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Abstract 

Earth-abundant transition metals like iron, nickel, copper, molybdenum, and vanadium have been 
identified as essential constituents of the cellular gas metabolism in all kingdoms of life. Associated with 
biological macromolecules, gas-processing metalloenzymes (GPMs) are formed that catalyse a variety of 
redox reactions. This includes the reduction of O2 to water by cytochrome c oxidase (‘complex IV’), the 
reduction of N2 to NH4 by nitrogenase, as well as the reduction of protons to H2 (and oxidation of the 
later) by hydrogenase. GPMs perform at ambient temperature and pressure, in the presence of water, 
and often extremely low educt concentrations, thus serving as natural examples for efficient catalysis. 
Facilitating the design of biomimetic catalysts, biophysicist thrive to understand the reaction principles of 
GPMs making use of various techniques. In this perspective, I will introduce Fourier-transform infrared 
spectroscopy in attenuated total reflection configuration (ATR FTIR) for the analysis of GPMs like 
cytochrome c oxidase, nitrogenase, and hydrogenase. Infrared spectroscopy provides information about 
the geometry and redox state of the catalytic cofactors, the protonation state of amino acid residues, the 
hydrogen-bonding network, and protein structural changes. I developed an approach to probe and trigger 
the reaction of GPMs by gas exchange experiments, exploring the reactivity of these enzymes with their 
natural reactants. This allows recording sensitive ATR FTIR difference spectra with seconds time 
resolution. Finally yet importantly, infrared spectroscopy is an electronically non-invasive technique that 
allows investigating protein samples under biologically relevant conditions, i.e., at ambient temperature 
and pressure, and in the presence of water. 
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1. Metalloenzymes 

Metalloenzymes are metal-containing proteins that catalyse a variety of fundamental biochemical 
reactions. Gas-processing metalloenzymes (GPMs), in particular, are key in photosynthesis, respiration, 
and N2 fixation.1–3 While main group metalloenzymes bind individual metal ions that are not directly 
involved in redox chemistry4–6, GPMs utilize redox-active organometallic cofactors based on transitions 
metals like Fe, Ni, Cu, Mo, and V. The reactivity and structure of these cofactors continues to inspire noble 
metal-free complexes that mimic biocatalytic reactions of industrial interest.7 On the physiological level, 
GPMs are involved in maintaining proton gradients and the cellular redox balance as well as sensing of 
toxic and/or messenger-type gases like CO or NO.8–11  

Understanding small molecule activation with GPMs is a truly interdisciplinary effort with input from 
molecular biology, inorganic chemistry, and the physical sciences. In this perspective, I will discuss GPMs 
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catalysing H2 oxidation and H+ reduction (hydrogenase), N2 and CO reduction (nitrogenase) as well as O2 
reduction by complex IV of the respiratory chain (cytochrome c oxidase). I will focus on operando infrared 
spectroscopy with reaction control via the gas phase, addressing catalysis under biologically relevant 
conditions and in the presence of natural reactants like H2, CO, or O2. Moreover, I will discuss visible light 
excitation and potential jump experiments to trigger infrared difference spectra.   

Hydrogenases 

Hydrogenases are redox enzymes that catalyse H2 oxidation and H+ reduction.12 Bimetallic hydrogenases 
are classified as [NiFe]- and [FeFe]-hydrogenases depending on the composition of the organometallic 
active site cofactor.12–14 They utilize a varying number of iron-sulphur clusters, e.g., in electron transfer or 
O2 reduction.15 The monometallic [Fe]-hydrogenases do not catalyse hydrogen turnover per se but 
facilitate hydride transfer from a guanylylpridinol-coordinated iron site (Fe-GP) to an 
tetrahydromethanopterin cofactor (H4MPT).16 Moreover, [Fe]-hydrogenases do not bind iron-sulphur 
clusters. While the molecular details of proton transfer in [NiFe]- and [FeFe]-hydrogenases are fairly well 
understood17, no such data exist for [Fe]-hydrogenase. Figure 1 depicts the active site cofactors of 
hydrogenase. The carbon monoxide and cyanide ligands (CO/CN–) characteristically found in all 
hydrogenases tune the redox potential of the H2 oxidation/ H+ reduction reaction and facilitate hydrogen 
turnover at low overpotential.18 Furthermore, the intense absorbance of Fe-CO and Fe-CN– in a frequency 
regime not obscured by protein or solvent bands renders hydrogenase an excellent target for infrared 
spectroscopic investigations (Section 2).19–21 The frequency of the cofactor bands is indicative of the 
ligation pattern, redox and protonation changes, hydrogen bonding, and vibrational coupling, the later 
which can be analysed to unravel the cofactor geometry. The posttranslational maturation of [FeFe]-
hydrogenase22,23 facilitated the generation of organometallic variants of the ‘H-cluster’, including 
substitutions of the aminodithiolate (adt) headgroup, sulphur atoms, and iron ions (Figure 1).24–26  

 

Figure 1 | The active site cofactors of hydrogenase. Circles denotes the open coordination site at each 
cofactor. (A) Ni-Fe cofactor of [NiFe]-hydrogenase. (B) The H-cluster of [FeFe]-hydrogenase comprises a 
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[4Fe-4S] cluster and the catalytic diiron site. (C) The Fe-GMP cofactor of [Fe]-hydrogenase with the H4MPT 
substrate. Drawn after pdb coordinates 3MYR, 4XDC, and 5AWU. 

