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The molybdenum- and copper-containing enzyme carbon monoxide 

dehydrogenase from Oligotropha carboxidovorans catalyzes the oxidation of carbon 

monoxide to carbon dioxide, bioremediating about 400 million tons of CO from the 

atmosphere annually.  During catalysis, the substrate is oxidized at a binuclear metal 

center containing Mo and Cu, with electrons passed via two [2Fe-2S] clusters to a FAD 

cofactor before ultimately being transferred to the quinone pool of the electron 

transport chain.  Our studies have examined different aspects of catalysis, from the 

nature of the electron flow through the system to an examination of the binuclear 

center during enzyme turnover. 



 vii 

First, we have identified the formation of the FADH● semiquinone species during 

catalysis.  This is the first confirmed appearance of the neutral radical species in CO 

dehydrogenase, revealed from enzyme-monitored turnover, quench flow, and reductive 

titration experiments. 

Next, we have determined that pH effects in CO dehydrogenase are unique to 

the enzyme and associated with its FAD.  pH jump and reductive titration experiments 

at pH 6 and 10 reveal pH-dependent UV/visible spectra.  Upon covalent modification of 

the flavin by diphenyliodonium chloride, which leads to its covalent modification and 

inactivation at the FAD, spectral differences at the two pH extremes are abolished.  

Similar experiments involving xanthine oxidase and xanthine dehydrogenase show no 

pH-dependent spectral differences, implying that the pH effects are unique to CO 

dehydrogenase. 

Lastly, electron nuclear double resonance (ENDOR) experiments have been 

performed to further characterize the binuclear center of the partially-reduced enzyme.  

ENDOR data of 12C and 13C bicarbonate-bound enzyme reveal that bicarbonate is bound 

to the copper, rather than the molybdenum of the binuclear center, and so is unlikely to 

be an intermediate during catalysis.  Analysis of 16O and 17O Mims ENDOR indicate that 

the equatorial ligand in the molybdenum coordination sphere is not a Mo=O but Mo-

OH, and is catalytically-labile, being incorporated into the product CO2 and regenerated 

from solvent in the course of each catalytic sequence.  
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Chapter 1 

Introduction 

1.1. General Background 

1.1.1. Molybdenum and Tungsten in Chemistry 

Molybdenum, element number 42 with atomic weight 95.94 amu, is found in 

period 6, group 5, and d block of the periodic table of elements.  Its electronic 

configuration is [Kr]4d55s1, allowing it to possess oxidation states from -2 to +6.  Key 

isotopes include 95Mo (15.873%), 96Mo (16.673%), and 98Mo (24.292%) (1).  

Molybdenum is commonly mined from molybdenite, MoS2, and has uses in armor 

plating, alloy formation, and metal lubrication (2).  In fact, the howitzer Big Bertha, used 

by the Germans in World War II, was made from a molybdenum-steel alloy due to the 

its ability to handle high heat and pressure (3). 

Tungsten, element number 74 with atomic weight 183.84 amu, is found directly 

under molybdenum on the periodic table, and thus bears similar properties.  Its 

electronic configuration, [Xe]4f145d46s2, affords it the same oxidation states as 

molybdenum.  However, the presence of the additional f electron orbitals grants it 

additional stability as compared to molybdenum (1).  This feature contributes to the 

higher melting and boiling point of tungsten, making it suitable for industrial uses such 

as in light-bulb filaments, alloys, and electronics (2). 

While similarities between these two elements include a maximum octahedral 

coordination sphere and similar chemistry – both can catalyze the reduction of 
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dinitrogen to ammonia–, the differences are due to their inherent reduction potentials 

and solubility of certain molecular complexes (4).  This latter attribute explains the 

divergence of biological roles that these two elements play, including bioavailability and 

reaction specificities.  

 

1.1.2. Molybdenum and Tungsten in Biology 

While most molybdenum compounds are insoluble in water, molybdates 

(MoO4
2-) are very soluble.  In this form, molybdenum is the most abundant transition 

element found in seawater at a concentration of about 10 μg/L (5).  This may be the 

reason why this element is so integral in the evolution of life and is hence found in 

widely diverse biological processes, from bacterial nitrogen fixation to mammalian 

purine catabolism (6).  In comparison, tungsten may have been the evolutionary 

antecedent to molybdenum, as it is found mainly in hyperthermophilic Archaea and 

exists at two orders of magnitude lower in seawater (5).  Tungsten complexes also have 

lower reduction potentials than the corresponding molybdenum complexes, another 

indication that tungsten may have been more important in early life in the anaerobic, 

reducing environment of Earth (7).  Both of these transition elements are able to cycle 

among the IV, V, and VI states via one- and two-electron transfer processes in 

physiological systems.  Additionally, cofactors of enzymes that do not use the 

molybdenum use tungsten instead.  However, certain tungsten enzymes cultivated in a 

mixed medium of molybdenum and tungsten will preferentially incorporate the former 
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over the latter and still maintain activity, for example, formate dehydrogenase from 

Desulfovibrio alaskensis (8).  In the present day, molybdenum enzymes are widely 

distributed across aerobes, whereas tungsten enzymes are found only in anaerobes.  

These pieces support the notion that molybdenum overtook tungsten in precedence at 

least among aerobic organisms (6). 

 

1.1.3. Molybdenum and Tungsten Enzymes 

Molybdenum and tungsten enzymes are nearly ubiquitous in life, ranging from 

extremophiles such as Pyrococcus furiosus to the more familiar Homo sapiens sapiens.  

Their functions contribute to biochemically essential reactions in carbon, nitrogen, and 

sulfur metabolism.  Examples of this include the conversion of atmospheric carbon 

monoxide to carbon dioxide, reduction of dinitrogen to ammonia, and oxidation of 

sulfite to sulfate (6,9-11).  Different organisms actively acquire molybdenum as the 

oxyanion molybdate (MoO4
2-): bacteria use an ATP-dependent ABC-type transporter 

while eukaryotes use the high-affinity molybdate transporters MOT1 and MOT2, the 

former used by plants and the latter by humans (12). 

Once in the cell, molybdenum is found in two cofactor forms.  The first type is in 

the well-known bacterial nitrogenase that anaerobically reduces atmospheric dinitrogen 

to ammonia.  Nitrogenase contains a [MoFe7S9] cluster, named the FeMo cofactor or M 

cluster, in which the molybdenum is the last component to be inserted.  Cluster 

assembly originates from the interactions of NifS and NifU to form a pair of [4Fe-4S] 
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clusters, which will be then inserted into NifB.  Radical S-adenosylmethionine (SAM) 

reactions fuse these precursor Fe/S clusters, termed the K-cluster, into the L-cluster.  

Insertion of the L-cluster into NifEN, an M-cluster maturase, allows NifH to insert the 

final pieces – molybdenum and homocitrate – and form the M-cluster (Figure 1.1). This 

fully-formed M-cluster will be then inserted into the NifDK protein, completing the 

formation of the nitrogenase MoFe protein (10). 

In contrast to the auxiliary role in the mainly-inorganic M-cluster of nitrogenase, 

molybdenum takes center stage when coordinated in the pyranopterin cofactors of the 

mononuclear molybdenum and tungstenenzymes.  There are three principal families of 

mononuclear molybdenum enzymes: the xanthine oxidase (XO) family, the sulfite 

oxidase (SO) family, and the dimethylsulfoxide (DMSO) reductase family.  Tungsten 

enzymes are divided into two families: the aldehyde:ferredoxin oxidoreductase family, 

and the formate dehydrogenase family, the latter of which shares amino acid similarity 

with the molybdenum-containing DMSO reductase family.  All five families incorporate 

variations of the pyranopterin (molybdopterin, or tongue-in-cheek tungstopterin) 

cofactor (6,13). 

Biosynthesis of the pyranopterin cofactor common to both molybdenum- and 

tungsten-containing enzymes is initiated when guanosine triphosphate (GTP) is 

converted to cyclic pyranopterin monophosphate (cPMP) by bacterial MoaA and MoaC 

(MOCS1A and MOCS1B in humans, respectively).  IscC uses sulfurs from cysteine and – 

along with MoaD, MoaE, (MOCS2B and MOCS2A, in humans) and MoeB – completes the 
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Figure 1.1 Molybdenum in biological enzymes 

(Top) M-cluster of nitrogenase from A. vinelandii (PDB: 3U7Q). (Bottom) Molybdopterin 

cofactor of sulfite oxidase from A. thaliana (PDB: 1OGP).  Molybdenum in dark gray, all 

other atoms in CPK.  Images rendered using PyMOL.  
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synthesis of the molybdopterin (MPT) cofactor (14).  The nomenclature of the cofactor 

is misleading, as it does not yet contain molybdenum.  With the assistance of Mg2+·ATP, 

MogA inserts molybdenum into the final cofactor, Mo-MPT (13).  In humans, gephryrin 

is the enzyme that performs this reaction (15).  From this common intermediate, the 

fate of the cofactor diverges.  Among the three principal families of molybdenum 

enzymes, the Mo-MPT can either be 1) inserted without modification in the sulfite 

oxidase family, 2) modified with a cytidine dinucleotide (MCD) for insertion into the 

xanthine oxidase family, or 3) modified with a guanidine and coordinate the 

molybdenum with two equivalents in a bidentate manner (bis-MGD) for insertion into 

the dimethylsulfoxide reductase family (Figure 1.2) (16-19). 

The xanthine oxidase family of mononuclear molybdenum enzymes has been the 

longest studied.  The eponymous xanthine oxidase has been well-known as the catalyst 

for xanthine degredation to uric acid in purine catabolism (20).  Members of this family 

have a LMoVIOS-(OH) distorted square pyramidal coordination geometry for its active 

center.  The pyranopterin cofactor, labeled L, coordinates to the molybdenum via a 

dithiolene linkage in one half of the equatorial plane.  The remaining two ligands in this 

plane are a catalytically labile Mo-OH and catalytically essential Mo=S: replacement of 

the Mo=S with the Mo=O motif inactivates the enzyme.  There are two variations known 

from this basic structure.  In one instance, a Mo=Se is found in nicotinate 

dehydrogenase.  In the other, a Mo-S-Cu-S-Cys exists in the unique binuclear center of 

carbon monoxide dehydrogenase (21,22). Finally, the apical ligand is a Mo=O group, 
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Figure 1.2 Biosynthesis and insertion of the molybdopterin cofactor into 

mononuclear molybdenum enzyme families 

GTP is first cyclized before being processed into cyclic pyranopterin monophosphate 

(cPMP).  Sulfur is inserted to form molybdopterin (MPT), which then gains a MoO4
2- to 

become the mature cofactor Mo-MPT for insertion or further processing.  Cofactors 

involved in maturation in blue. 
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shown in Figure 1.3, which does not participate directly in catalysis (13). In addition to 

the molybdenum center, two [2Fe-2S] clusters and usually a flavin adenine nucleotide 

(FAD) cofactor are found in enzymes of the XO family.  Electron transfers proceed from 

the molybdenum center, through both [2Fe-2S] clusters to the FAD cofactor, where the 

reducing equivalents will ultimately go to NAD+ or O2 (23).  Enzymes in the xanthine 

oxidase family typically catalyze hydroxylation of carbon centers.  For example, xanthine 

oxidase converts xanthine to uric acid by donating the equatorial -OH of the 

mononuclear center to C8 of the substrate (24). Also, aldehyde oxidase converts 

aldehydes to carboxylic acids by a similar mechanism.  The exception to the rule is the 

binuclear center of Mo/Cu-containing carbon monoxide dehydrogenase, which catalyzes 

the oxidation of carbon monoxide to carbon dioxide.  The subject of this dissertation is 

to examine the mechanism by which this oxidation takes place using different kinetic 

and spectroscopic analyses. 

The active site of sulfite oxidase family members is a LMoVIO2(S-Cys) center that 

assumes a distorted square pyramidal geometry similar to that of the XO family.  The 

apical oxo- and dithiolene ligands are retained.  However, one of the equatorial ligands 

is a cysteine ligand, covalently linking the cofactor to the protein.  The other is a second 

Mo=O group (Figure 1.3).  Familial enzymes catalyze the addition or removal of oxygen 

to the substrate via a lone pair of electrons.  The two representative members of this 

family are sulfite oxidase, which adds an oxygen to sulfite to form sulfate, and nitrate 

reductase, which extracts an oxygen from nitrate to form nitrite. (25,26) 
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Figure 1.3 Molybdopterin cofactors of the mononuclear molybdenum enzymes 

From top to bottom, the structures of xanthine oxidase (PDB: 3UNC), sulfite oxidase 

(PDB: 1SOX), and DMSO reductase (PDB: 1DMR) are shown.  Molybdenum is in dark gray 

and all other atoms are in CPK, as rendered in PyMOL.  



10 

The third family of mononuclear molybdenum enzymes is the most diverse in 

both function and active site structure.  Unlike the other two families, the DMSOR family 

has bispterin coordination to the molybdenum, in which not one but two equivalents of 

the pyranopterin cofactor are bound to the metal center in a L2MoViO(X) configuration.  

The remainder of the coordination sphere usually consists of an oxo group and a sixth 

ligand, X.  This final ligand can be a serine, cysteine, selenocysteine, or hydroxide, based 

on the enzyme in which it may be found (Figure 1.3) (27-30).  Enzyme structural variance 

is apparent in the various combinations of additional cofactors found in these enzymes, 

from [2Fe-2S] and [3Fe-4S] in arsenite oxidase of Alcaligenes faecalis, to the [4Fe-4S] 

and heme of nitrate reductase in Rhodobacter (30,31).  Enzymes in this family 

participate mainly in oxygen atom transfer reactions, although oxidation-reduction and 

hydroxylation/hydration reactions also occur.  

 

1.2. Carbon Monoxide (CO) Dehydrogenase 

1.2.1. Carboxidotrophic Bacteria 

Carboxidotrophic organisms are part of a phylogenetically diverse category of 

microbes that can metabolize carbon monoxide (CO) for processes such as aceto-, 

methano-, and hydrogenogenesis, desulfurication, iron reduction, and oxygen 

respiration (Figure 1.4) (32,33).  These organisms range from the extremely thermophilic 

obligate anaerobe Caldanaerobacter subterraneus pacificus, which resides in deep-sea 

hydrothermal environments, to the mesophilic aerobic chemolithotroph Oligotropha  
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Figure 1.4  Carbon monoxide processing by CO dehydrogenase. 

The reaction catalyzed by CO dehydrogenase is shown in the above schematic, as are 

the various possibilities of subsequent reactions generated by the reducing equivalents. 
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carboxidovorans (34).  The term “carboxidotroph” was originally reserved for aerobic 

microbes that used CO as the sole carbon and energy source; (35) however, the moniker 

has broadened to include any microorganism that uses CO as an energy source.  The 

general reaction of CO processing is given below: 

CO + H2O  CO2 + 2 H+ + 2 e- 

Due to the use of CO as a substrate, between 190 to 630 Teragrams (~200-700 

million tons) are bacterially remediated from the atmosphere annually – about 15% CO 

global loss – thereby keeping levels of atmospheric CO below toxicity (36,37). 

