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ABSTRACT: Carbon monoxide dehydrogenase (CODH) catalyzes the reversible oxidation of CO to CO; at
a nickel—iron—sulfur cluster (the C-cluster). CO oxidation follows a ping-pong mechanism involving
two-electron reduction of the C-cluster followed by electron transfer through an internal electron transfer
chain to external electron acceptors. We describe '3C NMR studies demonstrating a CODH-catalyzed
steady-state exchange reaction between CO and CO; in the absence of external electron acceptors. This
reaction is characterized by a CODH-dependent broadening of the '3CO NMR resonance; however, the
chemical shift of the '3CO resonance is unchanged, indicating that the broadening is in the slow exchange
limit of the NMR experiment. The '*CO line broadening occurs with a rate constant (1080 s™! at 20 °C)
that is approximately equal to that of CO oxidation. It is concluded that the observed exchange reaction
is between 3CO and CODH-bound *CO, because '3CO line broadening is pH-independent (unlike steady-
state CO oxidation), because it requires a functional C-cluster (but not a functional B-cluster) and because
the 13CO; line width does not broaden. Furthermore, a steady-state isotopic exchange reaction between
I2CO and 3CO, in solution was shown to occur at the same rate as that of CO, reduction, which is
approximately 750-fold slower than the rate of '*CO exchange broadening. The interaction between CODH
and the inhibitor cyanide (CN™) was also probed by '3C NMR. A functional C-cluster is not required for
I3CN™ broadening (unlike for 3CO), and its exchange rate constant is 30-fold faster than that for 3CO.
The combined results indicate that the '3 CO exchange includes migration of CO to the C-cluster, and CO
oxidation to CO,, but not release of CO; or protons into the solvent. They also provide strong evidence
of a CO; binding site and of an internal proton transfer network in CODH. '*CN~ exchange appears to

monitor only movement of CN~ between solution and its binding to and release from CODH.

Carbon monoxide dehydrogenase (CODH) catalyzes the
reversible oxidation of CO to CO, according to eq 1.

CO + H,0 = CO, + 2H" + 2e— (1)

In carboxydotrophic microbes, like the hydrogenogenic
thermophile Carboxydothermus hydrogenoformans, the oxi-
dation of CO is utilized as the sole source of carbon and
energy during chemolithoautotrophic growth (2—4). There
are three classes of CODH: a copper molybdopterin enzyme
(5) and two classes of Ni enzymes, which have been a
primary focus because of their high catalytic activity and
importance in anaerobic CO and CO, fixation (6). A
monofunctional Ni-CODH has been characterized from
Rhodospirillum rubrum (7, 8) and C. hydrogenoformans (9),
which reversibly oxidizes CO to CO,. Association of the
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monofunctional CODH with another Ni enzyme called
acetyl-CoA synthase (ACS) forms a machine called CODH/
ACS that converts CO,, a methyl group (donated by a
methylated corrinoid iron—sulfur protein), and CoA to acetyl-
CoA, which is the key step in anaerobic CO and CO, fixation
by the Wood—Ljungdahl pathway (6, 10, 11). The overall
structures of the CODH component of CODH/ACS and the
monofunctional CODH are virtually identical (8, 9, 12—14)
in which CODH forms an essential homodimeric unit, with
each dimer containing two C-clusters, two B-clusters, and
one D-cluster. The C-cluster is the catalytic site for CO
oxidation and is buried 18 A below the surface. This cluster
can be described as a [3Fe-4S] cluster bridged to a binuclear
NiFe cluster; the B-cluster is a typical [4Fe-4S]>*'* cluster,
and the D-cluster is a [4Fe-4S]**/1" cluster that bridges the
two subunits, similar to the [4Fe-4S]>*/!'* cluster in the iron
protein of dinitrogenase (15, 16). CODH follows a ping-
pong mechanism, indicating that release of CO, precedes
the binding of electron acceptors (/7—-19). As we conceive
the mechanism, CO binds to and reduces the C-cluster by
two electrons, forming CO, and two protons (8, 11, 20).
Then, the two electrons are transferred to the B- and
D-clusters, which form an internal redox chain between the
C-cluster and external electron acceptors, such as ferredoxin
(14, 18, 19, 21). The enzymatic reaction is reversible and
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occurs at the thermodynamic potential, unlike most chemical
catalysts, which require a significant overpotential (22).

To improve our understanding of the mechanism of
oxidation of CO to CO,, it is important to study the
intermediate chemical steps in the reaction. The thermophilic
C. hydrogenoformans CODH is highly active and, among
the monofunctional CODHs, has been structurally character-
ized in the most detail (9, /4). Transient kinetic experiments,
like stopped flow UV —visible or fluorescence spectroscopy
or rapid freeze quench EPR, are often used to identify the
intermediate steps in an enzymatic reaction; however, these
experiments rely on the particular step under study occurring
more slowly than the mixing time for the instrument, i.e.,
the half-time for the reaction under study must be longer
than the dead time for mixing the enzyme and substrate. CO
oxidation by CODH-II' from C. hydrogenoformans has a
rate constant of ~40000 s™! under optimal conditions at 70
°C (2) (~500 s~! at 10 °C); therefore, even at 10 °C, the
half-time for the overall CO oxidation reaction (~1.4 ms) is
too short for most transient kinetic methods (2—10 ms).
However, it is apparent that, since CO oxidation is a ping-
pong reaction, one should be able to observe the intercon-
version between CO and CO; in the absence of electron
acceptors by following an exchange reaction between CO
and CO,. Furthermore, this reaction occurs within the time
scale for NMR (107*—10* s). Thus, we used FT-NMR
spectroscopy to study the CO—CO, exchange reaction with
the CODH-II from C. hydrogenoformans. Potentially, this
reaction could provide more direct information about the
chemical steps involved in CO oxidation than measurements
that monitor redox reactions, such as reduction of the internal
(B-clusters) or external redox acceptors.

There is a precedent for the use of '*C NMR for studying
exchange reactions. The equilibrium exchange between CO,
and HCO;™, catalyzed by carbonic anhydrase, has been
studied by '*C NMR methods (23-26). This exchange is
shown to be pH-independent, in contrast to the sharp pH
dependence observed for kg in the steady-state hydration
and dehydration reactions (27). This difference is attributed
to the involvement of an internal proton transfer network
with no release of protons to the solution during the exchange
reaction, while the steady-state reaction requires the release
of a proton to the solvent (28). In nonenzymatic reactions,
an isotopic exchange between CO and CO; in the gas phase
has been studied by mass spectrometry (29) and by '“C
exchange (30); however, no studies of the exchange between
CO and CO; have yet been reported for an enzyme, to the
best of our knowledge.

