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1 Abstract 

 

NiFe hydrogenases are promising candidates for sustainable energy approaches 

using H2 as a clean fuel. Comparison with the rare earth metal containing H2-

conversion catalysts that are used industrially highlights a number of distinct 

advantages in the use of NiFe hydrogenases or hydrogenase-inspired catalysts. 

They are able to catalyse H2-conversion with high turnover frequencies while 

containing only base metals, they tolerate a greater variety of conditions and 

don’t require the use of fossil fuel derived feedstocks. However, implementation 

of hydrogenase-based catalysts is hampered by the incomplete understanding 

of some of the aspects of its catalysis. While a general outline for its catalytic 

mechanism has been established, the specific determinants for efficient H2-

cleavage and H+-reduction remain vague. NiFe hydrogenases with different 

activity profiles, physiological functions and parent organisms all display a highly 

conserved active site environment yet the way in which the active site chemistry 

is modulated by the surrounding protein architecture is poorly understood. The 

importance of understanding this modulation is demonstrated by the small 

molecule hydrogenase-inspired catalysts that do exhibit efficient H2-conversion 

invariably featuring either a significant second coordination sphere, or are 

cofactors implanted within a protein matrix.  

 

The carbonyl and cyanide ligands present in the NiFe hydrogenase active site are 

ideal probes for IR experiments, indeed vibrational spectroscopy has been used 

extensively to identify and monitor the interconversion of redox structural 

states formed by NiFe hydrogenases. Conventional IR approaches use the 

fundamental frequencies of the carbonyl and the two cyanide stretching modes 

(vCO, vCN1 and vCN2, respectively) as fingerprints to identify specific redox states. 
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When evaluated in isolation these frequencies can provide only limited 

catalytically relevant insight as they are subject to a variety of structural and 

electronic factors including the ligands present in the particular active site state, 

H-bonding and long range electrostatic interactions with the protein matrix. The 

interpretation of vCO and vCN mode frequencies is hampered by uncertainty in 

the anharmonicities along the CO and CN stretching coordinates, in addition to 

the precise composition of their associated normal modes. While the vCN1 mode 

is generally acknowledged to have greater symmetric stretching character and 

the vCN2 mode to have greater asymmetric stretching character, a thorough 

understanding of their potential energy surfaces (contributions from each 

cyanide ligand) has yet to be established. This situation is further complicated 

by the highly localised nature of the vCO and vCN modes to their respective bond 

coordinates, which results in their stretching frequencies being insensitive to 

isotopic substitution of adjacent atoms, which would otherwise provide useful 

information relating to the molecular composition proximal to the [NiFe] site. 

Here, ultrafast pump-probe and 2D-IR spectroscopy are used to characterise the 

vCO and vCN modes of the regulatory hydrogenase from Ralstonia eutropha, the 

membrane bound hydrogenase (Hyd-1) from Escherichia coli and the Fe-site 

mimic K[CpFe(CO)(CN)2]. A number of previously unexplored spectroscopic 

parameters are evaluated and a high degree of similarity is observed between 

different redox states and enzymes, implying an evolutionarily selected active 

site environment. Via comparison of these observables with those from the Fe-

site mimic dissolved in a variety of solvents, some parameters can be ascribed 

to intrinsic properties of the active site Fe(CO)(CN)2 moiety, whilst others are 

indicative of the protein scaffold forming a highly specialized environment that 

tightly controls the structure of the active site. This situation is similar to that 

observed in both native [FeFe]-hydrogenase and in active site mimics, for which 
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the spectroscopy of the isolated active site is distinctly different to that of the 

active site implanted within the protein matrix. 
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2 Introduction and theory 

2.1 Hydrogen as a sustainable fuel  

The combustion of H2 releases a very large amount of energy without any long-

lived intrinsic greenhouse gas emissions, as such H2 has been heralded as a fuel 

of the future from as early as 1874 in the writings of Jules Verne.1 

                                                 𝐻2 + 1
2
𝑂2 → 𝐻2𝑂                       (1) 

𝛥𝐺𝑜 = −237 𝑘𝐽 𝑚𝑜𝑙−1     

However, the ostensibly simple reaction by which H2 is split into protons and 

electrons is complicated by the H-H bond being remarkably strong and non-

polar,2 activating H2 thus requires a suitable catalyst. Platinum electrodes have 

typically been used for this purpose, however, Pt is expensive, resource limited 

and energy intensive to mine.3 A number of nickel containing catalysts are also 

used for H2-conversion and while Ni is cheaper and more abundant than Pt, 

these catalysts are significantly less efficient than their noble metal containing 

counterparts.4 Pt-based H2 conversion catalysts are also subject to irreversible 

poisoning by trace impurities such as CO and H2S necessitating the use of high-

purity feedstock which exacerbates the environmental toll of such an 

approach.3,4 It is apparent that the development of cheaper and more 

sustainable H2-conversion catalysts would be broadly beneficial.  

 

2.2 Hydrogenases  

Hydrogenases are the hydrogen converting enzymes that have been produced 

by microorganisms to enable the use of H2 as a fuel since the early stages of life 

on earth.5 There are three phylogenetically unrelated categories of 

hydrogenases that are designated according to the metal content of their active 



10 

sites: NiFe-,6,7 FeFe-8,9 and Fe-hydrogenases.10 This project is focussed on the 

study of NiFe-hydrogenases.  

Most FeFe- and NiFe-hydrogenases catalyse both the reduction of protons to H2 

(Equation (2)) and also the oxidation of H2 to protons and electrons (Equation 

(3)).11 Remarkably, some hydrogenases have been shown to convert hydrogen 

at rates approaching, and in some cases even exceeding, those reported for their 

2𝐻+ + 2𝑒− → 𝐻2 (2) 

𝐻2  →  2𝐻+ + 2𝑒− (3) 

synthetic Pt-containing counterparts (measured electrochemically).12 Notably, 

these enzymes do not contain any rare earth metals and are tolerant of more 

diverse conditions than Pt-containing catalysts, with some able to maintain 

and/or recover activity following exposure to inhibitory H2S, CO and O2.  

 

 

2.2.1 Physiological context  

The NiFe-hydrogenases can be categorised into four groups according to their 

functions and cellular contexts.5,13  

 

Group 1 – Membrane-bound H2-uptake enzymes  

Typically located on the periplasmic side of the membrane, these enzymes are 

generally coupled to additional electron transfer and/or transmembrane 

proteins (Figure 1 and Figure 2).11  
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Figure 1. Schematic diagram showing how EcHyd-1, an O2-tolerant group 1 
[NiFe]-hydrogenase, couples H2-oxidation to aerobic respiration via the quinone 
(Q/H2Q) pool.  
 

Group 2 – Cytosolic H2-uptake and sensory enzymes  

These enzymes fulfil varying and some partially unknown functions,13 with 

notable examples including the cyanobacterial uptake hydrogenases that 

catalyse the oxidation of H2 produced by processes including photosynthesis and 

N2-fixation, and H2-sensing enzymes that exhibit low H2-oxidation activity but 

function to regulate expression of more catalytically active hydrogenases.13  

 

Group 3 – Cytosolic bidirectional enzymes  

These enzymes typically exist as large multisubunit assemblies that resemble 

respiratory complex I.5  Most group 3 hydrogenases are soluble, but some are 

associated with the cytosolic or thylakoid membranes.5 Generally, these 

enzymes couple the oxidation of H2 to the reduction of respiratory cofactors 

including NAD+, NADP+, F420.5,13 They are termed bidirectional as they are also 

able to perform the reverse reaction, coupling cofactor oxidation to H2-
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production, under physiological conditions.14 The cellular functions performed 

by group 3 hydrogenases are diverse and depend upon the enzyme, host 

organism and its current metabolic state. H2 production could act as a sink for 

disposal of excess electrons produced by fermentation or photosynthesis, 

whereas H2-oxidation can serve as a source of energy and reducing equivalents 

(e.g., NADH, NADPH).  

 

Group 4 – Membrane-bound H2-evolving enzymes  

These enzymes are large multisubunit assemblies typically comprising six or 

more subunits.11 Group 4 hydrogenases bear some similarities with their group 

1 counterparts, they are both membrane bound and involved in energy 

conversion. However, group 4 enzymes are localised on the cytoplasmic (rather 

than periplasmic) side of the membrane and do not use H2 as an electron source, 

instead coupling the oxidation of low-potential one-carbon containing 

molecules (such as carbon monoxide or formate) to H2-production (via CO + H2O 

→ CO2 + 2H+ + 2e- and HCOO- → CO2 + H+ + 2e-).5,11  
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Figure 2. (Left) Ribbon diagram for the EcHyd-1 dimer (PDB: 6FPO15) and (right) 
ball-and-stick schematics of the key cofactors ligated by each subunit. 

NiFe hydrogenases can be further separated into two categories according to 

their interaction with oxygen. Hydrogenases that maintain some level of activity 

in the presence of O2, and quickly return to pre-exposure levels of activity when 

the O2 is removed, are termed O2-tolerant hydrogenases.11,16 In the literature, 

prominent examples of O2-tolerant NiFe-hydrogenases include: Escherichia coli 

Hydrogenase-1 (EcHyd-117,18), Aquifex aeolicus Hydrogenase-I (AaHase-I19,20), 

Ralstonia eutropha membrane bound hydrogenase (ReMBH16), regulatory 

hydrogenase (ReRH21) and soluble hydrogenase (ReSH22,23). For O2-sensitive 

hydrogenases their activity is completely abrogated by O2-exposure and 

following the removal of O2 they reactivate slowly if at all (however certain 

hydrogenases will reactivate upon application of a reducing potential).11,16 

Prominent examples of O2-sensitive hydrogenases include: Desulfovibrio 

vulgaris Miyazaki F (DvMF16), Desulfovibrio gigas hydrogenase (DgH16,24), 

Allochromatium vinosum membrane bound hydrogenase (AvMBH16) and E. coli 

Hydrogenase-2 (EcHyd-225). 
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2.2.2 Structural features of MBH 

The minimal functional unit of a NiFe-hydrogenase comprises a heterodimer of 

so-called ‘large’ and ‘small’ subunits, with masses of typically ~65 and ~30 kDa, 

repectively.5,11 The large subunit coordinates the bimetallic NiFe active site, and 

the small subunit harbours an electron relay that is composed of FeS clusters.5,11 

There also exists several proton transfer pathways and hydrophobic gas 

channels that connect the deeply buried NiFe active site to the protein 

surface.5,11 

 

The NiFe active site 

The NiFe active site features a ferrous iron ion and a nickel ion with an oxidation 

state that varies with the catalytic substate of the enzyme (between NiI, NiII, and 

NiIII).11,17,26,27 These metal ions are coordinated by seven strictly conserved 

ligands; one carbon monoxide (CO), two cyanide (CN-) and four cysteine thiolate 

ligands (Cys-S-). Two of the cysteine thiolates terminally coordinate the Ni ion, 

and the remaining two are present in positions that bridge the metal ions. The 

Fe ion is further coordinated by CO and the pair of CN- ligands. A third bridging 

position is also present, although the ligand that occupies this position varies 

with the catalytic substate of the enzyme, in some states it is vacant, whilst in 

others it is occupied by an OH- or H- ligand. The coordination geometry for the 

metal ions  
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Figure 3 (a) Skeletal structure of the NiFe cluster. (b) EcHyd-1 crystal structure 
data (PDB: 6FPO15) showing the showing the geometry around the active site Ni- 
and Fe-ions, shown as balls and sticks coloured by heteroatom. 

of a NiFe hydrogenase with an occupied third bridging site can be seen in Figure 

3, these are distorted square-based pyramidal for the Ni-ion and octahedral for 

the Fe-ion (Figure 3(b)). For an active site state with a vacant third bridging site 

(Figure 4(b) and Figure 9) the geometries are see-saw shaped and square 

pyramidal for Ni- and Fe-ions, respectively. 

The active site environment of the bimetallic cluster is highly conserved, both 

among NiFe-hydrogenases of different classes and from different organisms. 

This can be seen below in Figure 4 which compares the binding pocket of five 

hydrogenases of three classes from four different organisms. 
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Figure 4 Crystal structure data showing the active site environment of the NiFe 
hydrogenases: (a) oxidised EcHyd-1 (PDB: 6FPO15), (b) reduced ReMBH (PDB: 
7ODG28), (c) oxidised EcHyd-2 (PDB: 6EHQ29), (d) reduced DvMF (PDB: 4U9I30), 
(e) as-isolated M. marburgensis F420-reducing hydrogenase (PDB: 4OMF37) and 
(f) an overlay. Selected side chains/groups are shown in ball and stick form, 
coloured by heteroatom (blue = N, red = O, yellow = S, green = Ni and orange = 
Fe). 
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The active site environment is largely hydrophobic, with crystal structures 

indicating that no water molecules are present within H-bonding range of the 

active site ligands (not counting the H2O present in the variable third bridging 

position of some active site states, Figure 4(a), (b) and Figure 9).15,28–30 

 

Iron-sulfur (FeS) clusters 

The small protein subunit of NiFe-hydrogenases commonly ligates three FeS 

cluster cofactors which form a relay to shuttle electrons between the NiFe active 

site and the surface of the small subunit, thus providing a means by which the 

hydrogenase minimal functional unit can electrochemically interface with 

auxiliary electron transfer protein subunits. Some examples of redox active 

auxiliary subunits found in NiFe hydrogenases include: cytochrome in 

membrane bound hydrogenases (ReMBH,31 EcHyd-1,32 AvMBH,33 etc), histidine 

kinase in ReRH,34 NAD+-reductase in ReSH,35 coenzyme-F420 reductase in soluble 

hydrogenases of Methanosarcina barkeri (MbSH)36 and Methanothermobacter 

marburgensis (MmSH),37 NADPH-oxidase in Pyrococcus furiosus soluble 

hydrogenase (PfSH),38 formate dehydrogenase in EcHyd-3.39 The FeS clusters in 

the small subunit are regularly interspaced and close together (~ 8-12 Å) to 

facilitate the efficient transfer of electrons (Figure 5). The FeS clusters are 

designated proximal, medial and distal according to their proximity to the NiFe 

active site (Figure 5). At a pH of 7.0 the oxidation of H2 can occur at any potential 

higher than that of the H2/H+ couple (-413 mV), likewise the reduction of H+ to 

H2 should occur at more negative potentials than that of the H2/H+ couple. The 

potential of the FeS clusters of group 1 (i.e., H2-uptake membrane bound) NiFe 

hydrogenases are all more positive than -413 mV,40 and their potentials are even 

higher for O2-tolerant group 1 hydrogenases.41,42 The potentials of the FeS 

clusters relative to that of the H2/H+ couple likely contributes towards the 
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catalytic bias of a particular hydrogenase towards oxidation or evolution of 

H2.17,18,20 

 

 
Figure 5 Crystal structure data showing the electron relay formed by the FeS 
clusters and the NiFe active site for (a) EcHyd-1 (PDB: 6FPO15) and (b) EcHyd-2 
(PDB: 6EHQ29). The protein is shown as transparent white ribbon with selected 
groups in ball and stick form, coloured by heteroatom.  

 

The proximal, medial and distal FeS clusters can differ in the number of 

constituent Fe and S atoms in addition to the number of coordinating cysteine 

thiolate ligands, the differences are outlined below in Table 1. 
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Table 1 Comparing the composition and reduction potentials of FeS-clusters in 
O2-tolerant and O2-sensitive hydrogenases. Listed potentials refer to the 
midpoint reduction potentials for the [FeS]4+/3+ (and [FeS]5+/4+) transitions of the 
proximal cluster and the [FeS]+/0 transition of the medial cluster, determined for 
the wild type (O2-tolerant) and C19G mutant (O2-sensitive) of EcHyd-1.42,48 

Hydrogenase 
Cluster 

FeS Number of   Potential   

type composition cysteine ligands 
 / mV vs 

SHE 
  

O2-tolerant 

Proximal 4Fe3S 6  30 (230)   

Medial 3Fe4S 3  190   

Distal 4Fe4S 3     

O2-sensitive 

Proximal 4Fe4S 4  240   

Medial 3Fe4S 3  160   

Distal 4Fe4S 3     

 

The proximal cluster of O2-sensitive hydrogenases is a standard 4Fe4S cluster 

coordinated by four cysteine ligands, whereas O2-tolerant hydrogenases have a 

unique proximal 4Fe3S cluster with six cysteine ligands,18,43–47 this is shown 

below in Figure 6.  
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Figure 6 Crystal structure data comparing the proximal FeS clusters of the O2-
tolerant EcHyd-1 in its (a) reduced and (b) superoxidised states with that of the 
O2-sensitive (c) C19G mutant of EcHyd-1 and (d) native EcHyd-2 (PDB: 6FPW, 
6FPO, 6G94 and 6EN9, respectively).15,29,48 

The unusual proximal clusters of O2-tolerant hydrogenases are able to form an 

additional ‘superoxidised’ redox state that is one electron more oxidised than 

that formed by the proximal clusters of O2-sensitive hydrogenases.15 The release 

of this additional electron ensures that O2-tolerant hydrogenases are able to 

rapidly reactivate following exposure to inhibitory O2 (Figure 9).15 Crystal 

structure data (Figure 6(a) and (b)) shows that this over-oxidation of the 

proximal cluster is accompanied by a structural transition in which the cluster 

opens up, one of the Fe atoms rotates and is ligated by the main chain N atom 

of Cys20 (Figure 6(b)).15  
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The additional cysteine residues that coordinate the proximal cluster have been 

shown to be crucial factors in determining whether a NiFe hydrogenase can 

support this structural transition when exposed to O2.15,44 The EcHyd-1 mutant 

C19G (Figure 6(c)) demonstrated O2-sensitivity similar to that observed in 

EcHyd-2, whereas EcHyd-1 mutant C120G had minimal reduction in O2-

tolerance,18 which is likely a consequence of the C19G mutation causing the 

proximal 4Fe3S cluster to be replaced with a 4Fe4S cluster,48 like that present in 

EcHyd-2. It was hypothesised that the EcHyd-2 mutant G24C would have 

enhanced O2-tolerance, however both G24C and G125C mutations rendered the 

protein unstable.18 

 

The medial FeS cluster is also implicated in the mechanism by which inhibitory 

O2 is removed from the active site of NiFe hydrogenases. While over-oxidation 

of the proximal cluster of O2-tolerant hydrogenases provides two electrons, the 

final electron is likely supplied by the medial FeS cluster.42,49 

 

 

Figure 7 Crystal structure data comparing the medial FeS clusters of (a) native 
ReMBH (PDB: 5MDK)50, and (b) ReMBH mutant P242C (PDB: 7ODH).28 



22 

In both O2-tolerant and O2–sensitive hydrogenases the medial cluster is a 3Fe4S 

cluster coordinated by three cysteine residues (Table 1). Introduction of an 

additional coordinating cysteine residue at the medial cluster, via the P242C 

mutation, has been shown to increase the O2 sensitivity of the O2-tolerant 

hydrogenases EcHyd-1 and ReMBH. Crystal structure data shows that this 

mutation causes the hydrogenase to incorporate a 4Fe4S cluster rather than the 

normal 3Fe4S cluster (Figure 7), which likely causes enhanced O2-sensitivity by 

lowering the potential of the medial cluster, which in turn results in it losing 

electrons to the distal cluster too readily to act as a reservoir for reduction of 

the proximal cluster.28,51 

 

Figure 8 Crystal structure data comparing the distal FeS clusters of (a) D. 
fructosovorans Hydrogenase (PDB: 1YRQ52) and, (b) EcHydrogenase-1 (PDB: 
6FPO15). 

 

The distal FeS cluster is located furthest from the NiFe active site and forms the 

final part of the electron transfer chain, interfacing with the hydrogenase’s 

physiological partner (e.g. cytochrome in EcHyd-1) or solvent molecules in the 

case of the hydrogenase minimal functional unit (i.e., heterodimer of large and 

small subunits). The structure of the distal FeS cluster is highly conserved (Figure 

8) among O2-tolerant and O2-sensitive hydrogenases, it features a cubane 4Fe4S 
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cluster coordinated by three cysteine ligands and a histidine. The distal cluster 

is thought to control the catalytic bidirectionality of hydrogenases via its role as 

the ‘gateway’ cluster.53 For instance, EcHyd-1 exhibits considerable H2-evolution 

activity at low pH but negligible H2-evolution at physiological pH, this has been 

attributed to the distal cluster having a pH-independent potential while the 

potential of the H+/H2 couple is highly pH dependent, so below a certain pH the 

transfer of electrons from distal cluster towards the NiFe active site becomes 

favourable.53–56 The role of the distal cluster in determining the catalytic 

directionality has been highlighted by a study on the O2-sensitive bidirectional 

hydrogenase from Desulfovibrio fructosovorans in which mutation of the 

coordinating histidine residue (H184 in Figure 8(a)) to glycine or cysteine 

resulted in a substantial drop in H2-evolution activity (to 75% and 45% of that of 

WT, respectively), and an even larger decrease in H2-oxidation activity (to 3% 

and 2%, respectively).57 The activity of the variants was observed to recover in 

the presence of imidazole. The authors attribute the slower electron transfer 

observed in these variants to unfavourable contributions to electronic coupling 

and reorganisation energy, rather than substantial changes in the potential of 

the distal cluster.57 

 

 

2.2.3 Catalytic cycle 

 

NiFe hydrogenases transition through a number of active site states, the 

putative structures of these states are shown below in Figure 9. These states can 

be separated into two categories, i) “on-cycle” states formed during catalytic 

activity (whether H2-oxidation or production), and ii) catalytically inactive “off-

cycle” states formed following exposure of the active site to inhibitory O2.11 
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State dependent variation in the structure of the NiFe centre includes changes 

to the Ni-ion oxidation state, the presence/identity of the ligand in the third 

bridging site, the protonation state of the terminal cysteine thiolate ligands and 

the sulphoxygenation state of the bridging cysteine thiolate ligands.11,26,58,59 

 

Macroscopically the off-cycle states differ in whether they are slow or fast to 

reactivate. The generally accepted naming convention for active site states of 

NiFe hydrogenases follows the form Nix-Yz. The subscript ‘x’ denotes the catalytic 

competence of the state, with Nia states being catalytically active (sunburst 

colours in Figure 9), the Nir ready states are catalytically inactive but fast to 

reactivate (light blue in Figure 9) and the Niu unready states are inactive and 

slow to reactivate (dark blue and purple in Figure 9).11,60 The ‘Y’ designation of 

Nix-Yz is largely historical, with the Nix-A, -B and -C following the original 

assignment of these states when they were first detected using EPR 

spectroscopy.51–53 The L of Nia-L derives from this state first being observed in 

samples under intense illumination. The S of Nir-S, Nia-S and Nia-SR shows that 

these states are EPR silent, and the R indicates that Nia-SR is reduced. The 

subscript ‘z’ designation of Nix-Yz is used to distinguish substates that are very 

closely related, two substates of Nir-S have been identified (Nir-SI and Nir-SII), and 

three for Nia-L (Nia-LI → III) and Nia-SR (Nia-SRI → III). Nir-SI and Nir-SII states are 

thought to differ in terms of the protonation state of the third bridging ligand. 

The precise structural differences between Nia-LI → III and Nia-SRI → III states 

(respectively) have not been elucidated, however due to their very similar IR 

signatures it is believed that these states may differ in terms of protonation of 

terminal cysteines, rotation of terminal cysteines or the orientation of nearby H-

bonding side chains. 11,26,27,58–60 

 



25 

 

 

Figure 9 [NiFe]-hydrogenase active site state structures and corresponding 
labels. States that differ in only the subscript (Nia-LIII and Nia-LII or Nia-SRIII and 
Nia-SRII) are thought to represent closely related conformers of the same state. 

The Nia-S state is a key catalytic intermediate and the most oxidised of the on-

cycle active site states. Exposure of Nia-S to O2 converts it from an S=0 NiII state 

into the NiIII containing S=1/2 states Nir-B or Niu-A, both of these states feature 

a bridging –OH ligand, however the Niu-A state is also thought to have a 

sulfoxygenated bridging cysteine.58,61–64 Whether Nir-B or Niu-A forms depends 
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upon the number of protons and electrons supplied by the enzyme to the NiFe 

centre, the preferential formation of Nir-B by O2-tolerant enzymes is thought be 

caused by their proximal FeS clusters being able to supply more 

electrons.18,45,51,55 One electron reduction of Niu-A  and Nir-B yields the NiII 

containing Niu-S58 and Nir-SI
61 states (respectively), and while the precise 

structure of these states are not known they have been assumed to retain 

structural similarity to Niu-A and Nir-B.11,65 Two electron reduction converts the 

Niu-S state into Nir-SI and eliminates H2O with the O and an H atom supplied by 

the cysteine residues.24 Protonation of the bridging –OH ligand converts the Nir-

SI state into Nir-SII, which can then rapidly form Nia-S via loss of the bridging H2O 

ligand.66 For NiFe hydrogenase molecules performing H2-oxidation the vacant 

bridging site of Nia-S serves as the binding site for H2.27,67,68 H-H bond cleavage is 

generally accepted to occur via a heterolytic mechanism,2,67,69–72 producing the 

Nia-SR state which features a bridging hydride and a protonated terminal 

cysteine residue.73–75 Activation of the H-H bond has been proposed to occur via 

mechanisms featuring a frustrated Lewis pair (FLP)27,76–78 or oxidative 

addition,27,79–81 as shown in Figure 10.  
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Figure 10 H2-activation via (a) heterolytic frustrated Lewis pair and (b) oxidative 
addition mechanisms. 