 

1.2.2. CO Dehydrogenase 

As stated above, anaerobes and aerobes that can process CO possess an enzyme 

called carbon monoxide dehydrogenase (CODH), but the enzymes from the two types of 

organisms are quite different.  The enzyme from anaerobes has a Ni/Fe center, while 

the enzyme from aerobes has a Mo/Cu center (Figure 1.5) (34).  The nickel-containing 

enzymes have two activities: the first being the oxidation of CO to CO2, and the second 

the reversible synthesis and degredation of acetyl-CoA.  This dual characteristic is why 

these enzymes are commonly referred to as CODH/ACS enzymes, to distinguish them 

from the CODH-only activity of the molybdenum-containing enzymes.  It is interesting to 

note here that the CO used in anaerobes as an intermediate is not atmospheric in origin, 

but rather is endogenously generated by the bacterium via the Wood-Ljungdahl 

pathway (33,38).  Since the reduction potential of the CO/CO2 pair is quite low (-524 to  
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Figure 1.5 Active site structures of CO dehydrogenase enzymes 

(Top) The Ni/Fe-containing CODH/ACS from Moorella thermoacetica (PDB: 1MJG).  The 

[Fe4Ni1S4] active site cluster is bound to the enzyme by four cysteines: three to three of 

the four Fe atoms, and one to the lone Ni atom.  (Bottom) The Mo/Cu-containing CODH 

from Oligotropha carboxidovorans (PDB: 1N5W). The Mo and Cu atoms are bridged by a 

μS, and the Cu is bound to the protein via the Cys388 thioether linkage.  All atoms in CPK 

as renedered in PyMOL.  

Ni/Fe CODH 

Mo/Cu CODH 
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558 mV), electrons generated from the reaction can be transferred to a diverse array of 

redox-active centers (39). 

Molybdenum-containing CO dehydrogenase enzymes are quite different from 

their nickel-containing cousins in a variety of ways.  First, they are found in aerobes, and 

therefore not oxygen-sensitive.  Second, they do not catalyze the formation of acetyl-

CoA, but just the oxidation of CO to CO2.  Third, electrons liberated from the reaction 

are transferred to acceptors with a narrow range of reduction potentials, from +0.011 to 

0.043 V (34).  Last, the genes that encode this form of the enzyme are found on a 

plasmid – pHCG3 in Oligotrohpa carboxidovorans – rather than the bacterial 

chromosome as for the Ni-containing CO dehydrogenase (40). 

The reaction catalyzed by the Mo/Cu-containing CO dehydrogenase is given 

below: 

2.19 CO + O2  1.83 CO2 + 0.36 cell carbon + energy 

The cell carbon product is non-photosynthetically fixed in the reductive pentose 

phosphate pathway (41).  Oxidation of CO to CO2 results in the a two-electron reduction 

of MoVI to MoIV, which then regenerates the MoVI species after successive one-electron 

transfers from the molybdenum to two [2Fe-2S], then finally to a flavin adenine 

nucleotide (FAD) cofactor.  These reducing equivalents then leave the enzyme for an 

intramembrane quinone pool and are ultimately passed on to a CO-insenstive terminal 

oxidase (42,43). 
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1.2.3. Structure of the Molybdenum- and Copper-Containing CO Dehydrogenase 

The Mo- and Cu-containing CO dehydrogenase is a heterohexamer with a (αβγ)2 

motif.  Three subunits are found in each protomer: a small subunit (CoxS, 17.8 kDa) 

containing two [2Fe-2S] clusters, a medium subunit (CoxM, 30.2 kDa) containing a flavin 

adenine dinucleotide (FAD) cofactor, and a large subunit (CoxL, 88.7 kDa) containing the 

molybdenum center (Figure 1.6) (44-46).  The genes encoding the enzyme are found not 

on the bacterial chromosome, but instead on the 133 kb megaplasmid pHCG3 (47).  This 

megaplasmid contains genes for carbon monoxide (cox), carbon dioxide (cbb), and 

hydrogen processing (hox), in addition to plasmid mobilization (tra/trb), depicted in 

Figure 1.7. (48) The 14.5 kb gene cluster coxBCMSLDEFGHIK contains the three 

structural genes (coxMSL) flanked by accessory genes that may encode for roles such as 

membrane association (coxB, coxC, coxH, and/or coxK), cofactor insertion (coxF and/or 

coxI) and biogenesis of the [CuSMoO2] cluster (coxD) (40,48,49). 

As indicated previously, the Mo/Cu CO dehydrogenase is a member of the 

xanthine oxidase family with a LMoVIOS-(OH) geometry.  However, it is unique in that it 

contains a binuclear metal center, with the structure LMoVIO(OH)-μS-CuI(H2O/OH)-

SCys388, shown in Figure 1.8 (45,50). The carbon monoxide substrate binds not to the 

molybdenum, but to the copper(I), displacing a water molecule bound to it (51).  

Interestingly, the copper to which the CO substrate is bound does not change its 

oxidation state during catalysis.  Rather, it is the molybdenum that redox cycles among 

the VI, V, and IV states (45,50,52).  Electron paramagnetic resonance (EPR) 
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Figure 1.6 Structure of CO dehydrogenase from Oligotropha carboxidovorans 

(Top) The (αβγ)2 heterohexamer is a dimer of trimers (PDB: 1N63).  Each 88.3 kDa CoxL 

subunit (blue) contains a Mo/Cu center.  Each 17.8 kDa CoxS subunit (red) contains two 

[2Fe-2S] clusters.  Each 30.2 kDa CoxM subunit (yellow) contains a FAD cofactor.  The 

left side of the diagram is rendered in mesh to show the redox-active centers in each 

subunit.  (Bottom) The path of electron transfer among the redox-active centers of one 

subunit is shown. 

Mo/Cu Fe/S I Fe/S II FAD 
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Figure 1.7 Genetic diagram of pHCG3 OM5 from Oligotropha carboxidovorans 

(Top) A schematic of the pHCG3 megaplasmid of O. carboxidovorans is color-coded with 

CO-oxidation (cox) genes in blue, CO2-fixation (cbb) genes in green, H2-oxidation (hox) 

genes in red, conjugal transfer (tra/trb) genes in purple, and intraclustral regions in 

white. (Bottom) Organization of cox genes within pHCG3.  Membrane-associated genes 

coxB, coxC, coxH, and coxK are in green; structural genes coxMSL are in blue, a 

membrane-associated AAA+ ATPase coxD is in yellow, and genes coxF and coxI encoding 

for xdhC-like proteins are in red.  Black ovals denote promotor regions. 
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spectroscopy has led to a model that indicates a MoV-μS-CuI linkage, supported by the 

observation of a very strong Cu superhyperfine (53).  Moreover, the singly occupied 

molecular orbital (SOMO) of this system shows delocalization across the bonds with 44% 

Mo dxy character, 25% S p character, and 21% Cu dx2/dxy character, extending the redox-

active orbital over a wide distance (54).  

Another characteristic that distinguishes CO dehydrogenase from the canonical 

xanthine oxidoreductase is that it does not perform hydroxylation of a carbon center as 

is typical in the XO family, but instead it catalyzes oxidation of CO to CO2 in a manner 

that does not involve C-H bond cleavage.  Nonetheless, there is an active site glutamate 

residue in CO dehydrogenase, Glu 763, that is strictly conserved among other XO family 

members (Glu 1261 in the Bos taurus xanthine oxidoreductase).  It may be this residue 

that could participate in catalysis, as one mechanism proposes (54).  Although the 

deeply buried binuclear Mo/Cu center contains a solvent access channel which is 

occluded by Phe 390 (Phe 914 in the corresponding xanthine oxidoreductase), the 

aromatic residue may be flexible enough to allow access by substrate and even larger 

compounds such as n-butylisocyanide (45). This introduces the notion that substrate 

may access the active site not by a single channel, but by multiple points of access via 

transient pathways, as computationally proposed in myoglobin (55). 
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Figure 1.8 Active site structures of xanthine oxidase family enzymes  

(Top) Structure of Mo center in xanthine oxidase. (Bottom) Structure of Mo/Cu center in 

CO dehydrogenase.  Both have similar distorted square pyramidal geometries, with 

similar ligands.  However, CO dehydrogenase has a second metal center, Cu, connected 

to the molybdenum via a μ-sulfido bridge.  
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1.3. Carbon Monoxide 

1.3.1. Chemistry of Carbon Monoxide 

Carbon monoxide is an odorless and colorless gas.  Assimilation and removal of 

this molecule contributes to myriad biological, chemical, physiological, and 

environmental pathways.  The rise of industry has contributed greatly to the increased 

amount of carbon monoxide in the atmosphere; in fact, it is now the second highest 

contributor to global warming as a greenhouse gas, behind carbon dioxide (56).  In sum, 

as much as 2.6 petagrams (Pg) of atmospheric CO are generated biotically and 

abiotically each year (57).  

The molecule itself is fairly simple: a triple bond is formed between the carbon 

and oxygen atoms.  It is the most stable chemical bond.  Interestingly, the partial 

negative charge is found on the carbon atom, even though the oxygen atom is more 

electronegative.  Thus, in coordination chemistry geometry, it is the carbon rather than 

the oxygen that is bound to the metal.  The highest occupied molecular orbital (HOMO) 

of carbon monoxide is the lone pair on the carbon that donates electron density to the 

metal in forming a σ bond.  The metal then can backbond to CO via a π* antibonding 

orbital, as that would be the lowest unoccupied molecular orbital (LUMO).  The 

backbonding from the metal to the CO ligand weakens the triple bond of ligand itself: 

the greater the backbonding, the stronger the metal-carbon interaction, and the weaker 

the carbon-oxygen bonding, giving the CO more double bond character.  The carbon-

oxygen stretching frequency can be measured via Fourier-transform infrared (FTIR) 
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spectroscopy.  The lengthening of the C-O bond may be what allows the carbon to be 

more susceptible to nucleophilic attack.  Determining the extent of carbon-oxygen bond 

lability may elucidate potential mechanisms for catalysis in the case of carbon monoxide 

dehydrogenase. 

 

1.3.2. Catalysis and Proposed Mechanisms of CO Dehydrogenase 

The process by which carbon monoxide dehydrogenase oxidizes CO to CO2 has 

been briefly described above.  CO binds to the copper of the binuclear center and upon 

catalysis, the molybdenum is reduced from the oxidation states of VI to IV, and 

reoxidizes to V upon return to VI.  The electrons are transferred from molybdenum to 

the proximal [2Fe-2S], the distal [2Fe-2S], and finally to the FAD, where they are passed 

on to the quinone pool.  The rate of turnover has been measured at kcat = 51 s-1, and is 

independent of pH and substrate concentration (58).  The electron transfer rates among 

the redox-active centers, however, are much faster than the catalytic rates.  In the case 

of xanthine oxidase, the initial electron transfer from the molybdenum to the proximal 

[2Fe-2S] was calculated to be about 8300 s-1, whereas the reverse rate was calculated to 

be approximately 1800 s-1 (59).  Reduction potentials of MoVI rapid/MoV slow couple and 

the Fe/S I (proximal) species are -375 and -336 mV, respectively.  This would generate 

an equilibrium constant of 4.6, favoring the reduction of Fe/S I (59,60).  Electron transfer 

rates from the Fe/S II (distal) cluster to the flavin and the reverse reaction are at 25 s-1 

and 145 s-1, respectively.  The Fe/S II and flavin quinone/semiquinone reduction 
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potentials are about -155 and -200 mV, respectively.  The resulting equilibrium constant 

is 5.6, favoring the reduction of Fe/S II.  These slower rates may be explained by the fact 

that electron transfer is closely linked with protonation/deprotonation of the flavin (59).  

As the structures of XO and CO dehydrogenase are similar, we may expect to see similar 

rates of intramolecular transfer. 

What is still unclear is the mechanism by which CO dehydrogenase catalyzes CO 

oxidation.  Several mechanisms have been proposed: one based on inhibitor-bound 

crystal structures, others computational analysis, and one incorporating the delocalized 

nature of the redox-active orbital.  The first mechanism was based on a 1.1 Å resolution 

crystal structure of the binding of an inhibitor, n-butylisocyanide, to the active site of 

the oxidized enzyme. (45) The structure shows the n-butylisocyanide integrated 

between the bridging sulfur and copper but still bound to the molybdenum equatorial 

oxygen, akin to a bridging thiocarbamate derivative. CO is postulated to take the place 

of the CN in the mechanism.  Upon hydrolysis by solvent, the product CO2 leaves, and 

the μS-Cu bond is re-established (Figure 1.9a) (45,54).   

All other mechanisms start with the CO bound at the copper, with the Mo=O 

nucleophilically attacking the Cu-bound and activated CO substrate, forming a bridged 

five-membered structure consisting of the Mo, μS, Cu, substrate C, and equatorial 

oxygen.  From this point, proposed mechanisms diverge. (54) Two possibilities have 

been put forth based on density functional theory (DFT) computational studies. In the 

first case, rearrangement occurs such that the substrate is inserted between the μS and 
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Cu, forming a thiocarbamate intermediate like the first mechanism above. However, 

product is released when a solvent hydroxide/water molecule displaces the oxygen 

bridging the substrate carbon and molybdenum (Figure 1.9b) (51).  The second 

computationally-based mechanism proposes that the thiocarbamate intermediate is a 

dead-end, being too thermodynamically stable for the reaction to proceed.  Instead, 

attachment of the substrate carbon migrates from the Cu, to the μS, then finally to the 

Mo itself.  The μS-Cu bond is never broken.  Product is released as solvent water 

displaces it, regenerating the equatorial oxygen of the molybdenum coordination 

sphere (Figure 1.9c) (52). Another mechanism condenses the intermediates proposed in 

the computationally-based mechanisms as alternate resonance or rapidly-

interconverting intermediates.  Active site Glu 783 acts as a general base, extracting a 

proton from water such that the hydroxide formed can nucleophilically attack the 

molybdenum.  This, in turn, dissociates the equatorial oxygen for product formation and 

release, simultaneously reforming the molybdenum-oxygen bond (Figure 1.9d) (54). 

The last proposed mechanism is based on molecular orbital analysis, in which the 

intermediate has a bent O-C-O geometry based on Renner-Teller distortion.  Following 

nucleophilic attack and formatting of the bridging species, a solvent hydroxide binds to 

the Cu and activated carbon, forming a four-coordinate copper preceding a bicarbonate 

intermediate.  Product release occurs as solvent water displaces it, and again the 

molybdenum center is regenerated.  The unique nature of this reaction is that  
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Figure 1.9 Proposed mechanisms of carbon monoxide oxidation by CO 

dehydrogenase    

A shows the reaction mechanism based on the structure of n-butylisocyanide-inhibited 

enzyme. B and C show reaction mechanisms predicted by computational work. D shows 

a reaction mechanism proposing hydroxide attack on Mo center. E shows a reaction 

mechanism proposing that bicarbonate, not carbon dioxide, is the product. 
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bicarbonate, not carbon dioxide, is the product.  However, the two species would 

rapidly equilibrate in aqueous solution (Figure 1.9e) (61). 