We demonstrate by *C NMR that free CO undergoes a
slow isotopic exchange with free CO, or free HCO;™ in
solution and a 500-fold faster '3CO line broadening that is
assigned to an exchange reaction between CO and enzyme-
bound CO,. The rapid exchange broadening is dependent
on the CODH-II concentration but is independent of the
buffer concentration and the pH, and it shows a rather modest
(0.87) solvent isotope effect, suggesting that the two protons

! Abbreviations: CODH-TI, carbon monoxide dehydrogenase IT;
MES, 2-(N-morpholino)ethanesulfonic acid; Tris, 2-amino-2-(hydroxym-
ethyl)-1,3-propanediol; HEPES, 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid; DTT, dithiothreitol; CODH-IIyt, recombinant CODH with
a C-terminal six-His tag.
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produced during CO oxidation remain bound at the active
site as part of an internal proton transfer network. In contrast,
the steady-state CO oxidation reaction exhibits a sharp pH
dependence (pK, ~ 6.70). On the basis of mutagenesis and
metal depletion experiments, it is shown that the *CO
exchange broadening requires a functional C-cluster, but not
a functional B-cluster, indicating that the two electrons
produced during CO oxidation remain associated with the
C-cluster during the exchange. Electrons are then transferred
to the internal electron transfer chain, perhaps associated and/
or coordinated with proton transfer, in a subsequent reaction.
These results also imply that reduction of bound CO; at the
C-cluster of CODH-II must occur much faster than the
reduction of CO, in solution.

MATERIALS AND METHODS

Materials. CO (99.99%) and N, (99.998%) were purchased
from Linweld (Lincoln, NE). 3C-enriched NaHCO3, CO, and
KCN as well as D,0 (all >99.9% isotopically enriched) were
purchased from Cambridge Isotopes (Andover, MA). All
other chemicals were obtained from Sigma-Aldrich (St.
Louis, MO) and were of the highest available purity. Primers
were synthesized and HPLC-purified by IDT, Inc. (Coralville,
IA). Restriction enzymes, DNA ligase, alkaline phosphatase,
and competent cells were purchased from Invitrogen (Carls-
bad, CA).

Purification of Native and Recombinant Forms of CODH-
II. C. hydrogenoformans (strain DSMZ 6008) was grown
with CO as the carbon source at 66 °C as described
previously (2). CODH-II was purified to >95% homogeneity
under strictly anaerobic conditions as previously described
(31) in a Vacuum Atmospheres (Hawthorne, CA) anaerobic
chamber maintained at 18 °C at an oxygen tension of <1
ppm, monitored continuously with a model 317 trace oxygen
analyzer (Teledyne Analytical Instruments, City of Industry,
CA). The specific activity of purified CODH-II was between
1700 and 2000 units/mg at 30 °C with 1 atm of CO, 20 mM
methyl viologen, 50 mM HEPES (pH 8.0), and 2 mM
dithiothreitol. Protein concentrations were determined by the
Rose Bengal method (32) with chicken egg lysozyme as the
standard.

Recombinant CODH-II was expressed in Escherichia coli
BL21(DE3). The cooSII gene was amplified from genomic
DNA isolated from C. hydrogenoformans (4) using the Pfu
Turbo DNA polymerase kit from Stratagene (La Jolla, CA)
and the primers 2350N (ACATGCATGCTAGCTAAG-
CAAAATTTAAAG) and 2350C (CGCGGATCCCCATG-
GTAATCCCAG) (the underlined bases correspond to the
restriction sites for the Sphl and BamHI restriction enzymes).
The PCR product and the pQE70 vector (Qiagen, Valencia,
CA) were digested with Sphl and BamH]I, and the linearized
vector was dephosphorylated with shrimp alkaline phos-
phatase (Fermentas, Hanover, MD). The purified PCR
product and vector were ligated and transformed into One
Shot Top 10 competent cells, and plasmids containing the
cooSII gene were isolated from ampicillin resistant colonies.
The entire sequence of the cooSII gene and the immediate
sequences upstream and downstream were confirmed by
DNA sequencing. The resulting plasmid (pQECHIIHT)
carrying the cooSII gene contains an additional Leu codon
(CTA) at the N-terminus, four additional codons (GGA,
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TCC, AGA, and TCT encoding Gly, Ser, Arg, and Ser,
respectively), and a six-His tag (pQECHIIHT) at the C-
terminus. This plasmid was transformed into E. coli
BL21(DES3) Star containing the pRKISC plasmid (a generous
gift from Y. Takahashi from Osaka University, Osaka,
Japan), which carries the entire ISC operon from E. coli.
Cells harboring both plasmids were recovered from Luria-
Bertani plates containing ampicillin (0.1 mg/mL) and tetra-
cycline (0.010 mg/mL). The recombinant strain was grown
aerobically at 37 °C in a 2 L bottle containing 1 L of Terrific
Broth continuously sparged with air. When the ODg reached
0.6—0.8, the gas phase was switched to pure nitrogen for
30 min, and 0.1 mM Fe(NH,4),(SO,),, 0.2 mM NiCl,, 1.5
mM Na,S, and 2.0 mM cysteine (final concentrations) were
added. After 30 min, 0.2 mM isopropyl thiogalactoside was
added to induce expression. After 15—17 h, the cells were
harvested by centrifugation at 7000 rpm for 10 min at 4 °C.
The cells were either stored at —78 °C for processing later
or immediately lysed. Cells were lysed in a solution
containing 50 mM potassium phosphate (pH 8.0), 10 mM
p-mercaptoethanol, 0.3 M NaCl, and 10 mM imidazole
(buffer A), supplemented with 0.2 mM phenylmethanesulfo-
nyl fluoride, 0.25 mg/mL chicken egg lysozyme, and 4 units/
mL deoxyribonuclease I. The suspension was sonicated for
6 min using 5 s pulses at 25% output. The homogenate was
then centrifuged at 4 °C for 30 min at 30000 rpm and loaded
onto a I cm x 5 cm Ni-nitrilotriacetate agarose column
(Qiagen) in the anaerobic chamber. After extensive washing
with buffer A, CODH-Ilyr was eluted with buffer A
supplemented with 240 mM imidazole. The fractions con-
taining CODH-IIyr were pooled, dialyzed, and concentrated
by ultrafiltration into 0.1 M Tris-HCI (pH 8.0) and 2 mM
dithiothreitol. CODH-IIyr was judged to be >95% pure by
SDS—PAGE. Peptide mapping by means of mass spectrom-
etry analysis confirmed up to 70% of the protein sequence.
The specific activities of the CODH-IIyr preparations were
found to be between 200 and 400 units/mg at 30 °C, which
is between 10 and 20%, respectively, of the native CODH-
II from C. hydrogenoformans. Mutagenesis of pQECHIIHT
was carried out using the QuickExchange kit from Stratagene.
All mutations were confirmed by DNA sequencing of the
entire cooSII gene.