Nitrogenase 

Nitrogenase forms water-soluble, multi-subunit protein complexes that catalyse the reduction of N2 into 
NH4 and H2 at the expense of 16 – 40 equivalents of ATP, depending on the metal composition of the 
active site cofactor.27 The enzyme comprises the so-called ‘Fe protein’, a homodimer that binds and 
hydrolyses ATP upon reduction of an all-ferrous [4Fe–4S] cluster.28 Electrons are transferred from the Fe 
protein to an [8Fe–7S] compound, the ‘P-cluster’, which charges a [X–7Fe–9S–C] cluster, where X may be 
M, V, or Fe (Figure 2).29 Both these moieties reside on a heterotetramer that forms the core of 
nitrogenase. In variance to hydrogenase, none of these cofactors intrinsically carries CO or CN– ligands. 
However, both compounds are known as substrates and/or inhibitor of nitrogenase activity30 and have 
been exploited to investigate potential binding site at the [X–7Fe–9S–C] cluster by EPR31 and IR 
spectroscopy.32–34 Figures 2 illustrates how CO coordinates in Fe-Fe bridging (µCO) and/or terminal 
position (tCO).35 Moreover, VFe nitrogenase has been shown to catalyse the conversion of CO and H2 into 
various carbohydrates.36 Operando IR spectroscopy can be used to distinguish the different reaction 
pathways. Such side trails may also involve the Fe protein whose [4Fe–4S] cluster was suggested to bind 
CO2, which would give rise to distinct IR marker bands.37,38 

 

Figure 2 | The active site cofactor of nitrogenase. The heteroatom (dark grey) may be Mo, V, or Fe. The 
Fe-Fe bridging binding site may be occupied by S, N, or CO. A terminal CO ligand has been shown to bind 
in the indicated position. Note the presence of a CO32– ligand. Drawn after pdb coordinates 6FEA.  

 

Cytochrome c oxidase 

Cytochrome c oxidase (CcO) is the fourth and final transmembrane protein complex in the mitochondrial 
electron transport chain. They belong to the family of hem-copper oxidases.39 The enzyme catalyses the 
reduction of O2 to water and pumps protons across the mitochondrial membrane.40 The core of CcO is 
formed by subunits I and II. The later facilitates contact with the natural electron donor, cytochrome c, 
and binds a di-copper site (CuA) as redox centre. From CuA, electrons are transferred to heme a and the 
‘binuclear centre’ (BNC) that is formed by heme a3 and a singular copper ion, CuB, coordinated by three 
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histidine residues. A cross-linked tyrosine may serve as proton donor in the catalytic reaction41 whereas 
arginine and glutamic acid residues are discussed to be involved in proton pumping.42 Figure 3 depicts the 
BNC of CcO from B. taurous.43 The high-valent iron ion in heme a is coordinated by two histidines while 
only one histidine is found at heme a3. This leaves one open coordination site at the iron ion of heme a3 
and CuB, each. None of the metal centres in CcO intrinsically carries CO or CN– ligands, but both heme a3 
and CuB can bind a variety of inhibiting ligands44 that have been exploited to explore the binuclear centre 
by IR spectroscopy. For example, the ‘fully reduced’ (FR or R4) enzyme binds a single CO ligand at heme a3 
(Fe2+, a similarity with heme proteins like myoglobin) that can be photolyzed and transiently transferred 
to CuB, which is believed to mimic the reduction of O2.45 In the ‘mixed valence’ state (MV or R2) CuA and 
heme a are oxidized, which shifts the CO band at heme a3 to higher energies. Cyanide primarily binds to 
the oxidized heme a3 site (Fe3+) and CuB irrespective of redox state.46   

 

Figure 3 | The active site cofactor of cytochrome c oxidase. The binuclear centre (BNC) comprises of 
heme a3 and CuB both that display an open binding site. Note the covalent bond between histidine and 
tyrosin. The glutamic acid residue is important in proton transfer. Drawn after pdb coordinates 5WAU.  

 

2. Infrared Spectroscopy  

Understanding the catalytic mechanism of GPMs, structural biology and molecular biophysics must go 
together. This includes UV/visible and EPR spectroscopy as well as XAS and Mössbauer spectroscopy. 
Vibrational spectroscopy is a valuable tool investigating metal-ligand bonds that often happen to be 
Raman-active, e.g., in iron-sulphur clusters.47 Bonds with a change in dipole moment along the normal 
coordinate are less likely to exhibit a Raman shift but absorb infrared radiation. While ligands like CO, CN–

, and CO2 are easily detected by Fourier-transform infrared (FTIR) spectroscopy in the spectral ‘window’ 
between 2600 – 1800 cm-1, many signals are obscured by the vibrations of the protein backbone and liquid 
water.48 Figure 4 depicts the different amide (N-H and C=O), carbohydrate (CH), and water modes (OH 
and HOH). 
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Figure 4 | Absorbance and difference spectra. The absorbance spectra in the upper panel highlight the 
vibrational contributions from liquid water (dotted blue lines) and protein. Bands around 2900 cm-1 
(green) are assigned to CH stretches. A film of [FeFe]-hydrogenase CrHydA1 and redox dye was recorded 
in the dark (black) and upon irradiation with LED light (brown). Changes are seemingly restricted to the 
CO/CN– ‘spectral window’ between 2150 – 1750 cm-1. Only upon calculating the ‘light – dark’ difference 
spectrum (lower panel) subtle changes become visible in the frequency regimes obscured by the protein 
and water absorbance bands. In the shaded area, ‘various’ maybe COOH and COO–, amide I and II, or 
specific cofactor/coenzyme bands. Due to low absorbance, SH bands are only visible in difference spectra. 

 

FTIR difference spectroscopy allows extracting cofactor signals across a wide energy regime when changes 
are triggered by visible light, e.g., for the analysis of chromoproteins.49 Despite singular exceptions50, 
GPMs do not show catalytic photochemistry. Irradiation experiments are important nevertheless: 
photochemical ‘side reactions’ and redox dyes allow addressing well-defined state transitions of GPMs. 
As an example, Figure 4 shows the light-induced reduction of [FeFe]-hydrogenase CrHydA1 in the 
presence of redox dye eosin Y and the resulting ‘light – dark’ difference spectrum. Another popular 
operando approach is FTIR spectro-electrochemistry (SEC), where redox chemistry is induced or the 
reaction of the enzyme to electrical fields is studied.51,52 But while photochemistry often demands 
cryogenic temperatures to ‘freeze-trap’ defined intermediates and SEC puts the enzymes in contact with 
artificial redox partners, stirring the reactivity of GPMs via the gas phase represents a natural triggering 
approach. For this, the enzyme must be available to gas exchanges. 