 

1.4. Introduction to Current Studies 

This last mechanism has lent itself to several of our recent studies to assess its 

validity and applicability.  One of the ways we did this was to prepare EPR and ENDOR 

samples of NaHCO3 and Na13HCO3 to determine the extent of bicarbonate binding at the 

active site, if at all.  Dr. Veronika Hoeke and Dr. Brian Hoffman at Northwestern 

University were gracious collaborators in collecting and analyzing data for the ENDOR 

studies.  In addition, we attempted to crystallize bicarbonate-bound CO dehydrogenase 

to structurally determine the manner in which bicarbonate binds to the binuclear 

center.  In an unrelated experiment, we also prepared crystals of enzyme with 

pentachlorophenol (PCP), a quinone analog.  Since the final electron transfer out of the 

enzyme proceeds from the FAD to the quinone pool, we wanted to observe the 

positioning of the isoalloxazine and quinone rings to provide more information 

regarding electron transfer (42). 

We also attempted to determine whether the hydrogenase activity of the 

enzyme is reversible (62).  To do this, we recruited the assistance of Dr. Ilkeun Lee in the 

Department of Biochemistry at UC Riverside for quadrupole mass spectroscopy analysis 

of potential HD (H2H) gas evolution.  Prior studies have determined the hydrogenase 

activity of the enzyme in converting dihydrogen gas to protons; however, the results of 



26 

the reverse reaction were indeterminate.  By introducing H2 gas substrate, we would 

repeat the forward reaction, but hopefully provide enough substrate for the reverse 

reaction as well.  To detect H2 would be inappropriate, though, because it would be 

indistinguishable whether the dihydrogen gas formed was the product of the reverse, 

reductive reaction, or if it was merely the excess substrate introduced.  However, 

detecting HD product using a D2O-based solvent would help determine the true 

reversibility of the reaction. 

Another set of experiments addressed the elusive nature of the UV/visible 

spectrum of the partially-reduced CO dehydrogenase.  While the paramagnetic MoV 

species is EPR active, it has yet to be observed spectrophotometrically.  Muddying the 

waters further is the fact that the molybdenum charge-transfer spectrum is less robust 

compared to the flavin and iron-sulfur cluster spectra.  Previously published data has 

shown a transient increase in absorbance at 550 nm upon initial reduction of the 

enzyme (58).  There are two possible species that could affect the spectral change: the 

partially-reduced MoV species, or the flavin semiquinone.  To uncover the identity of the 

contributor, we performed rapid-reaction kinetics using a stopped-flow apparatus to 

observe any changes above 550 nm.  We also compared sets of spectra of the oxidized 

and reduced enzyme, both cyanolyzed and reconstituted, essentially creating a double 

difference analysis to determine whether features at the longer wavelengths exist to 

determine what they may represent. 
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Finally, we did pH jump experiments to examine the redistribution of reducing 

equivalents within redox-active centers of CO dehydrogenase.  These experiments led to 

reductive titrations of the enzyme at different pH levels to consider the pH effects of 

those same redox-active centers.  Electron transfer rates between pH 6 and 10 for 

xanthine oxidase have been established, and the direction of those electron transfer 

rates among the redox-active centers is known (63).  However, these are still 

unidentified in CO dehydrogenase, hence the necessity of the pH jump experiments.  

We also looked at the UV/visible spectra of CO dehydrogenase, xanthine oxidase, and 

xanthine dehydrogenase at the different pH extremes to see any differences in their 

oxidized spectra as a function of pH are apparent among XO family members.    

All of the experiments to be described in this dissertation intend to shed some 

light into the spectroscopic and mechanistic properties of CO dehydrogenase. 

  



28 

Chapter 2 

Materials and Methods 

2.1. Materials  

Carbon monoxide and hydrogen gas were obtained at a purity of at least ≥99.5% 

from Airgas, Inc.  1,4-benzoquinone and 1,4-naphthoquinone were obtained from 

Sigma-Aldrich.  Isotopically enriched D2O (2H, 99.5%) and NaH13CO3 (99% 13C) were 

obtained from Cambridge Isotope Lab, Inc.  H2
17O (40.2% 17O, 7.4% 18O) was obtained 

from Isotec, Inc. All other chemicals and reagents were obtained at the highest quality 

and purity commercially available.  

 

2.2. Bacterial Cultivation and Enzyme Purification 

1L of Oligotropha carboxidovorans (ATCC 49405) cells were grown at 30°C, pH 

7.2, in minimal medium composed of 3.57 g/L Na2HPO4, 1.5 g/L KH2PO4, 1.5 g/L NH4Cl, 

0.098 g/L anhydrous MgSO4, 0.02 g/L CaCl2·2H2O, 0.0012 g/L Fe3+(NH4)-citrate, and 1 

mL/L TS2 (trace elements for ATCC 49405) in a shaker at 250 rpm.  0.3% sodium acetate 

provided the carbon source for growth.  Cells were harvested at OD436 > 10.  Having 

removed 25 mL of this acetate starter culture for 50% glycerol stocks, the remainder 

was used to inoculate 16 L of the same minimal medium as above except without 

acetate in a 20-L fermenter (BioFlo 415, New Brunswick) utilizing CO as the sole carbon 

and energy source – as a mix of 80% air and 20% CO.  Cells from the fermentation batch 
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were harvested at late log phase (OD436 > 5) and stored at -80°C, typically after two 

weeks of growth (58). 

Purification of the enzyme was carried out as first described in Zhang et al. (58). 

All purification steps were executed at 4°C unless otherwise noted.  Approximately 100 

g cells were suspended in 200 mL 50 mM HEPES buffer, pH 7.2, containing 1 mM EDTA, 

and 5 mg each of lysozyme and DNAse I.  Cells were lysed using a French press (FA-078A, 

Thermo Electron Co.), and cell debris removed by ultracentrifugation at 35k rpm for 2 h.  

Column purification was carried out on an ÄKTA purifier (GE Healthcare).  Supernatant 

was loaded onto a Q-Sepharose (GE Healthcare) column (40 cm x 2.6 cm) pre-

equilibrated with 50 mM HEPES, pH 7.2, with 1 mM EDTA (Buffer A).  Enzyme was 

chromatographed in six column volumes with a linear gradient of 50 mM HEPES, pH 7.2, 

1 mM EDTA, and 1 mM NaCl (Buffer B).  Enzyme was eluted at 35% of Buffer B.  

Fractions containing enzyme, analyzed spectrophotometrically by the criteria of 

A280/A450 ≈ 5.5, A450 ≥ A420, and A450/A550 ≈ 2.7, were pooled and concentrated using an 

Amicon concentrator with a 100 kDa MW limit.  Concentrated enzyme was then loaded 

onto a Sephacryl S-300 (GE Healthcare) column (40 cm x 2.6 cm) in 50 mM HEPES buffer, 

pH 7.2, containing 1 mM EDTA and 150 mM NaCl.  Fractions containing enzyme, again 

spectrophotometrically analyzed, were pooled and concentrated for storage at -80°C.  

Figure 2.1 shows the UV/visible spectrum of purified CO dehydrogenase. 
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Figure 2.1 UV/visible spectra of oxidized and reduced CO dehydrogenase 

The blue spectrum shows oxidized CO dehydrogenase as purified.  The red spectrum 

shows dithionite-reduced CO dehydrogenase.    
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2.3. Copper Reconstitution of the Active Site 

In as-isolated enzyme, the molybdenum exists mostly as an inactive tri-oxo 

center rather than the active Mo-μS-Cu-S-Cys form.  Reconstitution of the active center 

is thus necessary, involves adding the bridging sulfur and copper in a stepwise fashion, 

as shown in Figure 2.2, modified from Resch et al. (64). 

The first step involves the addition of the bridging sulfur.  50 μM of CO 

dehydrogenase in 1 mL 50 mM Tris-Cl, pH 8.2 was added to a Wheaton vial with a 

magnetic stir bar.  Following addition of 10 μL/mL of methyl viologen (10 mM in 50 mM 

PO4
3-, pH 8.0) and 10 μL/mL of 10 mM FAD, the stopper-sealed solution was made 

anaerobic by continually flushing with Ar while venting oxygen via a 25-gauge syringe 

needle for over an hour.  The enzyme solution was stirred at 60 rpm during the 

anaerobic process.  20 μL/mL of 100 mM Na2S and 10 μL of 100 mM sodium dithionite – 

enough to create the dark violet color of reduced methyl viologen – were added using a 

Hamilton syringe, and the enzyme mixture was incubated under Ar atmosphere in the 

dark at 20°C for 16 h. 

The second step incorporates copper between the bridging sulfur and a cysteine 

residue, thereby completing the binuclear center.  The enzyme from the first step was 

passed through a G-25 chromatography column – pre-equilibrated with 50 mM Tris-Cl, 

pH 8.2 buffer – to remove the excess methyl viologen, dithionite, and sulfide.  The 

enzyme was made anaerobic as before.  40 μL of a stock solution of 10 mM CuCl2, 

thiourea, and sodium ascorbate in a 1:3:1 (w/w) ratio was added per one mL of  
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Figure 2.2 Diagram showing the reconstitution process of the binuclear center 

The diagram above depicts the reconstitution of the enzyme from the inactive, 

mononuclear state to the active, binuclear state.  The first step incorporates the 

bridging sulfur, and the second step incorporates the copper, which links the 

molybdopterin cofactor to the enzyme via a cysteine residue. 
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anaerobic enzyme for a final concentration of 0.4 mM and incubated 12-16 h at 20°C.  A 

final G-25 column – pre-equilibrated with 50 mM HEPES, pH 7.2 buffer – was used to 

remove excess copper, and the enzyme was assayed for activity.   

 

2.4. Protein Determination and Activity Assay 

The concentration of CO dehydrogenase was determined from the absorbance 

at 450 nm using an extinction coefficient of 35 mM-1cm-1 per monomer. Purity of the 

enzyme was determined using the following criteria: A280/A450 ≈ 5.5, A450 ≥ A420, and 

A450/A550 ≈ 3.  Enzyme activity was determined as follows: 2 mL of 50 μL methylene blue 

in 50 μM KH2PO4 was added to a cuvette and sealed with a rubber septum.  The solution 

was then bubbled with CO for 20 minutes yielding a solution of 1 mM CO.  The assay 

was initiated by addition of 5-8 μM enzyme with the reaction followed 

spectrophotometrically (using a HP 8452A UV/Visible Diode Array 

Spectrophotometer) by monitoring the bleaching of methylene blue (ɛ615 = 37.11 mM-

1cm-1) over 300 s at 30°C after addition of 10 μL of 5 μM enzyme with a Hamilton syringe 

(65).  Activity was determined by comparing the extent of reduction by methylene blue 

bleaching (indicative of active enzyme only) and dithionite reduction at 450 nm 

(indicative of total enzyme).  Specific activity is defined as 1 mol CO oxidized per minute 

at 30°C.  Typical specific activity of CO dehydrogenase is 22-24 U/mg for the 273 kD 

dimer of trimers, or 11 U/mg per active site (one per protomer).  Typical activity of 
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reconstituted enzyme was 40-50% of total kcat ≈ 50 s-1, comparable to published levels 

(58,64). 

 

2.5. Rapid-Reaction Kinetics 

2.5.1. Enzyme-Monitored Turnover 

Enzyme-monitored turnover experiments follow the enzyme as it proceeds 

through catalysis.  The purpose of these experiments is to identify the intermediates 

that may accumulate during enzyme turnover, for example, the partially-reduced 

enzyme or the flavin semiquinone.    ̴25 μM CO dehydrogenase in 5 mL of 50 mM 

potassium phosphate buffer, pH 7.2 was made anaerobic in a glass side-arm tonometer 

by alternately evacuating and flushing with Ar for 1 h.  Solutions of 1 M 1,4-

benzoquinone (or 1 M 1,4-napthoquinone) in 50 mM potassium phosphate buffer, pH 

7.2, were bubbled with CO for twenty minutes.  The tonometer containing anaerobic 

enzyme was mounted on a stopped-flow apparatus (SX-18MV, Applied Photosystems, 

Inc.) and mixed with the quinone/CO solution at 4°C.  Data was collected 

spectrophotometrically over a time course of two seconds and analyzed using both 

single wavelength and photodiode array detection at 450 and 550 nm using the Pro-

Data SX and Pro-Data Viewer software package by Applied Photosystems, Inc.   
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2.5.2. pH Jump Experiments 

pH jump experiments were performed to observe the re-equilibration of reducing 

equivalents among the redox-active centers of partially-reduced CO dehydrogenase as it 

moves from one pH extreme to the other.  30 μM of CO dehydrogenase in 2 mL 50 mM 

CAPS, 0.1 N KCl pH 10 buffer was made anaerobic in a sealed tonometer by evacuating 

and flushing with Ar for 1 hr.  A spectrum of the oxidized enzyme was 

spectrophotometrically recorded prior to partial reduction with sodium dithionite.  The 

enzyme was partially reduced by three electron equivalents (i.e. half-reduced on 

average) with the titration monitored by the reduction of the absorption at 450 nm.  

The tonometer was then mounted on to a stopped-flow apparatus, where it was mixed 

at 4°C with 400 mM mM bis-Tris, 0.1 N KCl, pH 6 buffer with the reaction monitored 

spectrophotometrically over a timescale of 0.1 s using both photodiode array and single 

wavelength detection.  Measurements were taken at 450 and 550 nm to determine the 

effect of re-equilibration on both the Fe/S clusters and the flavin. 

The pH jump in the reverse direction, from pH 6 to pH 10, was also performed.  The 

same concentration of enzyme was made anaerobic in 50 mM bis-Tris, 0.1 N KCl, pH 6.  

The enzyme was also partially-reduced to approximately the same level (half-reduced), 

and mixed with 400 mM CAPS, 0.1 N KCl, pH 10 in the stopped-flow apparatus.  Similar 

mixing conditions and data were recorded as above.  Separate preparations of both 

inactive, cyanolyzed enzyme and active, reconstituted enzyme were used in these 

experiments.  
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2.6. Reductive Titrations of CO Dehydrogenase with Sodium Dithionite 

Reductive titrations of CO dehydrogenase were performed to monitor the 

incremental absorption changes upon reduction of the either cyanolyzed or 

reconstituted enzyme.  Titrations were also performed at low and high pH to determine 

whether the effects of pH affected the absorption profiles of the enzyme.  25-30 μM CO 

dehydrogenase in 1 mL 100 mM CAPS, pH 10, with 0.1 N KCl (or 100 mM bis-Tris, pH 6, 

with 0.1 N KCl) was made anaerobic in a sealed side-arm cuvette by alternately 

evacuating and flushing with Ar for 1 hr.  A spectrum of oxidized enzyme was taken prior 

to full reductive titration with a stock solution of sodium dithionite.  Spectra of oxidized 

enzyme were also measured in a mixed buffer of 100 mM CAPS and 100 mM bis-Tris, 0.1 

N KCl at either pH 6 or 10 as a control in order to verify that there were no buffer 

solvent contributions to the absorption spectra.  Absorbance changes at 450 and 550 

nm were analyzed using SigmaPlot (Systat Software, Inc.).  