NMR Spectroscopy and Samples. FT-NMR spectra were
recorded in a Bruker Avance spectrometer operating at a '3C
frequency of 100.62 MHz with broadband proton decoupling.
Samples in H,O contain 10% D,O for the internal field
frequency lock. Samples in D,O contained <10% H,0. A
total of 2560 transients were collected for 120 min with
32768 data points in the time domain, with a pulse acquisition
delay of 2 s and a frequency window of 22075 Hz. For long
time acquisitions, six blocks of 120 min were collected and
averaged using the Bruker TopSpin software for a total of
15360 transients. The free induction decay data were
processed with SpinWorks version 2.5.1 (K. Marat, 1999—2005,
http://www.umanitoba.ca/chemistry/nmr/spinworks/) using a
Fourier transformation with a zero filling function containing
a total of 64K data points, a Lorentzian window function,
and a line broadening of 1 Hz. The resonance peaks for '*C-
labeled CO, HCO;™~, and CO, were observed at 184, 160,
and 124 ppm, respectively. The pH-dependent resonance
peak for *CN~ was observed within the range of 137—150
ppm (33). All frequencies are referenced to tetramethylsilane.
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Table 1: Chemical Shifts, Line Widths, and Longitudinal Relaxation
Times (7)) for the Species Monitored in This Study

compound chemical shift (ppm) line width (Hz) Ty (s)

CcO 184.2 0.36 2.70
NaHCO; 160.2 2.44 (pD 7.0), 1.20 (pD 9.5) 24
CO, 124.6 0.32 (pD 7.0), 0.02 (pD 9.0) 50
CN™ 137—-150° 14.2 2.70

“The resonance of cyanide in solution is pH-dependent, and the
reported position for CN™ in water is 165.7 ppm and for HCN 112.7
ppm. The observed range of parts per million corresponds to the pD
range of 8.9—9.4.

The intensities of the peaks for the four species studied were
calculated using the MES buffer peak integrations (0.1 M
or 1 mM 13C) as a reference. The concentrations of CO, CO,
and NaH'*COj; were calculated from the integrated intensities
applying a correction for the longitudinal relaxation times
(T, values listed in Table 1). The T, values were measured
by the usual inversion—recovery pulse sequence. The CO
concentration was confirmed by injecting a small amount of
the sample into an assay containing 2 mM sodium dithionite
and 0.1 mM myoglobin (Calbiochem) and measuring the
absorbance increase at 425 nm, using an extinction coefficient
of 80000 M~ cm™!.

Line-shape analysis was carried out using Sigmaplot 5.0
(Systat Software, San Jose, CA). A four-parameter Lorent-
zian peak function (eq 2) was used for nonlinear regression.

a

Y=Yt T e ()
1+( ")

b

Four parameters were fit by the nonlinear regression analysis:
the intensity offset, y,; the intensity of the peak, a; the
frequency offset for the resonance, x,; and the half-width at
the peak half-height, b. The validity of the fit was tested by
fitting a Lorentzian peak prepared with a given set of
parameters with eq 2 and by fitting the peak for CO obtained
from spectra of the same sample but processed with different
line broadening functions. The line broadening was calculated
using eq 3, where Av is line broadening and vcopn and v,
are the half-line widths at half-height for the peaks in the
presence and absence of enzyme, respectively.

AV = Vopy — U, 3)
rate; ; = 2mAv[S] @)

The exchange rate was calculated according to eq 4, which
is only appropriate in the slow exchange limit. In this
equation, [S] corresponds to the concentration of a species
(CO, CO,, HCO3, or CN7) obtained from the corresponding
integrated intensity, after correction for 7 with a time delay
of 2.0 s. The pH or pD was confirmed by comparing the
corresponding pL electrode reading with the ratio of con-
centrations of HCO3~ and CO,, based on a pK, of 6.8 in
D,0.

For the '’C isotope exchange experiments, the NMR
samples were prepared in the anaerobic chamber by mixing
buffer, D,O, and CODH-II in a 1.5 mL Eppendorf tube and
transferring the mixture to a 5 mm NMR tube from Norrell
(Sigma-Aldrich), sealed with a 7 mm inside diameter rubber
septum. After the sample had been flushed with 3CO through
a long 20 gauge Luer needle for 30—60 s, NaH'*CO; was
injected from a 1 M stock solution. The solution was mixed
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FIGURE 1: (A) 13C NMR of an exchange reaction mixture containing 15 uM CODH-II (blue) or no CODH-II (red), 0.7 atm of 3CO, and
5.0 mM NaH"3CO; in 0.1 M MES (pD 6.30) with >90% D,0. MES buffer peaks are not shown. Spectra were collected for 12 h with
decoupling of the proton channel. The concentrations as estimated from the 7)-corrected peak integrations are as follows: 0.7 mM 3CO,
4.41 mM BCO,, and 1.31 mM H"3CO;". (B) Fits to a four-parameter Lorentzian function of the '>CO resonance peaks. Data without
CODH-II show the fit in red and with CODH-II show the fit in blue. (C) Fits to a Lorentzian function of the '3CO, resonance peaks for the
sample without CODH-II (red fit) and with CODH-II (blue fit). (D) Fits to a Lorentzian function of the H'*CO3~ resonance peaks for the
sample without CODH-II (red fit) and with CODH-II (blue fit). NMR peak intensities are normalized for clarity.

at room temperature and allowed to reach equilibrium for
60—90 min prior to the commencement of data acquisition.
That the samples were poised at equilibrium was confirmed
by recording six 2 h spectra in 12 h. A <5% variation in the
intensities of each of the peaks was observed.

For the NMR isotope exchange experiments, the samples
were prepared in the anaerobic chamber as just described
except that they were flushed with 100% unenriched CO for
10 min before 50 mM NaH'3CO; was added. Shortly before
the initiation of data acquisition, a small aliquot of CODH-
I stock was injected. The time interval between the injection
of the enzyme (between 4 and 5 min) and the half-point of
the first spectrum (~19 min) was taken as the first time point.
For the remainder of the time acquisition, the time for each
point was generated by adding 38 min. The integration of
the 13CO peak was corrected for T; with a time delay of
2.0 s and plotted versus time. The plots were then fitted to
eq 5, the exponential form of the isotope exchange equation:

[Pcol = [PCOo, i1

— exp(vel xt/[COD]  (5)

where ['3CO;y] is the concentration at infinite time, [CO] is
the total constant concentration of CO, and vel is the rate of
isotopic exchange under conditions where [CO;] > [CO].

RESULTS

3CO Exchange Broadening. Upon addition of CODH-II
to a solution containing '*CO and *CO,, the *CO resonance
exhibits significant broadening (Figure 1A,B). The observed
Avco values were in the range between 1 and 30 Hz,
depending on the conditions. To compare the results to
normal steady-state conditions for CO oxidation, the con-
centrations of the substrates were at least 10-fold higher than
that of CODH-II. As shown in Figure 1, when the solution
contained 0.7 atm (0.69 mM) of BCO and 5.0 mM
NaH"3COs, the observed line widths for *CO, 3CO,, and
H"3CO;~ were 0.68, 0.63, and 1.73 Hz, respectively, without
enzyme, as obtained from fits to eq 2. In the presence of 15
uM CODH-II, the resonances “broadened” to 4.32, 0.66, and
1.66 Hz, respectively, yielding line broadenings for '3CO,
13CO,, and H®CO;~ of 3.64, 0.03, and —0.07 Hz, respec-
tively. The broadening values for '3CO, and H'3CO;™ are
insignificant, given the error of the measurement, since line
broadening values in the range of 0.5 Hz can originate from
slight discrepancies in the tuning of the broadband probe of
the instrument. Furthermore, there was no consistent depen-
dence of the CO, line width broadening on the CO, or
CODH-II concentration. The 7'-corrected integrations for the
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FIGURE 2: (A) Dependence of the broadening exchange rate (rate; ) on the CODH-II monomer concentration. Other conditions are 0.5—0.7
atm of 3CO, 50 mM NaH!3*COs;, and 0.1 M MES (pD 6.8). The T)-corrected integrations of the 3CO peak were used to calculate the 13CO
concentrations. The slope of the linear regression is 2000 =+ 200 s~'. (B) Dependence of rate; g after normalization for CODH-II concentration
on the CO concentration. The line at 1700 s~! represents the average of all the measurements shown, while the dashed lines indicate the
standard error (300 s~1). (C) Effect of pD on the exchange broadening for the CO resonance (®) and pH dependence of k., for CO
oxidation (H). The steady-state measurements were carried out at 20 °C, in 20 mM methyl viologen, 1 atm of CO, and 0.1 M MES buffer.

resonances were used to calculate the concentrations of *CO,
13CO,, and H3CO;™ in the reaction mixture, which were
0.71, 4.41, and 1.31 mM, respectively.

