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ABSTRACT. Carbon monoxide dehydrogenase/acetyl-CoA synthase (CODH/ACS) is a bifunctional enzyme
that catalyzes the reversible reduction of carbon dioxide into carbon monoxide and the coupled synthesis
of acetyl-CoA from the carbon monoxide produced. Exposure of CODH/ACS Kloorella thermoacetica

to carbon monoxide gives rise to several infrared bands in the-21900 cnt! spectral region that are
attributed to the formation of metal-coordinated carbon monoxide species. Infrared bands attributable to
M—CO are not detected in the as-isolated enzyme, suggesting that the enzyme does not contain intrinsic
metal-coordinated CO ligands. A band detected at 1996'émthe CO-flushed enzyme is assigned as
arising from CO binding to a metal center in cluster A of the ACS subunit. The frequency of this band
is most consistent with it arising from a terminally coordinated Ni(l) carbonyl. Multiple infrared bands at
2078, 2044, 1970, 1959, and 1901 ¢nare attributed to CO binding at cluster C of the CODH subunit.

All infrared bands attributed to metal carbonyls decay in a time-dependent fashion,@p@&€ars in the
solution. These observations are consistent with the enzyme-catalyzed oxidation of carbon monoxide until
it is completely depleted from solution during the course of the experiments.

The bifunctional enzyme carbon monoxide dehydrogenase/protonmotive forceg). CO removal is important because it
acetyl-CoA synthase (CODH/ACS}he key component of  is a toxic gas that is released to the global atmosphere by
the Wood-Ljungdahl pathway of anaerobic G@ixation, natural and anthropogenic sources at a rate of about 2600
is @ macromolecular machine that consists of two subunits Tg (3 x 10° tons) per year§, 7), leading to atmospheric
(1, 2). This 300 kDaa,f3- protein, which contains two core  CO concentrations ranging from0.1 ppm in rural to 200
CODH f subunits tethered on each side to two AGS  ppm in urban settings8]. CO is toxic to animals because it
subunits, is studded with metals<{2 Ni, 14 Fe, as well as  binds to essential metalloproteins, such as cytochrome
Cu and Zn) that are arranged into four metal clust8rg). oxidase. Soil microbes exploit CO as a carbon and energy
The CODH subunit catalyzes the two-electron reduction of source {, 9) and, using CODH, can remove this toxic gas
CO; to CO at a novel NiFg5,—s cluster called cluster C.  from the environment at a rate of about 300 Tgx310°
The two electrons, which are ultimately derived, through tons) per year§, 7).
ferredoxin, from one of several cellular reductants, including
H./hydrogenase or pyruvate/pyruvate:ferredoxin oxidoreduc-
tase, are transferred to cluster C from cluster B, a typical
[4Fe-4S] cluster, which apparently receives its electrons from
cluster D (a [4Fe-4S] cluster that bridges the ffveubunits).
These electron-transfer reactions are reversed in the mono
functional CODH, which catalyzes oxidation of CO to £0O
thereby removing this toxic gas from the atmosphere and
providing low-potential electrons for reduction of cellular
components. CO oxidation is also linked to generation of
ATP through electron transport linked generation of a

In anaerobic microbes that use the Wedgungdahl
pathway, the CODH subunit is tightly bound to the ACS
subunit and permits the CO, generated at the C cluster of
CODH, to be utilized as a metabolic intermediate during
growth on CQ or organic carbon sourced (). Another
unique feature of this pathway is that intermediates are tightly
bound to enzymes in a bioorganometallic reaction sequence
(4, 2, 11). In the Wood-Ljungdahl pathway, after CODH
reduces C@to CO, the CO travels through a 70 A channel
from cluster C to cluster A in ACS, where it combines with
a methyl group and CoA to generate acetyl-Cd\ 4).
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Infrared (IR) spectroscopy is an obvious and incisive addition of 10 equiv of ophen pexs CODH/ACS het-
method to study CO binding to CODH/ACS since there are erodimer to the enzyme until the NiFeC EPR signal associ-
catalytically important CO binding sites on the various ated with CO hinding to cluster A was significantly reduced.
reduced metal centers of both the C and A clusters. A single Excess ophen was removed by three cycles of concentration/
IR absorption peak at 1996 crhhas been assigned to the dilution (>10-fold each cycle) with 0.1 M Tris-HCI, pH 7.60,
v(CO) for CO binding at cluster A of ACS on the basis of and 2 mM DTT (final concentration of ophen was below 1
several criteria (see the Discussion sectidi),(yet until uM). After the ophen treatment, the enzyme exhibited
now, there have been no further reported IR studies of CODH approximately 16% of the original NiFeC signal and ap-
or ACS. Interestingly, multiple IR bands arising from CO proximately 5% of the specific activity in the CO/}MC]-
seem to be the rule, rather than the exception, in metallo- acetyl-CoA exchange reactioR8) compared to the untreated
proteins containing CO as a ligand, even when there is aCODH/ACS. In contrast, the CO oxidation activi®s) was
single CO binding site. The system that is most similar to not significantly altered by this procedure (38thol min—*
CODH is the NiFe hydrogenase, which contains a single CO mg* for ophen-treated enzyme and 4360l min~* mg*
but exhibits multiple M-CO vibrations, depending on redox for untreated enzyme). Treatment with EDTA was ac-
state (from 1900 to 1980 cr®) (13—15). A related system  complished by exchanging the enzyme into 10 mM EDTA,
is the Fe-only hydrogenase, containing three intrinsic CO’s 100 mM Tris-HCI, pH 7.6, and 2 mM DTT by concentration
bound to a diiron subsite, two of which are terminally coor- and dilution with an Amicon ultrafiltration unit.
dinated and one bridges the two Fe’s of the 2Fe subcluster. For EPR experiments, CO was passed above a solution
This results in three(CO) bands ranging from 1801 to 2017 of 0.1 mM CODH/ACS in 100 mM MES and 2 mM DTT
cm™?, with frequencies that are dependent on the conforma-in D,O (pD 6.5) in a N-filled anaerobic vial. After 15 min
tion and redox states of the active sité6{18). IR of flushing with CO, a 20Q:L aliquot was transferred into
spectroscopy has also been used to study other proteins thada sealed quartz X-band EPR tube inside the anaerobic
bind CO, including heme proteins such as myoglobin (Mb), chamber €1 ppm Q) using a gastight Hamilton syringe
hemoglobin, and cytochrome oxidase. The IR spectrum of with a 12 in. long needle. The EPR sample was frozen within
the CO stretching mode of MBCO has three major 1 min by dousing the tube in a solution of liquid isopentane
absorption bands, with peaks at 1965, 1944, and 1932 cm maintained at 143 K by adding liquid nitrogen. For each
(19—-21), which are assigned to Fe(H)CO vibrations subsequent time point, the sample was thawed, incubated at
experiencing different conformations of the heme pocket room temperature (293 K), and refrozen as just described,
residues 22). Cytochrome oxidase exhibits discrete peaks and the EPR spectrum was recorded at 77 K with the
for the transient Cg(I)—CO intermediate (2063 cm) and following instrument parameters: power, 4.0 mW; gain,
for the Fe(I1)-CO (from hemesg, two conformers with peaks ~ 20000; modulation amplitude, 10.145 G; modulation fre-
at 1964 and 1945 cm) species 23). qguency, 100 kHz. The height of the S-shaped 2.07 feature