 

2.7. Inhibition of CO Dehydrogenase with Diphenyliodonium Chloride 

To date, experiments involving changes in pH (e.g. pH jump experiments, 

reductive titrations) have shown distinct spectral differences, most notably a transient 

absorption increase at 550 nm at pH 6.  Two possible species contribute to the transient 

increase: the partially-reduced binuclear center, or the flavin semiquinone.  To 

determine whether the FAD of CO dehydrogenase is affected by changes in pH, we 

covalently modified the FAD by using diphenyliodonium chloride (DPI), following a 
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modified protocol by Chakraborty and Massey (66).  500 μL of 20 μM CO dehydrogenase 

and 2 mM DPI in 100 mM Tris-Cl buffer, pH 8.2, was made anaerobic by alternately 

evacuating and flushing with Ar for 1 h.  Excess sodium dithionite was added to the 

enzyme and the entire system incubated for 2 h at 20°C.  The enzyme solution was 

passed through a G-25 column pre-equilibrated with Tris-Cl buffer, pH 8.2, to remove 

excess DPI and dithionite.  The enzyme was then exchanged into either 100 mM CAPS 

buffer, pH 10, with 0.1 N KCl or 100 mM bis-Tris buffer, pH 6, with 0.1 N KCl.  Spectra of 

the modified enzyme at both pH levels were recorded and compared to determine the 

level of flavin inhibition. 

 

2.8. Hydrogen Exchange Experiment and Quadrupole Mass Spectrometry (MS)  

Hydrogenase activity of the Mo/Cu CO dehydrogenase has been previously 

examined, and the kcat = 5.1 s-1 (62). While the oxidation of dihydrogen to protons has 

been characterized, the reverse reaction – the formation of hydrogen gas – is still 

unclear.  Using D2O as solvent, we employed quadrupole mass spectrometry to assess 

whether HD gas would evolve, thereby showing that hydrogenase reaction is reversible 

as it is in the Ni/Fe CO dehydrogenase enzymes (67,68).  250 μL of 200 μM active CO 

dehydrogenase in 50 mM HEPES, pD 7.2 was made anaerobic in a sealed collection vial 

by alternately evacuating and flushing with Ar for 1 hr.  H2 at 2 psi was then introduced 

into the vial for ten minutes while stirring at 200 rpm.  The sample was frozen in an 

ethanol-dry ice bath prior to gas transfer and collection in a 5 cc glass/stainless steel 
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tubing container, which sealed by a Swagelok valve under vacuum (below 0.02 Torr) 

prior to sample collection (Figure 2.3). Samples were brought to Dr. Ilkeun Lee in the 

Chemistry Department at the University of California, Riverside for collection and 

analysis.  Mass spectra were collected by using a computer-controlled UTI 100C 

quadrupole mass spectrometer.   

 

2.9. Electron Paramagnetic Resonance (EPR) Spectroscopy 

Two separate experiments merited the use of electron paramagnetic resonance (EPR) 

spectroscopy.  The first was to resolve the identity of the species that contributed to a 

transient absorption increase at 550 nm, which turned out to be the neutral FADH● 

semiquinone.  The second set of experiments involving EPR spectroscopy was the 

confirmation of isotopically-labeled samples (12C, 13C, 16O, and 17O) as quality control for 

ENDOR analysis.  EPR spectra were recorded using a Brüker Instruments ER 300 

spectrophotometer equipped with an ER 035M gaussmeter and a HP 5352B microwave 

frequency counter.  A Brüker ER 4111VT liquid N2 cryostat was used to control the 

temperature at 150 K.   

For the determination of the neutral semiquinone species, 200 μL of 50 μM CO 

dehydrogenase in 50 mM bis-Tris, pH 6.5, was made anaerobic by alternately flushing 

and evacuating with Ar for one hour.  The anaerobic enzyme was then dispensed into an 

EPR tube and titrated with sodium dithionite until the transient absorption increase at 

550 nm relative to the oxidized enzyme was observed.  The enzyme was then frozen in  
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Figure 2.3 Hydrogen exchange experiment setup  

(Top) The top photograph shows the collecting vial used to make the sample anaerobic.  

The three needles shown are from the Ar tank for flushing, from the H2 tank for H2 

substrate introduction, and to the glass/stainless collecting cylinder for gas sample 

collection. (Bottom) The photograph shows the setup for the entire apparatus, including 

the reaction vial and the stainless steel collection tube. 
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liquid N2 and EPR spectra were collected.  EPR instrument settings at 150 K were 9.613 

GHz microwave frequency, 37 milliwatt microwave power, and 22.39 Gauss modulation 

amplitude. 

The following protocols were used for quality control 200 μL of 40-100 μM CO 

dehydrogenase in 50 mM HEPES, pH 7.2 (or 50 mM HEPES, pD 7.2) in a sealed Wheaton 

vial was made anaerobic by alternately evacuating and flushing with Ar for 1 h.  Samples 

were then reduced by incubation with carbon monoxide or titration with a stock 

solution of sodium dithionite.  Preparation of 17O- labeled enzyme involved making a 

solution of 50 mM HEPES in H2
17O, into which 200 μM CO dehydrogenase was 

continually buffer exchanged until calculated solvent 17O content was between 35-40%.  

The enzyme as then made anaerobic as described above and reduced by bubbling CO 

for one minute.  Preparation of the complex of CO dehydrogenase with 12C- or 13C-

bicarbonate involved adding sodium bicarbonate for a final concentration of 1 M in an 

EPR tube, prior to addition of enzyme.  After the enzyme was made anaerobic, it was 

then injected into the sealed bicarbonate-containing EPR tube and mixed gently.  The 

sample was partially reduced by titration with a stock solution of 20 mM sodium 

dithionite that was also in 1 M bicarbonate.  All samples were frozen in an ethanol-dry 

ice bath prior to storage in liquid N2.  EPR instrument settings at 150 K were 9.45 GHz 

microwave frequency, 17 milliwatt microwave power, and 19.95 Gauss modulation 

amplitude. 
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2.10. Electron Nuclear Double Resonance (ENDOR) Spectroscopy 

ENDOR samples were first made as EPR samples as described above prior to 

transfer to an ENDOR tube.  Samples of 200 μM CO dehydrogenase in the appropriate 

buffer (50 mM HEPES, pH 7.2; 50 mM HEPES, pD 7.2; or 50 mM HEPES, pH 7.2 in H2
17O) 

were made anaerobic by alternately evacuating and flushing with Ar for 1 hr.  Samples 

were then reduced with CO, sodium dithionite, or sodium bicarbonate, transferred to 

EPR tubes, and frozen in an ethanol-dry ice bath prior to storage in liquid N2.  

Accumulation of the EPR-active state for each sample was confirmed by EPR 

spectroscopy.  EPR instrument settings at 150 K were 9.45 GHz microwave frequency, 17 

milliwatt microwave power, and 19.95 Gauss modulation amplitude.  The EPR samples 

were thawed and transferred to ENDOR tubes using a Hamilton syringe.  Samples were 

shipped to Dr. Brian Hoffman at Northwestern University in a liquid N2 transport dewar.  

EPR spectra were collected and analyzed by collaborators using a Brüker Instruments ER 

300 spectrophotometer equipped with a ER 035M gaussmeter and HP 5352B microwave 

frequency counter.  A Brüker ER 4111VT liquid N2 cryostat was used to control the 

temperature at 48 and 77 K.  CW 35 GHz EPR and pulsed Mims ENDOR spectra were 

collected on a modified Varian E-110 spectrometer with a helium immersion dewar at 2 

K (69). The Mims ENDOR pulse sequence used was 50/400/20/50/5.  Data acquisition 

for the pulsed ENDOR experiments used the SpecMan software package with a SpinCore 

PulseBlaster ESR_PRO 400 MHz word generator and an Agilent Technologies Acquiris 

DP235 500 MS/sec digitizer (70). 
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2.11. Crystallization of CO Dehydrogenase  

Electron transfer from the FAD of CO dehydrogenase to the quinone pool is 

known, but the position of the flavin isoalloxazine ring relative to the quinone ring has 

yet to be determined (42).  Crystallization of CO dehydrogenase in the presence of 

pentachlorophenol (PCP), a highly water-soluble quinone inhibitor and analog, would 

aid in determining the juxtaposition of the two structures and therefore provide insight 

into the electron transfer out of the enzyme.  Also, bicarbonate appears to bind to the 

binuclear center, as shown by EPR spectroscopy, but the manner in which it binds is 

unclear.  Crystallization of the enzyme in the presence of bicarbonate would allow us to 

structurally analyze the interaction of bicarbonate in the binuclear center to compare 

with the ENDOR data. 

Cyanolyzed and reconstituted CO dehydrogenase were crystallized using the 

hanging drop method described in Dobbek et al. (22).  6 μL of the enzyme was mixed 

with 2 μL of crystallization buffer containing 0.8 M NaH2PO4, 0.8 M KH2PO4, 0.1 M 

HEPES, and 2% 2-methyl-2,4-pentanediol (MPD), pH 7.3, over a 1 mL well solution of the 

same buffer.  Enzyme was incubated at 4°C until crystals started to form within a week.  

Crystals of cyanolyzed enzyme were soaked in the presence of 250 μM 

pentachlorophenol (PCP) in the mother liquor with 20% PEG-200 for cryoprotectant.  

Crystals of reconstituted enzyme were soaked in 500 mM bicarbonate in mother liquor 

with 20% MPD for cryoprotectant.  All crystals were then frozen in liquid nitrogen prior 

to shipment for synchrotron data collection.  Data was collected at the X-ray Operations 
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and Reach beamline 31-ID-D at the Advanced Photon Source, Argonne National 

Laboratory and analyzed. 

  



44 

Chapter 3  

Mechanistic and Spectroscopic Studies of Carbon Monoxide Dehydrogenase 

3.1. Introduction  

Carbon monoxide dehydrogenase oxidizes CO to CO2, and the electrons thus 

removed are passed from the molybdenum center to the proximal and distal Fe/S 

centers en route to the flavin adenine dinucleotide, where the electrons leave the 

enzyme for the quinone pool (42).  However, the mechanism by which the enzyme 

oxidizes carbon monoxide is not yet fully understood.  CO dehydrogenase also has 

hydrogenase activity, oxidizing H2 to 2H+ (Figure 3.1) but the mechanism for this 

reaction is also unknown (62). Mechanisms have been proposed for both the oxidation 

of carbon monoxide and dihydrogen gas, and the following experiments attempt to 

address how the enzyme catalyzes these distinct reactions. 

First, mass spectrometric experiments have been performed to examine the 

reversibility of dihydrogen and proton interconversion in order to provide insight into 

the hydrogenase activity of the enzyme.  Next, deconvolution of the UV/visible spectra 

seen in the course of enzyme-monitored turnover experiments in an effort to identify 

spectral changes that may be associated with the binuclear center in the course of 

catalysis.  Last, crystallographic studies of the enzyme have been initiated in order to 

gain a deeper understanding of the nature of the enzyme during catalysis and how it is 

oxidized by quinones.  The intent of these experiments collectively is to characterize the 

enzyme mechanistically and spectroscopically. 



45 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Proposed mechanism for dihydrogen oxidation by CO dehydrogenase  

Hydrogen displaces the water ligand to copper, followed by successive deprotonations.  

Water displacement of the second proton simultaneously introduces two reducing 

equivalents to the binuclear center. 
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3.2. Results 

3.2.1. Hydrogen Exchange as Evaluated by Quadrupole Mass Spectrometry 

Although the primary physiological function of the Mo/Cu CO dehydrogenase of 

Oligotropha carboxidovorans is to oxidize CO to CO2, the enzyme has a secondary 

activity: the oxidation of dihydrogen to protons (62).  Primary and solvent isotope 

effects have been previously examined by using D2 and D2O, respectively, and EPR 

spectra have been collected (Figure 3.2) (54,62). Both spectra of the H2-reduced enzyme 

in either HEPES-H2O or HEPES-D2O were different from that of the CO-reduced species, 

with clear evidence for two inequivalent and solvent exchangeable protons in the signal-

giving species (62).  There was no difference in the spectra generated with D2 or H2 in 

H2O.  The rate of the reductive half-reaction was shown to be 5.3 s-1 with a hyperbolic 

dependence on H2 concentration (58).  Although there was no significant solvent 

isotope effect on kred, consistent with lack of pH dependence for the reductive half-

reaction, there was a two-fold decrease in kred with D2 rather than H2 (58,62). 

Although the reverse of the reaction – the reduction of protons to hydrogen gas 

– has not been observed with the Mo/Cu CO dehydrogenase, this process has been 

documented for the Ni/Fe CO dehydrogenases in which H2 evolution is about twenty to 

thirty times faster than H2 consumption (67,68).  On the basis of this observation, we 

attempted to do so via a solvent isotope effect, by using HEPES-D2O, pD 7.2, to 

determine whether the gas molecule HD may evolve.  We have employed quadrupole 

mass spectrometry to determine the possibility of H2 evolution by CO dehydrogenase, 
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Figure 3.2 EPR spectra of hydrogenase activity species 

A shows the EPR spectrum of CO-reduced enzyme, B shows the EPR spectrum of H2-

reduced enzyme in HEPES-H2O, and C shows the EPR spectrum of H2-reduced enzyme in 

HEPES-D2O. (A-C) Adapted from Hille et al., Journal of Inorganic Biological Chemistry 

(2015). 
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the reverse reaction of the previously reported hydrogenase activity.  Instead of simply 

detecting H2 gas, however, we assessed the extent of HD formation.  As the introduction 

of H2 provides the protons needed for the reverse reaction, detection of H2 would be 

ambiguous to determine whether H2 was indeed evolved from the reaction or remnant 

of the introduction of substrate.  However, formation of HD would clearly reflect that 

the reverse reaction functioned – using D+ from the solvent D2O – had taken place.  

Quadrupole mass spectrometry relies on the ability to detect the presence of particles 

based on a mass-to-charge (m/z) ratio.  The quadrupole refers to the four cylindrical 

rods set parallel to each other creating a central cavity in which a charged particle 

spirals toward a detector.  The direct current bias acts as a magnetic field to direct 

particles down the center to the detector, or towards one of the rods to be ejected and 

therefore undetected.  This current can be adjusted to the desired m/z ratio (71,72).  

Since we wish to detect HD, we would look for a m/z 3, using m/z 2 for H2 as a control. 

250 μL of 200 μM CO dehydrogenase in HEPES-D2O, pD 7.2 was made anaerobic 

by alternately flushing and evacuating with Ar gas for 1 h prior to the introduction of H2 

gas.  As we did not want the ratio of mass-to-charge (m/z) signal of H2 to overwhelm 

that of the potential HD gas, but still needed enough substrate for the reaction, we 

lowered the amount of H2 (g) introduced but incubated it for a longer period of time.  As 

the enzymatic turnover rate for H2 is slow (kred = 5.3 s-1), the sample must be incubated 

with H2 long enough for the reaction to proceed (62).  However, we had to take into 

consideration is that CO dehydrogenase is unstable upon reduction – indeed the 



49 

reduced enzyme loses CO-oxidizing activity in aqueous solution on a timescale of 

minutes.  Balancing all these considerations led to introducing 2 psi of H2 gas for ten 

minutes, long enough for the reaction to occur but not so long as for the enzyme to lose 

structural integrity and activity.  The reaction vessel was then frozen in an ethanol-dry 

ice bath to arrest the process, and gas was collected in a 5 cc glass/stainless steel 

collection tube sealed under vacuum (below 0.02 Torr). Dr. Ilkeun Lee of the 

Department of Chemistry at the University of California, Riverside, assisted us by 

providing the glass/stainless steel collection tube for the gas evolved by the reaction 

and its analysis via a UTI 100C quadrupole mass spectrometer. 