In the FLP mechanism (Figure 10(b)) the transiently deprotonated guanidinium 

group of an arginine side chain, suspended ~4 Å above the variable bridging 

position, acts as a strong base for H-H bond cleavage.27,77,78 Alternatively, H2 

could bind to the Ni ion in a side-on arrangement producing a Kubas-complex 

(Figure 10(b)), oxidative addition occurs and a transient Ni(IV)-dihydride is 

formed, this is followed by proton transfer to a terminal cysteine thiolate 

ligand.27,79,81 The importance of the arginine residue to H2 activation has been 

demonstrated in computational82,83 and mutational77 studies on hydrogenases, 

however the structures of the earliest intermediates in H2 binding and cleavage 

have yet to be elucidated. In the conversion of the Nia-SR to the Nia-C state a 

proton is released from a terminal cysteine residue as well as an electron from 

the Ni-ion via its oxidation to the Ni(III) state (S=1/2),71,81 likely occurring in two 

sequential steps.84 Nia-C can then either tautomerise to the Nia-L state, or 
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transition back to the Nia-S state via the concerted release of a proton and an 

electron.11,27,85 The tautomerisation of Nia-C involves the Ni(III) ion accepting two 

electrons from the bridging hydride ligand to form an S=1/2 Ni(I) ion, and the 

transfer of the nascent H+ to one of the terminal cysteine thiolate ligands.2,11,14,27 

Nia-L can transform into Nia-S via the release of one proton and one electron, 

the proton is released from the terminal cysteine thiolate ligand and the 

electron via one-electron oxidation of the Ni(I) ion.11,59 

 

2.2.4 Characterisation of NiFe hydrogenases – insight from 

vibrational spectroscopy 

 

IR spectroscopy has played a pivotal role in the characterisation of NiFe 

hydrogenase active site states, and even formed the basis for the initial 

identification of the carbonyl and cyanide ligands detected in early crystal 

structures of hydrogenase from D. gigas.24,86,87 The Fe(CO)(CN)2 unit present in 

the NiFe-hydrogenase active site produces an IR absorption spectrum featuring 

three signals corresponding to the fundamental (v=0-1) transitions of the 

stretching modes of the carbonyl and cyanide ligands, these are labelled vCO, vCN1 

and vCN2 in Figure 11.88 The vCN1 and vCN2 modes are generally assigned to the 

symmetric and asymmetric stretching modes of the cyanide ligands, 

respectively.63,88–90 However, normal mode analysis indicates that some degree 

of delocalisation occurs, so for the purposes of this project they are referred to 

as vCN1 and vCN2.91 The carbonyl and cyanide ligands are π acidic and so their 

stretching frequencies are sensitive to the level of electron density at the metal 

centre to which they are bound, as such the positions of the vCO and vCN bands 

are effective diagnostics for identifying the redox structural states of NiFe 

hydrogenases. The position of the vCO band is particularly sensitive to changes 
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at the NiFe centre as carbonyl ligands are more effective π-acceptors than 

cyanide ligands (which are more potent σ-donors). Cyanide ligands are more 

potent σ-donors than carbonyl ligands as the negative charge on their C atoms 

results in a higher energy HOMO, this negative charge also raises the energy of 

the π* orbitals (relative to CO) causing CN- to be a weaker π-acceptor. While 

CO/CN- ligands can stabilise H2 binding by limiting back donation into the σ* 

orbitals of H2,79 establishing the precise role of the CO/CN- ligands in 

hydrogenase catalysis is complicated by H2 binding and activation likely 

occurring at the Ni centre.81 Considering the conserved nature of the protein 

architecture around the CO/CN- ligands (Figure 4) and the sensitivity of their 

vibrational frequencies to relatively long range structural changes (comparing 

Nir-SI and Nir-B in Figure 9 for instance), it is probable that they have a more 

subtle role in catalysis than simply stabilising the Fe(II) ion in a low spin state. 

 

Figure 11 NiFe hydrogenase heterodimer (EcHyd-1, PDB: 6FPO15), shown as 
coloured ribbon, with generic skeletal structure of the active site and labelled FT-
IR spectrum for a single active site state (Nir-S).  
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IR spectroscopy, and the spectroelectrochemical variant in particular, have been 

used extensively to identify and monitor the interconversion of hydrogenase 

redox structural states.15,25,66,68,85,88,92–96 Valuable insight has also been provided 

by a variety of more complex variants of vibrational spectroscopy. The bridging 

hydride ligand present in Nia-SR states has been detected using nuclear 

resonance vibrational spectroscopy (NRVS).97 Resonance Raman spectroscopy 

has been used to investigate the electronic configurations of the metal ions as 

well as metal-ligand bonding.95,98,99 The association of cysteinyl S-Fe modes with 

the bending and stretching modes of the [Fe(CO)(CN-)2]+/0 moiety have been 

confirmed in studies using NRVS and resonance Raman (RR) spectroscopy.99,100 

Photogated and potential jump transient IR absorption approaches have been 

used to investigate short-lived intermediates and explore the coupling of proton 

and electron transfer steps during the transition between active site states at 

sub-turnover frequency timescales.84,101–107 This approach was also used in a 

mutational study to identify a role for the conserved arginine residue (R509 in 

EcHyd-1 numbering) in modulating the equilibrium between the tautomeric Nia-

C and Nia-L states.101 

 

Despite the wealth of information provided by vibrational spectroscopy in 

existing hydrogenase studies, the current approaches have some significant 

limitations. The fundamental frequencies of the vCO and vCN modes are typically 

the only quantity evaluated (excluding RR and NRVS studies), and these 

frequencies are subject to a number of structural and electronic factors that 

haven’t been fully characterised.108 While the conditions that govern the 

interconversion of redox states have been explored in depth, a dynamic picture 

of the vibrational properties of individual redox states has yet to emerge. 

Obtaining a more thorough understanding of the potential energy surfaces and 
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vibrational dynamics of the vCO and vCN modes may contribute to unravelling 

some of the central unknowns in hydrogenase research: 

1) The poor catalytic activity exhibited by small biomimetic models of the 

NiFe- and FeFe-hydrogenase active sites demonstrates the functional 

importance of the protein matrix, how does the protein matrix tune the 

chemistry at the active site and what are the key determinants for 

efficient H2-conversion? 

2) Does H2-bond cleavage occur via oxidative addition or an FLP mechanism? 

3) Considering that H2 likely binds at the Ni-centre, what is the role of the 

Fe(CO)(CN-)2 unit in H2-cleavage? 
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2.3 Pump-probe and 2D-IR spectroscopy  

2.3.1 Fundamentals of IR spectroscopy 

The vibrations of a pair of atoms joined by a covalent bond can be modelled by 

a Morse anharmonic potential.109 In this description the potential energy (V(r)) 

is at a minimum when the interatomic separation (r) is equal to the equilibrium 

bond length (r0). A Morse anharmonic potential is shown in Figure 12. 

 

 

Figure 12 Morse potential for a pair of covalently bonded atoms. The ground 
state (𝑣 = 0) and vibrationally excited states (𝑣 = 1, 2, 3, ..) are shown along 
with the equilibrium bond length (𝑟0), dissociation energy (𝐷𝑒), and dissociation 
limit (𝐷0).109 

The energy (Ev) of vibrational levels is described by: 

𝐸𝑣 = ℎ𝑣0 (𝑣 +
1

2
) −

[ℎ𝑣0 (𝑣 +
1
2)]

2

4𝐷𝑒
 

 

(4) 

The harmonic frequency (v0) is related to the mass of the particles (m), the 

dissociation energy and the curvature of the potential well (a) via: 
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𝑣0 =
𝑎

2𝜋
√

2𝐷𝑒

𝜇
 

(5) 

Where μ is calculated from the masses of bonded atoms: 

𝜇 =  
𝑚1𝑚2

𝑚1 + 𝑚2
 (6) 

 

The curvature of the potential well relates to the bond’s force constant (ke) via: 

𝑎 = √
𝑘𝑒

2𝐷𝑒
 

(7) 

 

The difference in energy for a pair of adjacent energy levels can be calculated 

from Equation (4), giving: 

    

𝐸𝑣+1 − 𝐸𝑣 = ℎ𝑣0 −
(𝑣 + 1)(ℎ𝑣𝑜)

2

2𝐷𝑒
 

 
 
(8) 

Equation (4) can be alternatively expressed to include the anharmonicity 

constants ωe and χe (as wavenumbers): 

              

𝐸𝑣

ℎ𝑐
= 𝜔𝑒 (𝑣 +

1

2
) − 𝜔𝑒𝜒𝑒 (𝑣 +

1

2
)
2

 

 
(9) 

 

 

 

In IR absorption experiments the excitation field, E(t), induces polarisation, P(t), 

of the sample which gives rise to emission of the signal field, Esig(t).110 The signal 

field is phase shifted by π/2 relative to the polarisation which results in 

destructive interference between excitation and signal fields at energies 

corresponding to bond frequencies, thereby giving rise to the features detected 

in absorption spectra.111,112 
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The polarisation induced by the excitation field for a given dielectric medium is 

described by: 

𝑃(𝑡) = 𝜀0𝜒𝐸(𝑡) = 𝜀0 (𝜒(1)𝐸(𝑡) + 𝜒(2)𝐸2(𝑡) + 𝜒(3)𝐸3(𝑡) + ⋯𝜒(𝑛)𝐸𝑛(𝑡)) (10)  

Where ε0 denotes the permittivity of free space and χ is the optical susceptibility 

of the medium which describes the extent to which its dipoles are induced by 

an excitation field. Since χ is related to the polarizability of the molecules that 

comprise the medium so too is it related to the transition dipole moment of the 

fundamental transition, μ01.111,113 The transition dipole describes the change in 

a molecule’s charge distribution caused by excitation of a vibrational mode.111  

In the quantum mechanical description a coherent superposition between the 

ground and first vibrationally excited states is created by the excitation field, this 

causes macroscopic polarisation of the medium oscillating at the frequency of 

the fundamental transition, which in turn causes the emission of the signal field 

at this energy.111,112,114 Maxwell’s equations stipulate that the signal field is 

emitted π/2 out of phase relative to the polarisation, causing it to destructively 

interfere with the excitation field at energies corresponding to the vibrational 

transition.111,115 For the case of linear spectroscopies such as FT-IR spectroscopy 

the polarisation function can be truncated to only the first order terms: 

𝑃(𝑡) = 𝜀0𝜒
(1)𝐸(𝑡) (11)   

The macroscopic polarisation decays to equilibrium according to the molecular 

response function, R(t). The molecular response function contains information 

describing the evolution of molecular structure. Fourier transformation of R(t) 

yields the frequency domain signal field, S(ω), which is comprised of both real 

and imaginary parts. The imaginary component describes the dispersive 

lineshape D(ω), and the real component describes the absorptive lineshape 

A(ω). The phase of real and imaginary components is such that only A(ω) 

interferes with E(t) and so can be detected.111,112,114  
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𝐷(𝜔) ∝
−𝜇01

2 (𝜔 − 𝜔01)

(𝜔 − 𝜔01)
2 + (0.5𝛾)2

 
(12) 

𝐴(𝜔) ∝
𝜇01

2 (0.5𝛾)

(𝜔 − 𝜔01)
2 + (0.5𝛾)2

 
(13) 

Here ω is the frequency of light emitted, ω01 is the frequency of the fundamental 

and γ is the natural linewidth of the transition. The resulting absorption 

spectrum, A(ω), has a Lorentzian distribution (Figure 13). 

 

Figure 13 An absorption peak with a Lorentzian distribution. 

The natural linewidth of a distribution cannot be infinitely narrow, rather it has 

a finite value arising due to the quantum properties of the system. For example, 

the first vibrationally excited state (v=1) is a transient state with a finite 

vibrational lifetime, T1.111 The lifetime has an associated error according to the 

Heisenberg uncertainty principle: 

𝜕𝐸 𝜕𝑡 ≥  
ℎ

4𝜋
 

(14) 

Where ∂t is the length of time that the v=1 state is occupied (i.e., T1) and ∂E is 

the uncertainty in its energy level, and h is Planck’s constant. Since the 

vibrational frequency of a transition is dependent on the separation in energies 

of the associated energy levels (here v=0 and v=1), error in the energy levels 

impacts the vibrational frequency of the transition via: 
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𝜕𝐸 = ℎ𝑐 𝜕𝑣 (15) 

Substituting (15) into (14) and rearranging for ∂v gives: 

𝜕𝑣 ≥
1

4𝜋𝑐 𝜕𝑡
 

(16) 

It is apparent from (16) that the error in the frequency of the vibration, ∂v, is 

directly affected by the vibrational lifetime. The decay of the macroscopic 

polarisation is subject to more rapid dephasing processes in addition to the 

intrinsic lifetime of the excited state. The vibrations of each molecule may occur 

at a narrow range of frequencies determined by the lifetimes of the vibrations, 

the instantaneous frequencies may fluctuate rapidly within these bounds. These 

fluctuations can cause the phase relationship of ground and excited states to 

change such that coherence is lost and the polarisation decays, this is termed 

pure dephasing and occurs with a timescale of T2
*.111,113 Vibrational lifetime and 

pure dephasing both contribute to the minimum width of vibrational transition: 

𝛾~
1

2𝑇1

+
1

𝑇2
∗ =

1

𝑇2

 
(17) 

T2 is the homogenous dephasing time, which incorporates contributions from 

both pure dephasing and vibrational relaxation. A homogeneously broadened 

transition is one whose width is solely determined by T2.111 

 

Transitions observed in IR spectra for molecules in the solution phase are 

routinely much broader than the natural linewidth, with Gaussian rather than 

Lorentzian distributions. This is because the distribution of electrons between 

the vibrating atoms is influenced by interactions with solvent molecules leading 

to changes in the potential energy surface (Figure 12) for the vibration and its 

associated transition energies. The vibrational frequency of an oscillator falls 

within a Gaussian distribution determined by the conformation dependent 

interactions with its solvent environment. This is because for a molecular 
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ensemble each accessible conformation is occupied, leading to a Gaussian 

lineshape composed of a series of overlapping Lorentzian lineshapes 

representing each of the accessed conformations. These lineshapes are said to 

be inhomogeneously broadened, an example is shown in Figure 14. 

 

Figure 14 An inhomogeneously broadened Gaussian lineshape composed of a 
series of Lorentzian lineshapes representing the different molecular 
conformations available to an oscillator in the solution phase.  

Considering an oscillation of a molecule dissolved in water, the subpicosecond 

fluctuations in the hydrogen bonding network formed by solvating water 

molecules causes the instantaneous frequency of a single oscillator to vary on 

the same timescale as its solvent environment. This variation in vibrational 

frequency with time is termed spectral diffusion. The changes in solvation 

environment can thus be probed by analysing the evolution in lineshape caused 

by spectral diffusion. However, analysing the spectral diffusion of a transition 

via linear IR spectroscopy is not possible because it is ensemble averaged. 

Analysis of spectral diffusion is more facile with 2D-IR spectroscopy as it has 

greater time resolution, and the spectral response is spread over an additional 

axis.111 
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2.3.2 Non-linear IR spectroscopy 

2.3.3 3rd order spectroscopy 

Investigating the changes in structure and dynamics that impact a molecular 

vibration requires the use of laser pulses with duration shorter than that of these 

processes. For very short duration laser pulses the induced polarisation is no 

longer linear with respect to the optical suscpetibility and higher order terms 

must be considered. For very short duration laser pulses the molecular response 

function has contributions from χ(1) and χ(3), the contribution from higher order 

odd-power terms is sufficiently small to not be considered. For non-

centrosymmetric media (e.g., non-crystalline solutions) the contributions from 

even power terms is zero.111,113 

 

Four wave mixing is the most common approach by which 3rd order signals are 

extracted. In this approach three laser pulses incident on the sample are 

separated in time by t1, t2 and t3. The resulting 3rd order polarisation is related 

to the molecular response function via: 

 

𝑃(3)(𝑡) ∝ ∫ 𝑑𝑡3 ∫ 𝑑𝑡2
∞

0
∫ 𝑑𝑡1𝐸3(𝑡 − 𝑡3)𝐸2(𝑡 − 𝑡3 − 𝑡2)𝐸1(𝑡 − 𝑡3 − 𝑡2 − 𝑡1)𝑅

(3)(𝑡3, 𝑡2, 𝑡1)
∞

0

∞

0
  (18) 

 

The 3rd order response function, R(3)(t3, t2, t1), is deconvoluted from the 

excitation fields, E1-3, by using the phase matching properties of the pulse 

sequence.111 In the four-wave mixing approach the pulses are referred to by 

their wavevectors (2π/λ) �⃗� 1, �⃗� 2, �⃗� 3 and �⃗� 4, where �⃗� 4 is the emitted signal field 

and the subscript numbers indicate the time ordering of the pulses. 

 

To describe how the laser pulses interact with an ensemble of oscillators a 

combined statistical and quantum mechanical approach is used. The statistical 
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average of the ensemble is described using a density matrix representation. For 

each interaction of a pulse with the ensemble, the transition dipole moment 

operator, μ, is applied to the density matrix. With negative wave vectors (-�⃗� ) 

exciting the bra state ⟨𝑥| and positive wave vectors (+�⃗� ) exciting the ket state 

|𝑥⟩ of the ensemble. The converse is true for de-excitation, with positive wave 

vectors de-exciting the bra state ⟨𝑥| and negative wave vectors de-exciting the 

ket states.111,112,114 

 

Figure 15 Feynman diagrams for rephasing and non-rephasing pathways. 

The excitation fields can interact with the sample via several pathways. These 

pathways are said to be rephasing if the signal field �⃗� 4 is emitted via de-

excitation of the opposite state that was initially excited by the first excitation 

field, �⃗� 1. For the example of a rephasing pathway in Figure 15 the first excitation 

field excites the ket state of the ensemble and the signal is emitted via de-

excitation of the bra state. Similarly, pathways are said to be non-rephasing if 

the signal field is emitted via de-excitation of the same state that was initially 

excited by the first excitation field. For the example of a non-rephasing pathway 

in Figure 15 the first excitation field excites the bra state and the signal is 
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emitted via de-excitation of the bra state of the ensemble. Rephasing pathways 

in the response function restore the macroscopic polarisation initially imparted 

by the first excitation field and result in the emission of a “photon echo” signal 

field. Non-rephasing signals are sensitive to only homogeneous dephasing so 

collection of data from both rephasing and non-rephasing pathways is necessary 

for distinguishing homogeneous and inhomogeneous contributions to 

linewidths, and also for preventing the distortion of lineshapes caused by third 

order responses.111 

 

The process for how 3rd-order signals are emitted from a sample is as follows: 

i. The first excitation field, �⃗� 1, interacts with either the bra or ket state of 

the ensemble creating a coherent superposition of the ground and first 

excited states oscillating with a frequency of ω01. 

ii. During the first coherence time t1 which is the time between the first and 

second pulses, the macroscopic polarisation decays due to dephasing. 

iii. The second excitation field, �⃗� 2, either de-excites the bra or ket state 

initially excited by �⃗� 1, or excites the opposite state, and so converts the 

coherent superposition state into a population state. 

iv. During the population waiting time, t2, which is the time between the 

second and third pulses, the population state evolves via spectral 

diffusion, vibrational relaxation, or energy transfer between coupled 

vibrations. 

v. The third excitation field, �⃗� 3,  arrives at the sample and creates a second 

superposition state, which restores the macroscopic polarisation. For 

rephasing pathways, the coherence is restored after the second 

coherence time, t3. The length of t3 is approximately equal length to t1 as 
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it amounts to the time taken to restore the coherence lost during t1. The 

second coherence time culminates in the emission of the signal field, �⃗� 4. 

 

The emitted signal field contains all of the information relating to the pathways 

explored by the ensemble during its interactions with the pulse sequence. A 

selection of rephasing pathways are shown below in Figure 16.111,112,114 

 

Figure 16 Feynman diagrams for three possible rephasing pathways in 2D-IR 
spectroscopy. 

Since the pathways explored by the ensemble are dependent upon the sign of 

the wave vector, some of the pathways can be selected for via phase 

matching.111 The experiments in this thesis used a geometry in which the first 

and second pulses are collinear (i.e., �⃗� 1 = �⃗� 2), this simplifies the experimental 

setup as it causes the emission of the signal field from both rephasing and non-

rephasing pathways to be collinear. The phase matching condition used in this 

thesis is: 

�⃗� 4 = −�⃗� 1 + �⃗� 2 + �⃗� 3 (19) 

This pulse sequence is advantageous because i) the collinearity of �⃗� 1 and �⃗� 2 

simplifies the collection of purely absorptive spectra and ii) the collinearity of �⃗� 3 

and �⃗� 4 enables �⃗� 3 to act as a local oscillator to self-heterodyne the signal field. 
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2.3.4 2D-IR spectroscopy  

2D-IR spectroscopy is a four-wave mixing approach using ultrashort duration 

laser pulses with the molecular response is spread over a second frequency axis. 

The additional frequency axis can be generated via two methods. The first 

method, termed the frequency domain approach, uses narrow bandwidth pump 

pulses where the central frequency is scanned to produce the second frequency 

axis.116 While the frequency domain approach is simpler experimentally, it is less 

suitable for studying ultrafast processes as narrowband pulses have increased 

pulse duration and so lower time resolution (pulse duration and bandwidth are 

related properties with limits intrinsic to the shape of the pulse).117 The second 

approach, termed the time domain approach, was used for all 2D-IR 

experiments for this thesis. For this approach broadband pump pulses are used, 

and the second frequency axis is generated by scanning the delay between 

pump pulses (t1) and Fourier transformation to convert it into the frequency 

domain.118 The time delay between pump pulses can be controlled with optical 

delay lines, an interferometer, or via acousto-optic modulation with a pulse 

shaper (which also enables narrowband ultrashort pulses to be produced).119,120 

The spectra presented here were collected using a setup with a pulse shaper. 

Further details of the experimental setup are discussed in 3.2.2.  

 

Example data including linear IR and 2D-IR spectra as well as an energy level 

scheme for a pair of coupled vibrational modes are shown below in Figure 17. 

Anharmonic coupling occurs as a result of the coupled vibrational modes either 

sharing atoms or having atoms sufficiently close in space for their orbitals to 

interact thereby altering their vibrational potentials, causing perturbation of 

their transition energies relative to the uncoupled scenario.111,112,114 Coupled 

vibrational modes are considered to share a ground state. The example 2D-IR 
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spectrum corresponds to data recorded at a short population time (t2), this 

quantity is also referred to as the waiting time (Tw) and the pump-probe delay 

time. The energy level scheme features six energy levels including the ground 

state, |00⟩, the first excited states, |10⟩ and |01⟩, the second excited states, |20⟩ 

and |02⟩, and the two-quantum combination state, |11⟩. 

 

 

Figure 17 Example data showing the (a) linear IR spectrum (top panel) and 
corresponding 2D-IR spectrum (bottom panel) and (b) energy level scheme for a 
pair of coupled vibrational modes.  

The linear IR spectrum in Figure 17(a) contains two peaks corresponding to the 

v=0-1 transitions (termed ground state absorptions) 1 and 2, no excited state 

transitions are present as only the ground state has significant population at 

room temperature. The 2D-IR spectrum in Figure 17(b) can be separated into 

diagonal and off-diagonal regions. The diagonal region contains the four bands 
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labelled: 3, 1+7, 4 and 2+8, and the off-diagonal region contains peaks labelled: 

6, 1, 5 and 2. The corresponding energy level scheme is shown in Figure 17(c). 

 

2D-IR spectra are recorded as difference spectra, with spectra recorded in the 

absence of pump-pulses (i.e., �⃗� 1 and �⃗� 2) subtracted from those recorded with 

all of the pulses. This causes the ground state absorption peaks (1+7 and 2+8) to 

have negative intensity because the pump pulses deplete the population of the 

ground state, stimulated emission (7 and 8) also contributes to their negative 

intensity. 

 

The rephasing Feynman pathways that give rise to the peaks in Figure 17 when 

using the pulse sequence outlined in Equation (14) are shown in Figure 18.  

 

Figure 18  Feynman diagrams for the allowed rephasing pathways that give rise 
to the peaks in Figure 17 using the pulse sequence described in Equation (14).  

The pathways that give rise to the on-diagonal peaks 1+7 and 2+8 are very 

similar, with each pathway maintaining the same relationship in coherencies 

during t1 and t3, i.e., |00⟩⟨10| to |10⟩⟨00| for peak 1+7 and |00⟩⟨01| to |01⟩⟨00| 

for peak 2+8. The pattern is not maintained for the off-diagonal bleaches 1’ and 
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2’, instead having |00⟩⟨01| and |01⟩⟨00| (during t1 and t3) for peak 1’ and 

|00⟩⟨10| and |10⟩⟨00| for 2’. This is because 1’ and 2’ are caused by coupling, 

the coupled modes have a common ground state so the pump pulse can 

generate a coherence with the coupled mode. The excited state absorption 

peaks (v=1-2) labelled 3 and 4 result from pathways that create v=1 population 

states (|10⟩⟨10| and|01⟩⟨01|, respectively) during t2, this allows the third 

excitation field to create a coherence between v=1 and v=2 (|20⟩⟨10| and 

|02⟩⟨01|, respectively) during t3, the resulting signal field is down shifted from 

the corresponding v=0-1 peak by the anharmonicity of the vibrational mode. If 

the system were completely harmonic then the v=1-2 peak would not be shifted 

from the v=0-1 peak and they would cancel out. Like the off-diagonal bleaches, 

the two-quantum combination bands (5 and 6) are caused by coupling. 

However, for combination bands the signal field is emitted from a state with 

one-quantum of excitation in each of the coupled modes (|11⟩⟨10| and|11⟩⟨01| 

for 5 and 6, respectively), this results in the shifting of its signal to lower 

wavenumber (relative to its partnered off-diagonal bleach) by an amount 

proportional to the coupling strength.111 

 

While the position of a peak is dependent on the factors governing transition 

energy, the amplitude is determined by the strength of the transition dipole 

moment (μ), and its angle relative to that of interacting transition dipoles. The 

angle between transition dipole moments of coupled vibrational modes (θ) can 

be determined by analysing the peak amplitudes in spectra recorded with 

different pulse polarisation geometries. The ratio of amplitudes (𝐴𝑝𝑒𝑟𝑝 𝐴𝑝𝑎𝑟𝑎⁄ ) 

of off-diagonal fundamental transitions varies with the pump-probe polarisation 

geometry (ZZYY for perpendicular, and ZZZZ for parallel) and θ according to 

Equation (20).121 
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𝐴𝑝𝑒𝑟𝑝

𝐴𝑝𝑎𝑟𝑎

=
1 − 𝑐𝑜𝑠2𝜃

1 + 2 𝑐𝑜𝑠2𝜃
 

(20) 

 

This is shown graphically below in Figure 19. 

 

 

Figure 19 Example data showing the lower half of 2D-IR spectra recorded with 
an early Tw and (a) perpendicular and (b) parallel polarisation geometries (i.e., 
ZZYY and ZZZZ, respectively). (c) Plot showing the relationship between the ratio 
of cross peak amplitudes (Aperp /Apara) and the angle between coupled transition 
dipole moments (θ). 

 

Each 2D-IR spectrum is recorded at a single pump-probe delay time (Tw). 

Dynamic information can be determined from the analysis of spectra recorded 

at a range of values for Tw. For 2D-IR spectra featuring coupled vibrations, 

additional off-diagonal peaks may emerge in spectra recorded at later waiting 

times, this is shown in the example spectra below in Figure 20. 
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Figure 20 Example 2D-IR spectra recorded at a) early and b) late values of Tw. 
peaks are numbered according to the energy level scheme in Figure 17(c). 
Excited state absorption peaks caused by energy transfer are indicated by the 
underlined numbers.  

In the example 2D-IR spectrum recorded at a later Tw (Figure 20(b)) two 

additional peaks, labelled 3 and 4, appear in the off-diagonal regions. Peak 3 is 

at a pump frequency resonant with the |00⟩ → |01⟩ transition (i.e., peak 2) and 

a probe frequency consistent with the |10⟩ → |20⟩ transition (i.e., peak 3). This 

is because peak 3 is caused by pumping of the |00⟩ → |01⟩ mode, followed by 

energy transfer from |01⟩ to |10⟩ during the population waiting time (t2 i.e., Tw), 

and subsequent excited state absorption |10⟩ → |20⟩ via the probe pulse. The 

converse is true for peak 4. Feynman diagrams for rephasing pathways that give 

rise to peaks 3 and 4 are shown below in Figure 21. 
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Figure 21 Feynman diagrams for rephasing pathways that give rise to energy 
transfer peaks 3 and 4 that can be seen in Figure 20(b). 

As Tw is increased, on-diagonal peaks decrease in intensity as the likelihood 

increases that the population state relaxes to the ground state prior to the 

arrival of the probe pulse at the sample. For sufficiently large values of Tw the 

diagonal peaks will not be visible as the population state will have completely 

decayed prior to the arrival of the third pulse. The lifetime of a vibrational mode 

can be determined by analysing the decay in amplitude of the corresponding 

peaks. As Tw advances, the intensity of off-diagonal peaks initially increases due 

to energy transfer between coupled modes, before decaying on a timescale in 

accordance with their on-diagonal counterparts.  