Attenuated Total Reflection 

Commonly, FTIR spectroscopy is performed in transmission configuration. Concentrated sample solution 
is pipetted on an IR-transparent window (e.g. CaF2 or BaF2), carefully dried, occasionally rehydrated or 
deuterated, and sealed with a second window.53 The setup comprises a spacer of ~50 µm between the 
windows that guarantees maximal absorbance. Such ‘sandwich samples’ are exceptionally durable and 
used to trigger photo- and electrochemical reactions while recording IR absorbance spectra.51–53 However, 
they do not allow for a controlled exchange of the gas phase and the sample state has to be adjusted 
ahead of the actual measurement. In attenuated total reflection (ATR) configuration, the IR beam forms 
an evanescent wave at the surface of an IR-transparent, high-refractive index crystal (Figure 5). The 
penetration depth of the evanescent wave critically depends on the difference in refractive index between 
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crystal and sample, the angle of incidence, and the IR frequency.54 For 45° and at 2000 cm-1, typical values 
range from ~2 µm (ZnS) to ~1 µm (diamond) and ~0.5 µm (Si).55 The penetration depth further decreases 
towards higher frequencies. In transmission configuration, the effective pathlength is independent of 
frequency and usually one order of magnitude higher. Near-field ATR FTIR spectroscopy is achieved 
exploiting signal enhancement at plasmonic media, i.e., in surface-enhanced infrared absorbance 
spectroscopy (SEIRAS), as discussed elsewhere.56 

 

Figure 5 | Experimental set-up for operando ATR FTIR spectroscopy. (A) ATR crystal plate including a 
ZnSe focus element and the Si crystal. A custom-made titration cell with various in- and outlets for gases 
as well as temperature and pressure control is screwed to the crystal plate. Additionally, a transparent 
window or lens allows for visible light irradiation with a LED or laser source. The inset depicts the hydrated 
protein film as probed by the evanescent field. (B) Spectro-electrochemical titration cell. The sample is in 
contact with a gold mesh (WE) and a platinum wire (CE) via the electrolyte buffer (purged by inert or 
reactive gas).  Dilution is precluded by a 10 kDa dialysis membrane (inset). A microscopic image of the gold 
mesh is shown.  

 

The insets in Figure 5 illustrate how the IR beam is fed to the crystal from below while the sample is 
deposited on top of the crystal, where the actual absorption occurs. ATR FTIR spectroscopy is well-
established for the analysis for transmembrane or membrane-associated proteins57–61 including CcO.62 
Prepared in detergent, nano discs, or lipid-reconstituted form membrane proteins constitute hydrophobic 
films that can be overlaid with aqueous buffer for functional analyses. However, GPMs like hydrogenase 
and nitrogenase are water-soluble and do not form stable films in an aqueous environment. To this end, 
we pioneered a technique that provides solvent via the gas phase, i.e., in form of an aerosol.63 Figure 6 
shows how dry gas is send through a wash bottle of buffer or reactant solution taking up water gas and 
microscopic droplets of liquid water. Fed to the protein film on top of the ATR crystal, the hydroscopic 
sample absorbs ‘humidity’ and forms stable, hydrated protein films. This approach facilitates gas titrations 
and functional analyses of GPMs by ATR FTIR spectroscopy, e.g., when the inert ‘carrier gas’ is mixed with 
reactive gases (Section 4) or the film is subjected to visible light or changes in electrical potential (Section 
5). But first, the preparation of stable protein films must be established. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 December 2020                   doi:10.20944/preprints202012.0492.v1

https://doi.org/10.20944/preprints202012.0492.v1


7 
 

 

Figure 6 | Preparation of aerosol. Reactive gases like H2, O2, or CO are injected into a constant stream of 
inert carrier gas (e.g., N2). The gas flow is controlled by digital mass flow controllers (DMFC). The gas 
mixture is passed through wash bottle (i) or (ii) comprising H2O or D2O, different buffer compositions, or 
reactant solution. Thereby, an aerosol is formed. Different levels of ‘humidity’ are adjusted via manual 
mass flow controllers (MMFC). The aerosol is sent to the gas titration cell (Figure 5). 

 

3. Preparation of Protein Films 

The nature of sample preparation in ATR configuration allows using protein solution of relatively low 
concentration (i.e., between 50 – 500 µM, see below). Throughout sample preparation, protein 
concentration and hydration level are followed in real time. First, the ATR crystal is recorded as 
background before a small volume of protein solution (e.g., 1 µL) is pipetted onto the surface. The diluted 
protein solution resembles the IR absorbance spectrum of liquid water but subjected to a constant stream 
of dry carrier gas characteristic protein bands appear over time (Figure 7A). The concentration of the 
protein solution increases until a relatively dry ‘protein cake’ is formed. Note that the formation of (salt) 
crystals often diminishes the absorbance of protein cake. The relative water content differs between 
protein samples and depending on additives like salt, detergent, or glycerol; however, a protein sample 
with less than 20% water is achieved only upon lyophilization.64  
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Figure 7 | From protein solution to protein film. (A) Formation of a dry ‘protein cake’ from protein 
solution. Example: CcO from R. sphaeroides reconstituted in E. coli polar lipids. (B) Plotting the intensity 
at 3375 cm-1 (vOH) and 1545 cm-1 (amide II), the formation of the protein film can be followed over time. 
(C) H/D exchange in the presence of D2O. Prominent bands are highlighted. (D) The process is completely 
reversible. The marker bands from panel C are assigned to OH and OD stretching (3375 and 2505 cm-1), 
D2O bending (1205 cm-1), and amide II’ (1450 cm-1). Example: VFe nitrogenase from A. vinelandii.  

 

In the next step, carrier gas aerosol is used to re-hydrate the protein cake and form a concentrated, 
reactive protein film. This is facilitated by the natural affinity of soluble proteins to water but also works 
for membrane-bound proteins. Note the difference in amide II intensity between protein solution, protein 
cake, and the hydrated protein film: although the water level is nearly similar in the hydrated film (~10% 
difference), more than 50% of the amide II band intensity is preserved (Figure 7B). 