To ensure that the exchange process is in the slow
exchange limit, we performed the experiment at varying
concentrations of CODH-II. Although the amount of CO
broadening is proportional to the CODH-II concentration
(Figure 2A), the 3CO, as well as the HCO;™ and CO,,
chemical shifts were unchanged by addition of CODH-II
(Figure 1B—D), and reproducible within 0.1 Hz for different
experiments. Under the slow exchange regime of the NMR
time scale, the exchange process can be expected to affect
the line widths of the exchanging resonances and not the
resonant frequencies or the longitudinal relaxation rate
constants (1/T; values). Therefore, the '*CO chemical
exchange occurs at a much slower rate than the time scale
of acquisition of the NMR spectra, i.e., 2rAw, where Aw is
the resonance frequency difference between the exchanging
species. For a slow exchange process, 2rAw*/Av > 1 (25),
where Av is the line broadening, as defined in Materials and
Methods. For a chemical exchange between CO and CO,,
Aw (i.e., wCO — wCO,) = 60 ppm or 6000 Hz; thus, 2tAw
equals approximately 36000 s~!. Likewise, for the exchange
between CO and HCO;~, A = 23 ppm or 2300 Hz. Thus,

both of the resonance frequency differences are much larger
than the maximum observed broadening for CO of ~30 Hz.
That the CO resonance exhibits line broadening but remains
at the same chemical shift as free CO demonstrates conclu-
sively that the '*CO chemical exchange process is within
the slow exchange limit of the NMR experiment. Under this
time regime, eq 3 is the appropriate treatment for the
broadening (Av), and the '3CO line broadening is expected
to be proportional to the exchange rate as shown by eq 4.
According to eq 4, the rate of the '*CO chemical exchange
is 16.8 mM s~ . This value equates to a rate constant of 1080
s 1 at 20 °C, based on a monomeric unit of CODH-II. The
exchange rate (rate;g) in turn is proportional to the enzyme
concentration, as shown in Figure 2A.

We were unable to observe the expected dependence on
CO concentration (Figure 2B). The likely reason is that the
low K, value for CO in the CO oxidation reaction catalyzed
by CODH-II (18 uM) (2) is well below the lowest CO
concentration that could be used in these experiments (0.2
mM). This is because the '3CO signal could not be observed
at concentrations of <0.1 mM *CO due to the inherent
insensitivity of the NMR method and the long 7' value for
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CO (2.7 s) (Table 1).% Similarly, the '3CO, signal was not
observed at concentrations of <0.5 mM !3CO,. T values
were measured by the standard inversion—recovery method
in the absence of enzyme. Since the K, value for CO is well
below the NMR detection threshold and since there is no
observable dependence of the line width on CO concentra-
tion, it is reasonable to conclude that the broadening
exchange rates are values at saturation. Therefore, the rate, g/
[CODH] constants are directly comparable to k., values for
CO oxidation, CO, reduction, and the isotopic exchange rate
constant.

The *CO line broadening could arise from any exchange
process involving free CO and a form of CO or CO, with
an inherently different chemical shift as long as it is on the
reaction pathway, i.e., bound CO, or bound or free CO, (or
perhaps bicarbonate). If the '*CO line broadening were to
originate from an exchange between '3CO and '3CO, (or
H'¥CO;7) in solution, one would expect to observe a line
broadening for both of these resonances, as described in eq
6, which was derived for the '3CO,—H!*CO; exchange
catalyzed by carbonic anhydrase (26).

27AV[CO] = 27AV o [CO,] 6)

Specifically, for the CODH-II reaction, if the CO and CO,
concentrations are equivalent, the amount of broadening of
the 3CO, (or H'3CO;™) resonance should equal that of the
3CO resonance. In most experiments, the CO concentration
was in the range of 0.5—1.0 mM and the combined
concentrations of CO, and bicarbonate ranged from 0.5 to
50 mM. However, as noted above, only the '*CO resonance
exhibits significant broadening upon addition of CODH-II
(blue line in the presence of CODH-II, red line in its absence)
with a Av of 3.64 Hz and a rate g of 16.8 mM s~! (Figure
1B—D). With 5.0 mM "*CO, and CODH-II concentrations
as high as 0.05 mM, no significant broadening of the *CO,
or H3CO;™ resonances could be detected.> Furthermore,
broadening was not observed for the '*CO, resonance even
at a concentration of 250 uM CODH-II (monomer), in the
absence of CO, or in the presence of the reductant sodium
dithionite at 2 mM (in the absence of CO). In addition, when
the pD of the reaction was lowered (to decrease the
bicarbonate concentration) or when the CO, concentration
was decreased at a constant CO concentration, broadening
of 13CO, resonance was not observed. These results clearly
indicate that exchange between free CO and free CO; in
solution is not responsible for broadening of the *CO
resonance and suggest that this process originates from an
exchange reaction involving CO and some bound form of
CO or CO, but does not include the final step, release of
CO:; into solution. Further support for this view comes from
the lack of an effect of the CO, concentration on the 3CO

2 Because of the high Ty values, with 100 4uM 3CO, a 50 uM 3C
peak can be observed; with 500 uM '*CO,, only an 20 uM '3C peak
can be observed.

3 The rate constants (ke values) for CO and CO, broadening are
the numbers for the rates divided by the CODH-II concentration, 15
uM. For CO, it is 16.8/0.015 = 1120 s™!, and for CO,, it would be
0.83/0.015 = 55 s~!. Thus, it is clear that CO and CO, (in solution)
are not exchanging. Moreover, no effect of the 3CO, and H'*CO;~
concentrations on the broadening of the '3CO resonance was observed,
consistent with the lack of involvement of these two species in the
13CO broadening.
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broadening, indicating that free CO, is not in equilibrium
with bound CO, bound CO,, or free CO along the exchange
pathway responsible for the broadening. Moreover, CO, and
bicarbonate are at chemical equilibrium, as their ratio was
found to be invariant over the time of the experiments (2 h)
and this ratio was quite close to the value calculated from
the pK, for CO, (6.80 in D,0). Although the CO,/H'*CO5~
ratio does vary with the pH, it does not affect the broadening
of BCO (Figure 2C). A different approach, described below,
for studying the exchange reaction between CO and CO, in
solution reveals that this reaction occurs nearly 3 orders of
magnitude more slowly than the '*CO line broadening.