 

2D-IR spectra recorded at advancing waiting times are also useful for the 

information they reveal through the changes in lineshape of peaks. This is shown 

in the example 2D-IR spectra in Figure 22 for a diagonal peak pair recorded at a 

series of values of Tw. 
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Figure 22 Example 2D-IR spectra showing how the lineshape of a diagonal peak 
pair evolves from early (a) to late (b) values of Tw. 

The diagonal width of a peak (i.e., along the grey dotted line in Figure 22) 

represents the total linewidth (which is the convolution of homogeneous and 

inhomogeneous linewidths), and the anti-diagonal width of a peak reflects the 

homogeneous linewidth. If the only contribution to linewidth was from 

homogeneous broadening then the diagonal width would equal the anti-

diagonal width and the peak would be perfectly circular. The peak pair in the 

low Tw spectrum in Figure 22(a) are said to be inhomogeneously broadened 

because their widths along the diagonal are much larger than on the anti-

diagonal. For low values of Tw the anti-diagonal width is narrow because the 

vibrating atoms are unable to exchange energy with molecules in their 

surroundings (i.e., solvent molecules), as such the spectra can be considered 

static snapshots of the system. When the Tw exceeds the rate of fluctuation of 

molecules in the environment, the frequency of the vibrating atoms can evolve 

due to energy transfer with solvent molecules leading to the probe pulse 

detecting a different vibrational frequency to that which was excited by the 

pump pulse, leading to increased anti-diagonal linewidth and more circular 

peaks (as in Figure 22(d)). This process is termed spectral diffusion. The rate of 

spectral diffusion can be quantified by analysing the lineshape of peaks via the 

central line slope (CLS) and nodal line slope (NLS) approaches (as shown below 

in Figure 23), or by fitting the peaks to 2D-Gaussian functions. These approaches 
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measure how well the detected frequency of a vibration correlates with the 

frequency at which it was initially excited, resulting in a frequency-frequency 

correlation function (FFCF). 

 

Figure 23 Example data showing the (a) CLS and (b) NLS approaches to spectral 
diffusion analysis. 

In CLS analysis (Figure 23(a)) straight lines that bisect each peak are defined by 

determining the probe wavenumber at which each transition has maximum 

amplitude for each pump wavenumber in which that transition appears. At short 

waiting times this line is parallel to the spectral diagonal, and as the waiting time 

advances spectral diffusion causes the line to tilt towards the vertical. When the 

line reached the vertical, correlation between pumped and probed vibrational 

frequencies is zero. In the NLS approach (Figure 23(b)) an equivalent straight 

line is define by determining the probe wavenumber between v=0-1 and v=1-2 

peaks at which the sign flips from positive to negative.  

 

Alternatively, each peak can be fitted to a two-dimensional Gaussian function 

like that shown below in equation (21). In this approach each peak is defined by 
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the sum of a number of Gaussian lineshapes along pump and probe 

wavenumber axes, and the resulting correlation parameter (C2D) extracted 

directly. 

𝑓(𝑥, 𝑦) = 𝐴 e^ [−
1

2(1 − 𝐶2𝐷
2)

((
𝑥 − 𝑥0

𝜎𝑥
)
2

+ (
𝑦 − 𝑦0

𝜎𝑦
)

2

−
2𝐶2𝐷(𝑦 − 𝑥0)(𝑥 − 𝑦0)

𝜎𝑦𝜎𝑥
)] 

(21) 

Where: 

   f(x,y) = signal amplitude at pump wavenumber, probe wavenumber of (x,y) 

   x = probe wavenumber 

   y = pump wavenumber 

   A = amplitude of peak 

   C2D = cross correlation parameter  

   x0 = central wavenumber of peak along probe axis 

   y0 = central wavenumber of peak along probe axis 

   σx = standard deviation along probe axis 

   σy = standard deviation along pump axis 

   𝜎𝑥 =
𝐹𝑊𝐻𝑀𝑥

2√2 𝑙𝑛(2)
              

Each of these approaches can give an equivalent measure of the FFCF, however 

the suitability of each approach varies with the particular 2D-IR to be analysed. 

Fitting spectra with overlapping peaks to 2D Gaussian functions can be 

unreliable and/or highly labour intensive. Likewise, CLS analysis can be 

unreliable for overlapping peaks. NLS analysis is more suitable for systems with 

sufficiently low anharmonicity that there is some overlap between v=0-1 and 

v=1-2 peaks. In the example shown above in Figure 23 the most suitable 

approaches would be CLS or 2D-Gaussian fitting, in fact all of the example 2D-IR 

spectra shown in this chapter were generated using Equation (21). 
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Figure 24 Example of an FFCF plot for data obtained from spectral diffusion 
analysis. Black dots indicate correlation data points obtained from 2D-IR spectra, 
and the red line corresponds to the monoexponential fit. 

The example FFCF shown above in Figure 24 is typical of a vibrational mode 

undergoing spectral diffusion and can provide a number of pieces of useful 

information about the system. Firstly the time constants obtained from fitting 

the exponential decay can inform on the rate of physical processes in the 

surroundings of the probed vibrational mode, this could be the reorganisation 

of solvent molecules or main chain fluctuations of the protein matrix.122–125 

Secondly, the timescale with which the correlation levels off is informative as 

theoretically it should reach zero if given sufficient time, however plateauing at 

a non-zero correlation as in Figure 24 is often observed. This indicates the 

occurrence of processes too slow for the experimental timescale to observe. 

Thirdly, if the initial correlation value is less than one (i.e., when Tw = 0) then this 

indicates the occurrence of structural fluctuations that are too rapid for the 

experiment to observe (i.e., faster than the laser pulse duration).111,112,114 
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2.3.5 Pump-probe IR spectroscopy 

While both pump-probe and 2D-IR spectroscopy use a four-wave mixing 

approach, their key differences lie in the implementation of the pump pulse and 

the pump-probe delay time. Essentially, in 2D-IR spectroscopy a narrowband 

pump pulse is scanned to generate the second frequency axis forming a two-

dimensional plot at a fixed Tw, while in pump-probe IR spectroscopy a 

broadband pump pulse is used and an overlay plot is formed by varying the value 

of Tw, an example of which can be seen below in Figure 25. More specifically 

pump-probe spectroscopy uses a four wave mixing approach in which the first 

two excitation fields (�⃗� 1 and �⃗� 2) are degenerate and temporally overlapped. 111 

Collectively the first two excitation fields are referred to as the pump pulse and 

the third excitation field (�⃗� 3) is the probe pulse.111  

 

Figure 25 Example of idealised pump-probe spectra coloured by pump-probe 
delay time (Tw) as indicated by the scale bar. The positions of peaks and their 
assignments (shown in bold) are consistent with the 2D-IR spectra shown in 
Figure 17 and Figure 20.  

As the pump pulses are temporally overlapped (i.e., t1=0) Feynman pathways for 

the excitation process cannot be separated, and a population state is created. 

Following the pump-probe delay time (Tw or t2) the probe pulse can interact with 

either of the population states, |0⟩⟨0| or |1⟩⟨1|. Vibrational relaxation can occur 
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during the pump-probe delay time, the probability of vibrational relaxation 

occurring increases with advancing Tw. It follows that the final coherent state 

created by the probe pulse depends upon the extent of vibrational relaxation 

that occurred during Tw thus by varying Tw the vibrational lifetime (T1) of a mode 

can be measured.126–128 

 

Pump-probe and 2D-IR spectroscopy are complementary techniques. In 

distinguishing coupling peaks (e.g., |10⟩ → |11⟩) in pump-probe spectra from 

excited state absorption peaks (e.g., |10⟩ → |20⟩) it is often necessary to 

reference the corresponding 2D-IR spectra, however the true utility of pump-

probe spectroscopy is in the analysis of signal decay. By plotting the decay in 

amplitude of a particular signal as a function of Tw and fitting the resultant plot 

to an appropriate exponential function, time constants (T1) can be obtained that 

reflect the intrinsic vibrational lifetime of the mode, this provides a useful metric 

for the efficiency with which energy is dissipated from the vibrating atoms.126–

128 An example of a kinetics plot derived from pump-probe data is shown below 

in Figure 26. The same information can also be obtained via 2D-IR spectroscopy, 

however collecting 2D-IR spectra for a representative series of Tw values would 

be prohibitively time consuming. 
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Figure 26 Plot of the intensity of pump-probe peak 5 from Figure 25 as a function 
of Tw (coloured dots) and fitted monoexponential function (dashed black line).   

 

2.3.6 Pump-probe and 2D-IR spectroscopy of simple proteins  

There are two general approaches for analysing proteins with IR spectroscopy, 

the local approach and the global approach. In the local approach a functional 

group with a single vibrational mode that is not obscured by overlap with solvent 

or main chain protein vibrations is selected to use as a local reporter of 

biomolecular structure. It is necessary that the local reporter is close to sites of 

functional relevance in the protein so the way this approach is implemented 

varies with the system being studied. Some systems naturally have an active site 

ligand with an intrinsic vibrational mode that can act as an effective local 

reporter, for instance Fe-bound CO and CN- groups in NiFe-hydrogenases11 and 

FeFe-hydrogenases,129 and the Fe-bound NO in NO reductase130 and nitrosylated 

catalase.126,131 Other systems have been analysed after incorporating a local 

reporter, for instance the N3
- group of azidophenylalanine in myoglobin132 and 

BLUF133 (blue light using flavin) proteins, and C13=O18 labelled glycine in the M2 

proton channel protein.134,135 While non-canonical amino acids have been used 
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successfully, particular care must be employed that the functionality of the 

protein is not perturbed by incorporation of the amino acid. 

 

In the global approach, the spectroscopy of the entire protein is analysed usually 

via the main-chain amide I mode by making use of the coupling patterns that are 

characteristic of each of the secondary structural motifs. This is demonstrated 

in Figure 27 for β-sheets and α-helices. The peptide groups of α-helices couple 

to form a single extended vibrational mode with its transition dipole moment 

oriented along the helix direction, there are also modes perpendicular to the 

helix axis but these are much lower in intensity. The 2D-IR spectra of the amide 

I region of α-helices (Figure 27(b)) comprise a diagonal peak pair centred around  

 

Figure 27 Example data showing the 2D-IR spectrum of the amide I region of a 
protein containing (a) β-sheet and (b) α-helix secondary structures.  

1650 cm-1 that is very broad and distorted in shape. The 2D-IR spectra of the 

amide I region of β-sheets (Figure 27(a)) comprises three diagonal peak pairs 

centred around 1630, 1660 and 1690 cm-1 corresponding to the β-sheet, β-turn 

1 and β-turn 2 amide I modes, respectively.136 Coupling between β-sheet and β-
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turn 2 amide I modes causes off-diagonal peaks that give β-sheet proteins their 

characteristically Z-shaped amide I spectra.136 

 

Binding of the anti-HIV drug rilpivirine to HIV reverse transcriptase (HIV-RT) has 

been studied with 2D-IR spectroscopy via the local approach by using rilpivirine’s 

chemically distinct CN moieties as local reporters. It was found that the CN 

groups of complexed rilpivirine/HIV-RT (Figure 28) displayed complex 

vibrational dynamics and spectral diffusion spanning from hundreds of 

femtoseconds to tens of picoseconds. The CN mode for the right hand arm of 

rilpivirine (Figure 28(b)) was shown to display very slow dynamics which was 

attributed to interactions with the backbone and side chains of HIV-RT in a  

 

 

Figure 28 (a) Skeletal structure of rilpivirine. (b) Crystal structure data (PDB: 
4G1Q137) of rilpivirine in complex with the active site of HIV-RT, rilpivirine is 
shown in green stick-form and HIV-RT as white ribbon with selected side chains 
in grey stick-form, coloured by heteroatom. An H-bond between rilpivirine and 
an active site water molecule is indicated by a dashed line and the N-O distance 
stated. 
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hydrophobic region of the binding pocket.138 Whereas the very rapid dynamics 

observed for the left hand arm of rilpivirine (Figure 28(b)) were attributed to H-

bonding interactions with a mobile water molecule. The authors postulate that 

this anchoring H-bond helps to preserve the activity of rilpivirine in active site 

mutants of HIV-RT.137 

 

 

Figure 29 (a) Skeletal structures of substrates whose complexes with cytochrome 
P450 were tested with 2D-IR spectroscopy.139,140 (b) Crystal structure data (PDB: 
1T87141) showing the active site of CO-bound cytochrome P450 in complex with 
camphor. Cytochrome P450 is shown as white ribbon with the heme group and 
selected side chains in grey-stick form, coloured by heteroatom. Camphor is 
shown in green stick form. Selected H-bonds are shown as black dashed lines and 
the camphor-tyrosine distance (O-O) indicated. 

The binding of a range of substrates to cytochrome P450 (Figure 29) was studied 

with 2D-IR spectroscopy by using the spectral diffusion of a ferrous heme bound 

CO ligand as a local reporter.139,140 The spectra of substrate-free cytochrome 

P450 contain three CO signals that were shown to interconvert relatively slowly 

(nanoseconds or longer), indicating the presence of three distinct 
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conformational states. 140 The presence of substrate molecules stabilises a single 

conformational state of cytochrome P450 (leading to the spectra comprising a 

single CO signal), and within this conformational state the rate of 

interconversion between structural substates was shown to be increased 

relative to each of the three conformational states seen in the spectra of 

substrate-free cytochrome P450. The authors posit that substrate binding 

lowers the activation energy barrier between structural substates, which 

facilitates accession of the transition state. The rate of structural 

interconversion for enzyme complexed with its natural substrate camphor was 

shown to be up to threefold slower than in the presence of unnatural substrates, 

the authors postulate that this may account for the lower stereo-

/regiospecificity observed for these substrates. In a subsequent study the H-

bonding tyrosine residue (Figure 29(b)) was mutated to a cyanophenylalanine 

as an additional active site probe to monitor the influence of the tyrosine-

substrate H-bond on molecular recognition.139 It was found that the tyrosine-

substrate H-bond is not crucial to molecular recognition but does however 

contribute to binding affinity. 
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Figure 30 (a) Skeletal structure of benzohydroxamic acid (BHA) and (b) crystal 
structure data (PDB: 2ATJ142)  showing the active site of NO-bound horseradish 
peroxidase (HRP) in complex with BHA. HRP is shown as white ribbon with the 
heme group and selected sidechains in grey stick form, coloured by heteroatom. 
BHA is shown in green stick form. 

The active site dynamics of horseradish peroxidase have also been studied using 

the local approach by means of the ferric  heme-bound NO ligand.143 In this study 

they demonstrated how the presence of the benzohydroxamic acid ligand 

(Figure 30) could be detected via the spectral diffusion and T1 time of the NO 

vibration. Additionally, it was found that for BHA-free enzyme the NO vibrational 

dynamics were sensitive to H/D solvent isotope exchange, whereas binding of 

BHA elicited insensitivity to H/D exchange. This showed that solvent can access 

the active site heme group and that this access is prevented by the presence of 

the substrate.143 



61 

 

Figure 31 Crystal structure data showing the M2 proton channel from influenza 
A in its (a) closed conformation and (b) rimantadine-bound open conformation 
(PDB: 3LBW144 and 6BOC145, respectively), viewed as a tetramer (i), in cross-
section (ii) and down the tunnel axis (iii). The protein is depicted in white ribbon 
form with selected sidechains/groups (labelled) shown as grey sticks, coloured 
by heteroatom. The rimantadine ligand is shown as green sticks, coloured by 
heteroatom. 

Influenza A can infect host cells by using the host’s endocytosis pathways. Cell 

surface receptors recognise proteins on the viral envelope and trigger 

encapsulation of the virus within a lysosome.146 The acidity of the lysosome 

interior triggers a conformational change in the M2 channel protein (Figure 31), 

enabling it to transmit protons to the interior of the viral capsid which in turn 

causes the uncoating and release of viral ribonucleoproteins, thus activating the 

virus.146 The structure of the M2 channel protein at various solution pH values 

and the mechanism of inhibition by rimantidine and 7,7-spiran amine was 

studied with 2D-IR spectroscopy by using C13=O18 isotope labelled Gly34 as a 

local probe.134,135 The C13=O18 labelling of a particular residue causes a 60-70 cm-
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1 downshift in its amide I vibration (depending on the extent of H-bonding) as 

well as decoupling it from the exciton with which it would normally associate, 

making it an effective and non-perturbative local reporter.147 By analysing the 

spectral diffusion of the reporter group it was found that acidification caused 

water molecules within the channel to transition from an ice-like state to a much 

more mobile state like that in bulk-solvent.134 This effect was accentuated by the 

presence of channel blocking drugs, indicating an entropic component to their 

binding.135 

 

Figure 32 (a) Skeletal structure of prodrug isoniazid and its activated form as a 
nicotinoyl-NAD adduct. (b) Crystal structure data (PDB: 4TRO148) showing the 
binding pocket of InhA in complex with nicotinoyl-NAD adduct. InhA is shown as 
white ribbon with selected side chains as grey sticks, coloured by heteroatom. 
The ligand is shown as green sticks, coloured by heteroatom. Selected H-bonds 
are shown as black dashed lines connecting heteroatoms.  

 

InhA is a carrier protein reductase that is involved in the biosynthesis of the 

Mycobacterium tuberculosis cell wall. Isoniazid is an antibiotic prodrug that 

when activated, via KatG catalysed reaction with NADH, inhibits formation of 

the mycobacterium cell wall by tightly binding to the InhA active site.148 Inhibitor 

binding to InhA, and to antibiotic-resistant mutants of InhA, has been explored 
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with 2D-IR spectroscopy using the amide I vibration as a global reporter.149,150 

While inhibitor binding is not associated with significant structural changes in 

InhA, it was found to cause significant changes in the vibrational coupling 

associated with β-strand components of the active site Rossman fold of InhA, 

and these changes in coupling were found to permeate much further than the 

active site. The authors used molecular dynamics simulations to show that this 

inhibitor-mediated enhancement of coupling is associated with restriction of the 

enzyme’s flexibility, suggesting that the inhibitors work by locking InhA into an 

inactive conformation.149,150 This coupling enhancement was reduced in the 

spectra of antibiotic-resistant mutants of InhA, suggesting that the resistance 

mechanism could involve enhancing the enzyme’s flexibility in the presence of 

the inhibitor.149,150 

2.3.7 Research objectives for pump-probe and 2D-IR spectroscopy 

of NiFe hydrogenases 

From a broad perspective the two principal objectives of this research project 

are i) to characterise novel spectroscopic markers for active site states under 

physiologically relevant conditions, and ii) to interpret the structural/functional 

relevance of the spectral data without relying on extensive computation. 

 

More specifically pump-probe and 2D-IR spectroscopy will be useful for:  

i) Assigning transitions of the vCO and vCN modes originating from enzyme 

in the same active site state via the observation of coupling peaks. This 

process is essential for the detailed evaluation of vibrational 

transitions. However, unambiguous assignment of transitions 

originating from the same redox state is not always possible with linear 

IR experiments, because of the crowded spectra produced by samples 
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comprising mixtures of states and the difficulties inherent to producing 

samples containing a single redox state.  

ii) Using the polarisation dependence of coupling peaks to extract 

geometric information relating to the relative orientation of the 

transition dipole moments of the vCO and vCN modes for hydrogenase 

molecules in solution. This process will serve as a useful adjunct to 

existing crystallographic data, either validating the orthogonal 

orientations CO and CN ligands, or by providing examples of 

enzymes/states for which the solution phase structure diverges from 

that in the crystal. State specific variation in the geometry of the 

Fe(CO)(CN)2 moiety could have far-reaching ramifications for our 

understanding of NiFe hydrogenase catalysis.  

iii) Determination of coupling strength between vCO and vCN modes via the 

separation between combination and fundamental bands. While 

coupling has been inferred from the FT-IR spectra of isotopically 

labelled hydrogenase,88 quantifying the differences in coupling 

strength between active site states could contribute to understanding 

the roles of CO and CN- ligands in catalysis. 

iv) Quantifying the anharmonicities of vCO and vCN modes via the 

separation between excited state and fundamental transitions will 

provide information relating to the shape of the potential energy 

surfaces along CO and CN- coordinates. 

v) Evaluating the waiting time dependence of the 2D lineshapes 

(inhomogeneous and homogeneous linewidths) for vCO and vCN 

transitions will inform on the rate of structural fluctuations in the local 

environment of CO and CN- ligands, providing a measure of the 
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protein’s plasticity in this region and the extent of the conformational 

constraints it imposes on the Fe(CO)(CN)2 unit. 

vi) Assessing the waiting time (Tw) dependence of pump-probe signals will 

provide vibrational lifetimes for transitions of the vCO and vCN modes, 

providing a metric for the efficiency of energy dissipation away from 

these coordinates. This will complement existing RR and NRVS data, 

providing insight in to the extent of association between vCO/vCN modes 

and those in their surroundings (Fe-C/S, main chain amide, etc).  
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3 Materials and Methods 

3.1 Preparation and characterisation of EcHyd-1 

3.1.1 Preparation protocol 

Growth 

 E. coli cells (K12 strain, LF0355 mutant), featuring a His6 tag at the 3’-terminus of 

the gene encoding the Hyd-1 large subunit (HyaB), were streaked onto a 

lysogeny broth (LB) agar plate (absent antibiotics) and grown at 37oC overnight 

(~18 hours). A single colony was used to inoculate a starter culture comprising 

100 mL of LB media, which was then grown at 37 oC with 180 rpm shaking for 7-

8 hours. Four sterile 6 L bottles of LB supplemented with 0.5% (w/v) sodium 

fumarate and 0.5% (v/v) glycerol were prewarmed at 37 oC without agitation. 

Each 6 L bottle was inoculated with 25 mL of starter culture and topped up with 

LB such that only 5 mL of headspace remained. Cells were grown overnight at 

37 oC under anaerobic conditions in a stationary incubator (Gallenkamp), until 

an OD600 > 1.5 was reached (typically 18-20 hours).  

Isolation 

Cells were harvested by centrifugation at 6000 x g for 20 minutes at 4 oC (Sorvall 

Lynx 4000 centrifuge, F-12-6x500 LEX rotor). Each 24 L cell growth produced    

~72 g of well cell pellet. The cell pellets from two 24 L cell growths were 

resuspended in 300 mL of resuspension buffer (0.15 M NaCl, 0.1 M Tris, pH 7.6) 

and stirred at 4 oC. Once the cells were resuspended sucrose was added (20 g 

per 100 mL), and the mixture stirred for 30 minutes at 4 oC. Cells were harvested 

by centrifugation at 8000 x g for 30 minutes at 4 oC. Cell pellets were subjected 

to osmotic shock by resuspension in 600 mL of ice cold water (Pur1te), with 

stirring at 4 oC for 40 minutes. The solution was adjusted to 0.3 M NaCl, 3% (w/v) 

Triton X-100, 0.1 M Tris (pH 7.6), 500 μM AEBSF, 50 μM Leupeptin, 1 μM 
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pepstatin, 10 μg mL-1 benzonase, 50 μg mL-1 lysozyme, and stirred overnight at 

4 oC. The mixture was split into 4 aliquots (~150 mL) and sonicated (Soniprep 

150) on ice for 10 x 30 seconds (2 cm probe diameter, amplitude set to 15). 

Cellular debris was pelleted by centrifugation at 30,000 x g for 35 minutes. The 

supernatant was diluted to 0.15 M NaCl with an equal volume of 0.1 M Tris (pH 

7.6), and then made up to 30 mM imidazole. 

Purification 

Using an Äkta Start (GE Life Sciences), lysate (chilled on ice) was loaded (at 5 mL 

min-1) using the sample pump onto a pair of 5 mL HisTrap FF Crude column (GE 

Life Sciences) that had been equilibrated in buffer A (0.15 M NaCl, 0.1 M Tris,   

30 mM imidazole, pH 7.6). The column was washed (at 5 mL min-1) with 16 

column volumes of buffer A to remove non-specifically bound protein. 

Specifically bound protein was eluted (at 5 mL min-1) with a 0-100% linear 

gradient of buffer B (0.15 M NaCl, 0.1 M Tris, 0.5 M imidazole, pH 7.6) over 10 

column volumes. Progress was monitored via the 280 nm absorption of elutants. 

Protein was eluted in 2 mL fractions. Hydrogenase containing fractions were 

dialysed at 4 oC overnight (for ~18 hours) into imidazole-free buffer (0.15 M 

NaCl, 0.1 M Tris, pH 7.6) and then concentrated to a volume of 4 mL with a 10 

kDa MWCO centrifugal concentrator (Vivaspin 20, GE Healthcare). Using an 

ÄKTA Explorer (GE Life Sciences) the sample was loaded in 2 mL aliquots at 1 mL 

min-1 onto an S200 16/600 gel filtration column that had been equilibrated in 

imidazole-free buffer (0.15 M NaCl, 0.1 M Tris, pH 7.6). The sample was eluted 

in 0.5 mL fractions over a single 120 mL column volume at 1 mL min-1. 

Hydrogenase containing fractions were identified by native- and SDS-PAGE and 

then pooled and concentrated to 0.5-1 mM using a 10 kDa MWCO centrifugal 

concentrator. Protein concentration was determined using the Coomassie 

(Bradford) Protein Assay using bovine serum albumin (BSA) as calibrant. 
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3.1.2 Gel electrophoresis  

SDS-PAGE samples were prepared using 5xSDS gel loading buffer and boiled 

prior to loading on to 12 % acrylamide gels. SDS-PAGE gels were run at 150 V for 

45-60 minutes, bands were stained using Coomassie Brilliant Blue R-250 dye and 

SDS-PAGE low-range standards (Bio-Rad) were used as markers. 

Precast Native-PAGE gels (Bio-Rad Mini-PROTEAN® TGXTM) were run at 150 V for 

1-2 hours using Tris-glycine buffer, and either stained using Coomassie Brilliant 

Blue R-250 dye to reveal all protein bands, or transported into a glove box 

(Faircrest, O2 < 10 ppm) and placed overnight in a sealed box containing H2-

saturated buffer comprising 50 mM potassium phosphate (pH 7.6), 90 μM 

phenazine methosulfate and 60 μM nitroblue tetrazolium. Active hydrogenase 

present in gel bands oxidises H2 and transmits electrons via phenazine carrier 

molecules to the nitroblue blue tetrazolium dye, ensuring only protein bands 

that contain active hydrogenase are stained.2 For Coomassie stained native gels 

the NativeMark Unstained Protein Standard (ThermoFisher) was used. 

 

3.1.3 UV/vis spectroscopy  

UV/vis spectra (250-700 nm) were collected using a DeNovix (DS-11 FX+) 

spectrophotometer using quartz cuvettes with a pathlength of 1 cm. For H2 gas 

incubation experiments, samples were exposed to H2 inside a glovebox and then 

ported out in stoppered cuvettes for recording UV/vis spectra. 

 

3.1.4 Activity assays 

Hydrogen oxidation kinetics were monitored spectrophotometrically at room 

temperature via the reductive decolourisation of methylene blue inside a glove 

box (Faircrest, O2 < 10 ppm).56,152 First, the extinction coefficient at 

approximately 626 nm of fully oxidised methylene blue was determined by 
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measuring the absorbance of  methylene blue solutions  of different 

concentration (0, 2, 5, 8, 10, 14, 22 and 25 μM)  in mixed buffer (15 mM MES, 

CHES, TAPS, HEPES and Na acetate at pH 7.6) using a custom-built 

spectrophotometer containing a narrow band LED.55 Then, a 2 mL aliquot of H2-

saturated solution containing 25 μM methylene blue in mixed buffer (pH 7.6) 

was injected into a cuvette (polystyrene, 3 mL volume, 10 mm optical path 

length, Fisher) through a subaseal-lid. To the cuvette was added 10 μL of enzyme 

solution. The cuvette was placed inside the custom-built spectrophotometer. 