The hydration protocol can be used to exchange the solvent, perform pH titrations, or enrich the protein 
film with soluble reactants via the aerosol.63 Moreover, it facilitates deuteration when the aqueous buffer 
is exchanged against deuterium oxide (‘heavy water’, 2H2O, or D2O) where the mass difference between 
H and D causes a significant shift to lower energies. Figure 7C demonstrates the reversible exchange of 
H2O and D2O bands over time. Protein backbone vibrations that are involved in the H/D exchange shift 
accordingly (e.g., amide II at 1545 cm-1 and amide II’ at 1450 cm-1). Deuteration and hydration are mutually 
reversible, as demonstrated in Figure 7D. Understanding H/D isotope effects is key to understanding 
hydrogen bonding interations49 and hydride chemistry.65  

The relation between sample concentration and sample film quality is not straight-forward and should be 
evaluated for each sample individually.63 In principal, very low concentrations should be avoided but high 
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concentrations do not guarantee for optimal films, either. Moreover, due to the low penetration depth of 
the evanescent wave stacking sample does not result in better absorbing protein films. Figure 8A 
compares the IR spectra of hydrated protein films between 50 µM and 400 µM starting concentration. 
Surprisingly, less protein in solution gives protein films of higher density. Detergents and cryoprotectants 
like glycerol or sucrose delay the formation of protein films or can impede the de-hydration process at all. 
While the perfect ATR FTIR sample is diluted in pure water often a compromise between sample integrity 
and applicability must be found. Complex samples behave even less predictable than pure protein 
samples. Figure 8B shows IR spectra of E. coli cell suspension diluted in four steps over eight orders of 
magnitude. Maximal amide II intensity was achieved upon diluting the suspension x100, afterwards the 
protein density in the film continuously declined. Such data is relevant as enzymes can be analysed by IR 
spectroscopy within the context of living cells.66,67 

 

Figure 8 | Influence of sample concentration. (A) Protein solution between 50 µM and 400 µM was used 
to prepare protein films. Plotting the amide II band intensity at 1545 cm-1 against concentration illustrate 
how less protein gives films of higher density (inset). Example: CcO from R. sphaeroides reconstituted in 
E. coli polar lipids.  (B) A suspension of viable E. coli cells was diluted up to 108 times and used to prepare 
a hydrated sample film (x1 ~ OD600 = 1.5). The amide II band intensity shows that diluting the suspension 
by a factor of 100 gave a significantly higher sample concentration in the film (1550 cm-1, see inset). 
Further dilution decreased the film concentration gradually.  

 

Our setup for ATR FTIR spectroscopy facilitates control over several parameters. For example, Figure 9A 
depicts the influence of temperature on hydration level and protein concentration of the sample film 
(constant pressure). The temperature is adjusted via an external circulation pump and measured by a 
digital thermocouple attached between spectrometer and crystal plate (Figure 4).68 Technically, 
temperatures down to -30°C can be achieved but condensation and/or deposition of the aerosol 
practically impede long-running measurements below 5°C. Within several tens of minutes, however, the 
setup allows investigating the global influence of temperature on the protein film. Figure 9A shows how 
the sample takes up increasingly less humidity from the aerosol between -5°C and 35°C. This results from 
the temperature-dependent phase equilibrium of liquid and gaseous water and reflects in a nearly linear 
correlation between hydration level and temperature (inset). 

3500 3000 2500 2000 1500

0

150

300

450
 x1
 x10-2

 x10-4

 x10-6

 x10-8

a
bs

. 
x 

10
-3

n / cm-1

1550 cm-1 / %

1 1E-4 1E-8

100

110

120

dilution

(A) (B)

15501545

3500 3000 2500 2000 1500

0

150

300

450

 050 µM
 100 µM
 150 µM
 200 µM
 400 µM

a
bs

. 
x 

10
-3

n / cm-1

1545 cm-1 / %

400 250 100

100

125

150

c / µM

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 December 2020                   doi:10.20944/preprints202012.0492.v1

https://doi.org/10.20944/preprints202012.0492.v1


10 
 

 

Figure 9 | Influence of temperature, pressure, visible light, and electric potential. (A) Increasing the 
temperature of the crystal plate from -5° to 35°C leads to an increasingly dry sample film, as visible from 
the decrease of water stretching (3375 cm-1, see inset). Example: [FeFe]-hydrogenase TamHydS. (B) 
Between 1.6 and 0.4 bar, a subtle decrease of humidity is observed towards lower pressure, as illustrated 
following the water stretching band at 3375 cm-1 (inset). Example: MoFe nitrogenase from A. vinelandii. 
(C) Visible light irradiation. Increasing the relative output power of the LED white light source leads to an 
increasingly dry sample film, which is explained by collateral heating. The spectra illustrate the effect for 
a power density of 0.8 W/cm-1, the inset depicts the decrease of water stretching at 3375 cm-1 over time 
different power densities. Example: Hmd [Fe]-hydrogenase from M. marburgensis. (D) Electric potential. 
Increasing the reducing potential from -100 to -800 mV vs SHE leads to a concentration of protein at the 
working electrode, as visible from the increase of amide II (1545 cm-1, see inset). Example: [FeFe]-
hydrogenase CrHydA1.  

 

Variations of ambient pressure are known to affect enzymatic performance, structure, and stability.69 
Figure 9B depicts the changes between 1.6 – 0.4 bar (equivalent 0.6 – -0.6 atm) at ambient temperatures. 
‘Over pressure’ is adjusted via the flow controllers (Figure 4) whereas an external vacuum pump can be 
employed to achieve ‘under pressure’, e.g., down to ~100 mbar.70 While the influence on hydration level 
and protein concentration is less pronounced than for changes in temperature, an approximately linear 
correlation between pressure and humidity is observed here as well (inset). Low pressure results in dryer 
films, presumably related to the pressure-depend equilibrium between liquid and gaseous water. No 
protein structural changes are observed in the investigated pressure regime. 