Here we describe IR results for the metakrbonyl of the NiFeC signal was plotted versus time in Figure 3.
complexes on CODH/ACS fromdloorella thermoaceticthat ~ The sample that was frozen 1 min after incubation with CO
form upon exposure of the enzyme to carbon monoxide. A contained 0.28 NiFeC spin per mole @f heterodimer.
single band at 1996 criis assigned to a terminal carbonyl For the infrared experiments using natural abundance CO,
bound to cluster A of ACS. Multiple bands at 2074, 2044, the enzyme was thawed in the anaerobic vial in which it
1970, 1959, and 1901 crhare assigned to terminal car- had been stored, placed in an ice water bath, and then flushed
bonyls bound to a metal center(s) at cluster C of CODH. for 5 min with CO. CO (natural abundance, grade 4.0 from
These metatcarbonyl bands disappear as CO undergoes Air Products Inc.) was passed through an OxyClear cartridge
oxidation to CQ, which depletes bound CO from the (DGP-250-1)to remove residual oxygen and then introduced

enzyme. into the sample using a needle through the vial's septum
while simultaneously venting with a second needle. After
MATERIALS AND METHODS flushing for 5 min with CO, the venting needle was removed,
and a slight overpressure of COA2 psi) was added to the
CODH/ACS was isolated and purified froml. ther- yial before the second needle was removed. For¥B©-
moacetica(formerly Clostridium thermoaceticujvas previ-  flushed enzyme, the vial was immersed in an ice water bath,

ously described24, 25). Protein purification and sample  and the enzyme was alternately degassed under vacuum and
preparations prior to IR spectroscopy were carried out in- flushed with3CO for a total of 8-10 cycles, ending with a
side an anaerobic chamber (Vacuum Atmospheres, Haw-slight overpressure ofCO gas. The3CO gas contained
thorne, CA) containing=1 ppm of Q as measured continu-  greater than 99%3CO with less that 194%0 (Cambridge
ously with an oxygen analyzer (Teledyne, City of Industry, |sotopes). The CO-{CO-) flushed enzyme was then
CA). immediately loaded into an anaerobic cell that had been
The enzyme, equilibrated in 100 mM Tris-HCI, pH 7.60, flushed with CO {¥CO). Loading the sample into the
with 2 mM dithiothreitol (DTT), was concentrated to a final anaerobic IR cell was done using a gastight Hamilton syringe
concentration of+0.66 mM by using a stirred cell concen- while inside a COY anaerobic chamber containing3%
trator with a YM30 membrane (Amicon) followed by YM30  H; (residual nitrogen ane1 ppm of Q). The anaerobic IR
nanoconcentrator filters (Filtron), loaded into an anaerobic cells used in these experiments were equipped with IR
vial under nitrogen and then frozen and stored-80 °C transmitting windows made of Caknd had an approximate
prior to performing the experiments described herein. Treat- optical path length of 5&m. The total sample volume in
ment of CODH/ACS witho-phenanthroline (ophen), es- these cells was approximately 5. Infrared spectra were
sentially as described earli2§, 27), was accomplished by  collected at room temperature using a Bio-Rad FTS-40A
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Ficure 1: Infrared spectrum of CODH/ACS froM. thermoacetica FiGURE 2: IR spectra of CO-flushed CODH/ACS taken (A) 5 min,
after being flushed with natural abundance CO. The enzyme () 60 min, (C) 115 min, (D) 170 min, and Y& h after the IR
concentration was 0.57 mM in 100 mM Tris-HCI buffer, pH 7.60, el was loaded. The sample was flushed with CO and then

with 2 mM DTT. The spectrum was taken 5 min after the IR cell jmmediately loaded into the IR cell. Spectra represent the average
was loaded. The spectrum represents an average of 10 scans. Thgf 512 scans at 1 cm resolution and were taken at room

baselines were not corrected, nor were the spectra smoothediemperature. The baselines were not corrected, nor were the spectra

However, IR bands arising from the vibratierotation of water smoothed. However, IR bands arising from the vibratiostation

vapor were subtracted using a reference spectra of water vapor. of water vapor were subtracted from spectra taken at early times
(<2 h). The enzyme concentration was 0.60 mM.