The H2-oxidation activity was monitored via the concomitant reduction of 

methylene blue. 

 

3.1.5 Cyclic voltammetry (CV) 

Electrochemical experiments were performed in a similar manner to those 

described previously.56 A glovebox (Faircrest, O2 < 10 ppm) with a three-

electrode setup featuring a saturated calomel reference, platinum counter and 

pyrolytic graphite edge (PGE) working electrode (0.03 cm-2 geometric disk area) 

was used. Experiments were performed using a water-jacketed, gas-tight glass 

electrochemical cell filled with mixed buffer comprising 100 mM NaCl and 15 

mM MES, CHES, TAPS, HEPES and Na acetate at pH 7.6. The temperature of the 

cell was maintained at 30oC using a water circulator and the atmosphere 

maintained with a flow of approximately 1 cm3 s-1 of 100% H2 gas. The (PGE) 

electrode surface was prepared by abrasion with sandpaper (Norton) before 

application of 2 μL of 20 μM enzyme solution, the enzyme was left to adhere to 

the surface for approximately 30 s before rinsing off the excess using 200 μL of 

buffer. The working electrode was rotated at 3000 rpm using an Origatrod 

rotator (Origalys) to ensure that catalysis was not rate limited by mass transport 



70 

of substrate/product. Measurements were performed using an Ivium 

CompactStat potentiostat using IviumSoft software. 

 

Figure 33 Schematic of the experimental setup used for protein film 
electrochemistry experiments. 

3.1.6 Cryo-electron microscopy 

1.2/1.3 UltrAuFoil grids were glow discharged (PELCO easiGlow) for 90 s on each 

side using atmospheric gas before mounting in Vitrobot tweezers. 1 mg mL-1 

Hyd-1 aliquots were defrosted and 2.5 μL placed onto the grid, blotted (4°C, 

100% humidity), and plunged into liquid ethane. Blot time was 3 s and blot force 

was constant at -5. Data collection was performed on a Glacios microscope 

operated at 200 kV. One exposure was collected per hole, and the autofocus 

routine was run every 10 μm. A nominal magnification of 120K, spot size of 6, 

illuminated area of 1 µm were used and data were collected at a calibrated pixel 

size of 1.2 Å. The total fluence was of 50.0 electrons/ Å2. A total of 921 EER 

movies were collected. The Relion pipeline was used for all image processing. 

Whole micrograph motion correction and damage weighting were performed 
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using the implementation of MotionCor2 in Relion. Initial CTF values were 

determined with CTFFIND4 and the Laplacian-of-Gaussian (LoG) filter was used 

to select an initial set of particles. 2D classification was used in multiple rounds.  

 

3.2 IR spectroscopy of EcHyd-1 and ReRH 

3.2.1 FT-IR 

FT-IR spectra of EcHyd-1 samples were collected in transmission mode using a 

Bruker Vertex 70 spectrometer featuring a Michelson interferometer and a 

single element detector, as shown below in Figure 34. 

 

 

Figure 34 Schematic of an FT-IR spectrometer featuring a Michelson 
interferometer. 

 

Infrared spectroscopy experiments on EcHyd-1 were conducted using a Harrick 

cell featuring CaF2 windows and a PTFE spacer that gave an optical pathlength 
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of 50 μm. The Harrick cell was filled with 25 μL of 1.0 mM EcHyd-1. IR absorption 

spectra were recorded in transmission mode at room temperature with a 

spectrometer resolution of 2 cm-1. The empty spectrometer was used as a 

background. Sample and background spectra were averaged over 400-800 scans 

(the same number for each), corrected for contributions from residual water 

vapour before fitting and subtracting a polynomial baseline to remove the 

effects of absorptions due to the solvent. The FT-IR data processing procedure 

is shown in Figure 35. 
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Figure 35 FT-IR data processing, showing (a) the removal of residual water 
vapour, (b) the fitting of a polynomial baseline and (c) the spectrum following 
baseline subtraction for (i) the full range and (ii) a zoomed in view of the CO 
region. 
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For FT-IR gas cycling experiments approximately 25 μL of 1 mM as-isolated 

EcHyd-1, pH 7.6, was used to fill a Harrick cell and IR absorption spectra were 

collected (Figure 69 in 5.3.2). Gas cycling experiments were then performed on 

the same sample of enzyme by first porting a 75 μL aliquot of EcHyd-1 into a 

glovebox (Faircrest, O2 < 10 ppm) and exposing it to an active flow of 100% H2 

for 2 hours and then leaving the enzyme under a quiescent 100% H2 atmosphere 

for 18 hours at 4 oC. The Harrick IR cell was then filled (approx. 25 μL) with H2-

exposed EcHyd-1 inside the glovebox, before it was ported out and the FT-IR was 

recorded (Figure 69 in 5.3.2). A 25 μL aliquot of the H2-saturated EcHyd-1 was 

then ported out of the glovebox and exposed to a flow of 100% O2 for 1 hour at 

room temperature. The FT-IR absorption spectra of this sample were then 

recorded and processed using the same method as described above (Figure 35).  

 

 

 

3.2.2 2D-IR spectroscopy  

The ULTRA B spectrometer at the STFC Rutherford Appleton laboratory was used 

for obtaining all 2D-IR spectra collected during this project.153 The experimental 

setup is divided into four stages, i) generation of laser pulses in the oscillator, ii) 

chirped pulse amplification of laser pulses, iii) conversion of laser pulses into 

mid-IR via optical parametric amplification-difference frequency generation 

(OPA-DFG), and iv) 2D-IR beam path. A simplified schematic of the experimental 

setup can be seen in Figure 36. 

i) The oscillator  

ULTRA uses a custom built titanium sapphire oscillator that produces a train of 

laser pulses to seed the amplifier.153 The pulses have a repetition rate of 65 MHz, 

a duration of 20 fs, and a bandwidth of 50 nm which is centred at 800 nm. 

 



75 

ii) The amplifier 

The amplifier (Coherent Legend Elite Duo) is a chirped pulse amplifier that 

increases the energy of pulses emitted by the oscillator.153 The amplifier is 

composed of three parts, i) the stretcher, ii) the regenerative amplification 

cavity, and iii) the compressor.  

The stretcher consists of a pair of gratings arranged such that components of 

the pulses become temporally separated in a frequency specific manner 

(chirped), this increases the duration of pulses (from 20 fs to ~1 ps) and 

decreases the peak pulse power. Decreasing the peak pulse power is critical to 

preventing damage to optics in the amplification stage.  

The regenerative amplification cavity features a cryogenically cooled Ti:Sapphire 

crystal pumped by the second harmonic (λ/2=526.5 nm) of a Q-switched Nd:YLF 

(neodymium-doped yttrium lithium fluoride) laser. A pair of electro-optic 

modulators (Pockels cells) are used as polarisation gates at the termini of the 

cavity. A single pulse from the oscillator pulse train is propagated into the 

amplification cavity where it resonates, making multiple passes through the 

Ti:Sapphire gain medium. After 10-11 round trips of the cavity maximum 

amplification is achieved, the Pockels cells then switch the polarisation of the 

pulse ejecting it from the amplification cavity and onto the compressor gating. 

The compression stage consists of a grating and set of optics that reverses the 

separation caused by the stretcher prior to ejection of the pulse from the 

amplifier. The amplifier produces a train of pulses with duration ~50 fs, average 

power 5 W, at a repetition rate of 10 kHz. 

iii) OPA-DFG 

The (Light Conversion, Topas-C) OPA-DFG converts the 800 nm light from the 

amplifier into the mid-IR via the process of optical parametric amplification.113 

The key principle of optical parametric amplification is that a non-linear optical 
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crystal (β-barium borate; BBO) can convert single photons into two photons of 

lower energy (Equations (22) and (23)). 

𝜔𝑝𝑢𝑚𝑝 + 𝜔𝑠𝑖𝑔𝑛𝑎𝑙 → 𝜔𝑖𝑑𝑙𝑒𝑟 + 2𝜔𝑠𝑖𝑔𝑛𝑎𝑙  (22) 

𝜔𝑝𝑢𝑚𝑝 = 𝜔𝑖𝑑𝑙𝑒𝑟 + 𝜔𝑠𝑖𝑔𝑛𝑎𝑙  (23) 

 

The OPA-DFG composed of three parts, the pre-amplification stage (1), the 

power amplification stage (2), and the difference frequency generation (DFG) 

stage (3). 

Inside the OPA, the 800 nm output from the Ti:Sapphire is split by a beam splitter 

into a high intensity pump pulse (a) and lower intensity pulse (b). The lower 

intensity pulse (b) is split by an additional beam splitter into a higher intensity 

pump pulse (c) and lower intensity pulse (d). White light is generated from pulse 

d using a sapphire plate. In the pre-amplification stage (1), pump pulse c is used 

to pump the first BBO crystal and the white light pulse is used to seed the optical 

parametric amplification process, providing a wide range of potential signal (and 

idler) frequencies. The desired signal frequency is obtained by adjusting the time 

delay between pump and white light pulses. In the power amplification stage 

(2), the signal pulse is used to seed the second BBO crystal which is pumped by 

pump pulse a, giving rise to amplification of the signal pulse and generation of 

an idler pulse. The signal and idler pulses are separated and transmitted into the 

difference frequency generation stage (3). In this stage the pulses are 

recombined in a silver gallium sulphide (AgGaS2) crystal, resulting in a 

broadband, lower frequency pulse with central frequency determined by the 

angle with which the pulses are incident on the AgGaS2 crystal. 
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iv)  The 2D-IR beam path  

2D-IR spectra were acquired using the pseudo pump-probe geometry, as shown 

in Figure 36.154  

 

Figure 36 Schematic of the experimental setup used for collection of time-
domain 2D-IR spectra in the pseudo pump-probe geometry at the Rutherford 
Appleton Laboratory. E1 and E2 denote the pump pulses, and E3 the probe pulse, 
and Esig the signal pulse. The signal pulse is emitted collinearly with residual 
probe light. 

The optical parametric amplifier (OPA) generated a train of pulses (300 cm-1 

bandwidth, centred at 2050 cm-1, with a repetition rate of 10 kHz) that were 

directed onto a potassium bromide beam splitter (orange segment of beam path 

in Figure 36) which divides the beam into an intense pump-pulse and a less 

intense probe-pulse. The probe is directed onto an optical delay stage (Figure 

36, purple beam path) whose position defines the Tw for the experiment, and 

the pump-pulse is directed into the pulse shaper (Figure 36, dark blue beam 

path). A schematic of the pulse shaper is shown below in Figure 37. 
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Figure 37 Schematic representation of an IR pulse shaper. 

Inside the pulse shaper the pump pulse is directed onto diffraction grating, 

causing its components to be spatially separated according to their frequencies. 

The dispersed beam is collimated with a cylindrical mirror and directed into the 

germanium acousto-optic modulator (Ge AOM). The waveform generator 

applies an acoustic wave to the AOM, which propagates along its length. The 

speed at which the pump pulse moves across the AOM is such that the acoustic 

wave appears static, enabling it to act as modulating grating. Light leaving the 

AOM is focussed on a second grating which Fourier transforms it back into the 

time domain, and collimated with a second cylindrical mirror before leaving the 

pulse shaper. By programming the acoustic waveforms applied to the AOM, 

pump light of specified frequency, phase and amplitude is deflected (Figure 38). 

In this manner, the pulse shaper produces a series of collinear pump pulse pairs 

separated by the coherence time (τ). The value of τ was scanned in increments 

of 30 fs from 0 fs to 6 ps, and four-frame phase cycling to minimise the impact 

of pump light scattered onto the detector. With phase cycling, additional data 

points are collected for each value of τ in which the relative phase between 
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pump pulses is varied by a constant factor (here π/4). The background noise is 

independent of phase, whereas the desired information present in the signal 

will be out phase in the additional data points, so subtraction of the additional 

data collected with different phase removes artefacts including the scattering of 

pump light into the signal field.111,119,120 

 

Figure 38 Example of pulse shaping showing (a) the modulating waveform and 
(b) the spectrum following modulation. 

 

The pump and probe beams are focussed in the sample such that residual pump 

light is directed into a beam stop, and residual probe light onto a grating in a 

monochromator for subsequent detection with a pair of liquid N2 cooled 128-

element Mercury-Cadmium-Telluride (MCT) array detectors (resolution ~2.5 cm-

1, detector 1 centred at 1945 cm-1 and detector 2 at 2070 cm-1). Spectra were 

recorded in the time-domain in so much that the pulse shaper scans the value 

of τ in regular increments, and for each value of τ the detector records a 

frequency-domain probe spectrum. The pump frequency axis is recovered by 

Fourier transforming the probe spectra with respect to τ. The pulse shaper also 
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modulates the pump pulse train at half the repetition rate of the laser. This 

means that half of the probe spectra are recorded in the absence of a pump 

pulse, these are subtracted from those recorded in the presence of a pump pulse 

to give self-heterodyned spectra. Self-heterodyned detection refers to the 

collection of information encoded in the frequency and/or phase of light via 

comparison with a reference beam, termed the local oscillator. 

 

Figure 39 2D-IR plots showing the diagonal regions of data collected for oxidised 
EcHyd-1 with (a) detector 1, and (b) detector 2. Dashed black lines indicate the 
pump slices selected for 2nd derivative calculation in order to determine baseline 
fitting ranges. 

 

v) 2D-IR data processing 

Fourier transformation of time domain data and subsequent generation of 2D-

IR spectra is carried out using a LabView software written by Dr. Gregory 

Greetham, this software also phases the data and applies window (apodisation) 

functions. Baseline subtraction of 2D-IR data was carried out using Origin 

(OriginLab 2018, 2019b and 2022).  

The data processing scheme is as follows: 
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i) In LabView, data from the reference detector was subtracted from that 

collected with detectors 1 and 2, and the data was exported for 

subsequent processing in Origin. 

ii) 2D-IR contour plots were examined to identify pump slices that 

contain peaks encompassing the entire probe wavenumber range in 

which peaks appear, as shown in Figure 39. 

iii) For each detector the 2nd derivative spectra of the selected pump slices 

were calculated (Figure 40(a), purple dotted lines) and used to define 

a range of data points in which peaks are not present to use as a 

baseline fit range (Figure 40(a), red dotted lines). 

iv) A 6th order polynomial baseline (Figure 40(b), blue dashed lines) was 

fitted to the baseline fit range and subtracted from the corresponding 

pump slices (Figure 40(c), grey lines).  
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Figure 40 2D-IR data processing, showing the determination of baseline fit 
ranges (i), fitting (ii) and subtraction (iii) of a polynomial baseline from pump 
slices collected with detector 1 (a) and 2 (b).  
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It is apparent that for some data sets (namely the diagonal region of early Tw 

detector 1 data) a simpler baseline function would give comparable results. 

However, the curvature of the background as well as the magnitude of the noise 

are larger in data collected at later Tw and for off-diagonal regions. For the 

purposes of comparability the same baseline fitting range and order of 

polynomial baseline was used for each sample and Tw value. The full 2D-IR 

spectrum before and after baseline subtraction can be seen in Figure 41. 
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Figure 41 Early Tw 2D-IR data collected with detector 1 (a) and 2 (b), before (i) 
and after (ii) subtraction of a polynomial baseline. Signal intensity is indicated by 
the colour of the contours and signals in off-diagonal regions have been scaled 
by a factor of four. 
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3.2.3 Pump-probe  

Ultrafast pump-probe IR spectra were also collected using the ULTRA laser 

system153 by setting the pulse shaper to the pump-probe mode, in which the 

first two excitation fields (�⃗� 1 and �⃗� 2) are degenerate and temporally overlapped 

and spectra are collected at predetermined values of Tw in a randomised 

ordering. 111 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. 

Pump-probe spectra were recorded by scanning the pump-probe delay time (Tw) 

from -20 to 54 ps in increments of 250 fs. The signal was acquired by dispersing 

the signal with a spectrograph followed by detection with liquid nitrogen cooled 

128-element Mercury-Cadmium-Telluride (MCT) detectors. 

 

The data processing scheme is as follows: 

i) In LabView, data from the reference detector was subtracted from that 

collected with detectors 1 and 2, and the data was exported for 

subsequent processing in Origin (solid black lines in Figure 42(i/ii)). 

ii) Early Tw pump-probe spectra were selected (for each detector) and 

their second derivatives calculated (purple dotted lines in Figure 42(i)), 

this was used to define a range of data points in which peaks are not 

present to use as a baseline fitting range (red dotted line in Figure 

42(i)). 

iii) For each Tw (with each detector) a 6th order polynomial function (blue 

dashed lines in Figure 42(ii)) was fitted to the baseline fit range, and 

the resulting baseline subtracted from the raw data to produce the 

baseline subtracted spectra (solid grey lines in Figure 42(iii)). 
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Figure 42 Pump-probe data processing, showing the determination of baseline 
fit ranges (i), fitting (ii) and subtraction (iii) of a polynomial baseline from early 
Tw pump-probe slices collected with detector 1 (a) and 2 (b). 
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A comparison of raw pump-probe spectra with spectra following polynomial 
baseline subtraction can be seen below in Figure 43. 

 

Figure 43 Pump-probe spectra collected with detector 1 (a) and 2 (b), before (i) 
and after (ii) polynomial baseline subtraction, coloured by Tw (colour bar).  
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4 Pump-probe and 2D-IR spectroscopy of as-

isolated ReRH 

For this chapter spectroscopy measurements were performed at the Rutherford 

Appleton laboratories with Dr. Marius Horch of the Freie Universität Berlin, 

using enzyme samples prepared by Dr. Janna Schoknecht of the Technische 

Universität Berlin via established methods.98,154 This work formed the basis for a 

publication.154 All of the data presented in this chapter has been processed from 

the raw files solely by me. Additionally, all simulations and data analysis have 

been carried out personally, this enabled the extraction of more detailed 

information relative to the published paper of which I am a co-author.154 

4.1 Abstract 

Understanding the factors that make NiFe hydrogenases effective H2-converting 

enzymes could lead to the development of novel catalysts for sustainable energy 

approaches. The active site CO and CN- ligands are ideal IR reporters for local 

molecular structure, however there is limited structural and dynamic 

information that can be provided by conventional IR absorption techniques. This 

study presents the first application of ultrafast multidimensional IR 

spectroscopy techniques to the study of a NiFe hydrogenase, the model O2-

tolerant regulatory hydrogenase from Ralstonia eutropha (ReRH) in the on-

cycle, catalytically active H2-accepting Nia-S active site state. With 2D-IR 

spectroscopy we quantify the anharmonicities of the vibrations and identify that 

the CO stretching mode is well approximated by a Morse anharmonic potential, 

enabling the determination of fundamental bond properties including bond 

dissociation energy, harmonic frequency and curvature of the potential. 

Additionally we identify strong anharmonic coupling between vCN modes as well 

as weak coupling between vCO and vCN modes. With IR pump-probe spectroscopy 
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we observe that the vCO and vCN vibrational relaxation dynamics are rapid and 

also influenced by the surrounding protein architecture, this could be important 

for the dissipation of energy between rapid reaction steps. Vibrational quantum 

beats observed in the decay of vCN signals could be useful for deconvoluting the 

overlapping signals produced by samples containing complex mixtures of redox 

states. 

4.2 Introduction 

The regulatory hydrogenase from Ralstonia eutropha (ReRH) is a cytosolic H2-

uptake (i.e., group 2) NiFe-hydrogenase that, in its physiological context, 

performs a sensory role for its parent bacterium.73,98,155,156 ReRH is composed of 

three subunits HoxB, HoxC and HoxJ with stoichiometry Hox(B2C2J4).157 HoxC is 

the catalytically active large subunit that contains the NiFe active site, HoxB is 

the small subunit that ligates a trio of [4Fe-4S] clusters and HoxJ is a histidine 

kinase. H2 oxidation causes electrons to be transmitted from the NiFe active site, 

via the FeS clusters, to the histidine kinase subunit.157–159 HoxJ then acts as a 

molecular switch and induces a signalling cascade that brings about the 

upregulation of genes involved in the biosynthesis of energy converting NiFe 

hydrogenases.5,13 The poor activity of ReRH towards H2-oxidation and –evolution 

may be an adaptation to enable the sensing of high partial pressures of H2.5 

ReRH has served as a convenient model system for EPR,73 IR96 and resonance 

Raman spectroscopy98 studies because of the relative ease with which samples 

can be trapped in an almost pure redox state. As-isolated samples contain 

enzyme in the Nia-S state with a smaller minority in the Nia-C state (Figure 44),160 

reduction with H2 collapses molecules in the Nia-S in to the Nia-C state,73 and 

illumination at cryogenic temperatures converts Nia-C in to the Nia-L state.160 The 

absence of oxidised (Nir- or Niu-) states of ReRH in as-isolated samples is 

considered to be a consequence of its oxygen tolerance.161 
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Figure 44 NiFe hydrogenase catalytic cycle with truncated structures of the 
bimetallic active site. 
 
The vast majority of IR studies on NiFe hydrogenases have used linear 

absorption techniques to investigate the wavenumbers at which transitions 

appear and the macroscopic conditions that govern the interconversion of redox 

states (atmosphere, applied potential, temperature, pH), these studies provide 

only limited time-resolved structural information for the individual redox 

states.11 Here we use ultrafast pump-probe and two-dimensional IR 

spectroscopy to probe ReRH in the biologically relevant H2-accepting Nia-S state 

and investigate a number of previously unexplored observables that are not 

available to other techniques. Employing the sensitivity and resolution of pump-

probe and 2D-IR spectroscopy we characterise a detailed vibrational signature 

for the vCO and vCN modes of the Nia-S redox state of ReRH, providing novel 

insights into the CO bond properties and the dynamic interactions between the 

CO/CN ligands and the surrounding protein architecture. 
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4.3 Results and discussion 

 

4.3.1 Peak assignments - FT-IR and 2D-IR spectrum diagonal 

The overlay of the FT-IR spectrum of as-isolated ReRH and an inverted projection 

of the 2D-IR spectrum diagonal is shown in Figure 45(a). The vCO region (1850-

1975 cm-1) of the FT-IR spectrum (black trace in Figure 45(a)) contains three 

signals, the main signal is at 1943 cm-1 and has an absorbance of approximately 

1.5 mO.D, a pair of minor signals with absorbance less than 0.3 mO.D are also 

present at 1934 cm-1 and 1960 cm-1.98,156,161 The vCO signals at 1934 cm-1 and 1943 

cm-1 are reproduced in the projection of the 2D-IR spectrum diagonal (green 

trace in Figure 45(a)), the 1960 cm-1 signal is apparent in the 2D-IR spectrum 

contour plot (Figure 45(b)) but not in the projection of the diagonal. The vCN 

region (2025-2100 cm-1) of the FT-IR spectrum contains a pair of signals with 0.6 

mO.D and 0.9 mO.D absorbance at 2071 cm-1 and 2080 cm-1 (respectively), these 

signals are reproduced in the projection of the 2D-IR diagonal. The signals at 

1943 cm-1, 2071 cm-1 and 2080 cm-1 are consistent with assignment to the CO 

and the two CN stretching modes of ReRH in the Nia-S state. 98,156,161 The vCO 

signal at 1960 cm-1 corresponds to a small minority of ReRH molecules present 

in the Nia-C state, and the vCO signal at 1934 cm-1 has been tentatively assigned 

to the Nia-SRII state, it is typical to find both of these minor signals in the IR 

absorbance spectra of as-isolated ReRH. 96,98,156,161 
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Figure 45 (a) IR-absorption spectrum (from fitting) of as-isolated ReRH and 
inverted projection of the 2D-IR spectrum diagonal, shown as black and green 
traces respectively. (b) 2D-IR spectrum of as-isolated ReRH recorded at a waiting 
time (Tw) of 250 fs. The dashed lines indicate the spectrum diagonal. Numbers in 
brackets indicate the scaling factors 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. 

Peaks in the IR absorbance spectrum and on the 2D-IR diagonal correspond to 

n=0-1 transitions. The major diagonal peak in the vCO region, at 1943 cm-1, is not 

connected to either of the minor vCO peaks (at 1934 and 1960 cm-1) by off-

diagonal peaks below (or above) the spectrum diagonal. The absence of such 

signals indicates that these vCO peaks are not vibrationally coupled and in fact 

there is no evidence for exchange between them for values of Tw up to 50 ps.  
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4.3.2 2D-IR peak assignments - vCO region 

Figure 46 shows a magnified view of the ReRH 2D-IR spectra for pump 

wavenumbers corresponding to vCO signals at early and late values of Tw (250 fs 

and 15 ps, respectively). 

 

Figure 46 As-isolated ReRH 2D-IR spectra for the pump wavenumber range 
coinciding with vCO bands at (a) 250 fs and (b) 15 ps pump-probe delay times 
(Tw). The scaling of bands is the same as in Figure 45. Green numbers refer to 
peak assignments (see Figure 52), numbers with apostrophes indicate ground 
state absorption signals caused by coupling, and underlined numbers indicate 
excited state absorption signals caused by energy transfer. 

At a waiting time of 250 fs the 1943 cm-1 peak (labelled 1 in Figure 46(a)) in the 

vCO region is accompanied by a trio of positive peaks (labelled 2, 3 and 4) that 

are each shifted downwards along the probe wavenumber axis by 25 cm-1. In the 

2D-IR experiment the interaction of the pump pulse with the sample populates 
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higher vibrational states, enabling the probe pulse to excite transitions that are 

not normally available in IR absorption experiments at room temperature, as 

such peaks 2-4 are assigned to v=1-2, v=2-3 and v=3-4 transitions, respectively. 

The diagonal ground state absorption signal at 1960 cm-1 (ascribed to the small 

minority of Nia-C present in the sample) is also accompanied by a positive v=1-2 

peak that is downshifted by 22 cm-1 to a probe wavenumber of 1938 cm-1. For a 

pump frequency of 1942 cm-1 an additional set of off-diagonal peaks can be 

observed in the vCN region of the spectrum (2030-2100 cm-1) which indicate 

coupling between the vCO and vCN modes, as such the |v𝐶𝑂v𝐶𝑁1v𝐶𝑁2⟩ notation is 

used for describing transitions where vCN1 and vCN2 refer to the higher and lower 

wavenumber vCN modes respectively. Using this notation, peaks 1-4 correspond 

to: |000⟩-|100⟩, |100⟩-|200⟩, |200⟩-|300⟩, |300⟩-|400⟩. At a pump frequency of 

1942 cm-1 there are four peaks visible in the vCN region ranging between 2050 

cm-1 and 2080 cm-1 (labelled 10’, 5, 6’,and 11 in Figure 46) along the probe 

wavenumber axis. The most intense of these peaks is a negative peak, 6’, which 

has frequency coordinates (pump, probe) of (1942 cm-1, 2080 cm-1). The pump 

frequency of 6’ matches that of diagonal peak 1 (horizontal dashed line) and its 

probe frequency matches that of a diagonal peak in the vCN region (i.e., vCN1 

indicated by a vertical dashed line). The same is true of the remaining negative 

off-diagonal peak, 10’, although its probe frequency matches that of the other 

diagonal peak in the vCN region (vCN2). The presence of these connecting off-

diagonal peaks in early Tw spectra (Figure 46(a)) indicates that the CO stretching 

mode is coupled to both of the CN stretching modes. The positive peak labelled 

5 with coordinates (1942 cm-1, 2078 cm-1) in Figure 46 is assigned to a transition 

between the n=1 state of the vCO mode (|100⟩), which is populated by the pump 

pulse, and a two quantum combination state with one quantum of energy in 

both vCO and vCN1 modes (i.e., |110⟩). The difference in wavenumber between a 
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combination band and its associated ground state absorption signal gives the 

mixed mode anharmonicity, this quantity is proportional to the coupling 

strength. Peaks 5 and 6’ exhibit considerable overlap indicating that the coupling 

between vCO and vCN1 modes is weak, it is likely that peak 10’ is also accompanied 

by a combination band that is obscured by overlap. Figure 47 shows the result 

of fitting the off-diagonal region (2050-2100 cm-1) of the 1942 cm-1 pump slice 

from the Tw 250 fs 2D-IR spectrum shown in Figure 46(a), for this fitting the 

positions and widths of the ground state absorption signals were taken from the 

FT-IR spectrum and the combination bands were permitted to have up to 2 cm-

1 greater width than their associated ground state absorption signals.  