Broadening of the bicarbonate resonance was observed at
pD >8.0. The extent of broadening was similar to that of
the '*CO resonance, but given the high concentrations of
bicarbonate which accumulated at high pD (measured directly
in the NMR experiment to be >50 mM), the resulting
exchange rates are ~100 times higher than those for CO.
Since CO,, not bicarbonate, has been shown to be the product
of the CODH reaction, observation of line broadening with
bicarbonate and not CO, suggests that H*COs~ line broad-
ening does not involve any step in CO oxidation. The extent
of broadening of bicarbonate was significantly reduced at
higher MES buffer concentrations (not shown), suggesting
that the H'*CO;~ broadening is likely to come from general
base catalysis of CO oxidation. This was confirmed by
measuring the stimulating effect of bicarbonate on the CO
oxidation activity under steady-state conditions in the absence
of buffer (Supplementary Figure 1) and by the fact that
bicarbonate broadening was not observed in the absence of
CO or CODH-II. Thus, broadening of the H3CO;™ resonance
under these conditions must result from binding and dis-
sociation of bicarbonate from some anion binding site on
CODH and not from a CO—bicarbonate exchange reaction.
Although H'3CO;~ line broadening is an interesting phe-
nomenon, our studies focused on characterization of the *CO
line broadening, which clearly involves steps included in the
CO oxidation reaction.

The results described above indicate that the '3CO line
broadening originates from an exchange between CO and
some CODH-bound form of CO or CO, with a chemical
shift that is different from that of free '3CO. The line
broadening is truly an exchange process and does not result
simply from immobilization of CO or CO, within the protein
because, if 3CO were firmly immobilized on the CODH
homodimer (molecular mass of ~130 kDa), the rotational
correlation time of the complex would equal that of the
protein, which is ~56 ns.* On the basis of this correlation
time, a simple calculation of the transverse relaxation rate
(T>) yields a value of ~0.29 s (34), which would contribute
a BCO line width broadening Av of only 1.1 Hz. Another
consideration is that, since CODH is a metalloenzyme, one
might suspect that the broadening might come simply from
a paramagnetic effect, e.g., binding of CO to a paramagnetic
C-cluster. However, even though a '’C resonance near a
paramagnetic metal center would certainly experience para-

“ The rotational correlation time was estimated as the molecular mass
divided by 2400 ns, assuming a globular protein with spherical
symmetry. 7, was calculated by a simple relationship derived from the
Bloembergen—Purcell—Pound theory of nuclear magnetic relaxation

).
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FIGURE 3: Isotope exchange at equilibrium between CO and 3CO,/
NaH'3CO;. The samples were prepared and the spectra recorded
as indicated in Materials and Methods. The two assays contained
90 (@) and 9 nM (H) CODH-II monomers. The amplitudes and
rate constants for these assays were 0.70 mM and 0.0139 min™~!
(®) and 1.0 mM and 0.001 min~! (M), respectively. The data were
fit according to eq 5 shown in the text. The concentrations of CO
and BCOy/H3CO; were 0.7 atm and 50 mM, respectively.
magnetic broadening (and, if it were directly bound, it would
also shift markedly in frequency), the broadening of the free
CO resonance under the slow exchange regime with respect
to the NMR time scale depends on the rate of exchange, but
not on the line widths of the bound *CO or bound *CO,
resonance. Therefore, the bound form of CO or CO, may
be paramagnetic or diamagnetic, but a paramagnetic effect
is not responsible for the observed '3CO line broadening.
We also show (vide infra) that a functional C-cluster, which
is the active site for CO oxidation and CO, reduction, is
required for observation of any significant '*CO line broad-
ening, also indicating that broadening does not originate from
simple binding and release of CO from CODH-IIL.

Isotope Exchange between CO and '3CO;. To improve our
understanding of the origin of the CO line broadening, we
measured the isotopic exchange between CO and CO; in
solution by following the incorporation of '3C from '*CO,
into '*CO in the presence of '?CO at lower concentrations
of enzyme (<1 uM) than in the CO line broadening
experiments. Under these conditions, broadening of the *CO
resonance was not noticeable. Since the concentrations of
the substrates are much higher than that of enzyme, the assay
is expected to follow the steady-state kinetics of isotope
exchange at chemical equilibrium. The number of averaged
transients was reduced to 768 scans per spectrum with 8192
data points (38 min collection time per spectrum) in the time
domain for detection of the incorporation of '*C into CO.
The amount of '*CO increased exponentially with time, as
expected for a first-order exchange process, with an ampli-
tude equivalent to the total CO concentration and with a kexc
(vel/[CODH]) of ~1.7 s7!, calculated according to eq 5
(Figure 3). The total concentrations of CO (~0.7 atm), '*CO,,
and H*CO;~ (50 mM) did not change during the experiment,
as determined from the T)-corrected peak integrations,
indicating that an isotope exchange had occurred at equi-
librium in which 3C from 3CO, was incorporated into CO.
The isotope exchange rate (vel) was found to be proportional
to the CODH concentration (not shown). To compare this
isotope exchange reaction with the steady-state initial velocity
of CO, reduction, the reduction of CO, to CO was assessed
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at 20 °C by following the formation of Mb-CO (35) with 2
mM sodium dithionite as the reductant, yielding a Knco, of
0.5 mM and a ke of 2 s™! (Supplementary Figure 2). In
contrast, the steady-state parameters for CO oxidation by
CODH-II are as follows: Kynco = 18 uM, Kpvy = 4 mM,
and ke, = 15900 s™! per monomer at 70 °C (2). At 20 °C,
the k., for CO oxidation decreases to 1500 s~ !, while the
Ky values for the substrates are temperature-independent.
Thus, for the isotope exchange between CO and CO, in
solution (key = 1.7 s71), the reduction of free '*CO, to 13CO
is rate-limiting (ke,e = 2 s71), as this step is 750-fold slower
than CO oxidation. Since the rate constant for '3CO line
broadening (1080 s™! at 20 °C) is comparable to that for
CO oxidation (ke = 1500 s7! at 20 °C), the steps involved
in *CO exchange broadening could include CO binding and
oxidation to a bound form of CO,, followed by conversion
of bound CO, back to bound CO and re-release of CO into
solution. However, one can clearly rule out the possibility
that the '*CO line broadening includes the release of CO,
from the enzyme and the reduction of solution CO; back to
CO, since these steps occur too slowly to be part of the *CO
exchange process and, as described above, only '*CO (and
not 3CO,) line broadening is observed. These results also
suggest that the equilibrium between the CO,/CO and
CODH-II,,/CODH-1II;¢4 redox couples (eq 7), the “ping”
phase of this ping-pong reaction, is significantly shifted to
the right.

CO + H,0 + CODH,, < CODH,, + CO, + 2H"

(N

Properties of the Exchange Broadening of 3CO. As
described above, the slow rate of the exchange reaction
between free CO and free CO, (~500 times slower than the
3CO exchange broadening) and the lack of '*CO, line
broadening clearly show that an exchange between CO and
solution CO, is not part of the 'CO line broadening
mechanism. Thus, we performed NMR experiments using
site-directed mutants of CODH to distinguish whether the
chemical exchange reaction responsible for the '*CO line
broadening involves only binding and release of CO or if it
also includes the formation of bound CO, and its reduction
back to bound CO.