FTIR spectrometer equipped with an HgCdTe (MCT) detec-
tor with a spectral resolution of 1 crh 1959, and 1901 cnd. In contrast, enzyme that has not been

Simulations of IR and EPR Decay Datéhe program  ayposed to CO prior to the cell being loaded does not exhibit
KINSIM/FITSIM (29) was used to simulate and fit the data any detectable IR bands in the 2100800 cmi! spectral

corresponding to the 2044 and 1996 ¢rtR bands and the  rggion, nor were any of these bands detected if the buffer
S-shapedy = 2.07 component of the EPR spectrum. The gi5ne was flushed with CO or if the IR cell itself was filled
kinetic model for the observed lag and subsequent decay ofith CO gas. The latter observations rule out the possibility
the 1996 cm* andg = 2.07 intensities assumes that free hat these bands arise from nonspecific binding of CO to
CO is initially present in solution at 1.0 mM_concentrauon the IR cell. Initially, we were puzzled by what appeared to
at room temperature (CO solubility) and is depleted by pe 4 preparation-to-preparation variation in the relative
oxidation of CO to CQand H. After the CO-treated CODH/ jntensity of these IR bands: i.e., the 2074 and 1996%cm
ACS was loaded into either the IR cell or the nitrogen-filled pands were detected with significant intensity in most
EPR tube, a steady-state cycle is established in which CODHpreparations, but the bands at 2044, 1970, 1959, and 1901
is reduced by CO (with formation of Gan step 1) followed -1 yaried significantly in intensity from one preparation
by electron transfer to protons in solution (with formation g the other. However, it was then found that the intensity
of hydrogen in step 2). The ACSCO complex (eq 3), which ot the pands depended on how much time had elapsed
corresponds to the 1996 chiR band and they = 2.07  pepween flushing the enzyme with CO and collecting data
EPR signal, decays as CO is depleted from the solution. Thej, the IR cell. There is a time-dependent decay of all the
initial intensities were calculated by dividing the maximal nfrared bands in the 21661800 cntl spectral region
observed intensities in either IR or EPR by the concentra_tion (Figure 2). Figure 3 shows the intensity of the IR bands
of ACS. The decay of the 1996 cthband was used to fit  getected in the CO-flushed enzyme as a function of time
the forward and reverse rate constants for eg8.1The after the IR cell is loaded for a typical experiment. In all
decay of the NlFe_C signal was fitted using t_he rate CO”Sta”tspreparations studied, first the 2074 chband disappeared
for egs 1-3 obtained from the 1996 crh fit. The same  fqiowed by the gradual disappearance of the other IR bands.
fitting procedure was employed for the 2044 ¢rband but  The 1996 cm? band begins to decay only after all the other
allowing variation in thg rate constants for eq 3. The output pands have disappeared. Incubating the enzyme under CO
traces are plotted in Figure 3. for varying lengths of time (2 h) in an anaerobic vial
i (filled with a CO headspace with a volume that is over 100
CODH,, + CO+ H,0=CODH;+ CO, + 2H" (1) times greater than the sample volume) prior to loading the
IR cell does not affect the rate at which the IR bands

CODH,4+ 2H" == CODH,, + H, (2) disappear; it is the elapsed time after the IR cell is loaded
(which lacks a headspace) that is critical. Incubating the
ACS—-CO=ACS+CO 3 enzyme in a solution of 10 mM EDTA and 100 mM Tris-
HCI (pH 7.6) or exchanging the enzyme into a pH 6.0 buffer
RESULTS (100 mM MES, pH 6.0) prior to flushing the enzyme with
Infrared Spectra for the 21661800 cm* Region.Incuba- CO also does not significantly change the pattern of infrared

tion of M. thermoaceticaCODH/ACS with (natural abun- ~ bands detected (spectra not shown) or their rate of decay.
dance) CO gives rise to an infrared absorbance spectrum Incubating CODH/ACS in CO gives rise to a slowly
(Figure 1) with strong bands at 2074, 2044, 1996, 1970, relaxing EPR signal wittg values of 2.08, 2.07, and 2.03,
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Ficure 3: Time-dependent decay in intensity of the-1@0O IR
bands and the NiFeC EPR signal. Plots correspond to the intensities
of the NiFeC signal d 2.07, closed circles), 1996 crh (open Ficure 4: Infrared spectra of CODH/ACS froM. thermoacetica
circles), 2074 cm! (closed triangles down), 2044 ch (open upon flushing with (A) natural abundance CO (primatA¢O) and
triangles down), 1970 cm (closed squares), 1959 cin(open (B) 13CO (>99% 13CO, <1% 180). Spectra were collected 5 min
squares), and 1901 crh(closed triangles up). The solid lines depict ~ after the IR cell was loaded and represent an average of 512 scans
the fits of the 1996 and 2044 crhband intensities and the NiFeC ~ at 1 cnt? resolution. The baselines were not corrected, nor were
EPR signal intensity to the mechanism described by e¢ (kee the spectra smoothed. However, IR bands arising from the vibra-
Materials and Methods) with the rate constants shown in the text tion—rotation of water vapor were subtracted from spectra. The
or the fits to a linear decay curve for the other IR bands. The enzyme concentration was 0.612 mM in 100 mM Tris-HCI buffer,

intensity of the IR bands detected in the 23+A®00 cnT? spectral pH 7.6, in 2 mM DDT.
region was plotted as a function of time after CODH/ACS from