Illumination with a LED light source attached to the titration cell (Figure 4) leads to a notable dehydration 
of the sample film within minutes. Figure 9C depicts the effect at an output power of 800 mW/cm2 white 
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light fed to the ATR cell via a wave guide (d = 1 cm, l = 100 cm). The same experiment was performed with 
15% and 5% output power resulting in significantly more stable films (inset). Whether this effect stems 
from direct heating (thermal radiation) or light-heat conversion in the protein film is currently unclear; 
however, facilitating measurements with a minimum of unspecific changes, thorough temperature 
control, high power densities (i.e., laser irradiation), or efficient absorbers are recommended (Section 
5).71 Combining ATR FTIR spectroscopy with UV/visible or Resonance Raman spectroscopy (as discussed 
in the Outlook), both unspecific changes and the electronic excitation of sample may influence the 
observables. Here, ATR FTIR spectroscopy can serve as a ‘dark reference’.  

When the protein is in contact with electrolyte buffer and a working electrode (e.g., a gold mesh attached 
to the ATR crystal plate, see Figure 5B), the influence of electrical fields can be investigated. In comparison 
to panels A – C, Figure 9D reveals that the sample film contains notably more solvent, which confirms 
contact with the electrolyte. Still, the amide II band at 1545 cm-1 is clearly visible. Increasing the potential 
across the film stepwise towards negative, ‘reducing’ values induces microscopic changes between 
solvent and protein. This leads to a net-increase of protein concentration in the region of the evanescent 
wave.56 Pursuing potential-jump experiments, e.g., to generate difference spectra, such effects must be 
taken into consideration. 

 

4. Probing the Reactivity with Gas 

In variance to FTIR spectroscopic investigations on redox enzymes or chromoproteins51–53, probing the 
reactivity of GPMs towards their gaseous reactants demands atmospheric access to the sample, and using 
an aerosol is imperative to keep the sample film hydrated and functional. While this is theoretically 
possible in transmission configuration as well, the intense absorption bands of water gas in the aerosol 
practically impede gas titrations in the frequency regime of interest. To this end, the ATR configuration is 
the method of choice. In the first paragraph of this section, I will discuss the reaction of GPMs with CO 
gas, which allows comparing otherwise vastly different enzymatic systems. In the second paragraph, I will 
focus on H2 oxidation by hydrogenase and how their complex spectra can be disentangled by operando 
ATR FTIR spectroscopy.  

Reactions with Carbon Monoxide Gas 

The presence of coordinatively unsaturated metal sites explains why many GPMs are easily inhibited by 
CO. In nitrogenase, the details of CO inhibition and CO turnover are only beginning to emerge36, but it 
seems to be clear that the enzyme can bind both bridging and terminal CO ligands (Figure 2).72 On the 
opposite, CO inhibition is an established phenomenon in CcO (Figure 3) and related heme proteins73 as 
well as all type of hydrogenases (Figure 1).21 For example, in the presence of CO gas, the active-ready Hox 
state of [FeFe]-hydrogenase with three CO bands converts into the inhibited Hox-CO state with four CO 
bands.70 Once this pattern has been identified, the inhibition and reactivation of hydrogenase can be 
followed as a function of time and CO gas concentration in the carrier gas. Figure 10A depicts differences 
in CO inhibition for cofactor variants with an amino-, sulfo-, or propanedithiolate headgroup (adt, sdt, or 
pdt).74 
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Figure 10 | Reactions with carbon monoxide. (A) In the presence of 0.1 – 100% CO, different cofactor 
variants of the [FeFe]-hydrogenase CrHydA1 (adt, sdt, pdt) adopt the CO-inhibited state Hox-CO to 
different extent. The reactivation rates under N2 differ accordingly. (B) In the presence of 1% CO, the 
[NiFe]-hydrogenase EcHyd-2 adopts the CO-inhibited state Ni-SCO, which largely prevails under N2. Only 
when the gas atmosphere is exchanged to H2, the enzyme is re-activated completely. (C) The fully reduced 
CcO from R. sphaeroides binds a single terminal CO ligand (1964 cm-1, see inset), which largely prevails 
under N2. Only when the gas atmosphere is exchanged to O2, the enzyme is oxidized completely. (D) Pre-
incubated with CO under reducing conditions, the [VFe]-nitrogenase from A. vinelandii forms a very stable 
bridging CO ligand (compare Figure 14D). In variance, the terminal CO ligand (1931 cm-1, see inset) binds 
rather transient.  

 

Wild-type CrHydA1adt adopts 100% Hox-CO already in the presence of 0.1% CO gas where only 65% and 
20% Hox-CO is observed for CrHydA1sdt and CrHydA1pdt, respectively. We explained these difference by 
diminished stabilization of Hox-CO due a lack of hydrogen-bonding in the modified H-clusters.75 [NiFe]-
hydrogenase is inhibited by CO-binding to the Ni ion76, which is reflected in the characteristic IR pattern 
of Ni-SCO with three CO bands instead of two.77 Figure 10B illustrates the rapid formation of Ni-SCO in 
the presence of 1% CO gas and the comparatively slow reaction under N2. In variance to [FeFe]-
hydrogenase, CO binds much weaker to the Ni ion so that [NiFe]-hydrogenase is easily reactivated in the 
presence of 1% H2.78  

Cytochrome c oxidase is inhibited by CO in the reduced states MV and FR. Under steady state conditions, 
CO binds to the central iron ion of heme a3 from where it may migrate to CuB, i.e., upon irradiation with 
visible light.79 The IR bands of Fe-CO (1964 cm-1) and Cu-CO (2045 cm-1) are clearly different. Due to redox 
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cooperativity, oxidation of heme a in the MV state causes a 4 cm-1 upshift of the Fe-CO frequency at heme 
a3.80 This illustrates how CO ligands report on changes in redox and protonation state through space acting 
as Stark probes.81 Figure 10C shows rapid binding of CO to CcO in the FR state and a slow release under 
N2. Competition with the natural reactant O2 leads to an immediate reactivation, oxidation, and loss of 
the CO ligand.  

