided a detailed description of the νCO potential surface by accessing levels up to v=4 and the associated vibrational energy relaxation mechanisms. A quantum beat phenomenon was used to identify the frequency difference between coupled vibrational modes of the two CN ligands.52 ReRH has evolved to regulate the cellular production of other hydrogenases. It is purified in a single Ni(II)-Fe(II) active site state and is a relatively poor H2-catalyst. Here, we extend our approach to study a mixture of active site states using the group 1 [NiFe] hydrogenase EcHyd-1. This enzyme enables E. coli to use H2 as a fuel, with very high rates of catalytic turnover being reported (H2-oxidation coupled to methylene blue reduction rates of approximately 65 s-1 at pH 6.0, and 21 ± 4 s-1 at pH 4.5). 53-54  We exploit the sensitivity and peak resolution of 2D-IR to probe both the νCO and νCN regions of the spectrum in detail while off-diagonal peaks enable pairs of νCN modes to be linked definitively with their νCO counterparts.27, 55 We identify the vibrational signatures of a number of states, including the Nir-SI/II active site states previously un-reported in EcHyd-1. By determining vibrational energy levels up to and including two-quantum excited states for the νCO and νCN modes as well as their vibrational and structural dynamics, we have revealed significant deviations from measurements made on the organometallic model compound K[CpFe(CO)(CN)2] in solution. The results are discussed in terms of the role played by the protein scaffold in modulating the molecular environment of the active site and how 2D-IR can be employed to interrogate differences in active site states of hydrogenase enzymes to stimulate development of bio-H2 production methods. 
Experimental
Enzyme preparation and characterization: The protocol for preparation of EcHyd-1, developed from a published protocol54 is described in the supporting information. The as-isolated enzyme was characterized using a methylene-blue H2-oxidation assay, protein gels, protein film electrochemistry and electron cryo-microscopy (cryo-EM). Full details of each method, including characterization data are given in the supporting information (Figures S1-S6).
Infrared spectroscopy: For all EcHyd-1 2D-IR spectroscopy experiments, the sample (270 μM, pH 7.6) was held in a gas-tight small volume (15 μL) sandwich cell featuring CaF2 windows and a PTFE spacer, giving an optical path length of 50 μm. For IRpump-IRprobe and 2D-IR spectra, the samples were held at a temperature of 10 oC. For gas-cycling IR experiments, the absorption spectra were recorded at room temperature.
IR absorption spectra were recorded using a Bruker Vertex 70 spectrometer with a frequency resolution of 2 cm-1. Ultrafast spectroscopy experiments were performed using the ULTRA laser system based at the UK’s STFC Central Laser Facility.56 Mid-IR pulses with a central frequency of 2000 cm-1, bandwidth > 300 cm-1, 50 fs pulse duration and 10 kHz repetition rate were used in all cases. IRpump-IRprobe spectra were recorded with parallel and perpendicular pump-probe polarization geometries using methods reported previously.52 The pump-probe delay time (Tw) was scanned from -20 to 54 ps in increments of 250 fs. The spectra were acquired by frequency-dispersing the signal with a spectrograph followed by detection using 128-element Mercury-Cadmium-Telluride (MCT) array detectors, giving a frequency resolution of ~ 2 cm-1.
2D-IR spectra were acquired using the pump-probe geometry.52 The pump pulse pair were created and the time delay between them scanned using a mid-IR pulse shaper applying a four-frame phase cycling method. 2D-IR spectra were recorded at values of Tw from 125 fs to 45 ps with parallel and perpendicular pump-probe polarization geometries. Fourier transformation of the data with respect to the time delay between the pump pulse pair was used to obtain the pump frequency axis of the 2D-IR spectrum. The probe frequency axis was generated by frequency-dispersal and detection of the signal as described for pump-probe measurements. Further details are given in the supporting information.
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Figure 2. a) Model for the EcHyd-1 preparation used here based on cryo-EM 2D class images and 6FPW57, shown in surface mode (1) and ribbon format (2). b) X-ray crystal structure of the monomer (PDB: 6FPW57) with pop-out schematic of the active site. c) Table showing the H2-oxidising ability of EcHyd-1 determined via a methylene blue dye reduction assay (three replicates). d) Cyclic voltammograms showing the activation of EcHyd-1 with inset current/time plot showing the activation rate at 60 mV.
Results
As isolated EcHyd-1 
IR absorption: The IR absorption spectrum of as-isolated EcHyd-1 in the νCO region is shown in Figure 1(b) (panel ii). Following correction for the strongly curved baseline caused by a combination band of water located near 2100 cm‑1 (Figure S1(a)) three bands were identifiable in the νCO region, located at 1908, 1922 and 1942 cm-1. This band pattern was found to be reproducible across multiple protein preparation processes (Figure S2). The corresponding νCN bands, which exhibit lower extinction coefficients than νCO bands,58 were found to overlap significantly and so, for the purposes of state assignment, we focus here on the νCO region of the spectrum and return to the cyanide bands below.
Following previous IR absorption studies of EcHyd-1, the 1942 cm-1 band can be assigned to the νCO mode of the Nir-B state (Figure 1(a,b), blue).33  The band at 1922 cm-1 (Figure 1(b), turquoise) appears to coincide with previous observations of the Nia-SR state, though the presence of such a reduced state is unexpected in an as-isolated sample.2, 57, 59-60 The 1908 cm‑1 band (Figure 1(b), light turquoise) does not correspond to a previously reported state of EcHyd‑1. 
A series of additional experiments were performed to characterise the as-isolated EcHyd‑1 sample in more detail and so guide the assignment of the observed νCO bands to individual active site states. Cryo-EM measurements (Figure 2(a) and Figure S3) showed that the majority of enzyme molecules were present as dimers of heterodimers (Hya(AB)2). This correlated with native-PAGE H2-oxidation activity staining experiments which similarly showed that the EcHyd-1 sample had a molecular mass consistent with a dimer-of-dimers (Figure S4). 