M. thermoaceticavas flushed with CO and then immediately loaded 1925 and 1915 cnt. Bands detected in the IR spectra of

into the IR cell. IR spectra were taken at room temperature. The 1
enzyme concentration was 0.60 mM. The time dependence of thethe “CO spectra (at 2074, 1996, 1970, and 1959 4rare

NiFeC signal was measured under conditions in which CO is limited Significantly smaller in the IR spectra of tH&CO-flushed
to what is in solution (see Material and Methodd).thermoacetica ~ enzyme. We attribute the persistence of @O bands to
CODH/ACS (100 mM in pH= 7.60, 2 mM DTT) showed 0.28  the presence of residual natural abundance, @Othe
ggﬁieiizp;]?tfoeﬁht‘;trﬁrogr';‘:grrgg‘;%"'\’I‘\'I}tdhst%ee‘:t&rgv‘\’/‘ﬁs re;g?nEd enzyme buffer that is reduced to CO when the enzyme is
eterg: power,g4.0 mW?gain, 20000; modulation amplitugc]ierj 10.145 flushed with**CO. The new 2027 cnt band in the spectra
G; modulation frequency, 100 kHz. The EPR data were obtained for the *CO-flushed enzyme decays at the same rate as the
from the amplitude of the S-shaped featuregat 2.07. 2074 band of thé’CO-flushed enzyme, while the new 1951
cm ! band for the'®3CO-flushed enzyme has a decay rate
termed the NiFeC signal, which is attributable to CO binding similar to that of the 1996 cnt band from thé?CO-flushed
at cluster A 80). As seen in Figure 3, this CO-induced EPR enzyme (data not shown). Comparison of the relative
signal decays under experimental conditions comparable tointensities and the decay rates of the bands of38©- and
those used in the IR studies (without a CO gas phase; se€*CO-incubated enzyme samples leads to the assignment of
Materials and Methods). When CODH/ACS is first flushed the band shifts upon isotopic labeling wittCO shown in
with CO and then transferred to an EPR tube undgrtihe Table 1.
NiFeC signal remains stable for approximately 120 min but  Treatment of CODH/ACS with ophen leads to 95% loss
then decays with a half-life of approximately 55 min (Figure of ACS activity and 84% loss of the NiFeC EPR signal
3), as was observed for the 1996 ©mIR band. The  arising from cluster A, while CODH activity was relatively
simulation of the decay curves for the NiFeC signal and unaffected (see Materials and Methods), which is similar to
the1996 cm' band yielded rate constants for the dissociation results described earlieB). Treating enzyme with ophen
of CO (the decay step, eq 3) kf = ~0.27 and~0.29 mir%, prior to the addition of CO also results in a dramatic and
respectively, indicating that the 1996 chrband is the IR specific decrease in the intensity of the band at 1996'cm
signature of the paramagnetic complex between CO and the(compare spectra A and B of Figure 5). All other IR bands
A cluster in the ACS subunit. Further experiments using detected in the untreated enzyme were largely unaffected
ophen also support this assignment (vide infra). The fitted by ophen treatment, while a weak band at 1986 %mwwhich

Wavenumber (cm’)

rate constant for CO-dependent reduction of COBH is is detected as a shoulder near 1996 &tin the untreated
30 mM~ min~?, while the rate constant for oxidation of the enzyme, can now clearly be observed in the ophen-treated
enzyme, concomitant with Hormation, k, is 0.018 mM* enzyme. As in the untreated enzyme, the IR bands in the
min~t. The 2044 cm' band also shows a significant time ophen-treated enzyme decay with time after the IR cell is
lag, but its decay rate is faster{ min™1). loaded, with the 2074 and 1996 chbands being the first

Incubating the enzyme i#CO (>99% 13C, <1% 180) and last, respectively, to disappear (Figure 6).
gives rise to the infrared spectrum shown in Figure 4B. Infrared Spectra in the Region ab® 2100 cm'. When
Shown for comparison is the infrared spectrum for enzyme CODH/ACS is incubated with*CO, besides the new bands
from the same preparation incubated in natural abundancein the spectral region between 2100 and 1800 cfabove),
CO (primarily*2CO) (Figure 4A). Compared to the infrared a new band at 2278 crhappears that is not detected in the
spectra for enzyme flushed with natural abundance CO, the*CO-flushed samples or in enzyme that has not been exposed
13CO-flushed enzyme exhibits new IR bands at 2027, 1951, to CO (Figure 7). The 2278 cmiband gains intensity with
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Table 1: Comparison of FrequenciesidCO) in CODH/ACS
Complexes oM. thermoaceticavith 1*CO and**CC?