In variance to the other GPMs discussed here, nitrogenase coordinates terminal CO ligands only weakly, 
at least under mildly reducing conditions, i.e., in the presence of dithionite or the Fe protein and ATP. 
Figure 10D illustrates the reaction of dithionite-reduced VFe nitrogenase with CO. Inhibition gives rise to 
a single, broad IR band at 1931 cm-1 (inset) that immediately vanishes in the absence of exogenous CO. As 
demonstrated by XRD earlier, a µCO ligands can be assumed (Section 6).72  

Reactions with Hydrogen Gas 

In Section 1, the active site cofactors of [NiFe]- and [FeFe]-hydrogenases are introduced. Their intrinsic 
CO and CN– ligands give rise to IR absorbance patterns characteristic for cofactor states like Hox, Hox-CO, 
and Ni-SCO as discussed above. These patterns can be analysed by FTIR spectroscopy to understand subtle 
changes in electron density distribution and cofactor geometry, which becomes increasingly important 
when the catalytically relevant, reduced cofactor states are addressed. For example, at ambient 
temperature and physiological pH values, the [FeFe]-hydrogenase CrHydA1 accumulates two 1e–-reduced 
(Hred, Hred´) and two 2e–-reduced H-cluster intermediates (Hsred, Hhyd) under H2.75 Figure 11A depicts 
the conversion of Hox into these intermediates as a function of time and H2 concentration. Between 0.1 
– 3% H2, Hred and Hred´ prevail whereas for [H2] > 10% the spectra are increasingly dominated by the 
‘super-reduced’ state, Hsred. The so-called ‘hydride state’ (Hhyd, green trace) typically remains below 
10% at physiological pH values.82 When the atmosphere is switched back to N2 Hsred and Hhyd decay 
transiently into Hred and Hred´ before the enzyme converts back into the oxidized state (‘auto-oxidation’ 
due to proton reduction and H2 release). Figure 11B shows a difference spectrum between N2 and 10% 
H2 (triangles in panel A) that conveys an idea of the spectral complexity. The cofactor bands of Hox are 
negative, the overlapping band patterns of Hred´, Hred, and Hsred (five bands each) are positive. In 
Section 5, we will see how potential-jump experiments at different pH values can be used to disentangle 
the crowded IR spectra of [FeFe]-hydrogenase under reducing conditions. 
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Figure 11 | Reactions with H2. (A) In the presence of 0.1 – 100% H2, the [FeFe]-hydrogenase CrHydA1 
adopts a variety of reduced cofactor states (pH 8). For [H2] > 10%, 2e–-reduced states (Hsred, Hhyd) 
prevail. When the gas atmosphere is switched back to N2, a transient increase of 1e–-reduced states (Hred, 
Hred´) is observed before the system converges into the oxidized state, Hox. (B) ‘10% H2 – N2’ difference 
spectrum in the CO/CN– regime of the Fe-Fe cofactor at the points indicated in panel A (▲/▼). Reduced 
states appear as positive bands. (C) In the presence of ~20% O2, the [NiFe]-hydrogenase EcHyd-2 adopts 
the inactive state Ni-B at the expense of resting states Ni-SI and Ni-SI. The enzyme is immediately activated 
at 1% H2, forming Ni-C and a mixture of three different Ni-R states, the latter that increases further over 
Ni-C under 100% H2. When the gas atmosphere is switched back to N2, a transient increase of Ni-C is 
observed before the system slowly converges into Ni-SI. (D) ‘100% H2 – 1% H2’ difference spectrum in the 
CO/CN– regime of the Ni-Fe cofactor at the points indicated in panel C (►/◄). The spectrum shows the 
different Ni-R states (positive bands) and the Ni-C state (negative bands).  

 

[NiFe]-hydrogenases display a comparable variety of reduced states.83 Upon oxidation of H2, the cofactor 
adopts a geometry with a Ni-Fe bridging hydride ligand (µH) in the 2e–-reduced state Ni-R and the 1e–-
reduced state Ni-C.84 Ni-L resembles Ni-C in terms of electron count but does not bind a µH ligand. Both 
Ni-L and Ni-R exist in three variations, presumably reflecting difference in protonation state.85 Figure 11C 
depicts the reaction of [NiFe]-hydrogenase EcHyd-2 with O2, which converts the enzyme very efficiently 
into the O2-inhibited state Ni-B.78 In the presence of 1% H2, the enzyme is immediately reactivated 
adopting a mixture of Ni-C and Ni-R. In fact, Ni-R consists of R1, R2, and R3 that are combined into a single 
trace to simplify the panel. Similar to what has been observed for [FeFe]-hydrogenase, higher 
concentrations of H2 promote an accumulation of 2e–-reduced states (here: Ni-R). In the absence of H2, 
Ni-C and the oxidized Ni-SIa state increase over Ni-R. Figure 11D shows a difference spectrum between 
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1% H2 and 100% H2 (asterisks in panel D) that allows identifying Ni-R1 – R3 due to the lack of changes 
related to Ni-SIa and Ni-B. Note that the 1e–-reduced state Ni-L is not observed. This cofactor intermediate 
has been accumulated upon visible light irradiation at cryogenic temperatures.86 Similar operando 
approaches are discussed in the next section. 

 

5. Complementary Operando Approaches  

The susceptibility of metal carbonyl complexes to light inactivation can be exploited to photolyze CO and 
hydride ligands, e.g., in bimetallic hydrogenases86–88 or cytochrome c oxidase.79 In [Fe]-hydrogenase, 
illumination leads to a significant and irreversible loss of activity following an unknown molecular 
mechanism.89 Operando ATR FTIR spectroscopy may help understanding the underlying principles. The 
spectra in Figure 12A show the vibrationally coupled CO bands of the Fe-GMP cofactor21 recorded under 
N2, in the presence of H4MPT, and in the dark. Illumination with white light (0.8 W/cm2, same dataset as 
in Figure 9C) induces a mean band shift of Δ60 cm-1 towards lower energies indicative of photoreduction. 
Moreover, Figure 12A hints at processes that are easily overlooked in steady-state experiments. For 
example, the inset highlights the immediate and transient increase of a small band at 2069 cm-1 whose 
origin is unclear but may be related to a short-lived accumulation of the CO-inhibited state of the Fe-GP 
cofactor.21 In [FeFe]-hydrogenase, ‘cannibalization’ upon illumination is a frequently observed 
phenomen90 and the overall loss of ~70% signal intensity suggests significant damage to the Fe-GP 
cofactor, indeed. In the presence of CO gas, light-induced inactivation of [Fe]-hydrogenase was found to 
be diminished89, supporting the theory of CO liberation under illumination conditions. 