Further IR absorption spectroscopy experiments were performed following incubation of the as-isolated EcHyd-1 sample with 100% O2 (Figure 1(b), panel i). O2 exposure resulted in an increase in intensity of the 1942 cm-1 band (blue) and a decrease of the 1908 and 1922 cm-1 bands (light turquoise). This is consistent with the assignment of the 1942 cm‑1 band to the Nir-B state while the continued presence of the 1908 and 1922 cm-1 bands suggests that the associated states lie towards the oxidised end of the range of active site states (Figure 1(a), blue to turquoise).33 In contrast, reduction of the as-isolated sample by incubation with 100% H2 (Figure 1(b), panel iii) resulted in the loss of the 1908, 1922 and 1942 cm-1 bands, which were replaced by new bands at 1867 cm-1, 1877 cm-1, 1914 cm-1, 1929 cm-1 and 1951 cm-1. These new bands can be assigned by reference to previous work to the more reduced states of EcHyd-1: Nia-LIII, Nia-LII, Nia-SRIII, Nia-S and Nia-C states respectively (Figure 1(a), orange, red, yellow, pink). 33
Given that the behavior of the 1908 and 1922 cm-1 bands is consistent with assignment to more oxidised active site states, we hypothesise that they can be assigned to the un-reported Nir-SI/II states. The only other candidate, the Nia-S state has been reported to exhibit a νCO frequency of 1929 cm-1 33 while the corresponding νCN frequencies for the Nia-S state were in excess of 2077 cm‑1, which does not match our observations (vide infra). 33 Our assignment therefore highlights a possible coincidence of the νCO frequencies of the higher frequency Nir- SI/II state (1922 cm-1) and the Nia-SR state, 33 though it is noted that both feature a NiII centre, which would suggest similar νCO frequencies. 
To test the hypothesis that our as-isolated sample contained Nir-SI/II states rather than the more reduced Nia-SR state, the H2-oxidising activities of as-isolated and H2-activated EcHyd-1 were compared via methylene blue dye reduction assays (Figure 2(c) and Figure S5). The activity (kcat) of as-isolated EcHyd-1 samples was found to increase by almost a factor of eight (from 6.3 ± 0.2 s-1 to 48.7 ± 0.6 s-1) following incubation with 100% H2 (Figure 2). This observation is consistent with the as-isolated sample shifting from oxidised to reduced active states, as expected if Nir-SI/II, rather than Nia-SR, is present alongside Nir-B in the as-isolated mixture.
[bookmark: _Hlk103091124]Protein film electrochemistry was used to monitor the activation kinetics of as-isolated EcHyd-1. Cyclic voltammetry (CV) experiments were performed in which as-isolated (i.e., air-purified) EcHyd-1 was applied to the working electrode under atmospheric conditions The working electrode was then fixed into an electrochemical cell which had been pre-equilibrated with an atmosphere of 100% H2. CV cycles were run until successive cycles resulted in no increase in positive current, indicating that all adsorbed enzyme molecules had been fully activated (Figure 2(d), Figure S6). Based on fitting the time-dependence of the change in current at 60 mV (Figure 2(d) inset) to a monoexponential function values for kactivation of 1.5 x10-3 s-1 were obtained. As the obtained kactivation value is an order of magnitude faster than previously reported for activation of Niu-A states formed by O2-sensitive hydrogenases the faster value is consistent with a reactivation process where the active site states change in a stepwise fashion transitioning through the intermediates with the same rate determining step.2, 61 Taking this data together, we assign the νCO bands in the IR absorption spectrum of our as-isolated EcHyd-1 sample to a mixture of Nir-SI/II (1908, 1922 cm-1) and Nir-B (1942 cm-1) in which the population of the 1922 cm-1 state accounts for approximately 60% of the total. 
Turning to the νCN region of the spectrum, we observe that the as-isolated sample features bands at 2050 and 2063 cm-1 (Figure 3(a), black, Figures S1 and S2). It is noticeable that these too are very similar to the values reported for the Nia-SRII state, suggesting further coincidence with this state. 33 However, it is not possible to directly link the νCO and νCN signals for the individual states using IR absorption spectroscopy and so we turn to 2D-IR spectroscopy for this as well as a more in-depth analysis of the spectroscopy, structure and dynamics of the states that we will henceforth refer to as Nir-SI/II. IR absorption measurements made as a function of pH showed that more basic conditions favoured the active site state with a νCO band at 1922 cm-1, which suggests that an assignment to the deprotonated Nir-SI state may be most likely. However, it is not possible to differentiate definitively between states labelled I or II and so we will refer them as Nir-SI/II and identify individual states by the νCO frequency if required.
Comparison of 2D-IR and IR absorption spectra: The 2D-IR spectrum of the as-isolated EcHyd-1 sample shows a large number of diagonal and off-diagonal peaks (Figure 3(b)). The v=0-1 (fundamental) transitions of vibrational modes that are observed as bands in the IR absorption spectrum appear as negative peaks along the diagonal of the 2D-IR spectrum (dashed line). These v=0-1 transitions from Figure 3(b) are inverted and reproduced (Figure 3(a), green) alongside the IR absorption spectrum (black) for comparison. All the νCO and νCN bands appear on the 2D-IR spectrum diagonal (Figure 3(a) (green)). The third order non-linear nature of the 2D-IR experiment, which enhances signals
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Figure 3. a) IR absorption spectrum of as-isolated EcHyd-1 (black trace) and projection of the 2D-IR spectrum diagonal (green). The negative signals of the diagonal have been inverted for comparison with the IR absorption spectrum. b) 2D-IR spectrum of as-isolated EcHyd-1 recorded at a waiting time (Tw) of 250 fs. The dashed line indicates the spectrum diagonal. Numbers in brackets indicate the magnification of the three quadrants of the 2D-IR spectrum containing peaks due to νCN modes in relation to the νCO region of the spectrum (1900 - 1950 cm-1), which contains the most intense peaks. See text for explanation of blue/red dots and arrows
from modes with large extinction coefficients relative to those of weaker, broad features means that the 2D-IR spectrum is free from the effects of the water combination band near 2100 cm-1, removing the need for any solvent correction (Figure S1).48-49, 62-63 Moreover, 2D-IR spectroscopy produces a somewhat narrower linewidth than IR absorption methods, leading to improved resolution of peaks.48 The 2D-IR spectrum diagonal features the major νCO bands at 1908, 1922 and 1942 cm‑1 (Figure 3(a), red circles) and shows a high frequency band at 1955 cm-1 along with a shoulder visible at 1938 cm‑1 (red arrows in Figure 3(a)).