12CO (cnT?) 13CO (cnTh) calcd (cnTl)P
2074 2027 2028
2044 under 1996? 1999
1996 1951 1952
1970 1925 1926
1959 1915 1915
190r 1859

a Calculated frequencies are based on a simple diatomic approxima-
tion that assumes no vibrational coupling betwe€@0O) and other
modes of the compleX.The calculated frequency is based on the
equationvis = vix(u1du1z)¥? wherevis is the expected frequency of
CO stretch in thé3CO-flushed enzymey;, is the observed frequency
of the CO stretch in th€CO-flushed enzymey,3 is the reduced mass
of the3CO molecule, ang;, is the reduced mass of tFR€O molecule.
¢The 1901 and 2044 cmh bands are tentatively attributed t¢CO)

Chen et al.
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FiGure 6: IR spectra of CO-flushed CODH/ACS that had been

modes on the basis of their detection only after the enzyme has beenincubated in ophen, taken (A) 5 min, (B) 1 h, (C) 2 h, (D) 3 h, and

flushed with CO. They would be expected to shiftHCO-flushed
enzyme to ca. 1999 and 1859 cinIn neither case can a clear
assignment of th&*CO-shifted band be made. In the case of the 2044
cm! band, the®CO-shifted band may be obscured by the residual
1996 cn1! band arising front?CO at this frequency. In the case of the
1901 cn7! band, the low signal-to-noise ratio near 1859¢makes
the detection of a band at this frequency difficult.
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Ficure 5: Infrared spectra of CODH/ACS froi. thermoacetica
after addition of natural abundance CO at room temperature (A)

without treatment and (B) with ophen treatment. The baselines were
s

not corrected, nor were the spectra smoothed. However, IR band
arising from the vibratiorrrotation of water vapor were subtracted

from the spectra. Spectra were taken 10 min after being loaded in

the IR cell. The enzyme concentration wa8.6 mM. ophen was

(E) 7 h after the IR cell was filled. Spectra were taken at room
temperature (512 scans, 1 chresolution). The baselines were not
corrected, nor were the spectra smoothed. However, IR bands
arising from the vibratiorrrotation of water vapor were subtracted
from spectra taken at early timesZ h). The enzyme concentration
was 0.65 mM, and the NiFeC signal was 16% of the untreated
enzyme while the specific activity for CO exchange in acetyl-CoA
was reduced to 5% of the original specific activity.

o
~
N
o

Absorbance

0 100 200 300 400

Time (min)

Absorbance

}001

|

FEE IR B Ly

2300 2280 2260 2240 2220 2200 2180

L

Wavenumbers (cm'')

Ficure 7: Infrared spectrum in the 236@180 cnt! spectral
region for CODH/ACS flushed witB3CO. The spectrum shown
was taken at room temperature 300 min after the sample was loaded
into the IR cell. The enzyme concentration was 0.612 mM in 100
mM Tris-HCI buffer, pH= 7.6, with 2 mM DTT. The spectrum
represents 512 scans at 1 @émesolution. Insert: Intensity of the
2278 cnt! band as a function of time after CODH/ACS was flushed

titrated into the sample so as to reduce the NiFeC signal to 16% of with 13CO.

the untreated sample. The specific activity for ACS activity (as
measured by3CO exchange into acetyl-CoA) was reduced to 5%
of the original.

incubation time after the cell is loaded and eventually levels
out (Figure 7, insert).
Infrared Spectra for the 18601700 cn* Spectral Region

significantly affected, two weak bands at 1727 and 1741
cm ! appear when the enzyme is exchanged into thid-D
based buffer before being treated with CO (Figure 8). These
bands are not detected in enzyme samples that have not been
flushed with CO. Preliminary measurements suggest that,

The experiments described above were performed in water-after the IR cell is loaded, the bands at 1727 and 174%cm
based buffers (100 mM Tris-HCI, pH 7.6, and 100 mM MES, also decay, but at a slower rate than the bands in the-2100

pH 6.0). For the 5@m path length cell used in these studies, 1800 cn! spectral region (Figure 8, insert), and are still
water absorbance completely cuts off IR light below 1800 detectable after the 1996 cfnband has completely disap-
cm L To examine the IR spectra at lower frequencies, P€ared.

CODH/ACS was exchanged into deuterium oxide-based DISCUSSION

buffer (100 mM MES in RO, pD 6.5), which allows IR
Exposure of CODH/ACS fronM. thermoaceticao CO

data with reasonable signal-to-noise ratios to be collected in
the frequency region between 1800 and 1600 ‘crvhile gives rise to six infrared bands at 2074, 2044, 1996, 1970,
1959, and 1901 cnt (Figure 1). A band at 1986 cmis

the IR spectrum in the 21601900 cn! region is not
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in 3CO) was observed in CO-incubated enzyme and was
. assigned as a terminal CO bound to a metal center in cluster
e A of ACS because the 1951 ctband was replaced with
the 1995 cm* band when CH?*CO-CoA was incubated with
- the 13CO-treated enzymel). To further study CO binding
\ to clusters A and C and to discriminate between CO binding

. to cluster C versus CO binding to cluster A, we have
0 100 200 300 400 500 600

Time (min)