 

Figure 47 Fitting of the off-diagonal region of the 1942 cm-1 pump-slice from the 
2D-IR spectrum recorded with a Tw of 250 fs, with the fit (a) including and (b) not 
including the combination band 13. The solid black line shows the experimental 
data, solid green lines indicate fitted peaks, and the dashed red line corresponds 
to the cumulative fitting. 

Fitting of the off-diagonal peaks in this manner corroborates the presence of an 

obscured combination band (labelled peak 13 in Figure 47(a)) and shows the 

mixed mode anharmonicity between vCO and both vCN modes to be less than 2 

cm-1, indicating very weak coupling between these vibrations. 
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In the spectrum recorded with a waiting time of 15 ps, shown in Figure 46(b), an 

additional off-diagonal peak labelled 11 is present, it has (pump, probe) 

coordinates (1942 cm-1, 2053 cm-1). The emergence of peak 11 at a later Tw 

indicates that it is caused by energy transfer; during the delay time population 

transfer from the pumped n=1 level of the vCO mode to the n=1 level of a vCN 

mode occurs, this is followed by the probe pulse exciting the n=1-2 transition of 

the vCN mode. It is not apparent from Figure 46 whether peak 11 is associated 

with vCN1 or vCN2 but it is useful in assigning the region of the spectrum in which 

pump frequencies coincide with vCN bands, this is shown in Figure 49 and 

discussed in detail in the following section (4.3.3). 

 

The transition energies for peaks 1-4 are well represented by a Morse 

anharmonic potential function (Figure 48), which is a good approximation for 

diatomic molecules with vibrational modes that are highly localised (i.e., 

uncoupled or weakly coupled to other modes) and have uniformly spaced 

energy levels (i.e., constant anharmonicity). Fitting the transition energies to a 

Morse potential enabled the extraction of fundamental bond properties for the 

CO ligand, these are summarised in Table 2, a more detailed procedure for how 

these quantities are obtained can be found in the appendix. 
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Figure 48 (a) Fitting the 1942 cm-1 pump slice (from the Tw 250 fs 2D-IR spectrum) 
to determine transition energies for the vCO mode. Experimental data is shown 
as a dashed black line, solid green lines indicate fitting of individual peaks and 
the dashed red line indicates the cumulative fitting. (b) Fitting a function 
representing the energy level separations of a Morse potential (solid purple line) 
to experimentally determined transition energies (black dots) for the vCO mode. 

At 1967 cm-1 the harmonic frequency (Table 2) is significantly higher than the 

1943 cm-1 observed for the fundamental transition. The harmonic frequency is 

a parameter that is typically calculated in theoretical studies simulating the NiFe 

hydrogenase active site. To date no theoretical studies have accounted for such 

a large disparity between fundamental and harmonic frequencies, as such this 

observation could have broad implications for future in silico studies.154 

 

Table 2 Bond properties for the CO ligand determined via fitting transition 
energies to a Morse potential. 

Fundamental Harmonic Dissociation Force  Anharmonicity  
frequency frequency energy constant constant 

/ cm-1 / cm-1 / kJ mol-1 / N m-1 (x10-3) 

1943 1967 941 1563 6.18 

 

Comparing the Morse fitting derived CO bond parameters with examples from 

the literature is problematic as i) there is no pump-probe/2D-IR literature data 
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available for other hydrogenases, and ii) the data available for small molecule 

hydrogenase mimics are unsuitable as the molecules feature multiple CO 

ligands, with their spectra indicating strong coupling and no excitation beyond 

the n=2 level.123,127,162–164  

 

 

Figure 49 As-isolated ReRH 2D-IR spectra for the pump wavenumber range 
coinciding with vCN bands at (a) 250 fs and (b) 15 ps pump-probe delay times 
(Tw). The scaling of bands is the same as in Figure 45. Green numbers refer to 
peak assignments. 
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4.3.3 2D-IR peak assignments - vCN region 

For pump wavenumbers coinciding with vCN peaks (Figure 49) there are two 

major peaks on the spectrum diagonal, peak 10 at 2071 cm-1 and peak 6 at 2080 

cm-1, these are assigned to the |000⟩-|001⟩ and |000⟩-|010⟩ transitions 

respectively. 

 

First focussing on the higher wavenumber peak (6) in the Tw 250 fs spectrum  

(Figure 49(a)), at a pump wavenumber of 2080 cm-1 (upper horizontal line) there 

are five peaks in the off-diagonal region, these are labelled 7, 10’, 9, 1’ and 8. 

The positive peak 7 is assigned to the |010⟩-|020⟩ transition, this assignment is 

corroborated by the emergence of energy transfer peak 7 in later Tw spectra 

when pumping at 2070 cm-1 (Figure 49(c)). Overlap causes peak 7 to almost 

entirely cancel out the negative coupling peak 10’ (|000⟩-|001⟩), however fitting 

of relevant pump slices (Figure 51(iii)) indicates that 7 is centered at 2072 cm-1 

which gives a single mode anharmonic shift of 8 cm-1. Positive peak 9 at 2047 

cm-1 is assigned to the combination transition |010⟩-|011⟩ which gives a mixed 

mode anharmonic shift of 24 cm-1, indicating that the vCN1 and vCN2 modes are 

strongly coupled. The negative peak labelled 1’ at 1943 cm-1 indicates that the 

vCN1 and vCO modes are coupled. Positive peak 8 is assigned to the |010⟩-|110⟩ 

combination transition. Peak 8 overlaps considerably with peak 1’, however 

fitting the spectrum in this region (Figure 50(a)(iii)) shows that it is centered at 

1941 cm-1 giving a mixed mode anharmonicity of 2 cm-1, this matches the value 

obtained when pumping the vCO mode at 1942 cm-1 (Figure 47). In the spectra 

recorded at a Tw of 15 ps and 20 ps, combination band 8 is no longer visible and 

the energy transfer peaks 11 and 2 grow in. Peaks 11 and 2 correspond to the 

|001⟩-|002⟩ and |100⟩-|200⟩ transitions (respectively), and are caused by 
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energy transfer during the delay time from the |010⟩ level to the |001⟩ and 

|100⟩ levels (respectively). 

 

Figure 50 Probe spectra for 2D-IR slices with pump frequencies of (a) 2080 cm-1 
and (b) 2070 cm-1, showing (i) experimental data and fitting of the (ii) Tw 15 ps 
and (iii) Tw 250 fs data. Experimental data for Tw 15 ps and 250 fs are shown as 
solid black and grey lines respectively, fitting of individual peaks are shown as 
solid green lines and the cumulative fitting as dashed red lines. 
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Focussing on the lower wavenumber peak (10) in the Tw 250 fs spectrum (Figure 

49(a)), at a pump wavenumber of 2070 cm-1 (lower horizontal line) there are 

three peaks in the off-diagonal region, these are labelled 6’, 11 and 12. The 

negative peak 6’ is assigned to the |000⟩-|010⟩ transition, and is equivalent to 

peak 10’ in indicating that the vCN modes are coupled. Peak 11 is the |001⟩-|002⟩ 

excited state absorption and peak 12 the |001⟩-|011⟩ combination transition. 

These peaks overlap considerably, however the position of 11 was determined 

from the energy transfer bands (11) present in later Tw spectra when pumping 

at 2080 cm-1 (Figure 49(b-c)) and 1942 cm-1 (Figure 46(b)), showing it to be 

centered at 2053 cm-1 giving a single mode anharmonicity of 18 cm-1 for vCN2 

mode. This information was used to aid in the fitting of relevant pump slices 

(Figure 51(iv)) to determine the position of peak 12. Crucially the positions of 

combination transitions 9 and 12 both give the same value of 24 cm-1 for the 

mixed mode anharmonicity. Figure 51(ii) shows simulations of the CN-pump CN-

probe region of the 2D-IR spectra using 2D-Gaussian functions (Equation (21) in 

Section 2.3.4)  and parameters derived from fitting pump slices (positions of 

fundamental transitions, anharmonicities and widths), these simulations 

corroborate the peak assignments. 
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Figure 51 As-isolated ReRH data showing 2D-IR (i) experimental and (ii) 
simulated spectra (magnification of the CN-pump CN-probe region) and fitted 
probe spectra for pump frequencies of (iii) 2080 cm-1 and (iv) 2070 cm-1 for Tw 
values of (a) 250 fs and (b) 15 ps. Numbers in green indicate peak assignments, 
solid black and grey lines correspond to experimental data (pump: 2080 cm-1 and 
2070 cm-1, respectively), solid green lines indicate fitted peaks,  and dashed red 
line correspond to the cumulative fitting. 
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Figure 52 Energy level diagram showing vibrational energy levels |𝑣𝐶𝑂𝑣𝐶𝑁1𝑣𝐶𝑁2⟩ 
and transition wavenumbers of the νCO and νCN vibrational manifold, as detected 
for the active site state of ReRH with a νCO fundamental frequency of 1943 cm-1 

(Nia-S). Transitions are labelled with green numbers used to identify peak 
assignments in the 2D-IR spectra (see text). 
 
While the vCO mode is well approximated by a Morse anharmonic potential, the 

vCN modes have some unusual properties. The single mode anharmonicities for 

the vCN modes are markedly different, with 18 cm-1 for the vCN2 mode and 8 cm-

1 for the significantly less anharmonic vCN1 mode (Figure 52). Examination of 

crystal structural data (Figure 53) shows that the H-bonding environments of the 

CN- ligands are distinct and conserved, with one CN- ligand H-bonded by an 

arginine and the other by a serine/threonine residue.  
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Figure 53 Crystal structure data showing the active site environment of EcHyd-1 
(PDB: 6FPW15) and structurally conserved water molecules in the vicinity of the 
R509 residue in the second coordination sphere. The protein is shown as white 
ribbon, with selected side chains/groups in ball and stick form, coloured by 
heteroatom (blue = N, red = O, yellow = S, green = Ni and orange = Fe). The black 
spring line indicates a possible H-bonding contact between the arginine head 
group and a conserved water molecule.  

While no crystal structure data is available for ReRH, sequence alignment 

analysis by Kleihues et al159 has highlighted the conserved nature of arginine and 

serine/threonine residues that can be seen to act as H-bonding motifs to CN- 

ligands in crystal structures of other NiFe-hydrogenases (Figure 53 and Figure 

54). CN- ligands have been shown to be most strongly influenced by the internal 

electric field established between charged N- and  central metal ion (here 

Fe2+).165 Given that the threonine side chain is neutral while that of arginine is 

cationic, it would be expected that protein structural fluctuations would impact 

the charges on the CN- ligands and by extension the vCN modes. It follows that 

perturbations at the arginine would have a greater impact on the vCN modes and 

perhaps account for the large disparity in single mode anharmonicities. While 

the active site excludes water molecules (other than the bridging water 

molecule present in some states), a number of structurally conserved water 
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molecules are present in the second coordination sphere in the vicinity of the 

R509 residue (Figure 53).77 These water molecules could modulate the 

interaction of the arginine residue with the active site cyanide ligands, in this 

case a perturbation of the vCN mode anharmonicities would be expected in the 

spectra of D2O exchanged hydrogenase samples. 

 

Figure 54 Alignment of the amino acid sequences of the large subunits of ReRH 
(top rows) and EcHyd-1 (bottom rows), residues that form H-bonds with the CN- 
ligands are highlighted in green. 

However, from these results alone it is not possible to definitively determine 

whether these properties are intrinsic to the NiFe hydrogenase active site 

architecture, ReRH, the Nia-S state, the Fe(CO)(CN)2 moiety or a combination of 

contributing factors. 
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4.3.4 Vibrational relaxation dynamics 

Figure 55 shows broadband IRpump-IRprobe spectra of as-isolated ReRH as a 

function of Tw. In the vCO region of the spectrum (1850-1970 cm-1) peaks 

corresponding to transitions of the vCO mode up to the v=4 level are apparent 

(peaks 1-4). In the vCN region of the spectrum (2030-2100 cm-1) the fundamental 

transitions (peak 6 and 10, i.e., |000⟩-|010⟩ and |000⟩-|001⟩) and the excited 

state absorption (peak 7, |010⟩-|020⟩) of the vCN1 mode are also clear, however 

the remaining vCN peaks (9, 11 and 12) overlap considerably and are better 

identified in the 2D-IR spectra (Figure 49 and Figure 51). 

 

Figure 55 IRpump– IRprobe spectra of as-isolated ReRH in the νCO region of the 
spectrum, coloured by pump-probe delay time (Tw). 

 

By fitting the decay in peak intensity with advancing Tw to monoexponential 

functions, as shown in Figure 56, the vibrational relaxation dynamics of vCO and 

vCN modes of ReRH were determined. 
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Figure 56 (a-g) Plots of pump-probe band intensity versus Tw (coloured circles) 
and fitted monoexponential functions (solid lines). (h) Tabulated summary of T1 
decay times. 

The vibrational lifetimes (T1) for transitions up to the v=3 level of the vCO mode 

(i.e., peaks 1-3) are highly consistent with values of 16.2-17.5 ps, whereas peak 
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4 has a T1 of 12.0±0.7 ps, this deviation could be attributed to the greater 

influence of noise on smaller signals. The fundamental transitions of the vCN 

modes have similar T1 values, with 36.3±2.0 ps for 6 and 42.1±6.5 ps for 10. With 

a T1 of 18.5±1.0 the lifetime of the v=1-2 transition of the vCN1 mode (peak 7) is 

significantly shorter than the fundamental transitions of either vCN mode. Energy 

transfer between vCN modes is apparent in the 2D-IR spectra recorded with a Tw 

of 15-20 ps (Figure 49(b-c)), so the low apparent T1 of peak 7 is most probably a 

consequence of overlap.  

Figure 57 shows a comparison of the T1 times for the vCO mode of ReRH with a 

trio of hydrogenase active site mimics (molecules 1-3) and a CO-releasing 

molecule (CORM) dissolved in a variety of solvents. The T1 for the vCO mode of 

ReRH is significantly faster than that reported for small molecule mimics 

dissolved in hydrophobic or non-interacting solvents (37-158 ps) but slower than 

that of the CORM in H2O (3.1 ps).123,124,166,167 The rapid relaxation of the CORM 

in H2O is attributed to spectral overlap of the vCO mode with the broad bend-

libration combination band of water (centred at 2130 cm-1). Since crystal 

structure data shows that the NiFe hydrogenase active site excludes water 

molecules (Figure 53) it can be assumed that the relaxation of the ReRH vCO 

mode is facilitated by anharmonic coupling with the Fe-ion (via σ- or π-

interactions) in line with the mechanism that has been proposed for the similarly 

fast relaxing vCO mode of CO-bound heme proteins and metalloporphyrins.122,168–

170 Conversely, a more complex relaxation pathway involving the structurally 

conserved water molecules present in the second coordination sphere could 

account for the efficient relaxation of the vCO mode, however this would be 

expected to cause even faster relaxation akin to that observed in the CORM. 

Compounds 1 and 2 are very similar in structure, with the only difference being 

that compound 1 substitutes a CO for a CN- ligand at each of the metal centres 
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(Figure 57). This substitution has a profound impact on the T1 of the vCO mode, 

with values of 37 ps for compound 1 and 158 ps for compound 2 (dissolved in 

DCM) it is evident that CN- ligands 

 

Figure 57 Comparison of the T1 times of the vCO mode of ReRH in the Nia-S state 
with a selection of hydrogenase active site mimics (1-3) and a CO-releasing 
molecule (CORM) dissolved in different solvents (indicated in 
brackets).123,124,166,167 

substantially facilitate relaxation of the vCO mode.123,124,166,167 DFT studies on FeFe 

hydrogenase active site mimics have demonstrated significant anharmonic 

coupling between vCO/vCN modes and low frequency Fe(CO)(CN)2 metal-ligand 

modes.95,98,99,124 This raises the possibility that the short vCO lifetime could be a 

consequence of through-bond energy redistribution towards the protein matrix 

assisted via coupling to the H-bonded vCN modes.154 The rapid relaxation of the 

vCO mode of ReRH could be of functional importance in the context of enzyme 
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molecules transitioning between catalytic states separated by low activation 

energy barriers in a vibrationally hot state, where the efficient dissipation of 

energy away from the active site prevents barrier recrossing and the reversion 

to the previous redox state. This could represent a mechanism by which 

hydrogenases ensure that the directionality of their catalysis is controlled by 

environmental conditions and not stalled by random barrier recrossing events. 

 

An oscillatory pattern can be seen in the decay profiles for the vCN modes (Figure 

56(e-g)), this modulation becomes more pronounced following subtraction of 

an exponentially damped sine function, as shown below in Figure 58(a). 

 

Figure 58 (a) Quantum beat patterns observed in the kinetic data of the vCN 
modes (Figure 56(e-g)). Kinetic data with a monoexponential background 
subtracted are shown as black dots, and fitted monoexponentially damped sine 
functions as coloured lines. (b) Fourier transformation of the time traces shown 
in the top panel. 
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The oscillatory modulation of vCN signal decay, termed a quantum beat, is caused 

by the coherent excitation of the vCN modes resulting in a superposition state of 

their n=1 levels.171,172 Since the coherent superposition state decays faster than 

the associated excited states, the corresponding time constants (10 ps) obtained 

via fitting can be assigned to the pure dephasing time, T2
*. The 9 cm-1 frequency 

of the quantum beat corresponds to the wavenumber separation of the vCN 

mode fundamental transitions (at 2071 cm-1 and 2080 cm-1).171,172 . The 

frequency of the quantum beat can be more easily observed in a plot of the 

Fourier transformation of the coherent decay profile (Figure 58(b)). The 

presence of a quantum beat indicates that the associated vibrational modes 

share a ground state, which corroborates the anharmonic coupling between vCN 

modes observed in the 2D-IR spectra.171,172 This is a particularly useful 

observable as it could allow for the deconvolution of closely spaced vCN signals 

produced by hydrogenase samples containing complex mixtures of active site 

states. 

 

4.3.5 Structural dynamics – 2D-IR diagonal lineshapes 

As introduced in 2.3.4 the fluctuations in the local environment of a ligand can 

produce a range of structural microenvironments, each having a discrete 

vibrational frequency, this causes inhomogeneous broadening of the 

corresponding band. Inhomogeneously broadened bands are lengthened along 

the 2D-IR spectrum diagonal, whereas homogeneous broadening affects the 

antidiagonal width. If the structural dynamics that cause inhomogeneous 

broadening are faster than the relaxation time of the vibrational mode, then the 

2D lineshape of the band becomes more circular with advancing Tw. This effect 

is termed spectral diffusion and is caused by the dynamic fluctuations in the 
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structure of the local environment allowing the pump vibrational mode to 

sample all available microenvironments before the arrival of the probe pulse. 

Peaks in the 2D-IR spectra are elongated along the pump axis (see Figure 46 and 

Figure 47), including those recorded at the earliest delay times (Tw 250 fs). To 

some extent this is caused by the resolution along the pump axis being lower 

than that along the probe axis (5.5 cm-1 and 2.1 cm-1 respectively). The absence 

of diagonal elongation of peaks indicates that no significant spectral diffusion is 

occurring. Analysis of the coherence time dependence of the vCO ground state 

absorption signal gives a 3 ps coherence decay time (Figure 59). The population 

relaxation time is considerably longer (T1=18 ps, Figure 56(d)) so the coherence 

decay can be considered to be the pure dephasing time (T2*) within the 

homogeneous limit. 

 

Figure 59 Plot of the vCO ground state absorption 2D-IR signal as a function of 
coherence time (τ), with fitted monoexponential decay curve (black and red lines, 
respectively). 
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This would give a homogeneous linewidth of 3.5 cm-1 which is significantly less 

than the 6.5 cm-1 obtained from fitting 2D-IR pump slices (Figure 48(a)). 

Similarly, the 10 ps T2* obtained for the vCN modes (Figure 58(a)) gives a 

homogeneous width of 1 cm-1, whereas fitting pump slices shows the signals to 

have widths of approximately 5.5 cm-1 (Figure 51(iii-iv)). These disparities 

indicate limited inhomogeneous broadening, likely a consequence of 

conformational constraints imposed by the surrounding protein architecture. 

4.4 Conclusions 

This account represents the first pump-probe and 2D-IR spectroscopic 

measurements on a NiFe hydrogenase and demonstrates that these techniques 

can provide a wealth of structurally and catalytically relevant insight, serving as 

a useful adjunct to well established techniques (X-ray crystallography, functional 

assays, FT-IR and EPR spectroscopy etc.) to further the understanding of 

hydrogenase catalysis. This work provides a detailed vibrational signature for 

the vCO and vCN modes of ReRH in the Nia-S state, forming a useful benchmark to 

facilitate the analysis of other active site states and hydrogenases with 

theoretical approaches, non-linear and conventional IR spectroscopies alike. 

With 2D-IR spectroscopy weak coupling between vCO and vCN modes has been 

observed as well as strong coupling between vCN modes. While coupling has 

previously been inferred from the FT-IR spectra of isotopically labelled 

enzyme,88 this work represents the first direct observation and quantification of 

coupling. The importance of the protein matrix in tuning the chemistry at the 

NiFe active site has been highlighted by i) the detection of distinct differences in 

vCN single mode anharmonicities perhaps caused by asymmetric H-bonding 

environments, ii) the absence of spectral diffusion indicating protein structural 

constraints, and iii) the observation of efficient energy dissipation away from the 

vCO/vCN modes demonstrating a potential role for the protein matrix in 



114 

maintaining the directionality of catalysis. Additionally, the derivation of CO 

bond parameters from Morse fitting has the potential to facilitate theoretical 

studies and, as more hydrogenases and active site states are characterized, 

provide a more detailed picture of the role of CO-bonding in H2-conversion. 
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5 Infrared spectroscopy of the oxidised states of 

EcHyd-1 

Pump-probe and 2D-IR spectroscopy measurements were performed at the 

Rutherford Appleton laboratories with Dr. Barbara Procacci (University of York), 

and for as-isolated samples with Dr. Marius Horch (Freie Universität Berlin). 

Synthesis and 2D-IR data acquisition for the Fe-site mimic (M1) were done by 

Barabara Procacci. Cryo-EM measurements were performed with Chris Furlan 

(University of York) who also did the corresponding data analysis. Solomon 

Wrathall prepared EcHyd-1 samples, did IR and biochemical characterisation of 

EcHyd-1 samples, and data processing for 2D-IR spectra of M1. This work formed 

the basis for two publications, one of which has been accepted but not yet 

published (in PCCP), the other is still being worked on. 

5.1 Abstract 

The dynamic influence of the protein scaffold on the Fe(CO)(CN)2 moiety present 

in the active site of Escherichia coli Hydrogenase-1 (EcHyd-1) is revealed using 

ultrafast pump-probe and two-dimensional infrared (2D-IR) spectroscopy. 

Measurements on samples of as-isolated and oxidized EcHyd-1 characterised 

the Nir-B state, in addition to the previously unreported Nir-SI/II and Niu-S states, 

with explicit assignment of carbonyl (vCO) and cyanide (vCN) stretching bands to 

each state enabled by 2D-IR. Transitions of the carbonyl stretching mode are 

found to be well described by a Morse anharmonic potential, and weakly 

coupled to the cyanide stretching vibrations. In contrast, the two CN stretching 

modes exhibit strong coupling, leading to the observation of formally forbidden 

vibrational transitions in the 2D-IR spectra. The vibrational parameters for the 

vCO and vCN stretching modes of the enzyme active site are compared with those 

of the Fe-site mimic K[CpFe(CO)(CN)2] in a variety of solvent systems, leading to 
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the conclusion that the protein scaffold creates a unique biomolecular 

environment for the NiFe site that cannot be represented by analogy to simple 

models of solvation. 

5.2 Introduction 

NiFe hydrogenases are attractive for sustainable energy conversion approaches 

as they are effective H2-conversion catalysts that contain only earth-abundant 

base metals and operate under aqueous conditions.11 EcHyd-1 is a membrane 

bound NiFe-hydrogenase with a catalytic bias towards H2-oxidation rather than 

H2-evolution. Able to sustain H2-oxidation activity in the presence of inhibitory 

O2, EcHyd-1 is designated an O2-tolerant group 1 hydrogenase.17 Achieving H2-

oxidation rates of up to 65 s-1, the catalytic activity of EcHyd-1 exceeds that 

reported for small molecule mimics of the NiFe hydrogenase active site. 11,173,174 

This implicates the protein architecture in tuning the active site chemistry and 

highlights the importance of attaining a deeper understanding of this 

modulation for the rational design of effective H2-conversion catalysts.81,94,175,176 

Small molecules that exhibit comparable or superior activity to that of 

hydrogenases invariably feature either a second coordination sphere 

surrounding the metal ions, or are synthetic cofactors implanted within a 

protein matrix.177-192 The implementation of hydrogenase-inspired catalysts is 

impeded by an incomplete understanding of the mechanisms by which H2-

activation and –evolution occur.173,193,194 Experimental techniques that quantify 

the influence of the protein scaffold and explore the structure and bonding at 

the NiFe active site will provide useful insight for identifying the crucial factors 

that govern enzymatic H2-conversion. 

 

NiFe hydrogenase molecules transition through a number of active site 

substates during the course of H2-conversion, inhibition by O2/CO and 
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reactivation. The NiFe hydrogenase active site features an Fe-bound CO and a 

pair of CN- ligands, being π-acidic ligands their vCO and vCN stretching modes are 

sensitive to redox structural changes at the bimetallic active site.11,79,195  

 

IR spectroscopy has been widely employed to identify the active site states 

present in samples of NiFe hydrogenases by using the state specific frequencies 

of the vCO and vCN modes as fingerprints, however conventional IR absorption 

experiments provide only limited time-resolved information and a dynamic 

picture of the active site architecture has yet to emerge.27,66,86,87,93,108,196 The CN- 

ligands each form H-bonds with the side chains of residues (Arg and Thr/Ser) 

present in the active site pocket, experiments that probe the structural 

dynamics of the CN- ligands could thus contribute to understanding how the 

active site chemistry is tuned by the surrounding protein scaffold. Developing a 

richer understanding of the factors influencing the active site chemistry is crucial 

for identifying the key determinants of efficient enzymatic H2-cycling and 

applying them to synthetic systems. 