In the νCN region of the 2D-IR spectrum, bands at 2050 and 2063 cm-1 are present (Figure 3(a), blue circles). In addition, a high frequency shoulder on the 2063 cm-1 band is also clearly observed, with the indication of another weaker band between those at 2050 and 2063 cm-1 (minor bands are highlighted by blue arrows in Figure 3(a)). We discuss these alongside other, less prominent, peaks in more detail below.
2D-IR peak assignments - νCO region: While the v=0-1 transitions of vibrational modes cause diagonal peaks in a 2D-IR spectrum, off-diagonal peaks provide additional information regarding the nature of the potential energy surfaces of the vibrational modes and their interactions. The three dominant negative peaks on the 2D-IR diagonal at 1908, 1922 and 1942 cm-1 (Figure 4, blue) are not linked by off-diagonal peaks below the diagonal of the spectrum. The 
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Figure 4. Magnification of the 2D-IR spectrum of EcHyd-1 shown in Figure 3(b) for pump frequencies coinciding with νCO bands. The spectrum was measured with a Tw of 250 fs. Green numbers refer to peak assignments and green arrows highlight minor off diagonal peaks as discussed in the text.
lack of such peaks precludes vibrational coupling of the νCO modes, or energy transfer between them as would be expected if they were due to three νCO modes of a single molecular unit. The observed peak pattern is therefore consistent with the above assignment of the three bands to the νCO stretching vibrations of three individual active site states of EcHyd-1: Nir-SI/II (1908, 1922 cm-1) and Nir-B (1942 cm-1).27 Furthermore, we observe no evidence for exchange or interconversion of these states on timescales up to 45 ps, as this too would have given rise to off-diagonal peaks in this region of the spectrum.64
Each of the three main νCO diagonal peaks (1908, 1922 and 1942 cm-1) is accompanied by a strong positive (red) peak shifted by ~25 cm-1 to lower probe frequency, with a second, much weaker positive peak shifted by the same amount again (Figure 4). These are exemplified for the 1922 cm‑1 (Nir-SI/II) diagonal peak by green peak labels 1, 2 and 3 in Figure 4. The population of higher-lying vibrational levels by the pump pulse in the 2D-IR experiment allows the probe pulse to access transitions that are not observed using IR absorption methods at room temperature and so peaks 1-3 can be assigned to the v=0-1, v=1-2 and v=2-3 transitions of the νCO mode respectively. The smaller diagonal peaks at 1955 and 1938 cm-1 also have an accompanying v=1-2 transition, with similar anharmonicities to those of the larger bands suggesting that these too are assignable to νCO modes of two more active site states present in lower concentrations than those which give rise to the main bands.
[bookmark: _Hlk71127728]The v=0-1, v=1-2 and v=2-3 transition frequencies for each of the three most intense νCO modes were found to be well-represented by Morse anharmonic oscillator functions (Figure S7 and S8). The spectroscopic constants derived in each case are shown in Table S1 of the supporting information. The transitions and all peak assignments for the Nir-SI/II (νCO: 1922 cm-1) state of EcHyd-1 are summarized in a representative energy level diagram (Figure 5) showing the νCO and νCN energy levels (vide infra). We confirm below that each observed state of EcHyd-1 is associated with one νCO and two νCN modes, as would be expected,65 and so we introduce vibrational state designations using the notation , where CN1 and CN2 indicate the higher and lower frequency νCN- modes, respectively. Using this notation peaks 1-3 are identified as: ---.
A further set of off-diagonal peaks with a pump frequency of 1922 cm-1 but with probe frequencies ranging between 2050 and 2063 cm-1 are present in the 2D-IR spectrum (Figure 4, 4, 5 and 9). The most intense of these is a negative peak, 5, with frequency coordinates (pump, probe) = (1922, 2063 cm-1). The pump frequency matches one of the νCO bands assigned to Nir-SI/II while the probe frequency coincides with a diagonal peak in the νCN region of the spectrum. As the 2D-IR spectrum in Figure 4 was obtained with a waiting time (Tw) of 250 fs, this off-diagonal peak indicates 
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Figure 5. Energy level diagram showing vibrational energy levels  and transition wavenumbers of the νCO and νCN vibrational manifold, as detected for the active site state of EcHyd-1 with a νCO fundamental frequency of 1922 cm-1 (Nir-SI/II). Transitions are labelled with green numbers used to identify peak assignments in the 2D-IR spectra (see text). 
that these νCO and νCN modes are vibrationally coupled. A weaker negative peak at (1922, 2050 cm-1), 9, shows that the νCO band of this Nir-SI/II state is associated with a pair of νCN modes with frequencies of 2050 and 2063 cm-1. This enables an unambiguous assignment of a set of νCO and νCN mode frequencies to one of the Nir-SI/II active site states of EcHyd-1, consistent with the presence of a Fe(CO)(CN)2 unit.
[bookmark: _Hlk79678800]The strong positive peak (4), which has the same pump frequency (1922 cm-1) but a probe frequency of 2061 cm-1 is assigned to a transition between the v=1 level of the νCO mode () populated by the pump pulse, and a combination state featuring one quantum of energy in both the νCO and the high frequency νCN stretching vibrations The separation of peaks 5 and 4 along the probe frequency axis in Figure 4 indicates the mixed mode anharmonicity of the combination band.48,66-67 The mixed mode anharmonicity is the amount by which the combination band frequency is shifted relative to the sum of the fundamental transitions of the two participating modes and is a measure of coupling strength of the νCO and νCN modes. In this case, a shift of ≤ 2 cm-1 indicates weak νCO to νCN coupling. These assignments are shown in the energy level diagram in Figure 5. 
Closer examination of Figure 4 shows a second pair of off-diagonal peaks (green arrows in Figure 4) linking the Nir‑SI/II νCO mode at 1908 cm-1 with the νCN modes at 2057 and 2070 cm-1. These peaks are weak, and the associated positive peaks are not clearly visible, but they indicate the set of coupled νCO and νCN modes that correspond to the Nir-SI/II state (νCO: 1908 cm-1) of EcHyd-1.