.005

Absorbance

Absorbance
1727

examined the pattern of IR bands detected in enzyme treated
with ophen under conditions where the ACS activity (as
measured by the CO/acetyl-CoA exchange reaction) and the
“NiFeC” EPR signal arising from cluster A are both
significantly reduced, while the CODH activity and EPR
N B B R signals arising from cluster C are largely unaffected. Under
18001780 1760 1740 1720 these conditions, the 1996 cfrband decreases significantly
Cunes: nfrared Wt*‘“““t‘“ie“ f“‘t“h") vl recion betuaey MENSIY; While the bands at 2074, 2044, 1970, 1959, and
IGURE o. Intrared spectrum taken In the spectral region between 1 i i indi i
1710 and 1800 cnt for CODH/ACSM. thermoaceticafter being éggé :lrr?s e;e][P ;::l é'ggﬁi;ed?zéqglzagé%atr i?)tnﬂi]: C]I-L?Stif T:th at
flushed with CO. The spectrum shown was taken at room | o
temperatue 3 h after the IR cell was loaded. The enzyme IS removed or significantly altered by ophen treatment.
concentration was 0.76 mM CODH/ACS in 100 mM MES (ig), Coincidence of the rates of decay of the NiFeC EPR signal
EeDso:I t(?c-)?]- ?_ﬁgctt)?sé?ﬁ;isegtr :?‘Ofivgﬁggtg; 5nlci SC;gSt Ifgg (éfgltr and the 1996 cnt IR band provides further evidence that
ution. i W , W ; ;
smoothed. Insert: Behavior of the 1748)(and 1727 Q) cm—lp Ahis band a”s'?s from a MCO complex at cluster A, as
bands as a function of time after being flushed with CODH/ACS Sudgested earlied). Loss of the CO/acetyl-CoA exchange
with CO. activity concomitant with loss of the 1996 cfband further
suggests that this terminally coordinated metaD species
also observed when the 1996 chhand is depleted by ophen is catalytically relevant to acetyl-CoA synthase activity. The
treatment. These bands are not affected by treatment of theemaining CO bands (i.e., 2074, 2044, 1970, 1959, and 1901
enzyme with EDTA, which would be expected to chelate cm™) are tentatively assigned as arising from carbonyls
any trace metal in the preparations that could potentially bind bound to cluster C, although given the multiple metal ions
CO. This suggests that all the bands described above arisgnow known to occupy the proximal metal site in cluster A
from CO binding to the enzyme. Both the intensities and (Cu, Ni, and Fe), the possibility that at least one of these
the frequencies of these bands are consistent with theirbands might arise from CO binding to other metal ions at
assignment to terminally bound (i.e., MCO) metal- cluster A cannot be excluded. Another possibility is that at
coordinated carbonyls, which display strong to medium least one of those bands (most likely the 2044 timand
intensity IR bands arising from the(CO) mode between due to the lag in its decay) could arise from an EPR-silent
2100 and 1900 cmi. In contrast, carbonyls that bridge two complex of the A cluster with CO. IR studies with the
metal ions exhibit IR bands significantly lower in frequency monofunctional CODH would help to resolve this issue.
(1800-1900 cn1?) (32). Incubation of the enzyme with Corversion of CO to C@in the IR Cell. All IR bands
13CO also supports this conclusion (Figure 4). With the arising from metal carbonyls observed in these studies decay
possible exception of the low-intensity 1901 thiband, all with time (Figures 2, 3, and 6). In all samples studied, the
of the infrared bands detected in tH€O-flushed enzyme 2074 cnt! band, which is attributable to a metatarbonyl
shift to lower frequency when the enzyme is exposed to bound to cluster C, first loses intensity. The IR bands at 2044,
13C0O, as would be expected for a metal-bound carbonyl. The 1970, and 1959 crt, which are also tentatively attributed
magnitude of the isotope shift agrees well with the expected to metal carbonyls at cluster C, also decay rapidly as the
shift for a vibrationally isolatedv(CO) arising from a time after loading the IR cell elapses. Interestingly, the bands
terminally coordinated metal carbonyl (see Table 1). We at 2074, 1970, 1959, and 1901 chexhibit decays that are
therefore conclude that the six infrared bands detected uponlinear in time, indicating zero-order kinetics. In contrast, the
exposingM. thermoaceticaCODH/ACS to CO arise from  intensity of the 1996 crm band, which is attributed to a
the development of terminally coordinated metal carbonyls metal carbonyl at cluster A (above), remains stable until all
upon exposure of the enzyme to CO. The results also suggesbf the other IR bands in the IR spectra disappear. Further-
that the CODH/ACS fronM. thermoaceticaloes not contain  more, while significant decay of the MCO bands occurs
a stable metal-coordinated carbonyl, in contrast to the in the IR cell during the first £2 h after the enzyme is
proposal for an intrinsic bound CO in thHehodospirillum incubated with CO, when the enzyme is incubated in an
rubrum CODH (33). It is somewhat surprising that, when anaerobic vial with a large CO headspaedl Q0 times the
the enzyme is exposed to 999CO, the IR bands arising  sample volume) for 42 h prior to the IR cell being loaded,
from 12CO treatment are still observed, albeit at reduced the rate at which the IR bands disappear is the same as when
intensity. It is likely that these bands arise from natural the enzyme is flushed with CO and immediately loaded into
abundance C@and bicarbonate (“C¢) that are dissolved  the IR cell. The difference is that enzyme in the anaerobic
in the enzyme solution and are reduced¥60 when the  vial has significantly more available CO due to the large
enzyme is exposed t5CO.
. Since c.:IUSter Con CC.)DH and cluster A on ACS are both 2 The small residual 1996 crhband remaining after ophen treatment
involved in CO metabolism, IR bands would be expected at js consistent with a small amount of ACS activity remaining in these
both of these sites. Earlier, a band at 1995 €951 cn? samples following the addition of ophen.