The spectra recorded are shown in Figure 3.3.  The data show the presence of 

excess H2 at 2 amu from the incubation period with varying intensities based on the 

pressure of the sample injected into the spectrometer.  The greater the pressure, the 

greater the intensity at a given m/z.  At nearly all the pressures, the amount of m/z 3 – 

indicative of HD – is very small compared to the large amount of H2 shown at m/z 2.  

However, at 5 x 10-6 Torr, there appears to be a small shoulder.  Assuming the m/z 3 

shoulder is real, a comparison of the areas under m/z 2 and m/z 3 peaks in the mass 

spectrum allows an upper limit on krev/kfor of ∼0.01, yielding a krev of 0.05 s-1. 
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Figures 3.3  Quadrupole mass spectra of solvent isotope exchange 

(Top) Data collected from a UTI 100C quadrupole mass spectrometer in the hydrogen 

exchange experiment.  Gases of H2, N, O, H2O, N2, and O2 corresponding to m/z 2, 14, 

16, 18, 28, and 32, respectively were collected.  (Bottom) Close-up of the collection of 

data at m/z 2 and 3.  Note the shoulder found at m/z 3 at 5 x 10-6 Torr. 
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3.2.2. Deconvolution of the MoV Spectrum 

To further examine the active site of the binuclear center, experiments were 

performed to deconvolute the MoV UV/visible spectrum.  This species is the only one 

detectable via electron paramagnetic resonance (EPR), and it would be very useful to 

establish the UV/visible spectroscopic signature of this species.  Use of the photodiode 

array detector of our stopped-flow apparatus allows us to rapidly record a series of 

spectra subsequent to from mixing enzyme with limiting oxidant and excess reductant, 

allowing for multiple turnovers.  In addition, comparing the UV/visible spectral changes 

between oxidized and reduced enzyme may reveal features unique to the MoV species.   

 

3.2.2.1. Enzyme-Monitored Turnover Experiments 

Enzyme-monitored turnover refers to examining the spectral changes of the 

enzyme by recording UV/visible spectra in rapid succession during catalytic turnover.  By 

analyzing these changes at certain wavelengths, features may be identified that could 

be assigned to intermediates that might accumulate in the steady-state, e.g. the MoV 

oxidation state of the binuclear center.  1,4-benzoquinone was used as the limiting 

oxidizing substrate since it had good water solubility and effectively reoxidized CO-

reduced CO dehydrogenase, allowing for the enzyme to proceed with catalysis until the 

amount of benzoquinone was exhausted (42).  ~25 μM CO dehydrogenase in 50 mM 

potassium phosphate buffer, pH 7.2, was made anaerobic in a glass side-arm tonometer 

by alternately flushing and evacuating with Ar gas for 1 hr at 20°C.  The tonometer was 
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mounted on a stopped-flow apparatus and mixed with CO-saturated 1 M 1,4-

benzoquinone (or 1 M 1,4-naphthoquinone), also in 50 mM potassium phosphate 

buffer, pH 7.2.  The enzyme was mixed with the quinone/CO solution using a stopped-

flow apparatus, and changes at 450 nm and 550 nm were analyzed spectroscopically 

(Figure 3.4).  Spectra were recorded over a time course of two seconds.  Within the first 

few milliseconds, a drop in absorbance at 450 was observed as the enzyme approaches 

the steady-state.  As the reaction progressed, the absorbance continued to decrease 

albeit at a slower rate than first seen – due to reoxidation by benzoquinone – until the 

limiting substrate was used up at two seconds and CO-reduced enzyme remained.  At 

550 nm, there is an initial spike in absorbance, followed by a slower increase, until the 

two-second mark when the absorbance drops, again indicating exhaustion of the 

limiting reactant and reduction of the enzyme. 

While the decrease in absorbance at 450 nm as catalysis proceeded is expected, 

the transient increase in absorption at 550 nm was unique.  At 450 nm, both the Fe/S 

and FAD centers contribute to the enzyme’s absorption.  However, at 550 nm, only the 

Fe/S centers contribute.  The transient increase in absorbance above 550 nm may be 

due to accumulation of either the MoV species or the neutral flavin semiquinone FADH●.  

To confirm this, the sample must be analyzed using EPR.  As the reaction with 1,4-

benzoquinone was much too rapid to capture for EPR sample preparation, 1,4-

naphthoquinone was used as an alternate oxidant due to the fact that its reaction with 

CO dehydrogenase is considerably slower: kox = 38.1 s-1 for 1,4-naphthoquinone versus  
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Figure 3.4 Enzyme-monitored turnover using benzoquinone and CO 

Spectrophotometric data collected during turnover of CO dehydrogenase in oxidation by 

1,4-benzoquinone and reduction by carbon monoxide.  The blue line indicates the 

spectral changes at 450 nm over time, and the red line indicates the spectral changes at 

550 nm over time. 
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kox = 125.1 s-1 (42).  In preparing the sample, we used a quench flow method to capture 

the enzyme in the course of turnover, prior to full reduction.  By freezing the sample 

almost immediately after mixing, it was possible to obtain EPR spectra to determine the 

signal-giving species that contributed to the rise in absorbance above 550 nm.  Sample 

preparation was similar to that of the stopped flow experiment.  Upon mixing with 1,4-

naphthoquinone substrate, however, the mixture was immediately injected into a dry 

ice-ethanol bath.  The frozen pellets were then collected into an EPR tube and frozen in 

liquid N2. 

EPR instrument settings at 150 K were 9.613 GHz microwave frequency, 17 

milliwatt microwave power, and 22.39 Gauss modulation amplitude.  Figure 3.5 shows a 

nearly isotropic signal at around 3400 Gauss (g=2), with the 20 Gauss linewidth clearly 

indicative of the FADH● species (73-75).  If it were the MoV species, a rhombic EPR 

spectrum would manifest instead.  We conclude that the increase in absorbance above 

550 nm seen during the course of enzymatic catalysis is due to the accumulation of the 

flavin semiquinone rather than a MoV state.  This constitutes the first time that an 

FADH● signal has been seen with CO dehydrogenase.  

 

3.2.2.2. Double Difference Spectroscopic Experiments 

Although both the stopped-flow and quench flow assays indicated a 

semiquinone species that contributed to the absorption increase above 550 nm, we 

wanted to further validate this by comparing UV/visible spectra of oxidized and reduced  
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Figure 3.5 EPR spectrum of CO dehydrogenase from the quench flow experiment 

EPR spectrum of the resulting enzyme mixture from the quench flow experiment EPR 

instrument settings at 150 K were 9.613 GHz microwave frequency, 17 milliwatt 

microwave power, and 22.39 Gauss modulation amplitude.  The resulting spectrum 

showed a nearly isotropic signal at 3400 Gauss (g = 2) with a linewidth of about 20 

Gauss, indicative of the neutral FADH● semiquinone.  



56 

species for both the cyanolyzed and reconstituted enzyme.  A comparison of the 

spectral changes of these two enzyme forms allowed us to construct a double difference 

spectrum from which the spectral contribution might be evident.  These changes may 

then reveal nuances about alterations in the redox-active centers, perhaps including the 

deconvolution of the spectral change associated with the binuclear center.  Such double 

difference spectra have previously been analyzed for xanthine oxidase and changes 

have been identified for the molybdenum center (76).  What we intended to do for the 

CO dehydrogenase was the same principle: subtract and potentially remove any spectral 

contributions by the other redox-active centers, possibly uncovering the MoV species 

(Figure 3.6). 

Two versions of the enzyme were prepared.  The first was the cyanolyzed 

enzyme, in which both the copper and bridging sulfur of the binuclear center have been 

removed, effectively converting the molybdenum to a trioxo-species and rendering the 

enzyme inactive.  The second form was the reconstituted enzyme with the catalytically-

essential copper and bridging sulfur present.  To obtain the double difference spectrum, 

the UV/visible spectra of the oxidized state of both enzymes were first recorded.  The 

cyanolyzed enzyme was then fully reduced with sodium dithionite, a nonspecific 

reductant that fully reduces the enzyme.  The reconstituted enzyme was reduced with 

carbon monoxide, which fully reduces only the functional enzyme (but does so 

completely). 
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Figure 3.6 Scheme showing spectral changes of the reduction of the molybdenum 

center of CO dehydrogenase 

The first scheme indicates the redox-active states in the oxidized and CO-reduced states 

of the enzyme.  The second scheme indicates the redox-active states in the oxidized and 

dithionite-reduced states of the enzyme.  The double difference is the difference 

between the two schemes. 

Oxidized – CO-reduced 
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The UV/visible spectra showing the oxidized and reduced cyanolyzed enzyme are 

shown in Figure 3.7, as is their calculated difference.  Spectra of the oxidized and  

reduced reconstituted enzyme, and their calculated difference, are shown in Figure 3.8.  

Comparing the oxidized spectra of both the cyanolyzed and reconstituted enzyme, we 

see that the features line up well at 420 nm, 450 nm, and 550 nm.  On the other hand, 

comparison of the reduced spectra of both forms of the enzyme reveal significant 

differences, shown in Figure 3.9.  The conclusion is that the reduction of the enzyme 

from MoVi to MoIV does not cause a spectral change.  The ΔD in Figure 3.10 is probably 

incomplete reduction of FAD in the CO-reduced enzyme. 

 

3.2.3. Crystallization of CO Dehydrogenase  

In addition to the spectroscopic and kinetic studies to characterize catalysis of 

either CO oxidation or proton reduction at the active site – including deconvolution of 

the UV/visible spectrum of the MoV species – we also wanted to structurally examine 

two distinct aspects of the enzyme itself.  The crystal structure of CO dehydrogenase has 

been determined by X-ray crystallography, including the physiological oxidized and the 

CO-reduced forms, and also an inhibited form (22,45,50).  This last form has n-

butylsionitrile bound at the active site, and it is this structure that has led to one of the 

proposed catalytic mechanisms of CO oxidation.  An alternate mechanism suggested by 

Kirk et al. proposes that bicarbonate, rather than carbon dioxide, is the actual product of 

catalysis.  Hence, we wished to solve the structure of CO dehydrogenase with  
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Figure 3.7 UV/visible spectra of cyanolyzed CO dehydrogenase 

(Top) The black spectrum shows oxidized enzyme, while the red spectrum shows 

dithionite-reduced enzyme.  (Bottom) Spectrum showing the difference between the 

oxidized and reduced states of the enzyme. 
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Figure 3.8  UV/visible spectra of reconstituted CO dehydrogenase 

(Top) The black spectrum shows oxidized enzyme, while the red spectrum shows CO-

reduced enzyme.  (Bottom) Spectrum showing the difference between the oxidized and 

reduced states of the enzyme. 
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Figure 3.9 Comparison of the UV/visible spectra of cyanolyzed and reconstituted CO 

dehydrogenase 

(Top) The red spectrum shows oxidized, cyanolyzed enzyme.  The black spectrum shows 

oxidized, reconstituted enzyme.  (Bottom) The red line spectrum reduced, cyanolyzed 

enzyme.  The black spectrum shows reduced, reconstituted enzyme. 
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Figure 3.10 Double difference spectra of cyanolyzed vs. reconstituted CO 

dehydrogenase 

The black spectrum is the calculated difference between the oxidized and CO-reduced 

species of the reconstituted enzyme.  The red spectrum is the calculated difference 

between the oxidized and dithionite-reduced species of the cyanolyzed enzyme.  The 

blue spectrum represents the difference between the black and red spectra, thus a 

double difference. 
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bicarbonate bound to determine where the molecule is bound, and whether its binding 

is physiologically relevant. 

We also wanted to determine the positioning of the flavin using a quinone 

analog to examine how electron transfer from the protein to the quinone pool might 

occur.  It has been established that quinones as the direct electron acceptors of CO 

dehydrogenase (42).  Examination of the flavin site shows that the overall fold of the 

CoxM subunit, where the FAD resides, resembles that of the dehydrogenase rather than 

that of the oxidase form of bovine oxidoreductase (54).  Further scrutiny reveals more 

differences between the CO dehydrogenase and xanthine dehydrogenase flavin 

domains. Within the flavin site of xanthine dehydrogenase, an Ile is positioned on the si 

side of the flavin isoalloxazine ring and a Phe on the re side.  In CO dehydrogenase, the 

residues are reversed: the Ile is positioned on the re side of the flavin, and not a Phe but 

a Tyr on the si side within van der Waals contact (Figure 3.11).  We propose, then, that 

the quinone approaches on the re side.  Solving the structure of CO dehydrogenase with 

pentachlorophenol (PCP), a water-soluble quinone analog and inhibitor, would allow us 

to establish the positioning of the flavin and quinone rings, and hence elucidate electron 

transfer from the enzyme to its physiological oxidant.  PCP was chosen since the 

molecule is very soluble compared to the more lipophilic quinone, more readily 

crystallized, and has been successfully used for other enzymes (77). 

CO dehydrogenase has previously been successfully crystallized to high 

resolution (1.1 Å), and in multiple forms (45).  Our work follows the protocol of Dobbek  
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Figure 3.11 Comparison of the flavin site of xanthine dehydrogenase and CO 

dehydrogenase 

The flavin environment of (top) bovine xanthine dehydrogenase (XDH) and (bottom) CO 

dehydrogenase (CODH) (PDB 1JRO and PDB 1N5W, respectively).  The residues of the 

bovine XDH are rendered in cyan, and those of the CODH are in green.  The flavin is 

colored in CPK.  All images are rendered in PyMOL. 

Bovine XDH 

CODH 
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et al. with a few modifications.  6 μL of 100 μM of CO dehydrogenase was mixed with 2 

μL of crystallization buffer containing 0.8 M NaH2PO4, 0.8 M KH2PO4, 0.1 M HEPES, and 

2% 2-methyl-2,4-pentanediol (MPD), pH 7.3, over a 1 mL well solution of the same 

buffer using a hanging-drop technique.  Crystals were grown at 4°C and started to form 

3-7 days from the start of preparation.  Crystals of cyanolyzed enzyme were soaked in 

the presence of 250 μM pentachlorophenol (PCP) in the mother liquor with 20% PEG-

200 for cryoprotectant.  Crystals of reconstituted enzyme were soaked in 500 mM 

bicarbonate in mother liquor with 20% MPD for cryoprotectant.  All crystals were then 

frozen in liquid nitrogen and data was collected at the X-ray Operations and Research 

beamline 31-ID-D at the Advanced Photon Source, Argonne National Laboratory. 

Photographs depicting crystals grown prior to harvest are shown in Figure 3.12.  

Crystal obtained using both conditions are currently being solved.   