[bookmark: _Hlk71127382]A number of off-diagonal peaks are present in the upper left quadrant of Figure 3(b). These are the reverse of the peaks in the bottom right of the plot, which were discussed above (Figure 3(b) and Figure 4), in that the pump frequency now coincides with the νCN diagonal peaks, and the off-diagonal peaks link νCN and νCO modes. The peaks in this region include the peak marked 7 in Figure 5 (2063, 1920 cm-1) and are consistent with the coupling patterns identified above, further confirming the linked sets of νCO and νCN modes.
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Figure 6. Magnification of the 2D-IR spectrum of EcHyd-1 from Figure 3(b) for pump frequencies coinciding with νCN bands at a series of values of Tw.  a) Tw = 250 fs with forbidden transitions, 12 and 13 highlighted; b) Tw = 3 ps with full peak assignment for the major set of coupled νCN modes (dashed grey lines); c) Tw = 15 ps showing energy transfer peaks, 6 and 10 d) Simulated 2D-IR spectrum (see text) for the major pair of coupled CN modes with fundamental transition frequencies of 2050 and 2063 cm-1. e & f) Slices through the 2D-IR spectrum shown in b) under parallel (red) and perpendicular (black) polarization conditions. The pump frequency in each case is given in the legend.
2D-IR peak assignments - νCN region: The 2D-IR spectrum near the νCN diagonal peaks is expanded in Figure 6 and shown at a range of waiting times. This region of the spectrum contains three clear diagonal peaks at frequencies of 2050, 2063 and 2070 cm-1 and a weaker peak at 2057 cm-1 which is visible as a shoulder on the 2063 cm‑1 band (Figure 6(a)). These peaks have been shown by νCO to νCN coupling to be assignable to the cyanide stretching frequencies of two separate Nir-SI/II active site states (νCO, νCN2, νCN1: 1922/2050/2063 cm-1 and 1908/2057/2070 cm‑1). 
The rich off-diagonal peak structure in the νCN region can be used to construct an energy level diagram for these modes up to states containing two quanta of vibrational energy (v=2 or mixed mode combination states). We begin by focusing on the strongest νCN diagonal peak at 2063 cm-1 (Figure 6(b), 5). When pumping the 2063 cm-1 mode (), three clear off-diagonal peaks are visible (6, 8 and 9'; the prime indicates an off-diagonal peak arising from transition 9 in Figure 5 to differentiate it from a diagonal peak which is identified by the same number below). The positive peak 6 is assigned to the v=1-2 transition of the νCN vibrational mode (-). This shows a single mode anharmonic shift of 8 cm-1 relative to the fundamental transition (-).
Negative peak 9' indicates that the νCN modes at 2063 cm-1 and 2050 cm-1 are vibrationally coupled, consistent with the identification above that these two modes arise from the same single Nir-SI/II state. It is important to note that the 2063 cm-1 diagonal peak only shows coupling to one other νCN mode, as would be expected for a Fe(CO)(CN)2 unit.
Peak 8 (positive) arises from a transition to the combination state featuring one quantum of excitation in each of the νCN modes at 2050 and 2063 cm-1 (-). These transitions are marked on the energy level diagram in Figure 5. The large separation of peaks 8 and 9' shows that the mixed mode anharmonicity of the combination band is 20 cm-1, indicating that the two νCN modes are much more strongly coupled to each other than to the νCO modes. 
The diagonal νCN peak at 2050 cm‑1 (Figure 6(b), 9) corresponding to the fundamental transition of the second νCN mode of the Nir-SI/II state, is also accompanied by three off-diagonal peaks. Peak 5' reflects the coupling to the νCN mode at 2063 cm-1 as expected. Assignment of the positive peaks 10 and 11 is less straightforward. An initial assignment of peak 11 to the v=1-2 transition of the 2050 cm-1 νCN mode might be expected. However, consideration of the energy level diagram (Figure 5) shows that the unusually large mixed mode anharmonicity (20 cm-1) arising from the strong coupling of the two νCN modes leads to the positive partner expected near peak 5’ for a pair of coupled modes appearing on the opposite side of the spectrum diagonal from 5’. As a result, the correct assignment of peak 11 to the transition to the combination state of the two νCN modes ((-), Figure 5). This means that peak 10 is assigned to the v=1-2 transition of the 2050 cm-1 νCN mode, (-), an anharmonic shift of 20 cm-1 that is significantly different to the value of 8 cm-1 identified for the 2063 cm‑1 mode.
Our peak assignments in the νCN region are supported by examining the 2D-IR spectrum at longer waiting times. Figure 6(c) shows an additional peak, 6 (the underline is used to identify a peak appearing at later waiting times), which becomes visible at coordinates of (pump, probe) (2050, 2058 cm-1) at waiting times approaching ~ 15 ps. The delayed arrival of this peak along with its position indicates that it is due to energy transfer from the v=1 state of the excited (pumped) νCN mode at 2050 cm-1 (), to the v=1 level of the νCN mode at 2063 cm‑1 (). The probe pulse is then able to excite the () transition of the 2063 cm-1 mode, which lies at 2058 cm-1 (Figure 5). Peak 6 is thus assigned to the effects of energy transfer between the two νCN modes. The timescale is consistent with the relaxation dynamics of the v=1 levels of the νCN modes (vide infra). The reverse peak, featuring energy transfer from the pumped 2063 cm‑1 mode to the 2050 cm-1 mode followed by the probe exciting the ( transition would be expected at (2063, 2030 cm-1). This position coincides almost exactly with peak 8, which is assigned to the effect of vibrational coupling. However, the persistence of peak 8 to a waiting time of at least 45 ps, in contrast to the other peak arising from coupling (11), is consistent with the presence of overlapping peaks, one of which arises from energy transfer (10, Figure S9). The vibrational relaxation dynamics of the νCO and νCN modes are discussed in more detail below.
2D-IR measurements performed at different pump-probe pulse polarization geometries provide further support for our peak assignments in the νCN region of the spectrum as well as adding structural information relating to the EcHyd-1 active site in solution. Peaks 5/6 and 9/10 (Figure 6(b)), which are assigned to v=0-1 and v=1-2 transitions of the high frequency and low frequency νCN modes of Nir-SII respectively, undergo significant reduction in amplitude upon changing from parallel to perpendicular relative pump-probe polarizations (Figure 6(e), (f)). This is as expected because the directions of the transition dipole moments associated with the v=0-1 and v=1-2 transitions of a given mode necessarily lie in the same direction. In contrast, the peaks arising from transitions involving combination states (8 and 11) show much weaker polarization dependence (Figure 6(e), (f)). This is consistent with a signal arising from pump and probe events, which interact with vibrational modes whose transition dipole moments lie at right angles to each other. 