 

Figure 12 | Light-triggered reactions. (A) Upon irradiation with white light, the Fe-GP cofactor of the [Fe]-
hydrogenase from M. marburgensis is partly degraded. The cofactor with CO bands at 2011 and 1943 cm-

1 converges towards a species with CO bands at 1930 and 1900 cm-1. Note the transient population of a 
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small band at 2069 cm-1 (inset). (B) Site-selective 13CO isotope editing of the cofactor in [FeFe]-
hydrogenases CrHydA1. The difference spectrum depicts the conversion of Hox-13CO into Hox-(13CO)2 
upon irradiation with red light. When switched the blue light, the bridging 12CO ligand exchanges to 13CO 
(inset). The model shows the geometry of the CO-inhibited diiron site.  

 

Inhibition with CO also protects [FeFe]-hydrogenase from light inactivation and facilitates 12CO/13CO 
isotope editing.90 Crucially, we found that different light qualities allow exchanging the CO ligands one-
by-one. Figure 12B depicts a ‘light – dark’ difference spectrum obtained in the presence of 1 atm 13CO gas 
and red-light illumination (640 nm). The dark state, Hox-13CO, carries a single 13CO ligand at position d1 
and appears with negative bands in the spectrum, whereas Hox-(13CO)2 was computed to bind two 13CO 
ligands (at d1 and d2).70 Note the lack of significant changes in the µCO regime; only when illuminated at 
460 nm, quantitative isotope editing of the µCO ligand is observed (inset). The need for blue light 
irradiation illustrates the stability of the µCO ligand relative to the terminal ligands. The frequency of the 
CN– ligands is barely affected by CO isotope editing.70  

Site-selective isotope editing was instrumental in the assignment of individual bands in the reduced H-
cluster states Hred´, Hred, and Hsred.63,91 However, the crowded spectra observed in the presence of H2 
remain a notable spectroscopic challenge. Both 1e–-reduced states Hred´ and Hred are formed upon 
proton-coupled electron transfer and can be distinguished in FTIR spectro-electrochemistry due to their 
different pKa values.92 Figure 13 compare two difference spectra recorded in potential-jump experiments 
at (a) pH 9 and (b) pH 5.93 Under alkaline conditions and reducing potentials (-650 mV vs SHE), Hox 
converts exclusively into Hred´. On the opposite, Hred converts exclusively into Hsred under acidic 
conditions and strongly reducing potentials (-750 mV vs SHE). In both spectra the small downshifts reflect 
a reduction of the [4Fe-4S]-cluster, which facilitates a unique band assignment.  

 

Figure 13 | Potential-triggered reactions. ATR FTIR spectro-electrochemistry allows recording potential-
jump difference spectra, e.g., of the [FeFe]-hydrogenase CrHydA1. The upper spectrum shows the 
accumulation of Hred´ (-650 mV, main band 1933 cm-1) over Hox (-450 mV, main band 1940 cm-1) at pH 9 
whereas the lower spectrum shows the accumulation of Hsred (-750 mV, main band 1882 cm-1) over Hred 
(-550 mV, main band 1890 cm-1) at pH 5. The small shift to lower wavenumbers in both spectra has been 
assigned to a reduction of the [4Fe-4S] cluster.  
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Note that temperature seems to affect the geometry of the reduced H-cluster: under cryogenic 
conditions, intermediates of Hred and Hsred have been identified that carry a µCO ligand,87,94 which 
happens to be different at ambient temperature. For example, in the ‘Hsred – Hred’ difference spectrum 
in Figure 13 no CO ligands are observed at frequencies smaller ~1880 cm-1. The underlying principles are 
not understood yet14 but an XAS analysis of metal-ligand bond distances suggests that certain motions 
are precluded below 200 K.95 This can involve the release of the µCO ligand into a terminal position and 
the formation of a bridging hydride ligand, as proposed earlier.91 

6. Expanding the Spectral Window 

The analysis of infrared bands between 2600 – 1800 cm-1 can be performed on absolute spectra and 
typically provides meaningful data even if the protein film is not perfectly stable. Other regimes are only 
available in difference mode (Figure 4); however, the trigger concepts discussed in Section 4 and Section 
5 often induce unspecific changes in hydration level and protein concentration. This usually impedes any 
meaning full analysis of smaller signals in difference spectra. To expand the spectral window towards 
energies lower than 1800 cm-1, highly specific trigger protocols must be devised. 

[FeFe]-hydrogenase reacts with visible light in various ways. Under cryogenic conditions, a reduction of 
the [4Fe-4S] cluster has been observed,96 and when the reduced diiron site was illuminated two Hhyd-like 
H-cluster states were trapped.87 Under ambient conditions, visible light has been exploited in XRD flash-
photolysis experiments97 and CO isotope editing (Figure 12).70 Moreover, various attempts to light-
induced H2 production are documented, e.g., coupling [FeFe]-hydrogenase with chromoproteins or redox 
dyes.98–100 We found that carboxy-terminated eosin Y (5CE) and zinc tetraphenylporphyrin (ZnTPPS) can 
be used to efficiently trigger the transition of oxidized protein into Hred or Hred´. The reduction of the 
diiron site is coupled to catalytic proton transfer. Therefore, investigating ‘Hred – Hox’ difference spectra 
conveyed a dynamic understanding of the hydrogen-bonding changes that facilitate proton transfer 
(Figure 14A).71 The respective changes in the frequency regime below 1800 cm-1 for [FeFe]-hydrogenase 
CrHydA1 are shown in Figure 14B. Negative bands belong to Hox (note the large µCO band at 1802 cm-1 
in the main panel), positive bands belong to Hred. The Δ6 cm-1 downshift of the difference feature 
between 1715 and 1700 cm-1 in D2O suggests an assignment to glutamic acid residue E141. Moreover, the 
Δ75 cm-1 downshift from 1680 to 1605 cm-1 in D2O can be assigned to a deprotonation of arginine R148.71  