 

Ultrafast pump-probe and 2D-IR spectroscopy have been used to investigate the 

Nia-S site state of Ralstonia Eutropha regulatory hydrogenase (ReRH).154 These 

non-linear spectroscopy methods employ sequences of ultrashort duration IR 

laser pulses to explore transient vibrational phenomena. In pump-probe 

spectroscopy the efficiency with which energy is dissipated away from an 

excited vibrational mode is analysed via the rate of signal decay. In 2D-IR 

spectroscopy a two-dimensional map is generated that correlates the excitation 

(pump) and detection (probe) frequencies, and describes the interrelation of 

coupled vibrational modes.111,116,118,197–199 The use of multiple laser pulses 

enables the accession of vibrational levels above v=1 which provides 
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information about the shape of the vibrational potential energy surface. By 

varying the polarisation of laser pulses, information pertaining to the relative 

orientation of coupled vibrations can be extracted. The sub-picosecond time 

resolution of pump-probe and 2D-IR spectroscopy allows for the structural and 

vibrational dynamics to be analysed on a timescale far shorter than that of the 

turnover frequency, providing bond specific insight relating to the rapid changes 

and interactions that occur during chemical processes. 

 

In application to ReRH, a detailed description of the potential energy surface of 

the vCO mode and its associated relaxation dynamics was generated. 

Observation of off-diagonal peaks in 2D-IR spectra provided the first direct 

evidence of coupling between vCO/vCN modes, with indications of strong coupling 

between vCN modes and weak coupling between vCO and vCN modes. Additionally, 

an unexpectedly large disparity in the single mode anharmonicities of the vCN 

modes was identified, perhaps highlighting the importance of the asymmetric 

H-bonding environments of CN- ligands. A quantum beat pattern seen in the 

decay of vCN signals was found to oscillate with a frequency equal to the 

separation in wavenumber between the coupled vCN modes, a phenomenon that 

could prove useful for the deconvolution of vCN signals from samples containing 

complex mixtures of active site states. 

 

Here this approach is extended to the study of EcHyd-1 in a variety of active site 

states, including the previously unreported Nir-SI/II and Niu-S states. Making use 

of the sensitivity and peak resolution of 2D-IR to investigate 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.93,200 By probing 

vibrational energy levels up to and including two-quantum excited states as well 



119 

as their vibrational and structural dynamics, the spectroscopy of the vCO and vCN 

modes is characterised with comparison to that of  Fe-site mimic 

K[CpFe(CO)(CN)2] in a selection of solvent systems of varying polarity. The 

results are discussed in terms of the role played by the protein scaffold in 

modulating the environment of the active site and how these techniques can be 

employed to investigate differences in active site states of hydrogenase 

enzymes to inform the development of novel H2 production catalysts and further 

our understanding of catalysis by NiFe-hydrogenases. 
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5.3 Results and discussion 

5.3.1 Biochemical characterisation of EcHyd-1 samples 

 

Figure 60 FT-IR spectrum of as isolated EcHyd-1. Peaks are coloured by redox 
structural state, with these assignments based on literature wavenumbers.27,85,93  
 

An FT-IR spectrum obtained for an as-isolated sample of EcHyd-1 is shown above 

in Figure 60. This spectrum contains three vCO signals centred at 1908 cm-1, 1922 

cm-1 and 1942 cm-1 and a pair of vCN signals at 2050 cm-1 and 2063 cm-1. These 

signals are consistently present in different purifications (Figure 69 and Figure 

93). The vCO signal at 1942 cm-1 is consistent with assignment to the Nir-B 

state.27,85,93 No active site state of EcHyd-1 has been reported with a vCO signal 

at 1908 cm-1. The signals at 1922 cm-1, 2050 cm-1 and 2063 cm-1 match those 

reported for the Nia-SRII state,27,85,93 however the observation of this state in an 

aerobically purified sample of EcHyd-1 is improbable as this is the most reduced 

state and so is formed only under reducing conditions. As such, it was necessary 

to perform a thorough biochemical characterisation of EcHyd-1 samples in order 

to identify the unknown state (with vCO at 1908 cm-1), and determine whether 

the apparent Nia-SRII signals are caused by another unidentified state 
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coincidentally producing signals at the same wavenumbers as reported for Nia-

SRII.   

 

Figure 61 (a) Ni-affinity chromatogram showing the 280 nm absorbance (black 
trace) and imidazole concentration (red trace) of elutants. (b) SDS-PAGE of Ni-
affinity fractions (1-7), black arrows indicate bands of masses consistent with 
large and small subunits of EcHyd-1. 

 

Purification of lysate via Ni-affinity chromatography (Figure 61(a)) produces a 

280 nm absorbance profile with a sigmoidal peak that is centred at an elution 

volume of 120 mL (215 mM imidazole), the peak exhibits tailing at elution 

volumes greater than 127 mL (275 mM imidazole). Analysis of eluting fractions 

with SDS-PAGE (Figure 61(b)) demonstrates that proteins of masses consistent 

EcHyd-1 subunits (36.4 kDa and 66.3 kDa) elute in the sigmoidal peak (lanes 2-

4) and to a lesser extent the tailing fractions (lanes 5-7). The large number of 

bands visible in the SDS-PAGE indicate the presence of a number of non-target 

Ni-binding proteins, this necessitated additional purification by size-exclusion 

chromatography to ensure that sample concentration of EcHyd-1 was not 

limited by impurity content. 
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Protein eluting from a Ni-affinity column (elution volume > 115 mL in Figure 

61(a)) that was assessed via SDS-PAGE (Figure 61(b)) to contain proteins of 

masses consistent with EcHyd-1 subunits was further purified by size exclusion 

chromatography (SEC), as shown below in Figure 62(a). Protein eluted in three  

 

Figure 62 Size exclusion chromatography (SEC) for (a) an EcHyd-1 sample 
following purification by Ni-affinity chromatography, and (b) a calibration 
sample (black traces), with masses of calibrant proteins (blue circles) fitted to a 
monoexponential function (blue trace). 

peaks, labelled 1-3 (Figure 62(a)), at volumes of 50 mL, 70 mL and 89 mL, 

respectively. The masses of proteins eluting in peaks 1-3 was estimated by 

running a calibration sample (black trace in Figure 62(b)), comprising proteins of 

known masses, and fitting the elution volumes/masses to a monoexponential 

function (blue trace in Figure 62(b)). Via this method protein eluting in peaks 1, 
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2 and 3 were estimated to have masses of 868 kDa, 207 kDa and 39 kDa, 

respectively. 

The constituents of SEC peaks 1-3 were further analysed using native PAGE with 

protein bands visualised using a standard Coomassie stain (Figure 63(a)) as well 

as a PMS/NBT activity stain (Figure 63(b)) in which only the bands that contain 

H2-oxidising protein are visualised. 

 

Figure 63 Native PAGE of protein samples from SEC peaks (1-3) visualised with 
(a) standard Coomassie (G-250) protein stain and (b) phenazine 
methosulfate/nitroblue tetrazolium (PMS/NBT) H2-oxidation activity stain. 
White arrows indicate bands containing H2-oxidising protein. 

For the standard Coomassie stain, peak 1 gave a single band that did not move 

out of the well (approximately 1048 kDa), for peak 2 a triplet of closely spaced 

bands in the 242-480 kDa range are visible, for peak 3 there are two feint bands 

and one stronger band with masses less than 66 kDa. Use of an H2-oxdiation 

activity stain showed that the (Coomassie visualised) bands in peaks 1 and 2 

both contain H2-oxdising protein. The most likely assignments for peak 3 are the 

naturally occurring E. coli Ni-binding proteins, i.e. cAMP receptor protein (CRP), 

Cu-Zn superoxide dismutase (CuZn-SOD), and the peptidyl-prolyl cis/trans 
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isomerase sensitive to lysis D (SlyD) which form dimers of masses 47, 35 and 42 

kDa (respectively).201–203 For peak 1 the activity stain revealed an additional very 

feint band in the 242-480 kDa range that is not visible using the Coomassie stain, 

it is unclear whether this band is caused by better staining ability of the activity 

stain or permeation of protein from the much stronger band present in the 

adjacent peak 2 lane. These experiments show that the band with maximal H2 

oxidation activity runs at a mass in the 242-280 kDa range which is consistent 

with a dimer of heterodimers of large (HyaB) and small (HyaA) subunits of 

EcHyd-1, i.e. (HyaAHyaB)2, which should have a mass of 205 kDa. Some disparity 

between the protein mass estimated via SEC and PAGE is to be expected, as in 

SEC the chromatographic separation depends on the volume of the elutants 

whereas in PAGE it depends on charge to volume ratio. 

 

UV/vis-spectroscopy was used to analyse protein eluting in SEC peaks 1-3, this 

is shown in Figure 64. SEC peaks 2 and 3 exhibit UV/vis profiles typical of protein 

samples, with strong absorption at 280 nm and no- or tailing absorption at 

longer wavelengths. For peak 1 an additional band is visible at approximately 

416 nm, a Soret band characteristic of an oxidised heme group.32,204 UV/vis-

spectra of H2-reduced aliquots of peak 1 (Figure 64(b-c)) results in a shoulder at 

432 nm to grow in to the Soret band, as well as a less intense α-band 562 nm, 

indicating partial reduction of the heme group.32,204 This is especially apparent 

in the difference spectrum shown in Figure 64(d). As cytochrome subunits 

cannot be directly reduced by H2 exposure, this indicates that peak 1 contains a 

proportion of active EcHyd-1 molecules isolated in complex with their 

physiological partner, the b-type cytochrome HyaC subunits. 
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Figure 64 UV-vis spectra of (a) aliquots of protein eluting in SEC peaks (1-3 in 
Figure 62(a)), enlarged view of the cytochrome region of peak 1 aliquots in as-
isolated (blue trace) and H2-reduced (red trace) states showing (b) polynomial 
baseline (dashed black trace) fitting, (c) following baseline subtraction and (d) 
as a difference spectrum (solid black trace, as-isolated subtracted from H2-
reduced spectrum). 

Subsequent biochemical analysis was performed on protein eluting in SEC peak 

2, as attempts to concentrate peak 1 aliquots to levels appropriate for IR 

measurements invariably resulted in precipitation. 
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Figure 65 (a) EcHyd-1 2D class obtained from the cryo-EM data using RELION 3.1 
with red arrows indicating each heterodimer, (b) solid map created using existing 
crystallographic structures showing the similarity to the 2D experimental class, 
(c) 3D display of the solid map in panel b, (d) panel c but with coloured subunits, 
(e) ribbon structure used to create the maps shown in panels b, c, d (f) Native 
PAGE of the EcHyd-1 sample used for cryo-EM measurements. 
 

Cryo-EM analysis of protein eluting in peak 2 is shown in Figure 65. While the 

orientational bias of particles on the cryo-EM grids prevented attainment of a 

high-resolution structure, the resolution was sufficient to confirm that the 

arrangement of subunits matches that of previously-reported X-ray 

crystallographic data for the (HyaAHyaB)2 dimer-of-dimers.32  

 

The activation kinetics for samples of as-isolated and subsequently O2-inhibited 

EcHyd-1 were investigated using cyclic voltammetry (CV) and 

chronoamperometry (CA) experiments, this is shown in Figure 66 and Figure 67, 

respectively. 
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Figure 66 Cyclic voltammograms showing the activation of (a) as-isolated and 
(b) subsequently O2-incubated EcHyd-1 samples. Traces are coloured by cycle 
number as indicated by the scale bar on the right. Inset current/time plot shows 
the activation rate (kact) at 60 mV vs SHE. Voltammograms were recorded with a 
5 mV s-1 scan rate, using a 0.03 cm2 PGE working electrodes rotating at 3000 rpm 
under a 1 cm3 s-1 flow of 100% H2 gas. The electrochemical cell was filled with 
mixed buffer comprising 100 mM NaCl and 15 mM MES, CHES, TAPS, HEPES and 
Na acetate at pH 7.6. 

In CV experiments as-isolated enzyme was applied to the working electrode 

under atmospheric conditions before porting the electrode in to an anaerobic 

glovebox where it was fixed to an electrochemical cell that had been pre-

equilibrated with an atmosphere of 100% H2. CV cycles were run until successive 

cycles caused no increase in oxidative (positive) current, indicating that all 

adsorbed enzyme molecules had been converted to full active form, this 

typically occurred after around seven cycles (Figure 66(a)). The electrode was 

then removed from the anaerobic glovebox and the adsorbed EcHyd-1 inhibited 

by exposure to an atmosphere of 100% O2 before porting the electrode back in 

to the glovebox and repeating the CV experiment (Figure 66(b)). At 10.8 μA, the 
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maximum current observed for the as-isolated sample in Figure 66 is 

significantly more than the 6 μA seen following O2-incubation, it is not clear to 

what extent this is caused by degradation of the enzyme or desorption from the 

electrode. The activation rate of EcHyd-1 at 60 mV was explored by extracting 

current/time data from the forward sweep of CV plots and fitting to exponential 

functions, as shown by the inset in Figure 66. Activation rates of 1.49 x10-3 s-1 

and 1.22 x10-3 s-1 were determined for as-isolated and O2-inhibited EcHyd-1 

samples, respectively. These kactivation rates are similar to literature reports for 

EcHyd-1 (2x10-3 s-1 at pH 6) and are an order of magnitude faster than that 

reported for O2-sensitive NiFe hydrogenases.17,116 

 

 

Figure 67 Chronoamperometry traces showing the activation (a) as-isolated and 
(b) subsequently O2-saturated EcHyd-1 samples. Chronoamperometry traces are 
shown as solid black lines, fitted monoexponential function is indicated by 
dashed grey lines and data points used for fitting as red circles. For these 
experiments the applied potential was cycled between +60 mV (for 50 s) and –
200 mV (for 100 s).  

The activation kinetics were also monitored via chronoamperometry, as shown 

in Figure 67. These experiments used the same methodology as the CV 
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experiments, except the applied potential was cycled between +60 mV (for 50 

s) and -200 mV (for 100s), rather than incrementally scanning the applied 

potential in a cyclic manner. In chronoamperometry experiments it is 

conventional to fix the applied potential at a single value, however (for 

undetermined reasons) this resulted in the current/time trace having an 

exponential decay profile rather than the expected exponential growth profile. 

Fitting the oxidative current (Figure 67) gave activation rates of 2.89 ± 0.07 s-1 

(x10-3) and 2.01 ± 0.01 s-1 (x10-3) for as-isolated and subsequently O2-saturated 

EcHyd-1 samples, respectively. These values are 58% and 39% greater than that 

obtained via CV experiments for as-isolated and O2-inhibited samples 

respectively. The lower kactivation rates obtained via CV experiments likely reflect 

the oxidative inactivation of enzyme at the most positive potentials during the 

forward sweep. 

 

Figure 68 Solution activity assay data, showing the H2-oxidation activity of 
EcHyd-1 determined via the reduction of methylene blue (MB+), monitored 
spectrophotometrically. Data are shown for (a) as-isolated enzyme (blue) and (b) 
for samples that had been pre-activated by exposure to a 100% H2-atmosphere 
for 2 h (yellow-red). The inset table shows turnover rates, each representing the 
average of three repeats ± the standard error. 
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The maximum H2-oxidation activity of as-isolated and H2-activated samples of 

EcHyd-1 was explored using a methylene blue assay, as shown in Figure 68. In 

this assay the hydrogenase catalysed oxidation of H2-releases electrons, these 

electrons reduce methylene blue leading to decolourisation of the solution, 

which is monitored spectrophotometrically. Using the total protein 

concentration determined via Bradford assay as a proxy for EcHyd-1 

concentration, a turnover rate of 6.3 ± 0.2 s-1 is determined for as-isolated 

EcHyd-1 and 48.7 ± 0.6 s-1 for samples that had been pre-activated with H2 (at 

pH 7.6). These values are comparable to previous measurements reported for 

H2-activated EcHyd-1 at acidic pH values: approximately 65 s-1 at pH 6.0, and 21 

± 4 s-1 at pH 4.5.11,193 These biochemical characterisation techniques 

demonstrated that EcHyd-1 was produced in a correctly folded state, exhibiting 

activity levels typical of an as-isolated sample rather than the high level of 

activity that would be expected of a sample comprising a majority of enzyme in 

the Nia-SRII state. 

 

5.3.2 FT-IR Spectroscopy 

 

FT-IR spectroscopy was used in gas cycling experiments to explore the changes 

in active site states present in EcHyd-1 samples brought about by exposure to 

differing gas atmospheres and exposure orderings. Figure 69(b) shows the FT-IR 

spectra of i) as-isolated, ii) H2-reduced and iii) H2-reduced and subsequently O2-

inhibited EcHyd-1.  Figure 69(c) shows the FT-IR spectra of i) as-isolated, ii) O2-

inhibited and iii) O2-inhibited and subsequently H2-reduced EcHyd-1. In the FT-

IR spectra of as-isolated EcHyd-1 (Figure 69(b)(i), (c)(i) and Figure 93) a trio of 

signals can be seen in the vCO region at 1908 cm-1, 1922 cm-1 and 1942 cm-1. 

These vCO signals, along with a pair of vCN signals at 2050 and 2063 cm-1 (Figure 
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93), are consistently present in the IR spectra of as-isolated EcHyd-1 across 

different cell growth and purification processes. In line with previous IR 

absorption studies the vCO signal at 1942 cm-1 is assigned to the Nir-B state. To 

date there are no literature reports of an EcHyd-1 state with a vCO signal at 1908 

cm-1. The Nia-SR states have been reported to produce vCO signals at 1922 cm-1 

 

Figure 69 (a) Catalytic cycle for EcHyd-1 with truncated structures of the 
bimetallic active site. FT-IR spectra of EcHyd-1 showing the νCO region of the 
spectrum, enzyme samples were exposed to differing gas atmospheres (i-iii) and 
exposure orderings (b-c). In (b) the as-isolated EcHyd-1 sample (i) was H2-
reduced (ii) and subsequently O2-oxidised (iii). In (c) the as-isolated EcHyd-1 
sample (i) was O2-oxidised (ii) and subsequently H2-reduced (iii). The states 
assigned to peaks in (b-c) are indicated by the peak/label colours which are 
consistent with those used in (a). 
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and 1914 cm-1, along with vCN signals at 2050 cm-1 and 2067 cm-1.93 The 

1922/2050/2063 cm-1 signals seen here would seem to coincide with a Nia-SR 

state, however observation of a Nia-SR state is both unexpected for an as-

isolated sample and inconsistent with the activity measurements reported in 

5.3.1.15,17,32,205 As shown in Figure 69(b)(i)→(ii), reduction of an as-isolated      

sample with 100% H2 causes complete loss of the Nir-B and the 1908 cm-1 signal, 

almost complete loss of the 1922 cm-1 signal, along with the formation of 

additional vCO signals that are consistent with assignment to the Nia-L (1867      

cm-1 and 1877 cm-1), Nia-SRII (1914 cm-1), Nia-S (1929 cm-1) and Nia-C (1951 cm-1) 

states. Upon subsequent O2-saturation of the H2-reduced sample (Figure 

69(b)(ii)→(iii)) the Nia-X states are lost, the Nir-B signal reforms, and the 1922 

cm-1 signal increases in intensity. This sequence of state interconversions shows 

that the 1908 cm-1 and 1922 cm-1 signals correspond to states that are more 

oxidised than the Nia-X states. 

 

As shown in Figure 69(c)(i)→(ii), oxidation of an as-isolated sample with 100% 

O2 causes the 1908 cm-1 and 1922 cm-1 signals to diminish along with 

concomitant growth of the Nir-B signal. This shows that the Nir-B state is more 

oxidised than the states to which the 1908 cm-1 and 1922 cm-1 signals belong. 

Subsequent H2-incubation of the O2-oxidised sample (Figure 69(c)(ii)→(iii)) 

causes the Nir-B signal to decrease in intensity, complete loss of 1908 cm-1 and 

1922 cm-1 signals, along with formation of Nia-L and Nia-S signals. The presence 

of Nir-B in Figure 69(c)(iii)  is likely caused by incomplete reduction and this 

signal is expected to diminish with continued H2-exposure. The series of state 

interconversions described above, along with the activity measurements in 

section 5.3.1, support the assignment of the 1908 cm-1 and 1922 cm-1 signals to 

intermediate states between the Nia-S and Nir-B/Niu-X states, perhaps 
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assignable to the Nir-SI/II states. It bears noting that any novel state assignments 

based only on the data shown in Figure 69 must be tentative, because in panels 

(b)(iii) and (c)(iii) it is evident that the samples were not completely oxidised and 

reduced, respectively. Total conversion of Nir-SI/II to Nir-B signals under oxidising 

conditions (Figure 69(b)(ii)→(iii)) is necessary for validating the assignment of 

Nir-SI/II signals. Similarly, total conversion of Nir-B to Nia-X signals under reducing 

conditions (Figure 69(c)(ii)→(iii)) is necessary for validating the assignment of 

the Nir-B signal as otherwise it is possible that the signals may represent 

inactivated enzyme that coincidentally produces a vCO signal at the same 

wavenumber as the Nir-B state. 

 

The vCN signals associated with the 1908 cm-1 and 1922 cm-1 vCO signals were 

identified by analysis of 2D-IR spectra (see 5.3.3). Signals at 2059/2070 cm-1 

were found to correspond to the 1908 cm-1 vCO signal, and 2050/2063 cm-1 vCN 

mode signals corresponding to the 1922 cm-1. Figure 70 shows a comparison of 

the wavenumbers reported for vCO and vCN modes of a range of NiFe-

hydrogenases, relative to Nir-B signals from the same enzyme. This comparison 

shows that the signals reported here as belonging to the Nir-S states of EcHyd-1 

have wavenumbers consistent with literature reports for other enzymes. As the 

Nia-C state is the state typically reported as having the highest vCO frequency it 

would ostensibly be a more appropriate reference point than the Nir-B state, 

however the EcHyd-1 vCN1/2 mode frequencies for the Nia-C state have not been 

identified. An alternate version of Figure 70 using Nia-C signals as a reference 

point is shown in Appendix Figure 107, the vCN1/2 wavenumbers for the Nia-C 

state of EcHyd-1 were estimated based on values reported for ReMBH. 

Irrespective of which state is used as a reference point, the vCO/vCN1/vCN2 

wavenumbers reported here appear to be consistent with assignment to the Nir-
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SI/II states. While the hydrogenases selected for the wavenumber analysis shown 

here (in Figure 70 and Figure 107) have all been robustly characterised, it is 

worth noting that this sort of data analysis is not appropriate for all hydrogenase 

data present in the literature because there can be a degree of uncertainty in 

the reported state assignments (particularly in early hydrogenase literature). 

 

 

Figure 70 Diagram showing the wavenumbers reported for CO, CN1 and CN2 
stretching modes of NiFe-hydrogenases (DvMF, AvMBH, DgMBH and ReMBH) in 
the Nir-S states (blue) relative to Nir-B signals from the same enzyme.24,66,206,207  
 

Since the Nir-SI state bears a μ-–OH ligand which is protonated to form a μ-OH2 

ligand in the Nir-SII state (Figure 69(a)), an increase in pH should increase the 

population of the Nir-SI state relative to the Nir-SII state. Figure 71 shows a 

comparison of the FT-IR spectra of as-isolated EcHyd-1 at pH 7.6 and following 

buffer exchange to pH 9.0 and pH 3.0. 

 

Increasing the pH from 7.6 to 9.0 (Figure 71(a)→(b)) caused a decrease in the 

amplitudes of the Nir-S vCO signals at 1908 cm-1 and 1922 cm-1 from 0.6 mO.D to 

0.3 mO.D and from 2.4 mO.D to 2.0 mO.D, respectively, in addition to an 
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increase in the Nir-B vCO signal at 1942 cm-1 from 1.2 mO.D to 1.4 mO.D.  

Decreasing the pH from 7.6 to 3.0 (Figure 71(a)→(c)) resulted in the complete 

loss of the 1908 cm-1 Nir-S signal, as well as reduction of the 1922 cm-1 Nir-S and 

1942 cm-1 Nir-B signals to 0.5 mO.D and 1 mO.D, respectively. For Figure 71(c), 

 

Figure 71 FT-IR spectra of as-isolated (aerobically purified) EcHyd-1 at (a) pH 7.6, 
and following buffer exchange from pH 7.6 to (b) pH 9.0 and (c) pH 3.0. 
 

the loss of signal intensity across all of the states is likely a consequence of the 

enzyme’s instability at this pH. Transitioning from pH 7.6 to pH 9.0 the increase 

in the proportion of the 1922 cm-1 vCO signal relative to the 1908 cm-1 signal 

would seem to identify the 1922 cm-1 signal as belonging to the Nir-SI state, 

however definitive assignment requires the observation of a relative increase in 

the 1908 cm-1 signal at more acidic pH values which is not possible from this data 

considering the degradation observed in the pH 3.0 spectrum. As such, in the 
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following analysis no definitive assignment of Nir-SI/II states is made and they are 

instead differentiated by their vCO frequencies. 

5.3.3 As-isolated EcHyd-1 FT-IR spectrum and 2D-IR spectrum 

diagonal 

The FT-IR spectrum of as-isolated EcHyd-1 overlaid with an inverted projection 

of the 2D-IR spectrum diagonal are shown in Figure 72(a). The vCO region (1850-

1975 cm-1) of the FT-IR spectrum (black trace in Figure 72(a)) contains three  

 

Figure 72 (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 750 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.  
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signals at 1942 cm-1, 1922 cm-1 and 1908 cm-1. These signals are reproduced in 

the projection of the 2D-IR spectrum diagonal (green trace in Figure 72(a)) and 

are assigned to the ground state absorption (v=0-1) transitions of the Nir-B, and 

the two Nir-S states, respectively. In the 2D-IR spectrum diagonal a shoulder can 

be seen towards the high frequency side of the 1942 cm-1 peak (around 1955 

cm-1), this is discussed in more detail in the spectra of oxidised EcHyd-1 (section 

5.3.7). The vCN region (2010-2100 cm-1) of the FT-IR spectrum contains two 

signals at 2050 cm-1 and 2063 cm-1, these are also reproduced in the projection 

of the 2D-IR spectrum diagonal and are assigned to ground state absorption 

transitions of the vCN modes. 
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5.3.4 2D-IR spectroscopy of as-isolated EcHyd-1 – assigning the 

major peaks in the vCO pump region 

Figure 73 shows a magnified view of the EcHyd-1 2D-IR spectra for pump 

wavenumbers corresponding to vCO signals recorded with a range of Tw values 

(750 fs, 15 ps and 45 ps).    

  

Figure 73 Magnification of the 2D-IR spectra of EcHyd-1 for pump frequencies 
coinciding with νCO bands, showing spectra recorded with Tw values of (a) 750 fs, 
(b) 15 ps and (c) 45 ps. Green numbers refer to peak assignments. Numbers in 
brackets indicate the magnification of signals in quadrants of the 2D-IR spectra. 
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The negative vCO peaks on the spectrum diagonal at 1908 cm-1, 1922 cm-1 and 

1942 cm-1 (blue in Figure 73) are not linked by peaks below the spectrum 

diagonal, this indicates that there is no vibrational coupling or energy transfer 

between vCO modes, as would be expected for vCO modes of a single molecular 

unit.208 The absence of coupling and energy transfer between vCO modes is 

consistent with their assignment to distinct active site states of EcHyd-1.93 The 

following peak assignments for transitions of EcHyd-1 states are highly 

consistent with those of ReRH in the previous chapter, despite the enzymes 

being distinctly different in terms of states, physiological functions, parent 

organisms and activity profiles. This raises the possibility that the overall 

structural similarities observed in the active site regions of NiFe hydrogenases 

are more important determinants of the vCO/vCN1/vCN2 mode properties than the 

physiological context of the enzyme of the redox state specific variations in 

structure. 