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Figure 7. 2D-IR spectrum of EcHyd-1 at Tw = 250 fs in the νCN region of the spectrum, with full peak assignment for the minor set (dashed lines) of coupled CN modes due to the Nir-SI state .
Polarization-dependent 2D-IR measurements can also be used to quantify the angular relationship between the two νCN modes by determining the anisotropy parameters for the pairs of diagonal and off-diagonal peaks labelled 9/5' in Fig.6(b).49 The values obtained, 0.45 (9) and -0.24 (5’) (Figure S10), are, within error, consistent with two vibrational modes with transition dipole moments oriented at 90° to each other, as expected for a cis geometry of the two cyanide ligands at the hexacoordinated Fe center.
The presence of strong coupling of the two νCN modes, as evidenced by a mixed mode anharmonicity (20 cm-1) greater than the mode separation (13 cm-1), would be expected to lead to the partial breakdown of vibrational selection rules (Δv = ±1), enabling transitions from the v=1 level of one νCN mode to the v=2 level of the second, (e.g. -), which would formally be forbidden.48 For the Nir-SI/II (νCO: 1922 cm-1) state these transitions are predicted by the energy level diagram in Figure 5 to lie at (pump, probe) (2050, 2071 cm-1) and (2063, 2017 cm-1) and they can clearly be observed in Figure 6(a), labelled 12 (-) and 13 (-) respectively. The presence of these features adds further weight to our assignments. The energy level diagram in Figure 5 was used to construct a simulation of the νCN region of the 2D-IR spectrum based on 2D-Gaussian functions (see SI for details). This is shown in Figure 6(d) and the agreement with the experimental data is excellent.
In addition to the set of peaks arising from the pair of νCN modes at 2050 and 2063 cm-1, a second much less intense set of peaks can be observed linking the coupled pair of νCN modes due to the Nir-SI/II (νCO: 1908 cm-1) state at 2070 and 2058 cm-1. These are shown in Figure 7, labelled (5)/(5'), (6), (8), (9)/(9') and (10), showing that the νCN spectroscopy of the two different active site states is very similar.
Vibrational relaxation dynamics: The vibrational relaxation dynamics of the νCO and νCN modes of EcHyd-1 were determined via an IRpump-IRprobe spectroscopy experiment on the as-isolated sample (Figure 8(a)). Three strong negative features are visible in the νCO region of the spectrum, assignable to the v=0-1 transitions of bands of the three main active site states (Nir-SI/II and Nir-B). Positive features due to the v=1-2 transitions are also visible, but we have shown that these are better identified in the 2D-IR spectrum, which removes any ambiguity in the assignments caused by overlapping peaks. The vibrational lifetimes for the (states were obtained by fitting the time dependences of the respective peak intensities using single exponential decay functions (Figure 8(b)). Values of between 16 ± 3 and 25 ± 3 ps for the three states were obtained (Table S2). 
The vibrational lifetimes of the three most intense νCN modes, with fundamental transitions located at 2050, 2063 and 2070 cm-1 were 32 ± 2, 37 ± 2 and 29 ± 2ps respectively (Table S2 and Figure S11). These values of the vibrational lifetimes for the carbonyl and cyanide modes are consistent with peaks due to energy transfer between νCN modes, which appear in the 2D-IR spectra at waiting times of ~15 ps (Figure 6(c)). Similarly, a peak was observed in the 2D-IR spectrum at coordinates of (pump, probe) = (2063, 1897), which can be assigned to energy transfer from the 
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Figure 8. a) IRpump– IRprobe spectra of as-isolated EcHyd-1in the νCO region of the spectrum. b) Plots of band intensity versus time for selected bands from the spectra in a), each identified by colored symbols. Solid lines show results of fitting experimental data with monoexponential decay functions. 
pumped νCN () level of Nir-SI/II (νCO: 1922 cm-1) to the νCO (, leading to the probe exciting the - transition of the νCO mode (2, Figure S12).
Structural Dynamics - 2D-IR diagonal lineshapes: The 2D-IR spectra of EcHyd-1 can also be used to provide information relating to structural dynamics near the active site via changes in the 2D-lineshapes of the diagonal peaks of the νCO and νCN modes with waiting time. If dynamic fluctuations of the local environment near a ligand give rise to a range of different structural microenvironments, each with a slightly different vibrational frequency, the band will display inhomogeneous broadening. This broadening is manifest as a Gaussian lineshape in the IR absorption spectrum.  In the 2D-IR spectrum, inhomogeneous broadening affects the diagonal width of the νCO and νCN fundamental peaks while the antidiagonal linewidth reflects the homogeneous linewidth. This causes a diagonal elongation of the 2D peaks for inhomogeneously-broadened modes.48 If the local structural dynamics causing the inhomogeneous broadening are occurring on timescales similar to, or shorter than, the vibrational relaxation time of the mode, then the 2D lineshape evolves from diagonally-elongated to circular as the waiting time increases. This change in lineshape occurs because structural dynamics lead to the excited mode being able to explore all of its available microenvironments within the pump-probe delay time; a process called spectral diffusion.47 Observing the time-dependent evolution of the 2D lineshape via the ratio of diagonal to antidiagonal linewidths leads to an indication of the extent and timescales local environmental fluctuations. 
In the case of EcHyd-1 the the νCO, νCN1 and νCN2 bands exhibited ratios of the diagonal to antidiagonal full width half maximum values of 1.7, 1.6 and 1.5 respectively at a waiting time of 250 fs. These values were unchanged at a waiting time of 15 ps, indicating little in the way of structural dynamics occurring on timescales between 200 fs and 15 ps. 
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Figure 9: 2D-IR spectra of a) compound M1 in H2O solution and b) as isolated EcHyd-1 obtained for similar values of Tw.
Examination of the dephasing time of the νCO mode of the 1922 cm-1 peak (4 ps) suggests an expected homogeneous linewidth of 3 cm-1. Together with the observed diagonal linewidth (5 cm-1) for this mode, this is consistent with the observed diagonal:antidiagonal width ratio of 1/7 (= 5/3) and also indicates a very limited degree of inhomogeneous broadening.