1741
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headspace of CO gas compared to the enzyme in the IR celltoward the unbound form, so that eventually all of the CO
which lacks a CO headspace. These combined resultswould be released from cluster A and subsequently converted
strongly indicate that the time-dependent decay of these IRinto CQ; at cluster C. Similar lag phases and decay curves

bands arises from in situ conversion of CO into £@d H are observed for the 1996 ctIR band and for the NiFeC
by CODH (eq 4). signal associated with CO binding to cluster A. When the
amount of CO available to the enzyme is limited to what is
CO+H,0—CO,+H, (4) available in solution (conditions comparable to those of the

IR experiments), the intensity of the NiFeC signal is at first
The hypothesis that the MCO bands decay due to CO stable but then decays with a half-life of approximately 55
oxidation is consistent with the observation that highly min (Figure 3).
purified CODH/ACS fromM. thermoaceticaexhibits an The Nature of CO Binding at Cluster. As discussed

appreciable CO-dependent hydrogen evolution activity in the above, the IR band detected at 1996-&mpon incubating
absence of electron acceptors with a rate constant of 90"min CODH/AC with CO is attributable to the formation of a

at 25°C and pH= 6.0 (590 nmol" min"! mg™?) (34). metal carbonyl at cluster A. Examination of the X-ray
Accordlnglly, in our S|mulat|qns of the EPR signal and the crystallographic structure of the CODH/ACS froM.
19.9531 cnr* band, CQ formation doct':;n? gt g. rate ?3?R thermoaceticauggests that the CO binds to either the square-
{nm "?‘t room tlia?peratl:]re gn P ¢ .C.O Ince tthe lanar distal Ni ion that is coordinated to two backbone N's
ransmission cell has no headspace for gas, the amounh 4 o cysteine thiolates to the tetrahedrally coordinated
of CO present in the cell is limited to the CO in solution at Cu ion (the proximal metal) that is coordinated to three

the time the IR cell is loaded~1 mM), which would be . : : o C
. cysteine thiolates and an unidentified nonprotein ligaf)d (
rapidly depleted and eventually lead to the loss of all metal or to a Ni ion that can occupy the Cu si)(The Fe ions

carbonyls in CODHIACS a_nd all the CO in solution. of cluster A are coordinatively saturated, forming a classical
The proposal that depletion of th_e IR bands results from cubane, and are less likely candidates to bind CO. We
conversion of CO to Ceand fp is sqpported by the summarize here what is known about the infrared stretching
observation that enzyme that has been incubated %@® f for Ni(N— d |
elicits a new IR band at 2278 crh which gradually gains requencyy(CO), for Ni([)~CO and Cu(l)CO complexes.
intensity over the course of the experiment. Dissolved | /minally coordinated carbonyl complexes of Cu(l) con-
13C0, is expected to elicit an IR band near 227é—ér(85) taining sulfur and/or nitrogen ligation displayCO) values
while dissolved?CO, would be expected to give rise to’ IR between 2180 and 2055 cm_(s?g)_ The Cu_(l) carbo_nyl in
" ; cin f v dissolved [Cu([9]aneS)CO][PK] (containing three thioether ligands)
requencies near 2349 ch(36). Unfortunately, dissolved oy "o o0y 0 2081 cmt, while the [LCU(CO)J[PF6]
12CO, cannot be reliably confirmed since the spectrometer corgpl)éx L= N-[2-( 1—naphtﬁyl)ethyl]- 1-aza-4,8-dithiacy-

itself has significant residual natural abundance,G@hich . A . : .
would be expected to obscure any bands arising from theclodecane] in which Cu is coordinated to two thioethers and
a nitrogen displays a(CO) of 2101 cm?® (40, 41).

formation of dissolved?CO,. The enzyme solution also " _
probably contains some dissolve®#CO,”, since the atmo- Add!tlonally, the.CO-bound_ form (.)f ) in cytochrome .
c oxidase (in which the Cu ion is ligated to the enzyme via