 

3.3. Discussion 

Ni/Fe-containing CO dehydrogenases have shown that the hydrogenase activity 

of the enzyme is reversible, but reduction of protons to hydrogen gas in the Mo/Cu-

containing CO dehydrogenase has yet to be observed (68).  We have employed 

quadrupole mass spectrometry to investigate the reversibility of the reaction by the 

assessing the amount of HD gas formed, using D2O as the solvent.  Our data show that 

at 5 x 10-6 Torr, a small shoulder appears at m/z = 3.  Assuming that this feature is real, 

comparing the areas under the mass spectrum peaks at m/z 2 and 3 allow for an upper  
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Figure 3.12 Crystals of CO dehydrogenase soaked in pentachlorophenol or 

bicarbonate  

100 μM CO dehydrogenase was crystallized and soaked in either mother liquor + 250 

μM PCP + 20% PEG-200, or mother liquor + 500 nM bicarbonate + 20% MPD prior to 

freezing and sent to Argonne National Laboratory for data collection. 
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limit on (H2 evolution):(H2 uptake) of 1:100.  As the rate of H2 uptake has been 

established as kfor = 5 s-1, the estimated krev = 0.05 s-1 (62). 

Experiments intended to deconvolute the UV/visible spectrum of the partially-

reduced enzyme species led us instead to the identification of the appearance of the 

neutral FADH● semiquinone.  Reconstituted CO dehydrogenase was mixed with 

quinones and carbon monoxide in a stopped-flow apparatus to monitor accumulation of 

the steady-state spectrophotometrically.  Our data showed a transient increase in 

absorption at 550 nm during the course of enzyme turnover, so we performed a quench 

flow experiment to trap the species for EPR analysis.  The resulting EPR spectra showed 

a nearly isotropic signal at 3400 Gauss (g=2) with a linewidth of 20 Gauss, indicative of 

the neutral FADH● semiquinone, the first time that a FADH● signal has been seen with 

CO dehydrogenase (75).  To corroborate the appearance of the neutral semiquinone 

during enzyme turnover, we compared sets of oxidized-minus-reduced spectra of 

cyanolyzed and reconstituted enzyme, calculating a double-difference spectrum.  As the 

partially-reduced MoV species appears only during catalysis, any difference in absorption 

at long wavelength would be attributed to the emergence of this intermediate.  Since no 

difference between the spectra of oxidized-minus-reduced enzyme was evident, we can 

rule out the contribution of the MoV species to the transient absorption increase at 550 

nm. 

Crystallization of CO dehydrogenase has been achieved at high resolution by 

Dobbek et al. (45).  In following their protocol, we crystallized the enzyme in the 
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presence of pentachlorophenol (PCP) or bicarbonate.  Pentachlorophenol, a highly 

water-soluble quinone inhibitor, represents the proximal electron acceptor of the FAD 

of the enzyme.  Its placement relative to the flavin would give insight into how electron 

transfer proceeds out of the enzyme.  Bicarbonate has been shown to bind to the 

binuclear center, but the manner in which is it coordinated has yet to be identified.  

Structural analysis of bicarbonate-bound enzyme would determine how it is associated 

with the binuclear center and whether it is an intermediate in catalysis. 
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Chapter 4 

Examination of pH Effects on CO Dehydrogenase 

4.1 Introduction 

Although CO dehydrogenase has a pH optimum activity of pH 7.2 at 25°C, kred is 

in fact pH independent (58).  Even at extremes in pH where the enzyme has limited 

stability, up to half the maximal enzymatic activity is retained. Keeping this in mind, we 

wished to examine the behavior of the redox-active centers of the enzyme during 

electron transfer events.  

Electron transfer reactions in biological systems are often linked to protonation 

and/or deprotonation events.  These may include the transfer of electrons and protons 

either in tandem or separately (59,78,79).  Thus, the reduction potentials for redox-

active centers may vary with pH.  This then may affect the rate and/or direction of 

electron transfer within a given system. To examine this phenomenon within CO 

dehydrogenase, we have employed pH jump experiments that have been developed for 

various systems (78,80-82).  The pH jump protocol involves preparing an enzyme in 

dilute buffer and partially reducing it by titration.  The enzyme is then mixed in a 

stopped-flow apparatus with a high concentration of buffer at the pH of interest.  The 

reaction is monitored spectrophotometrically to see the resulting re-equilibration of 

reducing equivalents within the system. (59,78,80,83)  These experiments may offer a 

glimpse into the involvement of protons as the system passes through the electron 

transfer event. 
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Electron transfer in xanthine oxidase has been shown to be rapid and pH-

dependent (59,60,78,80).  At pH 8.2, the reduction potential of the MoVI/MoV couple 

and Fe/S I (proximal) species are -375 and -335 mV, respectively.  The rate of initial 

electron transfer from the molybdenum to the proximal [2Fe-2S] was determined to be 

about 8300 s-1, as opposed to the reverse rate at 1800 s-1, giving a calculated equilibrium 

constant of 4.6. The calculated equilibrium constant thus favors the reduction of Fe/S I.  

The reduction potential of the distal [2Fe-2S] and the flavin are -155 and -200 mV, and 

the electron transfer rates are 25 s-1 and 145 s-1 mV, respectively.  The resulting 

equilibrium constant of 5.6 favors the reduction of Fe/S II (59,60). The slower rates have 

been interpreted as indicating that electron transfer and flavin 

protonation/deprotonation are closely linked (79).  As the overall structures of XO and 

CO dehydrogenase are similar, we may expect to see similar rates of intramolecular 

transfer. 

To determine whether the distribution of reducing equivalents is pH-dependent, 

stepwise reductive titrations with sodium dithionite were examined at high and low pH.  

Reductive titrations also presented an opportunity to examine the basis of the transient 

increase in absorbance above 550 nm in reductive titrations at low pH.  Our hypothesis 

is that the FADH● semiquinone, rather than a partially-reduced form of the Mo/Cu 

center, is responsible for this transient increase, in which case covalent modification of 

the flavin should abolish the transient long wavelength absorption.  The pH-dependence 

of the absorption spectra of oxidized bovine xanthine oxidase and xanthine 
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dehydrogenase were also examined to compare and contrast CO dehydrogenase with 

two canonical members of the xanthine oxidase family.  

 

4.2 Results 

4.2.1 pH Jump Experiments  

The primary purpose of the pH jump experiments was to measure the rate of re-

equilibration of reducing equivalents within the partially-reduced CO dehydrogenase as 

a result of a rapid change in pH.  20-25 μM CO dehydrogenase in 50 mM CAPS, pH 10, 

was made anaerobic by alternately flushing and evacuating with Ar for 1 hr at 25°C.  The 

enzyme was then partially reduced by three electron equivalents (i.e. half-reduced on 

average) with sodium dithionite, with the titration being monitored by the decrease in 

absorbance at 450 nm.  The partially-reduced enzyme was then mixed with anaerobic 

400 mM bis-Tris, pH 6 using a stopped-flow apparatus and spectra were recorded (what 

time interval?).  The reverse jump of pH 6 to pH 10 was also performed with the enzyme 

initially in 50 mM bis-Tris, pH 6 and mixed with anaerobic 400 mM CAPS, pH 10.  All 

buffers contained 0.1 N KCl to stabilize the enzyme as it is unstable at low ionic strength.  

Spectral changes were monitored at 450 and 550 nm using both single wavelength and 

photodiode array detection.  Single wavelength time courses were recorded at 1000 

spectra over a timescale of 0.01 s.  Photodiode array spectra were recorded at one per 

millisecond over a timescale of one second.  
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In the pH 10-to-6 jump experiment, the absorption envelope of partially-reduced 

CO dehydrogenase decreases immediately upon mixing (Figure 4.1).  Examination of the 

data at both 450 nm and 550 nm from the stopped-flow assays showed that the rates 

were much too quick to measure, and that the re-equilibration of the system took place 

during the mixing dead-time.  In the pH 6-to-10 jump, the absorption profile showed 

that the effluent had a positive deflection, the opposite direction from the 10-to-6 jump 

(Figure 4.1).  Though this is consistent with the expected spectral change vis à vis that 

seen in the pH 6-to-10 experiment, the rates of electron equilibration were still too fast 

to measure using stopped-flow kinetics, and re-equilibration still took place during the 

mixing dead-time.  Nevertheless, the data demonstrate that the distribution of reducing 

equivalents within CO dehydrogenase is indeed pH dependent, and that electron 

transfer rates within CO dehydrogenase are substantially faster than in xanthine 

oxidase. 

 

4.2.2 Reductive Titrations of CO Dehydrogenase at pH 6 and 10  

Although we have evidence of a redistribution of reducing equivalents within CO 

dehydrogenase due to detected changes in absorbance at 450 nm and 550 nm, rates of 

reaction for both pH jump experiments are too fast to measure.  We next performed 

reductive titrations of the enzyme with sodium dithionite as a function of pH to examine 

the extent of the effect pH has on the distribution of reducing equivalents within the 

enzyme.  20-25 μM of CO dehydrogenase in either 50 mM CAPS with 0.1 N KCl, pH 10, or  
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Figure 4.1 UV/visible spectral changes of pH jump experiments  

(Top) UV/visible spectra of the jump from pH 10 to pH 6.  Spectra of partially-reduced 

CO dehydrogenase in 50 mM CAPS, pH 10 before (black spectrum) and after mixing with 

400 mM bis-Tris, pH 6 (red spectrum).  (Bottom) UV/visible spectra of the jump from pH 

6 to pH 10.  Spectra of partially-reduced CO dehydrogenase in 50 mM bis-Tris, pH 6 

before (black spectrum) and after mixing with 400 mM CAPS, pH 10 (red spectrum).  All 

buffers contained 0.1 N KCl.  
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50 mM bis-Tris with 0.1 N KCl, pH 6.0, was made anaerobic by alternately flushing and 

evacuating with Ar for 1 hr.  The enzyme was then titrated stepwise to full reduction 

with sodium dithionite, and we followed the titration spectrophotometrically.  Prior to 

each titration, spectra of the enzyme in an equimolar solution of both buffers at either 

pH 6 or pH 10 were recorded to ensure that the buffer itself did not contribute to the 

change in reduction.  No difference in enzyme absorption between pure and mixed 

buffers at a given pH was observed.  

A comparison of the reductive titrations at the two pH extremes revealed several 

differences between the sets of spectral changes (Figures 4.2, 4.3).  Most notable was 

the distinct difference in absorption spectrum of the oxidized enzyme at the two pH 

values.  The spectrum at pH 6 showed the expected shape with an absorption maximum 

at 450 nm, and shoulders at 420, 470, and 550 nm (58).  At pH 10, however, a flattening 

in the 420-470 nm region is observed instead (Figure 4.4).  Moreover, during the course 

of reduction, a transient increase at 550 nm was observed at pH 6 but not at pH 10 

(Figure 4.5).  This may be due to the transient formation of a semiquinone radical, which 

absorbs at above 550 nm (84). 

To determine if the transient increase of absorbance at 550 nm is in fact due to 

the enzyme’s FAD, we prepared EPR samples of partially-reduced enzyme with the 550 

nm absorbance increase for EPR spectral analysis.  EPR sample preparation involved first 

making 200 μL of 50 μM CO dehydrogenase in 50 mM bis-Tris, pH 6 buffer anaerobic by 

alternately flushing and evacuating with Ar for 1 hour.  Enzyme was then transferred to  
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Figure 4.2 Reductive titration of cyanolyzed CO dehydrogenase at pH 6 

25 μM CO dehydrogenase in 50 mM bis-Tris with 0.1 N KCl, pH 6, was titrated with 

sodium dithionite to full reduction.  Fully oxidized enzyme is at the top in black, and fully 

reduced enzyme is at the bottom in gold.  (Inset) spectra of the first few titrations 

indicate a transient increase in absorption above 550 nm.  
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Figure 4.3 Reductive titration of cyanolyzed CO dehydrogenase at pH 10 

20 μM CO dehydrogenase in 50 mM CAPS with 0.1 N KCl, pH 10 was titrated with 

sodium dithionite to full reduction.  Fully oxidized enzyme is at the top in black, and fully 

reduced enzyme is at the bottom in green.    
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Figure 4.4 Comparison of spectra of oxidized enzyme at pH extremes 

25 μM of oxidized CO dehydrogenase in either 50 mM CAPS with 0.1 N KCl, pH 10 (blue), 

or 50 mM bis-Tris with 0.1 N KCl, pH 6.0 (red).   
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Figure 4.5 Fractional absorbance changes of CO dehydrogenase 

Plots of the fractional absorbance changes at 550 nm versus 450 nm of the reductive 

titration of 20-25 μM CO dehydrogenase as a function of pH.  Enzyme was either in 50 

mM CAPS with 0.1 N KCl, pH 10 (black), or 50 mM bis-Tris with 0.1 N KCl, pH 6.0 (red). 
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an EPR tube and titrated with sodium dithionite until an increase of absorbance above 

550 nm relative to the oxidized enzyme was observed.  The sample was then frozen in 

liquid N2 and analyzed using EPR spectroscopy.  EPR instrument settings at 150 K were 

9.613 GHz microwave frequency, 37 milliwatt microwave power, and 22.39 Gauss 

modulation amplitude.  Figure 4.6 shows the resulting spectrum with the characteristic 

isotropic signal of FADH● at 3400 Gauss (g = 2) with a linewidth of about 20 Gauss, 

specifically indicative of a neutral semiquinone (75,85).  We conclude that the transient 

absorbance seen at 550 nm in the course of reductive titrations at low pH is due to the 

accumulation of FADH● rather than a partially-reduced binuclear center. 

 

4.2.3 pH Effects of Enzyme Inhibition by Diphenyliodonium Chloride 

In the above reductive titrations as a function of pH, we observed a marked 

difference between the oxidized spectra seen at pH 6 and pH 10.  To determine whether 

this difference is due to the FAD, we performed an experiment in which the FAD is 

inhibited by diphenyliodonium chloride.  Diphenyliodonium (DPI) chloride is known to 

form a covalent adduct to flavins that absorbs only very weakly at 450 nm (66).  Using 

DPI is preferable to removing the flavin altogether from the enzyme, mainly due to the 

fact that flavin removal may change the structure of the enzyme enough to alter its 

UV/visible spectral profile (Figure 4.7). 

500 μL of 20 μM CO dehydrogenase in 100 mM Tris-Cl buffer, pH 8.2, with 2 mM 

DPI was made anaerobic by alternately flushing and evacuating with Ar gas for 1 hr.   
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Figure 4.6 EPR spectrum of partially-reduced CO dehydrogenase 

EPR spectrum of CO dehydrogenase partially reduced by sodium dithionite. EPR 

instrument settings at 150 K were 9.613 GHz microwave frequency, 37 milliwatt 

microwave power, and 22.39 Gauss modulation amplitude.  The resulting spectrum 

showed a nearly isotropic signal at 3400 Gauss (g = 2) with a linewidth of about 20 

Gauss, indicative of a neutral semiquinone. 
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Excess sodium dithionite was added to reduce the enzyme, and the mixture was allowed 

to incubate at room temperature for 2 h so that the DPI could bind covalently to the 

flavin.  Following incubation, the enzyme was passed through a G25 column to remove 

both excess dithionite and DPI, and the enzyme was exchanged into the appropriate pH 

6 or pH 10 buffer.  UV/visible spectra were then recorded. 

At both pH 6 and 10, we saw a marked decrease in absorbance at 450 nm, 

indicative of the covalent modification of the flavin.  Upon reductive titration of the 

modified enzyme, the absorption profiles at both pH values were practically identical, as 

shown in Figure 4.8.  These observations led us to conclude that it was the FAD that 

contributed to the change in spectral profiles at different pH states.  