We considered the possibility of a collision broadening
mechanism without conversion of CO into CO, by CODH-
II. This could occur by simple binding of CO to CODH and
release of CO back into solution. To test this possibility, we
assessed the *CO exchange with two site-directed variants
of recombinant CODH-II (CODH-IIyt): K563L, which is an
acid—base variant that is compromised in generating CO,
from CO (36), and C56A, which lacks a functional B-cluster,
allowing it to generate CO, but disabling electron transfer
to external redox mediators. The C56A variant was devoid
of CO oxidation activity (as measured by viologen reduction),
yet it exhibited a '*CO broadening of 40 s~!' (Table 2).
Besides lacking a functional B-cluster, this variant exhibits
~10% of the amount of C-cluster found in native CODH-
IL. If one corrects for the amount of C-cluster, the '*CO line
broadening is expected to be ~400 s~!, which is only ~3-
fold lower than that observed for the native protein under
these conditions. Therefore, although a functional B-cluster

red
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Table 2: Summary of Line Broadenings and rateL g Values for the 3CO
Peak for CODH-II and Its Variants®

Table 3: Summary of Line Broadenings and ratepg Values for the
I3CN~ Peak for CODH-II and Its Variants”

[CODH-II]  rate;5/[CODH-II] [CODH-II] Cregy per  raterp/[CODH-IT]
Av (Hz) (uM) (s7hH Av (Hz) (uM) CODH-II (s7h

CODH-II, 0.1 M MES, 9.17 252 1600 + 20 native 20+ 0.5 15 0.5 33500 4+ 1000

4.0 mM NaHCO; CODH-II®
CODH-II, no buffer, 3.97 15.0 1160 + 30 Ni-depleted 3.6 +£0.10 28 <0.1 4040 £ 110

50 mM NaHCOs CODH-Ily
CODH-II, 0.1 M MES, 4.70 15.0 1380 + 30 K563L 0.70 4+ 0.02 36.5 <0.1 600 £+ 20

50 mM NBJ‘IC03 CODH-HHT
C?(l))?nﬁ’ ﬁjII‘C’IOMES’ 5.60 15.0 1640 + 30 « Conditions are >90% D0, 5.0 mM K'*CN, 5.0 mM NaHCO3, and

. 3 o, b : 13,

Ni-depleted CODH-ITyir <001 142 3 0.1 M MES (pD 7.0) at 20 °C. ” This sample had 4.0 mM K!3CN.
K563L CODH-IIyr <0.01 11.0 4.0 released into solution during the '*CO exchange reaction,
C56A CODH-IIyr 0.45 46.8 42+9 h b 8. A similar diff bet th h
A571W CODH-1Lar 0.20 os 100 £ 50 as shown by eq 8. A similar difference between the exchange

“ Conditions are >90% D,0, 0.7 atm of 3CO, 5.0 mM NaHCOs3, and
0.1 M MES (pD 7.0) at 20 °C, unless indicated otherwise. The standard
errors in the broadening are estimated to be 0.1 Hz.

is required for electron transfer to viologens, it is not required
in the reaction steps involved in line broadening of '3CO.

The K563L variant, which is an acid—base mutant that is
compromised in the elementary steps leading to CO, forma-
tion, has very low CO oxidation activity (0.6 unit/mg; ke
= 0.67 s7"); furthermore, it exhibits no observable CO
broadening. An extensive kinetic characterization of this
variant will be reported separately, but it suffices for this
experiment to conclude that the conversion of CO to CO; is
necessary for the observation of 3CO line broadening.

We expressed CODH-IIyr in the absence of Ni?* ions to
generate the C. hydrogenoformans enzyme with a C-cluster
that is depleted in the nickel site (~0.1 Ni/monomer) but
contains the B- and D-clusters and the FeS component of
the C-cluster (~9 Fe/monomer). Similar properties were
reported for a Ni-depleted CODH from R. rubrum (37). As
with the R. rubrum enzyme, the Ni-depleted C. hydrogeno-
formans enzyme has very low CO oxidation activity (kecy =
10 s™1). Furthermore, it exhibited no observable 3CO line
broadening (Table 2).

The combined results of these experiments indicate that a
functional C-cluster and the ability to oxidize CO to CO,
are required for 3CO exchange broadening (as well as CO
oxidation activity), but B-clusters are not. Thus, the mech-
anism of CO broadening must involve binding of CO to
and release of CO from CODH-II, and CO oxidation to
bound CO,. However, electron transfer through the B- and
D-clusters is not required for '*CO line broadening.
Furthermore, the lack of '3CO,; line broadening demon-
strates that during this exchange reaction, the CO; is not
released into solution but remains bound to the enzyme,
as shown in eq 8.

CO + H,0 + CODH,, = CODH, — CO —
H,0 < CODH, ,— CO,— 2H" (8)

Surprisingly, the '*CO line broadening is independent of
pH, remaining within the range between 560 and 1200 s™!
over the pD range from 5.5 to 9.0 (Figure 2C).” In sharp
contrast, the steady-state rate of CO oxidation measured by
following reduction of an external electron acceptor (20 mM
methyl viologen) at the same temperature (20 °C) increases
with pH, according to a pK, of 6.70 and a ky.x of 1160 s~!
(Figure 2C). This result indicates that protons equilibrate with
solvent during the steady-state reaction but protons are not

reaction and the steady-state reaction was observed for
carbonic anhydrase, as described in the introductory section.

Exchange Broadening of Cyanide. To improve our un-
derstanding of the origin of '*CO exchange broadening, we
studied the interaction of CODH-II with *CN~, which binds
to CODH but does not undergo oxidation. Potassium cyanide
is a strong competitive inhibitor of the CO oxidation reaction
(38), although with some CODHs, CN™ binding can be rather
complex (39, 40). Addition of 5 mM K'*CN in the presence
of HCO3™, and in the absence of CO, leads to a marked
broadening of the *CN™ resonance, which yields a rate of
exchange between free and CODH-II-bound CN™ of 33500
s~! (Table 3), which is ~30-fold higher than the rate of 3*CO
exchange broadening. No observable broadening of the
resonances for 3CO, and H'3COs;~ was observed in samples
in which CODH-II was incubated with K'3CN and
NaH'*CO;. Under the conditions of these experiments,
CODH-II should be saturated with cyanide (K; = 21 uM)
(38); correspondingly, the NMR samples prepared with
K"3CN showed no detectable CO oxidation activity, indicat-
ing complete inhibition of CODH activity by CN~. CO can
relieve inhibition by CN~ (40), and indeed, the magnitude
of broadening of the '*CN~ resonance decreased by ~2-fold
to 19000 s~! in the presence of 0.7 mM CO. Accordingly,
magnitude of broadening of the '*CO resonance was reduced
from ~1120 to 370 s! in the presence of 5.0 mM 3CN™.
Similarly, in the steady-state reaction, when CODH-II was
exposed to CO, MV, and 5 mM KCN, the k¢ for CO
oxidation decreased by 50%, indicating that the K; values
for CO and CN~ are similar and that CO and CN™ compete
at the CODH active site. These results also are consistent
with the view that the reactions responsible for CO exchange
broadening are on the pathway of CO oxidation and that
CN~ interferes with this process. They are also consistent
with free '3CO, not being a component of the broadening
exchange pathway for either CO or CN™.