[bookmark: _Hlk106113157]Other active site states: To investigate the state-dependence of the observed spectroscopic and dynamic parameters, 2D-IR spectroscopy was performed on an O2-exposed sample of as isolated EcHyd-1 to enhance the peaks due to the Nir-B state (Figures S13 and S14). This allowed identification of a set of bands due to the v=0-1 transitions of the νCO, νCN1 and νCN2 modes at 1942, 2092 and 2080 cm-1 respectively as well as to determine the associated energy level diagrams up to and including the two quantum vibrational states (Figure S14). It is noteworthy that the Nir-B state, which features a NiIII center, exhibits anharmonicities and spectral features that are very similar to those of the Nir-SI/II states described in detail above. The structural and vibrational dynamics were also observed to be similar to those reported for the Nir-SI/II states. This is consistent with the similar structural features assumed for all three states (Figure 1(a)).
The O2-oxidised sample of EcHyd-1 also gave rise to another set of νCO, νCN1 and νCN2 bands at 1948, 2098 and 2080 cm‑1, which we tentatively assign to the Niu-S states (Figure 1(a), Figure S14). In the case of this set of bands, it is notable that the positions are somewhat different, with evidence for the single mode anharmonicity of the higher frequency νCN band being as high as 13 cm-1, while the mixed mode anharmonicity is reduced to 13 cm-1 (Table S3 and Figure S14). These changes may be attributable to the presence of a bridging sulphoxygenated cysteine residue in the active site structure (Figure 1(a)).
Model Compound: K[CpFe(CO)(CN)2]
To provide a direct insight into the influence of the protein scaffold on the spectroscopy of the enzyme active site, we measured the 2D-IR spectrum of the model compound K[CpFe(CO)(CN)2] (M1) in aqueous solution. 68-69 
The results (Figure 9(a)) show the spectral band patterns observed for M1 are broadly similar to those of the enzyme (reproduced in Figure 9(b)) allowing similar assignments of the peaks to be made. This approach shows that the anharmonicity of the νCO mode of M1 is 24 cm-1 and that this mode is weakly coupled to the νCN modes (mixed mode anharmonicity: ≤5 cm-1). The two νCN modes of M1 show quite different single mode anharmonicities to one another (10 and 22 cm-1), while the mixed mode anharmonicity for the νCN modes of M1 was found to be 19 cm-1.
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Figure 10. a) 2D-IR spectrum of ReRH with pump frequencies resonant with νCN modes obtained with a Tw of 250 fs; b) Simulation of the ReRH 2D-IR spectrum in the νCN region based on a similar set of vibrational states as determined for EcHyd-1.
Examining the spectral linewidths and structural dynamics of the νCO and νCN modes shows that the νCO and νCN bands of M1 dissolved in H2O are much broader than those in the enzyme. The νCO band of M1 has a diagonal linewidth of 20 cm-1 as compared to 8, 5 and 12 cm-1 for the EcHyd-1 states at 1908, 1922 and 1942 cm-1 respectively. In the case of the νCN bands, widths of 12 and 14 cm-1 (M1) compare with 5 cm-1 for the enzyme, irrespective of the active site state. The 2D lineshapes of M1 in solution were observed to undergo rapid spectral diffusion, with the ratios of the diagonal to antidiagonal linewidths changing from 1.5, 1.2 and 1.5 (νCO, νCN1, νCN2) at short Tw (125 fs) to values of unity by a waiting time of 2 ps. This indicates that rapid structural fluctuations are present in solution that do not influence the 2D lineshapes of the enzyme. Finally, the vibrational relaxation dynamics of the νCO and νCN modes of M1 (4 and 6/7 ps respectively (Figure S15)) are significantly faster than those of EcHyd-1 Nir-SI/II (16-25 ps and 29-37 ps respectively).
Discussion
Applying 2D-IR spectroscopy alongside a suite of enzyme characterization measurements has enabled identification of νCO and νCN frequencies for two previously un-reported active site states of EcHyd-1, Nir-SI/II in addition to data on two other active site states. The 2D-IR spectra have also provided deeper insights into the vibrational potentials of the νCO and νCN bands of these states while the sub-picosecond time resolution has been exploited to reveal their vibrational and structural dynamics. 
Our observations show that the spectroscopy and dynamics of all of the active site states of EcHyd-1 studied so far are broadly similar, with the exception of some minor deviation for signals assigned to the Niu-S state. It is therefore interesting to consider whether this extends to other [NiFe] hydrogenases via our previous study of the ReRH enzyme.52 The vibrational relaxation and structural dynamics reported for ReRH were very similar to those observed for EcHyd-1, (νCO and νCN vibrational lifetimes were 18 and 30 ps respectively52) along with no evidence of significant structural changes occurring on this timescale as evidenced by spectral diffusion measurements. Although the νCN region of the 2D-IR spectrum of ReRH was less well-resolved than reported for the EcHyd-1 enzyme studied here, revisiting the ReRH 2D-IR spectroscopy in light of our new results allows a clearer picture to emerge. An early waiting time 2D-IR spectrum of the ReRH enzyme in the νCN region is presented (Figure 10(a)) alongside a simulation based on a similar mode structure and energy level diagram (Figure S16) to that observed for EcHyd-1 (Figure 10(b)). The agreement is excellent, allowing us to define single mode (8 and 18 cm-1) and mixed mode (24 cm-1) anharmonicities for the ReRH νCN- modes (Table S3) that are very similar to the values for EcHyd-1. This new information also allows complex time-evolution behavior of the peaks observed in the ReRH spectra52 to be assigned to the differential relaxation of combination band and energy transfer peaks as described for EcHyd-1 above (Figure S17). This result strongly suggests that the active sites of the two enzymes which perform quite different biological functions have common characteristics to their Fe(CO)(CN)2 units. 