 

The three dominant on-diagonal vCO peaks (at 1908 cm-1, 1922 and 1942 cm-1) 

are each accompanied by a positive peak shifted to lower probe wavenumber 

by 25 cm-1. In the Tw 750 fs spectrum (Figure 73(a)) they are also accompanied 

by an additional much weaker positive peak that is downshifted by a further 25 

cm-1 along the probe axis. The assignment of these peaks is discussed in terms 

of the most intense set of signals, i.e., that with an on-diagonal v=0-1 peak at 

1922 cm-1 (labelled 1 in Figure 73). In the 2D-IR experiment the interaction of 

the pump pulse with the sample populates higher vibrational states, enabling 

the probe pulse to excite transitions that are not normally available in IR 

absorption experiments at room temperature, as such peaks 2 and 3 are 

assigned to v=1-2 and v=2-3 transitions, respectively.  
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For a pump frequency of 1922 cm-1 (horizontal dashed line, Figure 73) an 

additional set of off-diagonal peaks (labelled 9’, 4, 5’, 6 and 11) can be seen in 

the vCN region of the spectrum indicating coupling between vCO and vCN modes. 

As such the |v𝐶𝑂v𝐶𝑁1v𝐶𝑁2⟩ notation is used for describing transitions where vCN1 

and vCN2 refer to the higher and lower wavenumber vCN modes respectively, all 

peak assignments are consistent with the energy level diagram shown in Figure 

74. Using the |v𝐶𝑂v𝐶𝑁1v𝐶𝑁2⟩ notation, peaks 1-3 correspond to: |000⟩-

|100⟩, |100⟩-|200⟩, |200⟩-|300⟩. For a pump frequency of 1922 cm-1 in the Tw 

750 fs spectrum (Figure 73(a)) there are four off-diagonal peaks in the vCN region 

of the spectrum. The most intense of these peaks is a negative peak, 5’, which 

has frequency coordinates (pump, probe) of (1922cm-1, 2063 cm-1). The pump 

frequency of 5’ matches that of diagonal peak 1 (horizontal dashed line) and its 

probe frequency matches that of a diagonal peak in the vCN region (i.e., vCN1 

indicated by a vertical dashed line). The same is true of the remaining negative 

off diagonal peak, 9’ at coordinates (1922 cm-1, 2050 cm-1), although its probe 

frequency matches that of the other diagonal peak in the vCN region (vCN2). The 

presence of these connecting off-diagonal peaks in early Tw spectra (Figure 

73(a)) indicates that the vCO mode is coupled to both of the vCN stretching modes, 

validating that they are produced by enzyme in the same active site state.209 

Ground state absorption (v=0-1) signals caused by coupling are indicated by a 

number with a prime (here 9’ and 5’) to differentiate them from their on-

diagonal counterparts. 

 

The positive peak labelled 4 with coordinates (1922 cm-1, 2061 cm-1) in Figure 73 

is assigned to a transition between the v=1 state of the vCO mode (|100⟩), which 

is populated by the pump pulse, and a two quantum combination state with one 

quantum of energy in both vCO and vCN2 modes (i.e., |101⟩). The difference in 
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wavenumber between a combination band and its associated ground state 

absorption signal gives the mixed mode anharmonicity, this quantity is 

proportional to the coupling strength. Peaks 4 and 5’ exhibit considerable 

overlap indicating that the coupling between vCO and vCN1 modes is weak, it is 

likely that peak 9’ is also accompanied by a combination that is obscured by 

overlap.  

Careful examination of Figure 73 reveals a second set of off-diagonal peaks 

(black arrows in Figure 73(a)) that link the vCO mode at 1908 cm-1 to vCN signals 

on the diagonal at 2059 cm-1 and 2070 cm-1. The intensity of these peaks is too 

low to clearly resolve their associated positive peaks, although they do indicate 

the vCN modes to which the 1908 cm-1 vCO mode is coupled. 

 

 
Figure 74 Energy level diagram showing vibrational energy levels |𝑣𝐶𝑂𝑣𝐶𝑁1𝑣𝐶𝑁2⟩ 
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. Transitions are labelled with green numbers used to identify peak 
assignments in the 2D-IR spectra (see text). 
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In the spectra recorded with Tw values of 15 ps and 45 ps, shown in Figure 73(b-

c), a pair of additional off-diagonal peaks labelled 6 and 11 can be seen at (pump, 

probe) coordinates (1922 cm-1, 2056 cm-1) and (1922 cm-1, 2043 cm-1), 

respectively. The emergence of these peaks at later Tw values indicates that they 

are caused by energy transfer; during the delay time population transfer from 

the pumped v=1 level of the vCO mode to the v=1 level of the vCN modes occurs, 

this is followed by the probe pulse exciting the v=1-2 transitions of the vCN 

modes. It is not apparent from Figure 73 which of the vCN modes each of the 

energy transfer peaks is associated with, however this was determined by 

analysis of the vCN-pump region of the spectrum as outlined in the following 

section. Excited state absorption (v=1-2) signals caused by energy transfer are 

indicated by an underlined number (here 6 and 11) to differentiate them from 

their counterparts in the diagonal region. 

 

 

Figure 75 Morse anharmonic potential data for the vCO modes of the Nir-B (blue 
line) and Nir-SI/II (red and green lines) states of EcHyd-1, showing (a) fitting of 
functions representing the energy level separations of a Morse potential to 
experimentally determined transition energies (black dots) and (b) Morse 
potential energy curves. 
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Like in the ReRH data, the Morse anharmonic potential was found to be a good 

approximation for the vCO modes of EcHyd-1 active site states, owing to their 

uniform separation of energy levels and weak coupling to the vCN modes. Figure 

75 shows the fitting of transition energies and plots of the potential energy 

surfaces for the vCO modes of the Nir-B and Nir-SI/II states, the derived CO-

bonding parameters are summarised in Table 3.  

 

Table 3 Morse fitting parameters determined for the vCO mode of the three 
active site states of EcHyd-1 and the single one from ReRH (*). 

 

 

The CO-bonding parameters are highly consistent between redox states of 

EcHyd-1 and ReRH with less than 5% variation observed for all parameters, 

which is notable for distinct states of enzymes with different functions. This 

similarity raises the possibility that the CO ligand provides a static contribution 

to bonding at the NiFe site irrespective of redox state, and supports the notion 

(based on the observed lack of spectral diffusion, see 5.3.10) that the 

surrounding protein architecture forms a restricted environment. Of relevance 

for in silico studies, the harmonic frequency is significantly larger than the 

fundamental frequency by a value approximately equal to the anharmonicity (± 

1-4 cm-1).154  
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5.3.5 2D-IR spectroscopy of as-isolated EcHyd-1 – assigning the 

major peaks in the vCN pump region 

 

Figure 76 Magnification of the 2D-IR spectra of EcHyd-1 for pump frequencies 
coinciding with νCN bands, showing spectra recorded with Tw values of (a) 750 fs, 
(b) 15 ps and (c) 45 ps. Green numbers refer to peak assignments. Numbers in 
brackets indicate the magnification of signals in quadrants of the 2D-IR spectra. 
 

The 2D-IR spectra of as-isolated EcHyd-1 at pump frequencies corresponding to 

vCN peaks at a range of waiting times are shown in Figure 76. There are two major 

peaks on the spectrum diagonal, peak 9 at 2050 cm-1 and peak 5 at 2063 cm-1, 

these are assigned to the |000⟩-|001⟩ and |000⟩-|010⟩ transitions (i.e., vCN1 and 

vCN2 modes), respectively. Two additional diagonal peaks are present at 2059  

1890 1920 2040 2070

2
0

4
0

2
0

7
0

a) Tw 750 fs

5'

(x2) (x2.5)

69'8
12

1'

1'

7

911
10

1890 1920 2040 2070

2
0

4
0

2
0

7
0

P
u

m
p

 w
a

v
e

n
u

m
b

e
r 

/ 
c
m

-1

b) Tw 15 ps

2

(x2.5)(x2)

8/10

10

9' 6

11
9 6

5'

5

2

1'

1'

1890 1920 2040 2070

2
0

4
0

2
0

7
0

Probe wavenumber / cm-1

c) Tw 45 ps

(x4) (x5)

5

2

2 1'

1'

10

8/10
9'

9

5'

5

6

6



145 

cm-1 and 2070 cm-1, the 2059 cm-1 peak is significantly obscured by overlap with 

5, where it is visible as a shoulder. These peaks, along with their off diagonal 

counterparts are discussed in more detail in section 5.3.6. 

 

First focussing on the higher wavenumber peak (5) in the Tw 750 fs spectrum 

(Figure 76(a)), at a pump wavenumber of 2066 cm-1 (upper horizontal line) there 

are six peaks in the off-diagonal region, these are labelled 6, 9’, 8, 12, 1’ and 4. 

The positive peak 6 is assigned to the |010⟩-|020⟩ transition, this assignment is 

corroborated by the emergence of energy transfer peak 6 in later Tw spectra 

when pumping at 2050 cm-1 (lower horizontal lines in Figure 76(b-c)). The probe 

wavenumber of 6 (2056 cm-1) relative to its on-diagonal counterpart 5 gives a 

single mode anharmonic shift of 7 cm-1. Negative peak 9’ at 2050 cm-1 is assigned 

to the |000⟩-|001⟩ transition and indicates coupling between vCN modes. 

Positive peak 8 at 2030 cm-1 is assigned to the combination transition |010⟩-

|011⟩, the separation of 8 relative to 6’ gives a mixed mode anharmonic shift of 

20 cm-1 indicating that the vCN modes are strongly coupled. The negative peak 

labelled 1’ at 1922 cm-1 indicates that the vCN1 and vCO modes are coupled. 

Positive peak 7 is assigned to the |010⟩-|110⟩ combination transition. Peak 7 

overlaps considerably with peak 1’, however fitting the spectrum in this region 

shows that it is centered at 1920 cm-1 giving a mixed mode anharmonicity of 2 

cm-1, this matches the value obtained when pumping the vCO mode at 1922       

cm-1 (appendix Figure 95). In the spectra recorded at a Tw of 15 ps and 45 ps, 

energy transfer peaks 2 and 10 can be seen at 1897 cm-1 and 2030 cm-1, 

respectively. Peaks 10 and 2 correspond to the |001⟩-|002⟩ and |100⟩-|200⟩ 

transitions (respectively), and are caused by energy transfer during the delay 

time from the |010⟩ level to the |001⟩ and |100⟩ levels, respectively. Peaks 10 

and 8 occur at the same wavenumber, however 10 can be identified as a distinct 
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peak caused by energy transfer due to its persistence in later Tw spectra in 

contrast to the combination bands 4, 7 and 11.  

 

Moving on to the lower wavenumber diagonal peak (9) in the Tw 750 fs spectrum 

(Figure 76(a)), for a pump wavenumber of 2050 cm-1 (lower horizontal line) 

there are four peaks in the off-diagonal region, these are labelled 5’, 11, 10 and 

1’. The negative peak 5’ is assigned to the |000⟩-|010⟩ transition, and is 

equivalent to peak 9’ in indicating that the vCN modes are coupled. Peak 10 is the 

|001⟩-|002⟩ excited state absorption. The position of 10 (2030 cm-1) relative to 

its on-diagonal counterpart 9 (2050 cm-1) gives a single mode anharmonicity of 

20 cm-1 which is significantly greater than the 7 cm-1 observed for the vCN1 mode. 

Peak 11 is assigned to the |001⟩-|011⟩ combination transition, and its position 

relative to 9’ reproduces the 20 cm-1 mixed mode anharmonicity obtained when 

pumping the higher frequency vCN1 mode (comparing 8 and 5’). This assignment 

of peaks is corroborated by fitting pump slices as shown in appendix Figure 94, 

and implementing the parameters derived from fitting to simulate the major set 

of peaks, as shown in Figure 77(a)(ii) and (b)(ii). The positions of peaks 12 and 

13 in Figure 77(a)(ii) are consistent with assignment to the forbidden transitions 

|001⟩-|020⟩ and |010⟩-|002⟩, respectively 
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Figure 77 Magnification of the 2D-IR spectra of EcHyd-1 for pump frequencies 
coinciding with νCN bands, showing spectra recorded with Tw values of (a) 250 fs 
and (b) 15 ps, showing (i) experimental spectra and (ii) simulated spectra for the 
major pair of coupled CN modes. Probe spectra (c) for pump frequencies of (i) 
2050 cm-1 and (ii) 2063 cm-1, extracted from Tw 250 fs 2D-IR spectra recorded 
with parallel (red traces) and perpendicular (black traces) polarization 
conditions. Numbers in green correspond to the assignment of peaks. 

 

The previously examined 2D-IR spectra were all recorded with perpendicular 

pump-probe polarisation geometry, additional insight is provided by their 

comparison with spectra recorded with parallel polarisation geometry (Figure 

78(a-b)). The amplitudes of coupling peaks varies with the angle between their 

2020 2040 20602
0

4
0

2
0

6
0

a)i) Tw 250 fs

2020 2040 20602
0

4
0

2
0

6
0

11

10

139 5'

569'8

a)ii) Tw 250 fs - simulation

12

2020 2040 20602
0

4
0

2
0

6
0

P
u

m
p

 w
a

v
e

n
u

m
b

e
r 

/ 
c
m

-1

b)i) 15 ps

2020 2040 20602
0

4
0

2
0

6
0

5'

6911

10

5

6

9'

b)ii) Tw 15 ps - simulation

8/10

2020 2040 2060

-10

-5

0

5

5'

911

S
ig

n
a

l 
/ 

m
A

.U

Probe wavenumber / cm-1

c)i) Pump: 2050 cm
-1 (Tw 250 fs)

(Tw 250 fs)

10

2020 2040 2060

-15

-10

-5

0

5

5

6

9'

Probe wavenumber / cm-1

c)ii) Pump: 2063 cm-1     

8



148 

respective transition dipole moments according to the functions shown in Figure 

78(c). 

 

Figure 78 2D-IR spectra of as-isolated EcHyd-1 recorded at a Tw of 250 fs with (a) 
perpendicular and (b) parallel polarisation geometries. The spectra show the vCN-
pump, vCN-probe quadrant displayed with the same signal scaling. The amplitude 
of the peak, indicated by the red dashed circle, was used along with the displayed 
equations in (c) to determine the angle between the transition dipole moments 
of the coupled vCN modes.121 

The amplitudes of coupling peak 5’ (indicated by the red dashed circle, Figure 

78(a-b)) produces an anisotropy value of -0.24, which is consistent with the vCN 

modes having orthogonal transition dipole moments (Figure 78(c)). This 

observation is consistent with crystal structure data, however this provides 

geometric information for a molecule in the solution phase. Assuming other 

hydrogenase crystal structures constitute accurate representations of their 

solution phase structure, the converse approach could be applied to the 

prediction of relative peak intensities from crystal structural data. Cross peak 

anisotropy calculations for other states was hindered by the overlapping of 

peaks (for both vCN/vCN and vCO/vCN coupling peaks). 
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5.3.6 2D-IR spectroscopy of as-isolated EcHyd-1 – assigning the 

minor peaks  

 

The 2D-IR signals corresponding to the minority Nir-S state present in as-isolated 

EcHyd-1 samples (i.e., that with v=0-1 transitions for vCO, vCN2 and vCN1 modes at 

1908 cm-1, 2059 cm-1 and 2070 cm-1, respectively) were assigned in a manner 

similar to that described for the major Nir-S state in the previous section. A 

magnified view of the 2D-IR spectrum (Tw 750 fs) with this assignment of peaks 

is shown below in Figure 79, a full 2D-IR spectrum with assignment of peaks 

corresponding to this state can be found in the appendix in Figure 96. 

 

Figure 79 Magnification of the 2D-IR spectrum (Tw 750 fs) of as-isolated EcHyd-
1 for pump frequencies coinciding with νCN bands with peak assignment for the 
minor set (dashed lines) of coupled signals with v=0-1 transitions of vCO, vCN2 and 
vCN1 at 1908 cm-1, 2059 cm-1 and 2070 cm-1, respectively. 
 
An energy level scheme for the minority Nir-S state can be seen below in Figure 

80. Values for the mixed mode and single mode anharmonicities are 

summarised in Table 4, these values are consistent with those observed for the 

majority Nir-S state, as would be expected from closely related redox states. 
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Figure 80 Energy level diagram showing vibrational energy levels |𝑣𝐶𝑂𝑣𝐶𝑁1𝑣𝐶𝑁2⟩ 
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 1908 cm-

1. Transitions are labelled with green numbers used to identify peak assignments 
in the 2D-IR spectra (see text). 
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5.3.7 2D-IR spectroscopy of oxidised EcHyd-1 – assignment of 

peaks 

 

Figure 81 (a) IR absorption spectrum of oxidised 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 750 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. 

The FT-IR spectrum of oxidised EcHyd-1 overlaid with an inverted projection of 

the 2D-IR spectrum diagonal are shown in Figure 81(a). The vCO region (1850-
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1975 cm-1) of the FT-IR spectrum (black trace in Figure 81(a)) contains three 

signals at 1945 cm-1, 1922 cm-1 and 1908 cm-1. These signals are consistent with 

the gas cycling FT-IR experiments (Figure 69(c)(ii) in section 5.3.1) and represent 

a sample for which the Nir-S states have been depleted and the Nir-B state 

enriched. Indications that the 1942 cm-1 vCO signal for the Nir-B state overlaps 

with the vCO of another state can be found in both the 2D-IR spectra of as-

isolated EcHyd-1 (shoulder at 1955 cm-1) and the FT-IR spectra (greater width of 

“Nir-B” relative to Nir-S signals). Analysis of the 2D-IR spectra of oxidised EcHyd-

1 (Figure 81(b)) confirms the presence of an additional set of signals that overlap 

with those of the Nir-B state.  

 

 

 

Figure 82 Diagram showing the wavenumbers reported for CO, CN1 and CN2 
stretching modes of NiFe-hydrogenases (DvMF, AvMBH, DgMBH and ReMBH) in 
the Niu-A (purple) and Niu-S states (blue) relative to Nir-B signals from the same 
enzyme. 24,66,206,207  

 

The fundamental transitions for vCO , vCN2 and vCN1 modes are found at 1942      

cm-1, 2080 cm-1 and 2092 cm-1 for the Nir-B state, and 1948 cm-1, 2080 cm-1 and 

2098 cm-1 for the additional overlapping state. Given that the state with a vCO of 
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1948 cm-1 is enriched in oxidised samples it is reasonable to assign it to an 

‘unready’ state, either Niu-A or Niu-S. However, comparison of the wavenumbers 

reported for vCO and vCN modes of a range of NiFe-hydrogenases in the Niu-A and 

Niu-S states, relative to Nir-B signals from the same enzyme (Figure 82) indicates 

that the new state observed here for EcHyd-1 is more consistent with 

assignment to the Niu-S state than the Niu-A state. 

 

An enlarged view of the region of the Tw 750 fs 2D-IR spectrum for pump- and 

probe frequencies corresponding to vCN transitions is shown below in Figure 

83(a). Assigning transitions in this spectral region was complicated by the 

fundamental transitions of the vCN1 modes of the Niu-S and Nir-B states occurring 

at the same frequency (2080 cm-1), in addition to their vCN2 modes (at 2092 cm-1 

and 2098 cm-1, respectively) being sufficiently close to overlap. However, using 

the pattern of anharmonicities observed in the ReRH and as-isolated EcHyd-1 

data as a blueprint a feasible assignment of peaks was assembled and their 

frequencies corroborated by fitting pump slices Figure 83(c-e) and simulating 

the 2D-IR spectrum Figure 83(b). This enabled the construction of energy level 

schemes for the Nir-B and Niu-S states of EcHyd-1, as shown in Figure 84. 
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Figure 83 Magnification of the 2D-IR spectra of EcHyd-1 for pump frequencies 
coinciding with νCN bands, showing the (a) Tw 750 fs experimental and (b) 
simulated spectra. Probe spectra for pump frequencies of (c) 2098 cm-1, (d) 2091 
cm-1  and (e) 2080 cm-1, extracted from the Tw 750 fs 2D-IR spectrum. For (c-e) 
the experimental data is shown as solid black lines, fitting of individual peaks are 
shown as solid red and green lines, and the cumulative fitting as dashed grey 
lines. Green and red numbers are used to identify transitions of the Nir-B and   
Niu-S states respectively. 
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Figure 84 Energy level diagram showing vibrational energy levels |𝑣𝐶𝑂𝑣𝐶𝑁1𝑣𝐶𝑁2⟩ 
and transition wavenumbers of the νCO and νCN vibrational manifold, as detected 
for the (a) Nir-B and (b) Niu-S active site state of EcHyd-1. Transitions are labelled 
with green and red numbers used to identify peak assignments in the 2D-IR 
spectra (see text). 
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5.3.8 2D-IR spectroscopy of a NiFe hydrogenase active site mimic 

Having first identified the large disparity in vCN single mode anharmonicities in 

the ReRH data as a potential indicator of the protein scaffold tuning the 

chemistry at the NiFe centre, the observation of remarkably similar single (and 

mixed) mode anharmonicities for all detected states of EcHyd-1 raised two 

possibilities i) that these properties are intrinsic to the Fe(CO)(CN)2 unit, or ii)  

 

Figure 85 (a) IR absorption spectrum of the mimic M1 dissolved in water (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 M1 recorded at a waiting time (Tw) of 790 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. (c) Structure of M1. 

that the active site environment exerts a similar influence on the CN- ligands 

irrespective of redox state/enzyme. To investigate the influence of the protein 

architecture on the spectroscopy of the Fe-bound carbonyl and cyanide ligands 

in the NiFe hydrogenase active, 2D-IR spectra were recorded of the iron site 
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model K[(η5-C5H5)Fe(CO)(CN)2] (referred to as M1) dissolved in a variety of 

solvents. An early Tw 2D-IR spectrum of M1 is shown in Figure 85(b). 

 

The assignment of peaks followed the same procedure as that used for the 

spectra of EcHyd-1 and ReRH, comparing spectra recorded with differing Tw 

values and polarisation geometries to facilitate the assignment of transitions, in 

addition to fitting pump slices and simulating spectra to validate the 

assignments. An energy level scheme for M1 dissolved in water can be seen in 

Figure 86 as well as fitted slices and simulated spectra (for the vCN region) in 

Figure 87. The pattern of bands observed for M1 are broadly similar to that seen  

 

 

Figure 86 Energy level diagram showing vibrational energy levels |𝑣𝐶𝑂𝑣𝐶𝑁1𝑣𝐶𝑁2⟩ 
and transition wavenumbers of the νCO and νCN vibrational manifold, as detected 
for the mimic M1 dissolved in water. Transitions are labelled with green numbers 
used to identify peak assignments in the 2D-IR spectra (see text). 

in the spectra of NiFe hydrogenase samples, although the bands are significantly 

broader. Cross peaks indicate weak coupling between vCO and vCN modes, as well 

as strong coupling between vCN modes. The separation of fundamental and 
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excited state absorption transitions provides the single mode anharmonicities, 

for M1 in water these are broadly similar to that of the enzymes with values of 

17 cm-1, 22 cm-1 and 10 cm-1 for vCO , vCN2 and vCN1 modes, respectively. 

 

The 2D-IR spectra (experimental and simulated) and fitted slices for M1 

dissolved in D2O, MeOH, CH3CN and DMSO can be found in the appendix (Figure 

99 to Figure 104). The anharmonicities of the vibrational modes of M1 are 

shown in Table 5 and are discussed in more detail in 5.3.9. 
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Figure 87 (a) Magnification of the 2D-IR spectra of the mimic (dissolved in H2O) 
for pump frequencies coinciding with νCN bands, showing the (i) Tw 750 fs 
experimental and (ii) simulated spectra (perpendicular polarization). Fitted 
probe spectra for pump frequencies of (b) 2087 cm-1 and (c) 2066 cm-1, extracted 
from Tw 790 fs 2D-IR spectra collected with (i) perpendicular and (ii) parallel 
polarization geometries. For (b) and (c) the experimental data is shown as solid 
black lines, fitting of individual peaks are shown as solid green lines and the 
cumulative fitting as dashed red lines. Green numbers are used to identify 
transitions. 
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5.3.9 Anharmonicities of vCO and vCN modes 

Table 4 shows a comparison of the vCO and vCN mode anharmonicities of the 

different active states observed in samples of EcHyd-1 and ReRH. With the 

exception of the Niu-S state of EcHyd-1 these values are highly similar, having 

the same unusual pattern of a large single mode anharmonicity for the vCN2 

mode and a much smaller value for the harmonic vCN1 mode, in addition to large 

vCN1/vCN2 mixed mode anharmonicity. While coupling has previously been 

inferred from the IR absorption spectra of isotopically labelled 

hydrogenase,88,154 these results demonstrate that coupling between vCN modes  

Table 4 Fundamental frequencies, single and mixed mode anharmonicities for 
the four redox states of EcHyd-1 and the single one from ReRH (*). 

 

 

is very strong, which in the case of the majority Nir-S state the coupling is 

sufficiently strong to cause the breakdown of the harmonic oscillator selection 

rules (indicated by the presence of peaks 12 and 13 in Figure 77). This effect is 

caused by the higher order terms of the molecular response function and cannot 

be explained using a harmonic description of the potential energy surfaces of 

the CN- bonds.111,210–213 For the Niu-S state, the markedly higher single (vCN1) and 

lower mixed (vCN1/vCN2) mode anharmonicities may be attributable to the 

sulfoxygenated cysteine residue some believe is present in this active site state. 
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Table 5 Fundamental frequencies, single and mixed mode anharmonicities for 
M1 dissolved in a variety of solvents, listed in descending order of polarity. 

 

For M1 (Table 5) dissolved in polar solvents (H2O and D2O specifically) the 

pattern of anharmonicities is comparable to that seen in NiFe hydrogenase 

states, with a low single mode anharmonicity for the vCN1 mode accompanied by 

high values for the vCN2 mode and for the vCN1/vCN2 mixed mode anharmonicity. 

The results for M1 indicate that some of the observations on the spectroscopy 

of the NiFe hydrogenase samples can be attributed to the intrinsic properties of 

the Fe(CO)(CN)2 moiety, i) the vCN2 single mode anharmonicity is consistently ~20 

cm-1, ii) the vCO/vCN mixed mode anharmonicities are very low and iii) the 

vCN1/vCN2 mixed mode anharmonicity is large. The latter two points indicate that 

weak vCO/vCN coupling and strong vCN1/vCN2 coupling are intrinsic features of the 

moiety. Additionally, literature reports on complexes containing Fe ions with 

multiple CN- ligands do not reproduce the strong coupling between vCN modes 

observed here.124,214  

 

As shown in Table 5, the solvent polarity affects the fundamental transition 

frequencies, in less polar solvents the frequency of the vCO mode decreases and 

the vCN modes increase in such a way as to narrow the frequency separation 

between vCN modes. The effect of solvent polarity on anharmonicities is more 

subtle, with most of the parameters largely unchanged and only the vCN1 single 
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mode anharmonicity significantly impacted by solvent polarity. As the solvent 

polarity decreases the vCN1 single mode anharmonicity increases from 10 cm-1 in 

H2O to 19 cm-1 in DMSO, with the separation in vCN single mode anharmonicities 

narrowing (from 12 cm-1 to 4 cm-1) in a fashion similar to the fundamental 

frequency separation (which narrows from 21 cm-1 to 9 cm-1). Comparing the 

values obtained for NiFe hydrogenase states (excluding Niu-S) with the trends 

observed for M1, demonstrates that the enzyme vCN modes have some 

properties consistent with M1 in both the less and more polar solvents. The 

hydrogenase states exhibit i) lower vCN1 single mode anharmonicities (7-8 cm-1) 

than that of M1 in even the most polar solvents, ii) separation in fundamental 

transition frequency (9-13 cm-1) approaching that of M1 in less polar solvents, 

iii) large separation in vCN mode anharmonicities (10-17 cm-1) similar to that of 

M1 in H2O. These differences are summarised below in Table 6. 