Cyanide has been proposed to bind to the Ni (37-39) or
the Fel subsites (41) of the C-cluster. Since cyanide is not

5 When the pD dependence was fitted with increasing pD with the
inclusion of error bars, a kmax of 1100 £ 600 s™! and pK, of 5.4 + 1.1
were obtained. Given the large standard error for this fit and the large
discrepancy between the calculated pK, for the exchange (5.4) and the
value obtained for the CO oxidation reaction (6.7), we conclude that
the exchange reaction is pH-independent. A likely explanation for a
slight decrease in the level of exchange broadening when the pD is
lowered to 6.0 and an increase at even lower pH values is that the
conversion of CODH,,q—CO; to CODHo—CO becomes rate-limiting
at low pH and requires protonation of CO, as the first step in the
formation of water. Since CODH-II precipitates at pD below ~5.0,
the entire pD profile could not be accurately measured.
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oxidized by CODH-II, the last step of eq 8 does not occur,
which provides an explanation for the exchange rates being
higher for CN~ than for CO. Thus, '*CN~ broadening likely
involves only binding of CN™ to and release of CN™ from
CODH. The level of broadening of '*CN~ was depressed to
a much smaller extent than the level of broadening of CO
upon Ni depletion of CODH-IIyr (Table 3), implying that a
fully functional C-cluster is not required for the exchange
broadening of cyanide. Since Fe in the C-cluster is not
deficient in the Ni-depleted enzyme, one explanation for these
results is that CN~ may bind to Fe, not Ni. Another
possibility, discussed below, is that CN~, a slow binding
inhibitor (39, 42), may bind in two phases. The '*CN~
broadening was still observed with the K563L mutant,
although the level of broadening is reduced more than for
the Ni-deficient enzyme, perhaps due to an electrostatic effect
of the amino group of Lys-563 on CN™ binding.

DISCUSSION

The NMR studies described here provide novel informa-
tion about the enzymatic oxidation of CO to CO, by focusing
on three CODH-catalyzed reactions: (1) a '3CO chemical
exchange, which involves broadening of the *CO NMR
resonance, (2) a relatively slow exchange between 3CO and
solution *CO,, and (3) a 3*CN~ chemical exchange. The
BCO line broadening and the 3CO—"3CO, exchange focus
on the chemical steps of CO oxidation and an associated
proton transfer reaction, while the 'CN~ exchange is
considered to reflect movement of CO through a proposed
CO channel. These studies used native CODH-II, recombi-
nant wild-type CODH-IIyr, and variants of the recombinant
protein that are compromised in different steps in the CO
oxidation mechanism. Development of a method for follow-
ing the chemistry of CO oxidation is important because this
reaction occurs too fast for most transient kinetic methods,
like stopped-flow or rapid freeze-quench EPR [though a
recently developed freeze quenching method (43) may be
feasible]. The use of this NMR-based '*CO exchange in the
absence of electron carriers also ensures that the chemistry
of CO oxidation is followed, not electron transfer, which is
rate-limiting under some conditions (/9). Assessment of the
carbonic anhydrase-catalyzed '>CO,—H!*CO;~ exchange
reaction provided the inspiration and the theoretical back-
ground for this series of experiments (23-26).

As shown in Figure 4, CO oxidation involves CO binding
to the C-cluster, CO oxidation to bound CO,, release of
protons and CO; to solution, and electron transfer to the B-
and D-clusters, which transfer electrons to external redox
mediators. This scheme is similar to one proposed in a recent
structural paper in which bound CO, was trapped as a
bridging ligand between Ni and an asymmetrically coordi-
nated Fe, which has been called Fel (also called ferrous
component II, FCII) (9). Another proposed step in the CO
oxidation reaction based on the X-ray structure of dithionite-
reduced CODH-II involves channeling of CO and water from
the surface to the C-cluster (/4). CO is proposed to migrate
through a hydrophobic channel, and water molecules are
proposed to move through a hydrophilic channel. Thus,
NMR-detected chemical exchange reactions involving *CO
or competitive inhibitor *CN~ would include entry of the
free species at the mouth of the CO channel and migration
to the C-cluster.
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FIGURE 4: Revised mechanism of CO oxidation suggested by *C
NMR experiments. Steps 1 and 2, which are monitored by the 3CO
line broadening experiments, are designated with blue arrows.
Exchange of bound *CO, with solution CO, is too slow to be
involved in 3CO exchange broadening.

CODH-II was found to catalyze a '>*CO chemical exchange
reaction, which occurs with a rate constant that approximates
the k. for CO oxidation and is within the slow exchange
limit of the NMR experiment. We have considered the
broadening effect due to simple CO and CN~ binding to
CODH and release from CODH in the slow exchange
regime. Although ligand binding to a macromolecule is
expected to produce some degree of broadening of the
resonance for the free ligand, this behavior is usually
observed when the experiment is performed in titration mode;
that is, the ratio of ligand to binding sites is not higher than
10-fold. The corresponding equations for the broadening of
the free (L) and bound (ML) forms of a ligand in a 1:1
stoichiometric complex (ML) (which should have a chemical
shift different from that of L) are as follows:

L) _L
T2L obs T2L - fL

1 1
oo = (), " T TE 00

27(AV]) s = ( =k ©))

In these equations, Ty and 7oy, are the transversal relaxation
times for free (L) and bound (ML) ligand, respectively, k-,
is the constant for dissociation of L from the ML complex,
and fy and fi. are the fractions of ligand in the bound and
free states, respectively. The broadening of the bound form
(2mAvyi) depends only on the chemical exchange rate
constant for the dissociation (k—;), whereas that of the free
form (2rAv.) depends on the saturation fraction. Under the
conditions of our experiments, 300 uM < [CO] < 1000 uM
and [CODH-II] ~ 15 uM, which means that fy/fi, varies
between 0.052 and 0.015. If k-, ~ 1000 s~! at 20 °C (the
value of ke for CO oxidation at this temperature), a
broadening between 2.4 and 8 Hz would be expected for
the free CO (L) resonance and a broadening of ~160 Hz
[k-1/(27)] would be expected for the bound resonance (ML).
If bound CO was rapidly converted to bound CO,, a similar
broadening of ~160 Hz would be expected. These numbers
are consistent with the observed broadenings for native
CODH (4—9 Hz). Therefore, the NMR experiments are
consistent with a process involving chemical exchange
between free CO and bound ligand; however, these experi-
ments cannot alone distinguish between whether the chemical
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exchange is between free CO and bound CO or bound CO..
On the other hand, the NMR experiments clearly rule out
the involvement of free CO, in the exchange process, because
no increase in the line width of the free CO, resonance is
observed.