 

4.2.4 Comparison of CO Dehydrogenase pH Effects with XO Family Members 

Although the absorption spectra of oxidized CO dehydrogenase were different at 

pH 6 and 10, we wanted to see if that was the case of other xanthine oxidase family 

members.  We thus performed similar experiments with oxidized bovine xanthine 

oxidase and bovine xanthine dehydrogenase.  20 μM of each enzyme was prepared in 

either 50 mM CAPS with 0.1 N KCl, pH 10, or 50 mM bis-Tris with 0.1 N KCl, pH 6.5.  

UV/visible spectra of the oxidized enzymes were recorded.  The spectra were nearly 

identical. (Figure 4.9) Thus, the pH effects on the flavin absorbance in CO 
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Figure 4.7 Proposed flavin-diphenyliodonium chloride adducts  

Possible structures of flavin adducts formed when flavin adenine dinucleotide (FAD) is 

combined with diphenyliodonium chloride (DPI). 
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Figure 4.8 UV/visible spectrum of flavin-inhibited CO dehydrogenase bound by 

diphenyliodonium chloride 

Oxidized CO dehydrogenase with diphenyliodonium chloride (DPI) covalently bound to 

the flavin.  The blue spectrum shows the inhibited enzyme at pH 10, while the red 

spectrum shows the inhibited enzyme at pH 6.  Enzyme was in either 50 mM CAPS with 

0.1 N KCl, pH 10 buffer, or 50 mM bis-Tris with 0.1 N KCl, pH 6.0 buffer. 
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dehydrogenase are not seen in other xanthine oxidase family members and appear to 

be unique to CO dehydrogenase. 

The differences in the FAD environment of CO dehydrogenase and the xanthine 

oxidoreductases may explain the distinctly different pH behavior of their flavin domains.  

While the overall fold of the flavin domain of CO dehydrogenase resembles that of 

xanthine dehydrogenase – rather than that of xanthine oxidase –, scrutiny of the 

immediate vicinity of the flavin reveals differences between the two dehydrogenases 

(13).  In CO dehydrogenase, an Ile is positioned on the re side of the flavin isoalloxazine 

ring and an aromatic residue (Tyr) on the si side.  The residues are reversed in xanthine 

dehydrogenase: the Ile is on the si side, but the aromatic residue behind the ring is a 

Phe, not a Tyr.  The tyrosine is ionizable and thus pH-dependent, whereas the 

phenylalanine is not.  This simple difference in residue side-chain behavior may explain 

the pH dependence of the flavin contribution of CO dehydrogenase (13). 

 

4.3 Discussion 

pH jump and reductive titration experiments have been performed on CO 

dehydrogenase to determine rates of electron transfer within the enzyme and assess 

how pH extremes affect the distribution of reducing equivalents among the several 

redox-active centers of the enzyme.  pH jump experiments showed that while a 

redistribution does occur – as evidenced by absorbance changes in the enzyme prior to  
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Figure 4.9 Xanthine oxidase and xanthine dehydrogenase at pH 6.5 and 10 

UV/visible spectra of bovine xanthine oxidase (top) and bovine xanthine dehydrogenase 

(bottom) at pH 6.5 (red) and pH 10 (blue).  Enzyme was in either 50 mM CAPS with 0.1 N 

KCl, pH 10 buffer, or 50 mM bis-Tris with 0.1 N KCl, pH 6.5 buffer. 
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and immediately after mixing – the rates of electron transfer are much faster than seen 

with xanthine oxidase and too fast to be detected via stopped flow; the re-equilibration 

of reducing equivalents in the system takes place during the mixing dead-time of the 

instrument (78,80-82).  Nevertheless, the change in absorbances indicate that the 

electron transfer events in both jump directions do occur. 

Reductive titrations of CO dehydrogenase with sodium dithionite have also been 

done to see spectral differences at the pH extremes.  In reductive titration at both pH 6 

and 10, the observed spectral changes exhibited distinctly different behavior.  At pH 10, 

the absorbance at both 450 and 550 nm decreased uniformly as reduction of the 

enzyme progressed.  However, at pH 6, there was a transient increase in absorption 

above 550 nm, similar to that seen during the enzyme-monitored turnover experiments 

discussed in Chapter 3.  EPR analysis of partially-reduced CO dehydrogenase at pH 6.5 

shows a nearly isotropic signal around 3400 Gauss (g = 2) with a linewidth of 20 Gauss, 

indicative of the neutral FADH● semiquinone species.  This result corroborated the 

outcome of the enzyme-monitored turnover experiment, indicating that the increase in 

spectral absorbance above 550 nm is due to the formation of the neutral semiquinone. 

In order to confirm this, diphenyliodonium chloride was used to form a covalent 

adduct to the flavin, thus rendering it redox-inert.  Flavin inactivation abolished the 

transient increase in absorbance at low pH, indicating that the FAD is indeed responsible 

for the spectral differences at the two pH values.  Differences between oxidized spectra 
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of enzyme at pH 6 and 10, then, reflect the differential accumulation of FADH● at the 

two pH extremes.  

A comparison of the oxidized spectra of CO dehydrogenase at pH 6 and 10 with 

other members of the xanthine oxidase family – bovine xanthine oxidase and bovine 

xanthine dehydrogenase – highlights the uniqueness of CO dehydrogenase.  While pH 

does affect the spectrum of oxidized CO dehydrogenase, it does not in the cases of the 

two xanthine oxidoreductases.  This may be due to the ionizable Tyr residue found 

within van der Waals contact to the flavin in CO dehydrogenase.  Xanthine 

dehydrogenase possess not a Tyr but a non-ionizable Phe.  The difference in the 

ionizability of the aromatic residues may explain why the UV/visible spectra of CO 

dehydrogenase – particularly the flavin contribution – are different at the pH extremes, 

but unchanged for the xanthine oxidoreductases. 

Although the overall structure of the xanthine oxidase family of enzymes are 

similar, the microenvironments of the flavin among these enzymes are quite different, 

from the amino acid residues in the flavin site to electron transfer and pH effects.  As 

mentioned before, the immediate area near the dimethylbenzene ring of the flavin is 

alkaline in CO dehydrogenase but acidic in xanthine oxidoreductases.  Also, the flexible 

“D-to-O” loop (Gln423–Lys433) in xanthine oxidase that occludes NAD+ from binding is 

moved down and away in CO dehydrogenase, resembling the xanthine dehydrogenase 

positioning (13).  The other major difference between the enzymes in their flavin 

subenvironments is simply their electron acceptors: quinones for CO dehydrogenase 
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and O2 or NAD+ for the xanthine oxidoreductases (6,42).  Since little is known about the 

behavior of the flavin in CO dehydrogenase, the experiments performed above are a 

starting point for future studies on this remarkable redox-active center.  
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Chapter 5 

Electron Nuclear Double Resonance (ENDOR) Studies of the Binuclear Center of CO 

Dehydrogenase 

5.1. Introduction 

Electron paramagnetic resonance (EPR) spectroscopy is a powerful tool to look at 

paramagnetic species, i.e. those with one or more unpaired electrons such as radicals 

and transition metals in appropriate oxidation states (86).  It is similar to nuclear 

magnetic resonance (NMR), although EPR probes electron spins as opposed to nuclear 

spins in NMR.  In addition, because the electron is orders of magnitude smaller than a 

proton, the frequency at which magnetic fields are scanned are probed at microwave 

frequencies as opposed to the radiowave frequencies of NMR (87).  Due to the much 

more rapid relaxation rate of an electron compared to a proton, EPR is frequently done 

at low temperatures, typically below 150 K (88-90). 

Electron nuclear double resonance (ENDOR) spectroscopy is the combination of 

electron paramagnetic resonance (EPR) and nuclear magnetic resonance (NMR) 

spectroscopies.  ENDOR is in essence an EPR-detected NMR experiment.  The principle 

behind ENDOR is that the electronic spin populations are induced to saturation at a 

certain microwave frequency.  Radiowave frequency light then induces a near-

saturating condition on nuclei coupled to the paramagnetic species, which results in 

desaturation of the electronic populations, ultimately generating a detectable signal 

(87,91).  As with NMR and EPR, ENDOR can be performed using either continuous wave 
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(CW) or pulsed techniques.  Pulsed ENDOR experiments have the advantage of being 

better resolved than CW ENDOR, and thus can detect weaker coupled nuclei.  Pulsed 

ENDOR can be further subdivided into two categories: Davies and Mims ENDOR, which 

differ in the length, time, and order of pulses in order to generate a signal from the 

species.  The sequence for Davies ENDOR starts with a π microwave pulse in the 

preparation phase, a π rf pulse during the mixing phase, ending with a π/2 and π 

microwave pulses separated by a certain time τ, allowing for detection via an inverted 

echo signal (92).  Mims ENDOR is based on a stimulated electron spin echo (ESE) 

sequence, which employs two 90° π/2 microwave pulses separated by a given time τ in 

the preparation phase, a mixing phase in which a π r.f. pulse changes the polarization, 

and a final π/2 microwave pulse to stimulate the echo signal for detection (92).  Davies 

ENDOR is preferred for species with stronger hyperfine coupling values, whereas Mims 

is used for weaker coupled nuclei (90,92). 

To further examine the mechanism of carbon monoxide oxidation by CO 

dehydrogenase, we turned to Mims ENDOR to unveil characteristics about the active 

site to further characterize the catalytic process.  We have first examined the complex 

of CODH with 13C-bicarbonate to determine whether a bicarbonate complex is indeed an 

intermediate in the reaction, as Stein and Kirk propose. (61) We have previously 

established that bicarbonate binds to the binuclear center and generates a unique EPR 

spectrum attributable to the binuclear center.  It also abolishes the proton coupling 

seen in the EPR signal of the dithionite-reduced enzyme.  However, the manner in which 
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it binds the binuclear center is unclear.  We have also examined the ENDOR of CODH 

that has been labeled with 17O to determine whether a Mo=O of the molybdenum 

coordination sphere is catalytically labile, and whether it is a Mo=O or a Mo-OH in the 

paramagnetic MoV state.  Analyses of both experiments – the 12C/13C bicarbonate and 

the 16O/17O solvent – address distinct steps in catalysis and are expected to assist in 

elucidating the mechanism of carbon monoxide oxidation. 

 

5.2. Results 

ENDOR samples were prepared as follows.  200 μL of 200-300 μM CODH was 

made anaerobic by alternately flushing and evacuating with Ar gas for 1 hr.  For the 12C 

and 13C samples, anaerobic enzyme was then dispensed into EPR tubes containing a final 

volume of 1 M H12CO3 and H13CO3, prior to reduction with a sodium dithionite/sodium 

bicarbonate solution.  For the 16O and 17O samples, enzyme was prepared in the 

appropriate (50 mM HEPES-H2
16O, pH 7.2 or 50 mM HEPES-H2

17O, pH 7.2) buffer prior to 

being made anaerobic, and then reduced with CO.  All samples were frozen in an 

ethanol-dry ice bath prior to storage in liquid N2.  Accumulation of the paramagnetic 

state was confirmed by EPR prior to thawing and transfer of the sample into ENDOR 

tubes using a Hamilton syringe.  Samples were shipped to Dr. Brian Hoffman at 

Northwestern University in a liquid N2 transport dewar.  EPR data was collected and 

analyzed by collaborators using a Brüker Instruments ER 300 spectrophotometer 

equipped with a ER 035M gaussmeter and HP 5352B microwave frequency counter.  A 
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Brüker ER 4111VT liquid N2 cryostat was used to control the temperature at 150 K.  CW 

35 GHz EPR and pulsed Mims ENDOR spectra were collected on a modified Varian E-110 

spectrometer with a helium immersion dewar at 2 K (69).  The Mims ENDOR pulse 

sequence used was 50/400/20/50/5.  Data acquisition for the pulsed ENDOR 

experiments used the SpecMan software package with a SpinCore PulseBlaster ESR_PRO 

400 MHz word generator and an Agilent Technologies Acquiris DP235 500 MS/sec 

digitizer (70). 

The EPR spectrum of bicarbonate-bound CO dehydrogenase agreed very well 

with previously published results (Figure 5.1) (62). The EPR signal shows multiplet 

features due to hyperfine interactions with the Mo (I = 5/2, 95,97Mo 25% natural 

abundance) and Cu (I = 3/2, 63,65Cu 100% natural abundance) nuclei.  The singly occupied 

molecular orbital (SOMO) of CO dehydrogenase is extensively delocalized across the 

MoV-μS-CuI structure with 44% Mo dxy character, 25% S p character, and 21% Cu dx2/dxy 

character, resulting in the unusual EPR signal (Figure 5.2) (53).  Interestingly, the 

bicarbonate-bound dithionite-reduced paramagnetic signal generated resembles that 

exhibited by enzyme that has been partially reduced by dithionite in D2O, and devoid of 

the 1H hyperfine seen with dithionite-reduced enzyme in H2O (62).  The abolition of the 

proton hyperfine coupling seen in the bicarbonate-bound dithionite-reduced enzyme 

suggests that bicarbonate displaces those protons upon coordination to the binuclear 

center.  A comparison of the EPR signals seen with H12CO3 and H13CO3 showed no 

significant differences.  
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Figure 5.1 EPR spectra of 12C/13C bicarbonate-bound CO dehydrogenase  

EPR spectra of 200 μM CO dehydrogenase in 1 M bicarbonate and reduced by sodium 

dithionite.  The black spectrum is enzyme with H12CO3
-.  The black spectrum is enzyme 

with H13CO3
-.  There are no significant spectral differences between the two EPR 

samples. 
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Figure 5.2 Singly occupied molecular orbital (SOMO) of CO dehydrogenase  

The SOMO of CO dehydrogenase, modified from Gourlay et al. (2005) The extensively 

delocalized redox-active orbital consists of 44% Mo dxy character, 25% S p character, and 

21% Cu dx2/dxy character. 

Mo 

O 

S Cu 
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In order to further examine the mode of bicarbonate binding, we then turned to 

ENDOR spectroscopy to uncover any distinctions between the two bicarbonate species, 

and thus can determine the extent of bicarbonate binding in the binuclear center.  As 

there was no substantive evidence in the Davies ENDOR data, suggestive of a weak 

coupling, we instead employed Mims ENDOR pulse sequences.  Q-band instead of X-

band EPR was also used due to the higher sensitivity and better separation of Larmor 

frequencies offered by the higher frequency range of Q-band EPR.  Mims ENDOR 

(50/tau=400/20/50/5) spectra of H13CO3-bound enzyme reveals a weak coupling evident 

in the spectra recorded at three distinct magnetic fields: 11830 Gauss, 12100 Gauss, and 

12230 Gauss (Figure 5.3).  The coupling can be deconvoluted into two components: a 

dominant isotropic coupling, on top of which is a smaller dipolar coupling (Figure 5.4).  

The larger coupling at 1.3 MHz appear in both the 12C and 13C samples, and cannot be 

real due to the labeled bicarbonate abundance (12C).  However, the smaller coupling at 

0.3-0.4 MHz is unique to the 13C sample, and we attribute this to the complexed 

bicarbonate.  These results indicate that the bicarbonate carbon is weakly coupled to 

the Mo, since Mo possesses the majority of spin density of the SOMO (53).  We 

conclude that the bicarbonate in fact is not bound to the molybdenum, but instead to 

the copper.   The implication is that all the protons displaced by bicarbonate are also 

bound to copper, presumably as a water molecule. 