We now proceed to consider how the results for the enzyme active site compare to those of a structural mimic of the Fe(CO)CN)2 unit in aqueous solution. Our results for the enzyme show that while the spectroscopy of the νCO bands of the Nir-SI/II states are well-described by a Morse-oscillator model, the νCN bands show some unusual characteristics. In particular, the two νCN bands exhibit markedly different single mode anharmonicities, one with a value of 20 cm-1, while the other is much less anharmonic (8 cm-1). The vibrational coupling of the νCN modes is indicated by the observed mixed mode anharmonicity value of 20 cm-1. Although vibrational coupling of the νCN modes in hydrogenases has been detected previously, 52, 70 our results here suggest that it is very strong, and sufficient to cause a breakdown in harmonic oscillator selection rules that results in the observation of peaks 12 and 13 in Figure 6(a). It is important to stress that these effects cannot be explained using a harmonic description of the potential energy surfaces of the CN bonds, rather, they arise from the higher order, cubic and quartic terms, the effects of which are not discernable using absorption spectroscopy. 48, 71-74 
Our results obtained from M1 in solution show that some of the observations relating to the spectroscopy of the observed EcHyd-1 active site states can be attributed to the intrinsic nature of the Fe(CO)(CN)2 unit.  For example the single mode anharmonicity of the low frequency νCN mode as well as the mixed-mode anharmonicity are consistent between M1 and the enzyme, the latter showing that the strong inter-νCN coupling is at least in part a feature of the Fe(CO)(CN)2 unit. Further evidence indicating that the observed spectroscopic patterns are an intrinsic property of the Fe(CO)(CN)2 can be found from other examples where single and mixed mode anharmonicities have been reported for organometallic cyanide-containing compounds, that also showed very different values to those of either M1 or EcHyd-1.75,76 However, the single mode anharmonicity observed for the high frequency νCN mode of EcHyd-1 is smaller than that of M1 in solution, suggesting a degree of environmental sensitivity in this parameter. The νCN mode frequency separation is much less in EcHyd-1 (ΔνCN-CN is 13 cm-1) than M1 (17 cm-1), a change which brings the mode separation and mixed mode anharmonicities closer together for M1. This implies that M1 approaches the weak coupling regime, 48 such that the forbidden transitions observed in the enzyme do not appear in spectra of M1. These results suggest that our observed spectroscopic differences between M1 and the enzyme stem from the environment of the active site dictated by the protein scaffold. It is however important to note that, although the size and position of the Cp ring enables M1 to provide a good structural mimic of the Fe(CO)(CN)2 unit, 68-69 M1 does not replicate either the Ni or the terminal and bridging cysteine residues, which have been shown to strictly control the local geometry of the NiFe site, leading to asymmetry in the two cysteine bridges.9-10, 35, 77 These differences could in principle influence the vibrational potentials of the cyanide ligands that lie trans to them. 
Although the impact of the protein scaffold upon spectroscopic parameters of the Fe(CO)CN)2 unit is subtle, the results from M1 reveal that it has a significant impact upon its dynamics. The data for M1 reveals vibrational relaxation times for the νCO and νCN modes of M1 on the order of a few picoseconds, in good agreement with previous studies of organometallic carbonyls and cyanides in aqueous solution.78-79 This rapid vibrational relaxation in water is attributed to spectral overlap of the νCN and νCO mode frequencies with the broad bend-libration combination band of H2O near 2100 cm-1 leading to an efficient energy dissipation pathway to the solvent.80 In contrast, much slower vibrational relaxation was observed for the νCN and νCO modes of EcHyd-1, which shows that bulk-like H2O does not interact with the active site. Instead, the observed vibrational relaxation times for EcHyd-1 are more consistent with observations of organometallic compounds in protic organic solvents. The fact that such solvents are capable of 
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Figure 11. Enlarged view of the EcHyd-1 active site Fe(CO)(CN)2 moiety and its local environment, displayed as a ball and stick schematic. The image is from an X-ray crystal structure (PDB: 6FPW57) of an (18 hour) H2-exposed sample of EcHyd-1. Distances to the hydrogen atoms are indicated. 
hydrogen bonding could imply a role for the H-bond links between the protein scaffold and Fe(CO)(CN)2 unit in determining the observed dynamics.76
Differences between the structural dynamics of model compound and the enzyme were also observed. The 2D-IR diagonal peaks due to the νCN and νCO modes of M1 display inhomogeneously broadened lineshapes and fast (1-2 ps) spectral diffusion, while the enzyme modes show limited evidence of inhomogeneous broadening and no spectral diffusion on timescales up to 45 ps. The contrasting behavior of M1 can be explained by rapid fluctuations of the H-bonding environment around the ligands and is consistent with previous studies in aqueous solutions. 81 Examination of the 2D-IR data shows that the νCO mode of M1 in solution exhibits a much shorter dephasing time than the enzyme (0.96 ps vs 4 ps). This faster dephasing contributes to the increased linewidth observed for M1 compared to the enzyme, but would lead to a homogeneous linewidth of 12 cm-1, showing that the observed 20 cm-1 linewidth arises from a significant degree of inhomogeneous broadening. In contrast, the νCO mode of the enzyme (at 1922cm-1) has a much narrower linewidth with little inhomogeneous contribution. These observations agree with previous work on ReRH. 52
In the case of the enzyme, crystallography data indicates that the two cyanide ligands are H-bonded to the Thr532 and Arg509 residues (Figure 11)57 which feature neutral and cationic side chains respectively. Fluctuations of the protein would therefore be expected to modulate the terminal charges on the CN ligands and so the νCN mode frequencies, leading to structural dynamics being manifest as inhomogeneous broadening and spectral diffusion of the νCN modes. By the same argument the CO ligand, which is not subject to H-bonds, could be expected to show different behavior to the CN ligand modes, but the behavior of the νCO and νCN bands is very similar, although fluctuations of the protein environment could impact upon the νCO mode frequency via an electrostatic, rather than specifically H-bonding, mechanism. It is instructive that the CO and CN ligands of M1 also demonstrate similar structural dynamics where again H-bonding would be expected to be stronger to the CN ligands, which would seem to support the hypothesis that the ligands detect similar environmental dynamics.