Thus, in a chemical exchange between free CO and either
bound CO or bound CO,, the line width of the bound ligand
is predicted to be very broad, probably too broad to observe.
To confirm that the broadening includes chemistry at the
CODH active site and does not just reflect binding and
release of CO, we compared activities of several CODH
variants. The recombinant enzyme exhibits 10—20% of the
activity and contains 10—20% of the Ni present in the native
protein. The extent of line broadening is also 10—20% of
that observed with the native protein, indicating (as expected)
that only the active protein catalyzes the isotopic exchange,
and forms that contain partially assembled active sites
(80—90%) do not give rise to broadening of *CO due to
binding or collisions with CODH-II. Moreover, a Ni-depleted
recombinant enzyme and an active site variant that cannot
complete the CO oxidation reaction (K563L) are devoid of
activity and correspondingly do not exhibit significant 3CO
broadening. On the other hand, the C56A variant, which lacks
a Cys residue that acts as a ligand to the B-cluster, exhibits
1BCO line broadening; however, it is unable to support steady-
state CO oxidation because it can only oxidize CO to CO,,
and not transfer electrons to an external electron acceptor.
These results strongly indicate that the enzyme-catalyzed
process responsible for '3CO line broadening includes the
steps of CO binding and oxidation to bound CO,, reduction
of bound CO, back to CO, and dissociation of CO; however,
the process does not include release of bound CO; or electron
transfer through the internal electron transfer chain involving
the B- and C-clusters. Thus, CO, remains bound at the active
site before it is more slowly released into solution. A bridging
mode of CO, binding between the Ni and Fe has been
recently proposed (38), and evidence for a CO, binding site(s)
has been offered by FTIR studies (44). Since oxidization of
CO by CODH follows a ping-pong kinetic mechanism (/7),
CO; release must occur prior to binding of external electron
acceptors.

Our results also provide insight into the mechanism of
release of the two protons generated as a product of CO
oxidation, as shown in eq 1. Like CO-dependent methyl
viologen reduction, where ku,0/kp,0 equals 0.85, the exchange
between free *CO and CODH-bound '3CO; exhibits a small
solvent isotope effect of 0.87 and does not exhibit a strong
buffer effect within the range of 0.1—1 M buffer (Table 1).
In addition, although CO oxidation is strongly pH-dependent,
there is no effect of pD on '*CO exchange broadening. The
absence of a pD effect and the minimal solvent kinetic
isotope and buffer effects suggest that steps involving transfer
of a proton to solution do not occur during the 'CO
exchange. These results are significant because they provide
evidence that during the reactions that lead to the exchange
broadening, as shown in eq 8, the protons produced during
the oxidation of CO to CO; remain at the active site and are
recycled in the subsequent reduction of bound CO, to
regenerate CO. Furthermore, the results indicate that the
release of protons to solvent occurs after the oxidation of
CO at the C-cluster during the steady-state CO oxidation
reaction. This situation is similar to that of carbonic
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anhydrase, where similar isotope exchange experiments
identified reservoirs for protons at the active site that were
later confirmed by various structure—function studies (45—48).
For CODH, it is likely that the proton transfer network that
has been proposed for CODH (8, 36), which includes lysine
and histidine residues in provocative positions at the active
site, accounts for this proton reservoir.

The exchange broadening phenomenon is comprised of
all forward and reverse steps shown in eq 8. The magnitude
of the broadening need not be higher than the k., for CO
oxidation because steps involving conversion of CO-
DH,eq—"3CO, to CODH,,—"3*CO and subsequent release of
13CO must occur during exchange broadening of '3CO but
not during CO oxidation. However, all the steps occurring
during exchange broadening must also occur during the
isotopic exchange process. Since the isotope exchange is
much slower (2 s™!) than exchange broadening (1100 s™1),
either release of CO, from CODH,.q—CO, or re-uptake of
CO, from solvent slows the exchange by that amount, i.e.,
550-fold. Moreover, since CO, release must occur at a rate
higher than 1500 s™! (ke for CO oxidation), it is likely that
the re-uptake of CO, is the step with a rate constant of 2 ™!
that is rate-limiting for both the isotope exchange between
CO and CO, in solution and reduction of CO, to CO.°

The intramolecular electron transfer steps within CODH-
II are expected to occur at rates of ~10° s™! (49, 50), since
the edge-to-edge distances between the D- and B-clusters
and between the B- and C-clusters are 11 and 10 A,
respectively (/4). Thus, intermolecular electron transfer to
external mediators is the likely step that limits kg for
oxidation of CO by CODH-II. Indeed, the specific activity
of CODH-II was found to be dependent on the nature of the
electron acceptor used in the assays (2). While k., is strongly
pH-dependent, this parameter does not exhibit a substantial
kinetic solvent isotope effect (Supplementary Figure 3); thus,
a proton release step is not concurrent with re-oxidation of
the enzyme by external electron acceptors.

The first step in the CO oxidation mechanism involves
diffusion and/or migration of CO to the C-cluster at the active
site. To obtain information about this diffusional process,
we used CN™ as a CO surrogate because it binds like CO to
the C-cluster but does not undergo redox chemistry; instead,
it simply releases and equilibrates with CN~ in solution. The
3CN~ isotope exchange reaction is 30-fold faster than the
rate of the 3CO exchange broadening (1100 s™!). Assuming
that CO and CN~ use the same channel, this provides a
limiting rate for movement of CO through the channel. We
suggest that the 3*C—"2CN~ exchange reaction in conjunction
with site-directed mutagenesis could be used to identify
residues that line the CO channel.

The *CN~ exchange broadening occurs much faster than
that for 13CO, most likely because the '*CN~ exchange needs
to involve only the migration of CN™ to the active site and
binding of CN™ to the enzyme and release of CN™ from the
enzyme. A surprising result is that the rate of 3CN~ exchange
decreased much less in the Ni-depleted enzyme than the rate
of 3CO exchange. One possibility is that CN~ binds to the
Fel subsite of the C-cluster, as proposed earlier (47), while
CO binds to Ni. However, there is substantial kinetic and

6 Both isotopic and broadening exchange processes are occurring
simultaneously in the experiments described herein.
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XAS evidence that CN~ binds to Ni (38, 39). Another
possibility is that there are two binding sites for CN~. Various
studies indicate that cyanide is a slow binding inhibitor of
CODH (39, 42). Furthermore, Morton modeled slow binding
CN~ inhibition as a two-step process involving a rapid
reversible reaction followed by a slow step in which CN™ is
very slowly released from the enzyme (42). In this model,
the second step is responsible for the tight binding. Perhaps
the first step involves binding of CN™ to one or more sites
in the CO channel in a rapid exchanging regime that we could
observe by NMR. The second step, perhaps involving
coordination of CN~ to Ni, would not contribute to the NMR-
monitored exchange because its off rate is too slow (<0.01
s™1). Thus, removal of Ni could affect the structure of the
channel and, thus, slow the rapid cyanide exchange ~10-
fold, but not as much as it would affect the slow exchange
(invisible to the NMR-monitored exchange). This situation
is similar to the rapid *CO exchange broadening in which
we observe by NMR the steps preceding the slow release
and re-uptake of CO, release. Thus, perhaps in the case of
the CN~ exchange, the NMR experiments monitor the steps
preceding ligation of CN~ to Ni, i.e., migration of CN~
between solution and the CO channel. Thus, the CN~
exchange may be a rather direct measure of the rate of
movement of CO through the channel in CODH.
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