Turning next to the 17O coupling, EPR spectra of the CO-reduced enzyme in 

either HEPES-H2
16O or HEPES-H2

17O were nearly identical, with minimal broadening in  
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Figure 5.3 Mims ENDOR spectra of the field dependence of the H13CO3-bound CO 

dehydrogenase  

Mims ENDOR Q-band spectra of 13CO3-bound enzyme at different magnetic fields.  Mims 

ENDOR conditions: 50/400/20/50/5  
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Figure 5.4 Mims ENDOR spectra of bicarbonate-bound CO dehydrogenase  

Mims ENDOR Q-band spectra showing 13CO3-bound enzyme (black) after distinct pulse 

timescales. 12CO3-bound enzyme (blue) was used as a control.  Spectra were collected at 

B = 12100 Gauss. 
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the 17O spectrum.  These spectra, too, corresponded well to previously established 

results and constitute quality control for ENDOR analysis (Figure 5.5) (58). The Mims 

ENDOR data for the 16O and 17O samples is much more robust than that of the 12C and 

13C bicarbonate samples.  Hamiltonian parameters include: g = [2.0020, 1.9618, and 

1.9548], |A (63,65Cu)|= 193, 191, 221] MHz, |A(17O)| = [30, 30, 30 MHz].  A = 35 MHz 

coupling (ν+ = 25 MHz, A/2 centered, νL(17O) = MHz) in the various magnetic fields reveal 

the features in the 17O spectra that are absent in the 16O spectra (Figure 5.6).  The 

essentially fully isotropic nature precludes the oxygen being coordinated to the Mo=O 

but is consistent with it being present as a Mo-OH.  Since the EPR spectra show no 

proton hyperfine coupling, the Mo hydroxyl proton must be positioned in such a way 

that it is near a node of the SOMO of the extensively delocalized orbital.  There has been 

work done with sulfite oxidase that proposes the exchangeable equatorial hydroxyl 

must be at such a large angle to the MoV dzy orbital plane that the isotropic proton 

hyperfine coupling is not seen (93).  This then may be the case in this situation with CO 

dehydrogenase.  We thus conclude that a catalytically-labile Mo-O(H), rather than a 

Mo=O, exists in the binuclear center during catalysis. 

 

5.3. Discussion 

The 12C and 13C bicarbonate Mims ENDOR data point to the bicarbonate being 

bound solely to the copper as shown in Figure 5.7, rather than bridging between the Mo 

and Cu as proposed by Stein and Kirk (61).  We conclude that such a species is not likely  
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Figure 5.5 EPR spectra of CO-reduced CO dehydrogenase in H2
16O and H2

17O  

EPR spectra of 200 μM CO dehydrogenase in ENDOR tubes.  The black spectrum is CO-

reduced enzyme in 50 mM HEPES-H2
16O buffer.  The red spectrum is CO-reduced 

enzyme in 50 mM HEPES-H2
17O buffer.  There are no significant spectral differences 

between the two EPR samples. 



100 

 

 

 

 

 

 

 

Figure 5.6 Mims ENDOR spectra of CO-reduced CO dehydrogenase in H2
16O and 

H2
17O 

Mims ENDOR spectra of CO-reduced enzyme in HEPES-H2
16O (black) or HEPES=H2

17O 

(red).  Enzyme concentration was about 200 μM, and buffer concentrations were 50 

mM.   
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to be a catalytic intermediate.  Bicarbonate binding displaces at least two strongly 

coupled protons from the binuclear center, which is most likely to be the H2O originally 

bound to the copper.   

The 16O and 17O solvent Mims ENDOR indicate that the equatorial oxygen is not a 

Mo=O as originally thought, but is instead a Mo-OH.  As this species is paramagnetic, the 

hydroxyl proton of the Mo-OH proton apparently lies near a node of the delocalized 

electron orbital such that the SOMO would not be affected by the nucleus of the proton.  

Another possibility is that instead of an equatorial Mo-OH, it may be a Mo-OR in which a 

5-membered ring structure with the CO substrate is formed, although we consider this 

to be less likely.  Possible structures of the MoV intermediate are proposed in Figure 5.8. 

Based on previous ENDOR experiments, it appears that the structure of the CO bound to 

the copper seems to be the most likely intermediate (94).  Experiments using D2O as the 

solvent may also assist in determining whether the equatorial group is a Mo-OH or Mo-

OR. 
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Figure 5.7 Proposed bicarbonate-bound structure of CO dehydrogenase 

The proposed structure of the bicarbonate-bound enzyme indicates that the substrate is 

coordinated solely to the Cu, not the Mo in the binuclear center.   
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Figure 5.8  Proposed structures for MoV catalytic intermediate 

(Top) Structure proposed based on n-butylisonitrile crystal structure. (Center) Structure 

proposed based on density functional theory analysis. (Bottom) Structure based on 

initial intermediate in catalysis. 
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Chapter 6 

Conclusions 

6.1. Introduction 

The Mo/Cu carbon monoxide dehydrogenase from the carboxidoheterotrophic 

aerobe Oligotropha carboxidovorans catalyzes the oxidation of carbon monoxide to 

carbon dioxide (40,49,95-98).  This bacterium uses the reducing equivalents generated 

during catalysis as an energy source, while the carbon dioxide produced is its carbon 

source.  Although the overall reaction catalyzed by the enzyme is known, the present 

work has focused on the specific chemical mechanism of the reaction.  We have also 

developed a protocol, described in Chapter 2, which significantly improves the 

reactivation yield from 30% to nearly 50% active CO dehydrogenase.  We have identified 

the accumulation of a neutral FADH● species upon catalysis, manifested as a transient 

increase in absorption relative to that of the oxidized enzyme at 550 nm.  In addition, 

we have observed the pH dependence of UV/visible spectra of oxidized enzyme, 

particularly the flavin, appearing as different spectral profiles at high and low pH.  

Finally, our ENDOR studies have indicated that bicarbonate is unlikely to be a 

physiological intermediate during catalysis.  The ENDOR studies have also suggested 

that the equatorial oxygen coordinated to the molybdenum is a Mo-OH instead of a 

Mo=O, and that the oxygen is solvent exchangeable.  
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6.2. EPR Characterization of the FADH● Species in CO Dehydrogenase 

Our efforts to deconvolute the MoV UV/visible spectrum actually led us to the 

identification of a FADH● species, which had thus far not been characterized.  Enzyme-

monitored turnover experiments showed a transient increase in absorption above 550 

nm during steady state catalysis.  We postulated that the increase was due either to the 

formation of the partially-reduced MoV species or to the FADH● semiquinone.  Quench-

flow experiments with carbon monoxide and 1,4-naphthoquinone captured enzyme in 

the course of turnover, and the resulting EPR spectra revealed a strong, nearly isotropic 

signal around 3400 Gauss (g=2) with a linewidth of 20 Gauss, characteristic of the 

neutral flavin semiquinone (75,84,85).  

To further establish the source of the transient absorption increase at 550 nm, 

we analyzed the enzyme spectrophotometrically using both double difference 

experiments and reductive titrations with sodium dithionite at different pH values.  The 

double difference experiments compared UV/visible spectra of oxidized and reduced 

enzyme, both the reconstituted and cyanolyzed forms. Spectra of oxidized-minus-

reduced enzyme were calculated for both the cyanolyzed and reconstituted enzyme.  A 

comparison between the sets of oxidized-minus-reduced enzymes showed no significant 

spectral change attributable to the binuclear center as the enzyme progresses from 

MoVI to MoIV.  The small transient absorption at long wavelength in the course of 

reductive titrations at low pH is probably due to the transient accumulation of FADH●.  



106 

This further reduces the likelihood of the contribution of the partially-reduced enzyme 

species (MoV) to the transient increases in absorption at longer wavelengths. 

Reductive titrations of the enzyme were originally performed to determine 

whether the redistribution of reducing equivalents were pH-dependent.  While there 

was no absorption increase at 550 nm relative to the oxidized enzyme observed at pH 

10, a transient increase is observed at pH 6.  As the transient species appeared only at 

the beginning of the titration, we froze the enzyme and took several EPR spectra over 

the course of initial reduction.  We observed the evolution of a nearly isotropic signal at 

3400 Gauss (g=2), with a linewidth of 20 Gauss, again indicative of the neutral 

semiquinone.  The semiquinone appeared transiently during initial reduction of the 

enzyme, and disappeared as the enzyme continued to be reduced by sodium dithionite.  

This is yet another piece of evidence for the evolution of the FADH● species during 

steady-state catalysis, and its contribution to the increase in spectral absorption at 550 

nm. 

 

6.3. pH Studies Reveal That the Spectroscopic pH Effects in CO Dehydrogenase are 

Enzyme-Specific and Flavin-Related 

The absorption spectrum of oxidized CO dehydrogenase appears to be pH-

dependent, specifically the flavin, as manifested as differences in the UV/visible spectra 

observed at high and low pH.  The spectrum at pH 6 resembled that of the enzyme at 

the physiological pH 7.2; however, the spectrum at pH 10 showed a flattening and a 
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shoulder between 420-470 nm rather than an absorption maximum at 450 nm.  To 

determine whether this difference was flavin-related, we inhibited the enzyme with 

diphenyliodonium chloride, which forms a covalent adduct to the flavin with an 

absorption spectrum resembling the reduced cofactor.  The UV/vislble spectra of the 

DPI-inhibited enzyme at high and low pH were identical, indicating that the distinct 

features of the oxidized spectra of CO dehydrogenase were indeed due to the FAD.  To 

determine if this pH dependence of the FAD absorption was a signature of xanthine 

oxidase family enzymes, we also spectrophotometrically analyzed bovine xanthine 

oxidase and bovine xanthine dehydrogenase.  Neither enzyme showed any pH 

dependence to their absorption spectrum, indicating that this unusual spectral behavior 

is specific to the FAD of CO dehydrogenase.  The reason may be due to the aromatic 

residues found within the vicinity of the flavin.  CO dehydrogenase possesses an 

ionizable Tyr, as opposed to the Phe found in the xanthine oxidoreductases.  

Protonation and deprotonation of the Tyr may explain the pH-dependence of the 

UV/visible spectra of oxidized CO dehydrogenase, as there is no apparent spectral 

difference for the xanthine oxidoreductases. 

 

6.4. ENDOR Studies of Bicarbonate-Complexed CODH 

Samples of CO dehydrogenase complexed with either H12CO3 or H13CO3 and 

partially reduced with dithionite were analyzed using EPR and ENDOR spectroscopy.  

While the EPR spectra showed no apparent difference between the 12C and 13C samples, 
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they did demonstrate that bicarbonate bound to the binuclear center due to the loss of 

proton coupling seen in the dithionite-reduced enzyme in the absence of bicarbonate.  

Mims ENDOR spectroscopical analysis showed that there was a weak 13C coupling of 0.3-

0.4 MHz in the 13C sample that was absent in the 12C sample, indicative of the 

complexed bicarbonate.  The weak coupling indicated that the bicarbonate is not bound 

directly to the molybdenum, which possess the majority of density of the extensively 

delocalized singly occupied molecular orbital (Mo dxy 44%, S p, 25%, Cu 21% dxz and 

dz2 .with some s character) in the partially-reduced binuclear center (53).  We conclude 

that the bicarbonate is bound solely to the copper and does not bridge to the 

molybdenum, and that its binding displaces at least two strongly coupled protons in the 

signal-giving species, most likely the H2O originally bound to the copper. 

 

6.5. The Equatorial Mo-oxo is a Catalytically-Labile Mo-OH, Rather Than a Mo=O 

Samples of CO dehydrogenase partially reduced by CO in either H2
16O or H2

17O 

HEPES buffer were also analyzed using ENDOR spectroscopy.  The strong and isotropic 

nature of the signal (g = [2.0020, 1.9618, and 1.9548], |A (63,65Cu)|= 193, 191, 221] MHz, 

|A(17O)| = [30, 30, 30 MHz]) precludes the oxygen that has been incorporated into the 

binuclear center being an equatorial Mo=O, but instead suggests that it is a Mo-OH.  The 

absence of 1H coupling in the EPR spectra indicates that the hydroxyl proton must be 

positioned near a node of the extensively delocalized SOMO of the binuclear center, 

analogous to the situation seen in the molybdenum-containing enzyme sulfite oxidase 
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(99).  That the 17O is so efficiently incorporated into the Mo coordination sphere is 

strong evidence that the equatorial oxygen is catalytically-labile and re-incorporated by 

solvent during catalysis.  

 

 

6.6. Future Directions 

As discussed above, ENDOR data strongly suggest that the Mo-oxo group is a 

Mo-OH rather than a Mo=O.  Experiments using D2O as the solvent are currently being 

performed to determine the presence of the hydroxyl proton in the catalytically-labile 

equatorial oxygen ligand.  

Several experiments may be performed to further characterize the mechanism 

of CO oxidation.  Fourier transform infrared (FTIR) spectroscopy can be used to 

investigate CO binding in the binuclear center.  A dark-minus-light difference protocol, 

where the illumination would cleave the photolabile CuI●CO bond, would determine the 

change in vibrational frequency of the C-O stretch due to π-backbonding by the copper.  

Such changes may help describe the state at which the C-O bond is destabilized during 

enzymatic turnover.  Similar FTIR photolysis experiments have been done with CO 

bound to myoglobin and cytochrome oxidase, and thus set a precedence for performing 

these experiments with CO dehydrogenase (100,101). 

To continue the evaluation of molecular binding at the binuclear center, we have 

prepared crystals of CO dehydrogenase complexed with bicarbonate, and they are 
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currently being examined.  As described in Chapter 5, bicarbonate is an unlikely 

intermediate in catalysis, as it is bound to the copper and not the molybdenum.  

However, examination of the nature of its binding may assist in further clarification of 

substrate binding in the catalytic state of the enzyme.  As the structure of CO 

dehydrogenase with carbon monoxide bound has not yet been solved, crystallization of 

the enzyme with its physiological substrate CO to determine might also be pursued.   

We have also crystallized CO dehydrogenase with pentachlorophenol (PCP) to 

examine the position of the flavin within the enzyme for electron transfer.  Prior 

experiments have established quinones as the physiological electron acceptor of the 

enzyme (42).  Enzyme structures have established that within the flavin subdomain, an 

Ile is positioned on the re side and a Tyr on the si side within van der Waals contact of 

the flavin.  Crystallizing the enzyme bound with PCP, a highly water-soluble quinone 

analog, would help elucidate the positioning of the flavin and quinone rings and hence 

contribute to understanding how electron transfer from the enzyme proceeds. 

Finally, in continuing to examine electron transfer of CO dehydrogenase, 

electrochemical studies to determine the reduction potentials of the redox-active 

centers in the enzyme would be useful.  Work to date shows that electron transfer 

within the enzyme is too fast to be detected by stopped-flow, as discussed in Chapter 4, 

and so the distribution of reducing equivalents could not be measured.  However, 

potentiometric analyses may allow the reduction potentials of the redox-active centers 
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to be determined, providing insight into how intramolecular electron transfer occurs 

within the enzyme. 
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