spheric CQ concentration is~0.03%. We suggest that the >e i
bands at 1724 and 1741 cin(Figure 8) might also arise  three histidines) displays #(CO) of 2061 cm* (42, 43).
from the in situ conversion of CO into GOMetal-bound ~ Hence, thev(CO) for known Cu(l)-CO complexes are
carboxylates (M-CO5) are known. Of particular interest are ~ Significantly higher than the 1996 cthband detected for
the known Ni-CO, species, where the G@nolecule is bent _CO binding at cluster A. In contrast, Nl(l) carbony_ls have,
and is coordinated to the metal in a side-on fashion throughn general, somewhat lower frequencies; for instance,
both the carbon and the oxygen. These complexes displaylPhTt®]—=Ni'=CO (in which the Ni'is coordinated to three
two IR-active modes arising from the-@ stretch, an thioethers) has a(CO) of 1999 cm® while the [NI(DAPA)-
asymmetric mode with frequencies between 1760 and 1660(SPR)2(CO)]" (containing two thiolate and two nitrogen
cm* and a symmetric mode with frequencies between 1210 ligands) has a(CO) of 2040 cm* (41, 44). For comparison,
and 1150 cmt (32, 37) As far as we know, the IR Spectra the stable, CO-inhibited, EPR-silent form of the [Nll:e]
of metal-coordinated carboxylic acids (MCOOH), which hydrogenase isolated frollochromatiumwzinosum(Ni—
might be formed in the enzyme-catalyzed conversion of CO S—CO), generally believed to be a Ni(H)CO species
into CO,, have not been reported:; thus, tH€O) frequency (coordinated to four cysteine thiolates), displayg@O) of
of such a complex is unknown. Organic carboxylic acids 2060 cni* (45). Hence, the 1996 cm band attributable to
(RCOOH) also have(CO) bands between 1760 and 1700 CO binding at cluster A is somewhat more similar to known
cm(38), which raises the possibility that one of these bands Ni(l) —~CO models. CO binding to Ni(l) is also supported by
might arise from a metal-coordinated carboxylic acid. Further the ophen experiments since removal of Ni causes loss of
experiments are currently underway to determine the natureACS activity and NiFeC signal intensity, which are restored
of the species producing these bands. upon reconstitution with Ni (here and r8t). ophen does
The lag phase and time-dependent loss of the 1996 cm not remove Cu from the A cluster, which strongly suggests
band, which has been attributed to a metal carbonyl at clusterthat the 1996 cm' band does not derive from a Cu{LO
A, are also consistent with the depletion of CO from the (unpublished results). These results indicate that theNi
enzyme solution and IR cell as cluster C converts CO into form of ACS, with Ni at both the “Cu site” and the
CQ.. In this case, as the CO is depleted from solution, the carboxamide (B5,) sites, is the state that binds CO and
equilibrium between the CO bound (MCO) and unbound  tentatively support the conclusioB)(that the Ni-Ni form
forms (M + CO) of cluster A is shifted more and more is the active state of ACS.
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The Nature of CO Binding at Cluster.Glo IR bands are  well as the 1996 crmt band assigned to cluster A) decay
observed in the 21001900 cn1? spectral region for the as-  over time. Correspondingly, the IR bands disappear when
isolated CODH/ACS fronM. thermoaceticaand all of the CODHI/ACS is preincubated with CO and then allowed to
IR bands attributable to metal carbonyls on cluster C decayrest. The decay curves were fit to a model including the in
fairly rapidly. Thus, the CODH fronM. thermoaceticaloes situ conversion of CO to CO(with the concomitant

not contain stable intrinsic CO ligands at cluster C, which formation of hydrogen). Formation of GOn the IR cell
challenges the proposal that two CO are bound to the CODH despite the absence of an added external electron acceptor
site of R. rubrumbefore CO is added®@). However, at least  is supported by the detection of a band attributable to
four different IR bands (2074, 2044, 1970, and 1959tm dissolved*CO, when the enzyme is flushed witfCO. IR

and, potentially, a fifth at 1901 crd), which are attributable  bands that are potentially attributable to metal carboxyls or
to metal carbonyls in cluster C, develop upon incubation of metal carboxylates are also detected.

CODH/ACS with CO. The large number of bands detected  Finally, the finding that multiple IR bands attributable to
upon flushing the enzyme with CO is difficult to understand metal carbonyls on cluster C are detected upon exposure of
in terms of the currently proposed models for CO binding the enzyme to CO leaves open the possibility that more than
and turnover. Heterogeneity in the sample arising from a one CO binding site may be present at cluster C. Examination

variation in redox states for the CO binding site at cluster C of the crystal structure of the C cluster active site for the
might conceivably account for some of these IR bands. For monofunctional CODH'’s fronR. rubrumand Clostridium

example, EPR spectra of CODH reveal that ori$0% of

hydrogenoformansuggests that open ligation sites may exist

the enzyme is in the so-called Cred2 state, indicating thaton both the Ni and Fe ions of this unusual NiFeS cluster.
both diamagnetic and paramagnetic states of the C clusterFurther studies are currently underway to test this possibility.

are present. Sample-to-sample heterogeneity is consistent
with the observation that the 1901 and 2044 érband
intensities are somewhat preparation dependent. It may also ;.
account for the vast difference in the frequencies between
some of the bands detected at cluster C, since a difference
in oxidation state would be expected to alté€O) dramati-
cally (approximately 86100 cm® for a 1 unit change in
oxidation state). However, it is difficult to imagine that all

of the IR bands detected in these studies arise from
heterogeneity in a single CO binding site at cluster C, with
a relatively small number of physiologically relevant redox
states available to it. This leaves open the interesting
possibility that there is more than one CO binding site in
cluster C. Such a scenario is consistent with kinetic experi-
ments indicating that 2 mol of CO react during a single
catalytic cycle of CO oxidatiord). The binding of one or
more CO at cluster C may also be required to poise the active
site in the correct redox state for the eventual binding and
turnover of CO. Furthermore, potential open coordination

sites are present at both the Ni center and the extrinsic Fe 10.

atom [called ferrous component 19).

CONCLUSIONS

Infrared studies on thBCO- and**CO-incubated bifunc-
tional CODH/ACS fromM. thermoaceticgprovide direct
evidence that CO binds to metal ions in both clusters A and
C. An IR band at 1996 cnt is attributed to formation of a
metal carbonyl at cluster A. The assignment of the 1996'cm
band as arising from CO binding at cluster A is based on
the disappearance of this band when the enzyme is treated
with ophen and the disappearance of this band at the same 16.
rate as loss of the NiFeC EPR signal. The frequency of this
band is most similar ta/(CO) for known Ni(l) carbonyls.

No IR bands are detected in the 23:a®00 cn* spectral
region for as-isolated CODH/ACS, while incubating the
enzyme with CO elicits as many as five different IR bands
in this region, which are attributable to the formation of metal
carbonyls at cluster C. These results strongly suggest that 20.
the bifunctional enzyme fronM. thermoaceticadoes not
contain intrinsic carbonyl ligands in cluster C, as has been
proposed in the monofunctional CODH frdg rubrum All
of the IR bands associated with CO binding to cluster C (as 22.
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