In the SH frequency regime around 2500 cm-1 (compare Figure 4) any difference signals are missing. This 
makes protonation or hydrogen-bonding changes involving the cysteine residue C169 in the proton 
transfer pathway rather unlikely. In [NiFe]-hydrogenase such signals were clearly visible.101 Investigating 
‘Hred´ – Hox’ and ‘Hox-CO – Hox’ difference spectra does not hint at significant hydrogen-bonding 
changes. Moreover, a basically featureless difference spectrum is observed71 when CrHydA1 apo-protein 
is illuminated in the presence of 5CE, which proves that all changes in Figure 14B stem from functional 
enzyme.  
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Figure 14 | Investigating the IR regime below 1800 cm-1. (A) Proton transfer pathway in [FeFe]-
hydrogenase CrHydA1. In the presence of a redox dye, illumination allows accumulating Hred over Hox 
(inset). (B) ‘Hred – Hox’ difference spectra between 1800 – 1575 cm-1. The observed H/D shifts to smaller 
energy facilitate an assignment to glutamic acid residues E141 (magenta labels) and E144 (black labels) as 
well as arginine R148 (blue labels). (C) ‘CO – N2’ and ‘O2 – CO’ difference spectra of CcO from R. 
sphaeroides (black and orange traces, respectively). The right inset shows the CO band at 1964 cm-1 
confirming the FR state. Upon oxidation, positive bands at 1745 and 1705 cm-1 are observed alongside 
prominent signals at 1676, 1670, 1660, and 1642 cm-1. (D) ‘13CO – 12CO’ difference spectrum of the VFe 
nitrogenase from A. vinelandii recorded at 1.5 bar pressure. While the temporal progression of spectra 
shows changes in the amide regime < 1650 cm-1, the data allows assigning two negative µ12CO signals and 
at least one positive µ13CO band (1678 cm-1, magenta label). The inset depicts the conversion of the 
terminal 12CO ligand from 1931 cm-1 (negative) to 1888 cm-1 (13CO, positive).  

 

It is demonstrated at the example of CcO that gas titrations can serve as a trigger generating stable IR 
difference spectra. The inset of Figure 14C depicts the reaction of dithionite-reduced CcO with CO and O2, 
subsequently (same data set as in Figure 10C). In the first step, CO binds to the fully reduced BNC (1964 
cm-1). The respective ‘CO – N2’ difference spectrum below 1800 cm-1 is featureless (black, in the main 
panel), suggesting only a minimum of unspecific changes in the protein film. However, upon contact with 
O2 the CO band is lost immediately (inset), indicating replacement of CO and/or oxidation of the BNC. The 
‘O2 – CO’ difference spectrum in the main panel shows a characteristic difference signature (blue). 
Although some of these bands have been assigned102–106, a comprehensive understanding of all observed 
differences, including hydrogen-bonding and protonation changes as well as protein structural and heme-
associated changes is yet to achieve. 
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Inhibition of nitrogenase with CO has been used to identify hydride binding sites that may play a role in 
N2 fixation or the CO reduction reaction.3 Depending on the reductant FTIR and EPR spectroscopy 
suggested both Fe-terminal and Fe-Fe bridging ligands,34,107,108 typically employing illumination 
protocols.109 As shown in Figure 10, gas titrations demonstrate the coordination of a terminal CO ligand 
in dithionite-reduced VFe nitrogenase pre-incubated with CO gas. Exchanging the atmosphere from 12CO 
to 13CO, an isotopic shift from 1931 to 1888 cm-1 is observed (Figure 14D, inset) that confirms the presence 
of a terminal CO. While the respective ‘13CO – 12CO’ difference spectrum is not without unspecific changes, 
it clearly comprises of two negative bands at 1720 and 1698 cm-1. In the MoFe nitrogenase from A. 
vinelandii, very similar bands were assigned to µCO species at varying CO pressure.107 The positive feature 
at 1678 cm-1 may represent a µ13CO ligand. 

7. Outlook 

Operando ATR FTIR spectroscopy is a versatile and powerful technique for the analysis of metalloenzymes 
and GPMs in particular.  Due to the electronically non-invasive absorption of infrared radiation, the 
technique can be applied under biologically relevant conditions, which makes it compatible with many 
biochemical or electrochemical assays. Moreover, the low sample demand qualifies ATR FTIR 
spectroscopy for high-throughput approaches or the measurement of rare sample. Absolute FTIR 
absorbance spectra grant immediate access to information about film hydration (or deuteration), protein 
and reactant concentration, as well as the cofactor state (i.e., via ligands like CO or CN–). However, 
analysing bands of low absorbance or overlapping signals, efficient trigger concept must be devised to 
compute accurate FTIR difference spectra.49 Besides illumination, solvent exchange, and potential jump 
experiments59–61, I introduced quantitative gas titrations as a novel trigger strategy.  

While this perspective is focused on hydrogenase, nitrogenase, and cytochrome c oxidase, there are 
numerous other GPMs that can be analysed by operando ATR FTIR spectroscopy under gas control. This 
may include the metalloenzymes of CO2 turnover, for example CO dehydrogenase (CODH) and formate 
hydrogenase (FDH).110 The Fe protein of nitrogenase has been suggested to catalyse CO2 reduction as 
well38, and a similar reactivity was proposed for HypD, an iron-sulphur enzyme of the [NiFe]-hydrogenase 
maturation machinery.111 The membrane protein NO reductase (NOR) is another example of an 
interesting GPM.112 As a heme copper oxidase, NOR is closely related to CcO but catalyses the reduction 
of nitric oxide into nitrous oxide (N2O) and water.113  

Currently, we are developing an experimental setup to combine ATR FTIR spectroscopy with resonance 
Raman (RR) spectroscopy. The silicon crystal of the ATR unit does not only serve as an excellent reference 
for Raman scattering but can be exploiting to record UV/vis reflection spectra or fluorescence emission 
as well. Simultaneous FTIR/RR or FTIR/UV/vis experiments will be combined with gas- or potential control, 
as detailed in Section 2. These developments will facilitate a holistic understanding of small molecule 
activation with gas-processing metalloenzymes. 
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Operando ATR FTIR spectroscopy can be used to investigate a variety of gas-processing metalloenzymes. 
It is demonstrated how gas exchange experiments yield sensitive FTIR difference spectra, notably under 
biologically relevant conditions. 
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