 

Table 6 Comparison of selected vCN mode parameters for EcHyd-1, ReRH (*), and 
M1. Fundamental transition frequencies for the vCO modes are included to 
differentiate Nir-SI/II states. All values are quoted in cm-1. 

 

 

The observed variation in vCN1 single mode anharmonicity and in the separation 

between vCN single mode anharmonicities suggests a degree of environmental 

sensitivity, however it bears noting that conclusions based on the contentious 
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sulfoxygenation state of the Niu-S state must be tempered by a degree of 

uncertainty. A recent theoretical study on the spectroscopy of M1 (in H2O) and 

the Nia-S state attributed the disparity between vCN mode anharmonicities to a 

Darling-Dennison resonance between their v=2 levels.91 This phenomenon 

causes a splitting effect that lowers the anharmonicity of one mode and raises 

that of the mode by altering the energies of the v=2 levels. The authors found 

that removing this effect from their calculations resulted in the vCN modes having 

equivalent anharmonicities.91 It is apparent from the M1 data shown here (Table 

6) that the disparity in vCN mode anharmonicities is solvent polarity dependent,  

 

 

Figure 88 Crystal structure data (PDB: 6FPW)15 showing the (a) active site 
environment of H2-reduced EcHyd-1 and (b) an enlarged view of the Fe(CO)(CN)2 
moiety. Secondary structure is shown as white ribbon, selected groups are shown 
in ball and stick form, coloured by atom. 

this raises the possibility that the polarity of the local environment of the CN- 

ligands modulates the extent of the coincidence in energy of their v=2 levels. 

Indeed vibrations of CN- ligands have been stated to have small changes in 

dipole moment and large changes in quadrupole moment.165 It was determined 
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that the CN- ligands are strongly influenced by the internal electric field 

established between the ligated metal ion and the charged N atom, this is 

termed an internal Stark Effect (ISE).165 It follows that if the vCN modes are 

sensitive to through space electrostatic effects (i.e., an ISE) the perturbation of 

their potentials will be more significant in polar solvents, perhaps forming the 

basis for the splitting in their single mode anharmonicities. 

 

The similarity in these parameters exhibited by M1 in H2O and by hydrogenase, 

in conjunction with the conserved H-bonds formed between Arg/Thr side chains 

and CN- ligands (Figure 88) imply that these parameters are tuned by H-bonding.  

These results suggest that the 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, while the Cp ring enables M1 to 

provide a good structural mimic of the Fe(CO)(CN)2 unit, 215,216 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.63,81,94,98 These differences could in 

principle influence the vibrational potentials of the cyanide ligands that lie trans 

to them. 
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5.3.10 Structural dynamics – 2D-IR diagonal lineshapes 

Dynamic fluctuations in the environment of a ligand can give rise to a range of 

structural microenvironments, each with a discrete vibrational frequency, 

thereby causing inhomogeneous broadening of the corresponding IR band. In 

2D-IR spectroscopy, homogeneous broadening affects the antidiagonal 

linewidth of bands whereas inhomogeneous broadening affects the diagonal 

linewidth. Inhomogeneously broadened bands are elongated along the 

diagonal.111 If the dynamic fluctuations that give rise to inhomogeneous 

broadening occur on timescales that are similar (or shorter) than the vibrational 

relaxation time of the mode, then with advancing Tw the lineshape transitions 

from being elongated along the diagonal to more circular. This evolution in 

lineshape, termed spectral diffusion, is caused by the structural dynamics  

 

Figure 89 Plot of the 1922 cm-1 vCO ground state absorption 2D-IR signal as a 
function of coherence time (τ), with fitted monoexponential decay curve (black 
and red lines, respectively), data points used for fitting are shown as green 
circles. 

 

enabling the pumped mode to sample all of its available microenvironments 

before the arrival of the probe pulse.198 The timescale of local environmental 
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fluctuations can be evaluated from 2D-IR peaks via their ratio of diagonal to 

anitdiagonal linewidths. For all observed states of EcHyd-1 the ratio of diagonal 

to antidiagonal FWHM values are very similar, with values of 1.7, 1.6 and 1.5 for 

the fundamental transitions of the vCO, vCN1 and vCN2 modes, respectively (at Tw 

250 fs). These ratios did not change in the Tw 15 ps spectra, which indicates that 

minimal structural dynamics occur within this timescale. Fitting the coherence 

decay of the 1922 cm-1 ground state absorption signal (Figure 89) gave a 

dephasing time of 4.04 ± 0.47 ps (i.e., 8 cm-1), taking in to account the 5 cm-1 

diagonal linewidth this corresponds to a homogeneous linewidth of 3 cm-1. This 

homogeneous linewidth is consistent with the anitdiagonal linewidth obtained 

from the 2D-IR spectra and the observed ratio indicates very limited 

inhomogeneous broadening. 

The spectral linewidths of vCO and vCN modes of M1 are significantly broader than 

those of EcHyd-1 and ReRH. The fundamental vCO transition of M1 (in water) has 

a diagonal linewidth of 20 cm-1 while the enzymes have linewidths of 5-12 cm-1, 

the vCN transitions of M1 have linewidths of 12 cm-1 and 14 cm-1 while those of 

the enzymes are 5 cm-1 irrespective of redox state. Transitions of M1 undergo 

significant spectral diffusion as evidenced by the ratios of diagonal to 

antidiagonal linewidths increasing from 1.5, 1.2 and 1.5 (vCO, vCN1 and vCN2) in Tw 

125 fs spectra to unity in Tw 2 ps spectra, indicating the occurrence of rapid 

structural fluctuations in the local environment of CO and CN- ligands. The rapid 

spectral diffusion of vCO and vCN modes in aqueous solutions is consistent with 

previous studies and reflects their dynamically evolving H-bonding 

environments.217 At 0.96 ps, the dephasing time for the vCO mode of M1 is 

significantly faster than the 4 ps observed for EcHyd-1. Faster dephasing 

contributes to the increased linewidth of M1 relative to EcHyd-1. However, 

taking in to account the 20 cm-1 diagonal linewidth of M1 produces a 
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homogeneous linewidth of 12 cm-1 which indicates a significant degree of 

inhomogeneous broadening. 

 

The observations for the structural dynamics of EcHyd-1 are consistent with 

those from ReRH and imply two scenarios that are not mutually exclusive, the 

protein architecture around the NiFe active site i) forms a restricted 

environment with minimal structural fluctuations, and/or ii) structural 

fluctuations do not give rise to spectral diffusion.154 Further clarification is not 

possible from these datasets and would require a protein scaffold with markedly 

different behaviour to the few picosecond spectral diffusion dynamics that are 

routinely observed for proteins.126,218–223 Considering that the function of NiFe 

hydrogenases involves the manipulation of small substrates (i.e., H2/H+) and the 

exclusion of slightly larger molecules (e.g., the narrow gas-channels of O2-

tolerant hydrogenases restricting the access of O2), such a rigid architecture may 

be the biological solution to these problems. Previous studies have postulated 

that structural rigidity may be important for the correct positioning of Arg509 

(Figure 88) for participation in the FLP mechanism of H2-activation, indeed such 

rigidity may also help explain the peculiar see-saw geometry observed for Ni-

ion.27,77,83,94 Alternatively, the observed lack of spectral diffusion could be caused 

by the H-bonding to the CN- ligands being sufficiently weak (perhaps due to sub-

optimal H-bonding geometry) that the vCN frequencies do not act as efficient 

reporters of protein fluctuations, with the vCO mode similarly decoupled. This 

scenario would have implications for the vibrational relaxation mechanism, 

indicating that energy dissipation occurs via the dimetallic unit rather than 

through the protein (or via a pathway that has yet to be elucidated).  
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5.3.11 Vibrational relaxation dynamics 

The broadband IR pump-probe spectra of as-isolated and O2-incubated EcHyd-1 

are shown below in Figure 90(a) and (b), respectively. 

 

Figure 90 IRpump– IRprobe spectra of (a) as-isolated and (b) oxidised EcHyd-1. 
Traces are coloured by pump-probe delay time (Tw) and vCN signals are scaled by 
a factor of 2.5. 

In the pump-probe spectra of as-isolated EcHyd-1 (Figure 90(a)) three negative 

bands are visible in the vCO region (1870-1970 cm-1), these are assigned to the 
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v=0-1 transitions of the Nir-SI/II and Nir-B states. A pair of positive peaks assigned 

to the v=1-2 transitions of the Nir-SI/II states are also present. In the vCN region 

(2020-2110 cm-1) of Figure 90(a) a set of overlapping features assignable to the 

v=0-1 and v=1-2 transitions of the Nir-SI/II states can be seen. In the pump-probe 

spectra of oxidised EcHyd-1 (Figure 90(b)) three vCO peaks assigned to the v=0-

1, v=1-2 and v=2-3 transitions of the overlapping Nir-B and Niu-S states are 

visible, similarly overlapping v=0-1 and v=1-2 transitions of the vCN modes are  

 

Figure 91 Simulation of the vCO region of an early waiting time IRpump– IRprobe 

spectrum of as-isolated EcHyd-1 (solid black line). Signals are coloured by active 
site state and their positions/widths are based on the fitting of 2D-IR spectrum 
slices. Second excited state absorption (v=2-3) transitions are omitted. 

also apparent. For NiFe hydrogenase samples comprising mixtures of active site 

states, the assignment of bands and the calculation of accurate decay times are 

complicated by the overlapping nature of the signals. This is demonstrated in 

Figure 91 which shows a simulation of an early Tw pump-probe spectrum of as-

isolated EcHyd-1 (i.e., from Figure 90(a)). This simulation demonstrates how the 

shape of the Nir-B v=0-1 transition is distorted by the presence of the same 

shoulder features observed in the corresponding 2D-IR spectra (Figure 73(a)), in 
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addition to showing how the intensity of the v=0-1 transition at 1922 cm-1        

(Nir-SI/II) is diminished by overlap with v=1-2 features. 

 

Vibrational lifetimes (T1) for the v=1 states were determined by fitting the time-

dependence of the respective peak intensities to monoexponential functions, as 

shown in appendix Figure 97 and Figure 98. Values ranging between 16 ± 3 ps 

and 25 ± 2 ps were obtained for the vCO mode, and values between 29 ± 2 ps and 

39 ± 5 ps for the vCN modes of the four active site states. These vibrational 

lifetimes are consistent with peaks due to energy transfer between vCN modes, 

which are apparent in 2D-IR spectra at Tw values of 15 ps and later. Pump-probe 

spectra of as-isolated EcHyd-1 were also collected with a commercial 

spectrometer in-house (not shown here), and comparable rates were obtained 

for the 1922 cm-1 ground state absorption signal demonstrating that a national 

laser facility is not a necessity for such measurements. 

 

Figure 92 shows an extension of Figure 57 from 4.3.4, comparing the vibrational 

lifetimes (T1) for the vCO modes of EcHyd-1 and ReRH with a trio of hydrogenase 

active site mimics (molecules 1-3) and a CO-releasing molecule (CORM) 

dissolved in a variety of solvents. The enzyme T1 values are consistently low for 

both different redox structural states and enzymes. This highlights the presence 

of an efficient and likely conserved pathway for the dissipation of energy away 

from the active site. As outlined in 4.3.4, such a pathway could be important for 

maintaining the directionality of catalysis. 
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Figure 92 Bar chart comparing the T1 times of the vCO modes of EcHyd-1 (green 
bars), ReRH (blue bar), hydrogenase active site mimics (1-3) and a CO-releasing 
molecule (CORM) dissolved in different solvents (indicated in brackets). 
123,124,166,167   
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5.4 Conclusions 

These results demonstrate the successful application of pump-probe and 2D-IR 

spectroscopy to study the active site of EcHyd-1 in a number of states, including 

the previously unreported Nir-SI/II and Niu-S states. Via comparison of the 

enzyme results with those of the model compound M1 in a variety of different 

solvents, the vibrational potential energy surfaces and dynamics of the 

Fe(CO)(CN)2 moiety (and in particular the vCN modes) are revealed to be sensitive 

probes of local environment. The vibrational potentials of the vCN modes are 

determined to be strongly coupled with distinctly different single mode 

anharmonicities. The strong coupling between vCN modes and the weak coupling 

between vCO and vCN modes are found to be attributes of the Fe(CO)(CN)2 unit, 

whilst the anharmonicity of the vCN1 mode and its disparity with that of the vCN2 

mode are found to be effective probes of the local environment. Observations 

based on the anharmonicities of the vCN modes, in addition to the structural 

dynamics (of vCO and vCN modes), indicate that the protein scaffold creates a 

highly specialised environment by eliminating solvent from the active site and 

leading to dynamics that cannot be entirely 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 CN- ligands. The similarity in spectroscopic parameters 

observed for different active site states of EcHyd-1 and ReRH imply an 

evolutionarily selected active site environment that is crucial to the enzyme 

structure, while not necessarily to its function. Additionally these results 

demonstrate the necessity of including anharmonic effects for understanding 

the potential energy surfaces of the active site vibrational modes, its structure 

and dynamics. The need for incorporating secondary coordination spheres in 
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biomimetic hydrogen conversion catalysts is highlighted by the comparison of 

vibrational parameters for EcHyd-1 and M1 in varying solvent systems, which 

demonstrate that not all of the parameters can be emulated using a simple 

solvent system. This work should provide valuable blueprint for the analysis of 

the physical properties of other NiFe hydrogenases and hydrogenase 

biomimetics. 
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6 Conclusion and outlook 

This thesis has demonstrated the utility of pump-probe and 2D-IR spectroscopy 

in providing dynamic and structural insight that contributes to understanding 

the active site chemistry of NiFe hydrogenases and how it is tuned by the 

surrounding protein scaffold. 

 

In chapter 4 the regulatory hydrogenase from Ralstonia eutropha served as an 

ideal starting point for the first pump-probe and 2D-IR study of a NiFe 

hydrogenase due to its isolation in an almost pure redox structural state. In 

these initial measurements the first direct evidence of strong coupling between 

vCN modes and weak coupling between vCO and vCN modes was obtained, this 

confirmed Pierik et al’s suppositions in early isotope labelling IR absorption 

studies.88 Here the first indications that the protein scaffold tunes the active site 

chemistry were observed via i) the large disparity in vCN single mode 

anharmonicities, perhaps a result of the asymmetric H-bonding contacts of the 

CN- ligands, ii) the absence of spectral diffusion indicating significant protein 

structural constraints and iii) the observation of efficient dissipation of energy 

away from the Fe(CO)(CN)2 unit and its potential importance in maintaining the 

directionality of catalysis. This chapter provided a good starting point for the 

interpretation of the more complex spectra produced by hydrogenase samples 

comprising mixtures of active site states. 

 

In chapter 5 the spectra of the as-isolated and oxidised states of EcHyd-1 were 

analysed. Here the facility of 2D-IR spectroscopy in assigning transitions 

originating from the same molecule, in tandem with thorough biochemical 

characterisation, enabled the identification of a trio of redox structural states 

not previously observed in EcHyd-1 (Nir-SI/II and Niu-S). Analysis of EcHyd-1 states 
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demonstrated that many of the derived properties (vCO/vCN single and mixed 

mode anharmonicities, CO bond properties, relaxation and structural dynamics) 

are highly similar to those in the previous chapter, despite the enzymes being 

distinctly different (in terms of redox state, physiological function, parent 

organism and activity profile). This lead to the notion that the active site 

environment is evolutionarily selected, with the protein scaffold creating a 

highly specialised environment around the CO and CN- ligands. Analysis of the 

spectra of the Fe-site mimic M1 demonstrated that strong coupling between vCN 

modes and weak coupling between vCO and vCN modes are intrinsic properties of 

the Fe(CO)(CN)2 moiety. Additionally, the spectra of M1 dissolved in different 

solvents highlighted how the polarity in the local environment of the CN- ligands 

modulates the disparity in vCN mode anharmonicities and fundamental 

frequencies. The enzyme active site excludes solvent molecules but reproduces 

this effect likely via the conserved H-bonding contacts formed by the CN- ligands 

(it bears noting that crystallographically conserved water molecules are present 

in the second coordination sphere in the vicinity of the H-bonding arginine 

residue). The deviation from the trend in vCN mode properties observed for the 

Niu-S state (lower vCN1/vCN2 mixed mode anharmonicity and lower separation in 

vCN mode fundamental frequencies) could be a consequence of the 

sulfoxygenated bridging cysteine residue thought to be present in this state, this 

would indicate that the bridging cysteine residues have a role in the anharmonic 

coupling of vCN modes.  

 

Overall this study would have benefitted from additional analysis techniques 

and approaches, namely the use of crystallography and EPR spectroscopy to 

validate the identification of the new states observed here for EcHyd-1 and also 

the observations based on cysteine sulfoxygenation. Additionally, pump-probe 
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and 2D-IR experiments featuring D2O exchanged hydrogenase samples could 

prove highly useful for deconvoluting the influence of the H-bonding arginine 

residue and the second coordination sphere water molecules. Future work 

would seek to characterise the active Nia-X states (X=C, S, SRII/III and LI/II/III) of 

EcHyd-1 with pump-probe and 2D-IR spectroscopy. Enzyme samples comprising 

these states could be produced via H2-incubation, chemical reductants, pH 

alteration and/or application of a reducing potential. Additional insight relating 

to the interaction of the vCO/vCN modes with the bridging cysteine residues could 

be provided via two-colour experiments. The simplest implementation of this 

approach would be to centre the probe beam at an appropriate position (400-

600 cm-1) for detection of the Fe-μS and Fe-CO/CN vibrations. Alternatively, a 

Vispump-IRpump-IRprobe methodology could be used to investigate the vCO/vCN modes 

of enzyme in a non-equilibrium state following  visible excitation of the S→Fe 

ligand to metal charge transfer transition (488 nm or 568 nm), in a similar 

manner to that used in resonance Raman experiments. Similarly, the 

photoconversion of the Nia-C state to the Nia-L could be explored by using a 358 

nm pump beam, this approach has been used successfully in transient IR 

absorbance studies to explore the coupling of proton and electron transfer steps 

during this transition. 
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7 Appendices 

The Morse anharmonic potential (Equation (24)) describes the potential energy 

(V) of a diatomic molecule as a function of internuclear separation (r), 

equilibrium bond length (re), bond dissociation energy (De) and width of the 

potential (a).  

𝑉(𝑟) = 𝐷𝑒(1 − 𝑒−𝑎(𝑟−𝑟𝑒))
2
 (24) 

Where the width of the potential (a) is related to potential well depth (De) and 

force constant (k) via Equation (25): 

𝑎 = √
𝑘

2𝐷𝑒
 

(25) 

Approximate energies for vibrational levels of a Morse potential are given by 

Equation (26). Here v0 is the harmonic frequency and n is the vibrational 

quantum number. 

𝐸𝑛 = ℎ𝑣0 (𝑣 +
1

2
) −

(ℎ𝑣0 (𝑣 +
1
2))

2

4𝐷𝑒
 

(26) 

The harmonic frequency (v0) is related to the mass of the particles (μ), the 

dissociation energy and the curvature of the potential well (a) via: 

𝑣0 =
𝑎

2𝜋
√

2𝐷𝑒

𝜇
 

(27) 

Where μ is calculated from the masses of bonded atoms: 

𝜇 =  
𝑚1𝑚2

𝑚1 + 𝑚2
 (28) 

Equation (26) can be alternatively expressed to give the transition energy 

between adjacent vibrational energy levels as shown in (29: 

𝐸𝑛+1 − 𝐸𝑛 = ℎ𝑣0 −
(𝑛 + 1)(ℎ𝑣0)

2

2𝐷𝑒
 

(29) 
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Rearranging Equation (29) gives Equation (30): 

𝑣𝑛+1 − 𝑣𝑛 = −
𝑛𝒉𝒗𝟎 

𝟐

𝟐𝑫𝒆
− 

𝒉𝒗𝟎
𝟐

𝟐𝑫𝒆
+ 𝒗𝟎 

(30) 

This equation can describe experimentally determined transition energies (vn+1-

vn) as a linear function of the lower level quantum number (n), where the red 

portion of the equation is the gradient and the blue portion is the y-intercept. 

This expression is useful as it allows for direct determination of De and v0 which 

enables calculation of a number of other constants. By combining Equation (25) 

and Equation (27) the width of the potential (a) and the bond stiffness (k) can 

be calculated. The zero point energy (E0) is determined by substituting into 

Equation (26) where v=0. The bond dissociation energy (D0) can be calculated 

from Equation (31): 

𝐷0 = 𝐷𝑒 − 𝐸0 (31) 

Combining Equation (32), an alternate empirical expression for vibrational 

energy levels, with Equation (26) gives Equation (33), which allows for 

calculation of the anharmonicity (χ) as a dimensionless constant. 

𝐸𝑛 = ℎ𝑣0 (𝑛 +
1

2
) − ℎ𝑣0𝜒 (𝑛 +

1

2
)
2

 
(32) 

 

𝜒 =
ℎ𝑣0

4𝐷𝑒
 

(33) 
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Figure 93 FT-IR spectra of EcHyd-1 samples from three different cell growth and 
protein purification processes. The sample analysed in a) was also used in the H2-
oxidation activity assays. 
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Figure 94 As-isolated EcHyd-1 probe spectra for 2D-IR slices with pump 
frequencies of (i) 2050 cm-1 and (ii) 2066 cm-1 recorded with Tw values of (a) 250 
fs and (b) 15 ps. Experimental data are shown as solid black lines, fitting of 
individual peaks are shown as solid green lines and the cumulative fitting as 
dashed red lines. 
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Figure 95 As-isolated EcHyd-1 probe spectra for (Tw 250 fs) 2D-IR slices with 
pump frequencies of (a) 1922 cm-1 and (b) 2066 cm-1. Experimental data are 
shown as solid black lines, fitting of individual peaks are shown as solid green 
lines and the cumulative fitting as dashed red lines. 
 

 

Figure 96 2D-IR spectrum (Tw 750 fs) of EcHyd-1 with peak assignment for the 
minor set (dashed lines) of coupled signals with v=0-1 transitions of vCO, vCN2 and 
vCN1 at 1908 cm-1, 2059 cm-1 and 2070 cm-1, respectively. 
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Figure 97 As-isolated EcHyd-1: Plots of pump-probe band intensity versus Tw 
(black circles) and fitted monoexponential functions (solid red lines), for bands 
at various wavenumbers (a-h). 
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Figure 98 Oxidised EcHyd-1: Plots of pump-probe band intensity versus Tw (black 
circles) and fitted monoexponential functions (solid red lines), for bands at 
various wavenumbers (a-h). 
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Figure 99 Tw 790 fs 2D-IR spectra of M1 dissolved in (a) D2O, (b) MeOH, (c) CH3CN 
and (d) DMSO. 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 - 2000 cm-1). 
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Figure 100 (a) Magnification of the 2D-IR spectra of the mimic (dissolved in D2O) 
for pump frequencies coinciding with νCN bands, showing the (i) Tw 790 fs 
experimental and (ii) simulated spectra, recorded with perpendicular 
polarization. Fitted probe spectra for pump frequencies of (b) 2087 cm-1 and (c) 
2066 cm-1, extracted from Tw 790 fs 2D-IR spectra collected with (i) perpendicular 
and (ii) parallel polarization geometries. For (b) and (c) the experimental data is 
shown as solid black lines, fitting of individual peaks are shown as solid green 
lines, and the cumulative fitting as dashed red lines. Green numbers are used to 
identify transitions. 
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Figure 101 (a) Magnification of the 2D-IR spectra of the mimic (dissolved in 
MeOH) for pump frequencies coinciding with νCN bands, showing the (i) Tw 790 fs 
experimental and (ii) simulated spectra, recorded with perpendicular 
polarization. Fitted probe spectra for pump frequencies of (b) 2087 cm-1 and (c) 
2066 cm-1, extracted from Tw 790 fs 2D-IR spectra collected with (i) perpendicular 
and (ii) parallel polarization geometries. For (b) and (c) the experimental data is 
shown as solid black lines, fitting of individual peaks are shown as solid green 
lines, and the cumulative fitting as dashed red lines. Green numbers are used to 
identify transitions. 
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Figure 102 (a) Magnification of the 2D-IR spectra of the mimic (dissolved in 
DMSO) for pump frequencies coinciding with νCN bands, showing the (i) Tw 790 fs 
experimental and (ii) simulated spectra, recorded with perpendicular 
polarization. Fitted probe spectra for pump frequencies of (b) 2087 cm-1 and (c) 
2066 cm-1, extracted from Tw 790 fs 2D-IR spectra collected with (i) perpendicular 
and (ii) parallel polarization geometries. For (b) and (c) the experimental data is 
shown as solid black lines, fitting of individual peaks are shown as solid green 
lines, and the cumulative fitting as dashed red lines. Green numbers are used to 
identify transitions. 
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Figure 103 (a) Magnification of the 2D-IR spectra of the mimic (dissolved in 
CH3CN) for pump frequencies coinciding with νCN bands, showing the (i) Tw 790 fs 
experimental and (ii) simulated spectra, recorded with perpendicular 
polarization. Fitted probe spectra for pump frequencies of (b) 2087 cm-1 and (c) 
2066 cm-1, extracted from Tw 790 fs 2D-IR spectra collected with (i) perpendicular 
and (ii) parallel polarization geometries. For (b) and (c) the experimental data is 
shown as solid black lines, fitting of individual peaks are shown as solid green 
lines, and the cumulative fitting as dashed red lines. Green numbers are used to 
identify transitions. 
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Figure 104 Probe spectra extracted from Tw 790 fs 2D-IR spectra of M1 dissolved 
in (a) H2O, (b) D2O, (c) MeOH, (d) CH3CN and (e) DMSO for regions of the 
spectrum coinciding with (i) diagonal transitions of the vCO mode, and off-
diagonal transitions when pumping (ii) vCO and (iii) vCN modes. Experimental data 
is shown as solid black lines, fitting of individual peaks are shown as solid green 
lines, and the cumulative fitting as dashed red lines. Green numbers are used to 
identify transitions. 
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Figure 105 Diagram showing the wavenumbers reported for CO, CN1 and CN2 
stretching modes of NiFe-hydrogenases (DvMF, AvMBH, DgMBH and ReMBH) in 
the Nir-S states (blue) relative to Nia-C signals from the same enzyme. 
Wavenumbers for the CN1 and CN2 stretching modes of EcHyd-1 were estimated 
based on values reported for ReMBH.24,66,206,207  
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