These observations could imply that the EcHyd-1 provides a very restricted environment with little fluctuation or that the fluctuations do not become manifest as spectral diffusion. However, these scenarios are not mutually exclusive and further study is required as it is not possible to be definitive from this data. An analysis of spectral linewidths and dephasing times performed on ReRH supported the presence of a dynamically rigid active site and the similarities between the data for ReRH and EcHyd-1 indicate that the same conclusions apply here. 52 Such a scenario would entail a protein scaffold that behaves in a markedly different manner to those revealed by studies of spectral diffusion in other protein and enzyme structures, where few picosecond spectral diffusion dynamics have been widely observed. 82-88 However, the role of the hydrogenases involves manipulating extremely small substrates as well as excluding slightly larger species such as water and so such a rigid architecture may be the biological solution to these complex problems. Another feasible explanation for the lack of observed spectral diffusion is that the H-bonding to the CN ligands is sufficiently weak that the cyanide ligand stretching frequencies do not act as an efficient reporter of protein motion. In this respect, the carbonyl ligand stretching mode frequency would appear to be similarly decoupled from protein fluctuations. If this were the case then it would be expected to have implications for the vibrational relaxation mechanism, the timescales of which are comparable with a protic, organic solvent. In the event of very weak hydrogen bonding, this could indicate that vibrational relaxation occurs via the dimetallic unit rather than through the protein.
Overall, we conclude that the enzyme active site dynamics, including both relaxation timescales and the lack of spectral diffusion, cannot be approximated by analogy to a single simple solvent model: the vibrational relaxation time points to a protic organic environment while the absence of spectral diffusion is more reminiscent of a non-interacting environment such as a non-polar organic solvent. 89-90 As such, the data indicates that the NiFe active site is subject to complex, multifaceted influences but clearly communicates the importance of considering the protein scaffold as part of the active site. The evidence shows that the protein defines some aspects of the vibrational potential surfaces of the Fe(CO)(CN)2 unit but that its major contribution is in defining the dynamic environment by effectively isolating the Fe(CO)(CN)2 unit from the surrounding solvent and by either tightly controlling structural dynamics or limiting the impact of any fluctuations of the protein scaffold upon the active site.
Placing these results in context with the design of biomimetic hydrogen producing systems, the differences between our observations of the enzyme active site and measurements of model compound M1 in solution indicate that further work assessing the contribution of the secondary coordination spheres, self-assembled scaffolds and/or full apo-enzymes have in effective hydrogenase biomimetic systems would be beneficial in developing artificial systems. While the role that the protein scaffold plays in the enzyme mechanism is not clear, the conserved nature of the local active site environment suggests that it is an important component of the hydrogenase architecture. Our results show that 2D-IR spectroscopy provides a facile route to characterizing attempts to replicate the biological scenario, in particular solvent exclusion and the complex structural dynamics, with simpler scaffolds. 11-18
Finally, we reflect on the coincidence of the νCO and νCN mode frequencies for the Nir-SI/II states determined here at 1922/2050/2063 cm‑1 and 1908/2057/2070 cm-1 (Table S2) with those previously assigned to the Ni-RII and Ni-RIII,  (Nir-SRII/III using our notation) states which contain a hydride-bridged Ni(II)Fe(II) center (Figure 1(a)).27 Although the νCO mode frequency of the Nir-SI/II state (νCO: 1922 cm-1) shows remarkable agreement with that assigned to Ni-RII,  that of the other Nir-SI/II state (νCO: 1908 cm-1) differs from the literature values for the Ni-RIII state (νCO: 1914 cm-1).27 When added to the biochemical characterization data reported above, this discrepancy adds further weight to our assignment of the as-isolated EcHyd-1 spectrum to different states with coincident frequencies to one of the substates referred to as Ni-R.27 The frequency coincidence extends to the νCN modes, which for both the Ni-RII and Ni-RIII states were quoted as 2050 and 2067 cm-1,27 while a recent study in the crystalline phase identified four bands between 2049 and 2071 cm-1, though without direct assignment to the sub-states. 91 Thus the fact that we identify a similar set of frequencies as being attributable to a particular state is consistent with the Nir-SI/II and Ni-RII and Ni-RIII states being spectroscopically very similar. There are in fact numerous reports of NiFe hydrogenases in distinct states exhibiting very similar IR signatures, for instance: Nir-B and Niu-A in Allochromatium vinosum MBH,29 Desulfovibrio vulgaris Miyazaki F, 92  and Desulfovibrio gigas MBH 93; and  Nia-S and Nir-S in Ralstonia eutropha MBH 94 and RH,95 and Nia-SRIII and Nia-SRII of Ralstonia eutropha SH.96  Finally, we note that the wavenumbers reported here for the Nir- SI/II states of EcHyd-1 fall within the range of reported frequencies for the same states of other enzymes (Figure S18).
Conclusions	
We have reported the application of 2D-IR spectroscopy to study the active site of the EcHyd-1 enzyme, obtaining data for a number of active site states, including two previously un-reported Nir-SI/II states. By comparing the enzyme results to those of a model organometallic compound in aqueous solution, we reveal that the vibrational potential energy surfaces and dynamics of the Fe(CO)(CN)2 unit, particularly of the νCN stretching modes, offer a sensitive probe of the local environment. The vibrational potential surfaces of the two CN ligand stretching modes are found to be quite different in terms of their single mode anharmonicities and they are extremely strongly coupled. These observations are attributed partly to the nature of the Fe(CO)(CN)2 unit, but also to a specific influence of the protein scaffold, which creates a highly specialized local environment by eliminating solvent from the active site and leading to dynamics that cannot be replicated using solvent analogs. The indication is of a protein scaffold that interacts surprisingly weakly with the active site or which very tightly controls the local structure via cysteine links to the NiFe centre and asymmetric H-bonding arrangement between the protein scaffold and the cyanide ligands. Further experiments targeting the specific interactions of the amino acids near the Fe(CO)(CN)2 unit as well as investigating the potential role of vibrational relaxation phenomena such as IVR would be of benefit. 97-98
A similar set of vibrational parameters, albeit with some evidence for state-to-state variations, can be used to describe the active sites of other [NiFe] hydrogenases studied so far, leading to the conclusion that the spectroscopic observables are indicative of an evolutionarily selected active site environment that is central to the enzyme structure, if not directly to its function. These observations demonstrate the need for the inclusion of anharmonic effects in understanding the potential energy surfaces of the active site vibrational modes, its structure, and dynamics. They also appear to explain the need for complex secondary coordination spheres in promising biomimetic hydrogen producing catalysts and provide both a template and an approach to measuring important physical properties of novel biomimetic candidates.
Supporting Information contains details of the preparation and characterization of the enzyme samples along with supplemental figures supporting spectral assignment and analysis. 
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