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A soluble yellow CO dehydrogenase from CO-autotrophically grown cells of
Pseudomonas carboxydohydrogena was purified 35-fold in seven steps to better
than 95% homQgeneity with a yield of 30%. The final specific activity was 180
,umol of acceptor reduced per min per mg of protein as determined by an assay
based on the CO-dependent reduction of thionin. Methyl viologen, nicotinamide
adenine dinucleotide (phosphate), fiavin mononucleotide, and flavin adenine
dinucleotide were not reduced by the enzyme, but methylene blue, thionin, and
toluylene blue were reduced. The molecular weight of native enzyme was deter-
mined to be 4 x 105. Polyacrylaxnide gel electrophoresis in the presence of sodium
dodecyl sulfate revealed at least three nonidentical subunits of molecular weights
14,000 (a), 28,000 (,8), and 85,000 (y). The ratio of densities of each subunit after
electrophoresis was about 1:2:6 (a/fl/y), suggesting an a,83fy3 structure for the
enzyme. The purified enzyme was free of formate dehydrogenase and nicotin-
amide adenine dinucleotide-specific hydrogenase activities, but contained partic-
ulate hydrogenase-like activity with thionin as electron acceptor. Known metal-
chelating agents tested had no effect on CO dehydrogenase activity. No divalent
cations tested stimulated enzyme activity. The native enzyme does not contain
Ni since cells assimilated little 'Ni during growth, and the specific 'Ni content
of the enzyme declined during purification. The isoelectric point of the native
enzyme was found to be 4.5 to 4.7. The Km for CO was found to be 63 ,uM. The
spectrum of the enzyme and its protein-free extract revealed that it contains
bound flavin. The cofactor was flavin adenine dinucleotide based on enzyme
digestion and thin-layer chromatography. One mole of native enzyme contains at
least 3 mol of noncovalently bound flavin adenine dinucleotide.

Pseudomonas (Seliberia) carboxydohydro-
gena DSM1083, like a variety of other bacteria
(3, 20, 24, 38; D. H. Davis, Ph.D. thesis, Univer-
sity of California, Berkeley 1967; S. Kirkconnell,
Ph.D. thesis, Indiana University, Bloomington,
1978), is able to grow aerobically at the expense
of carbon monoxide (CO) as a sole source of
energy and carbon. Other bacteria (e.g., some
Clostridium spp.; 5, 6, 9, 11, 33) are able to
oxidize CO, but apparently gain no benefit from
the process.
Other workers have examined some gram-neg-

ative bacteria and have partially characterized
the CO-oxidizing system (3, 21-23, 26, 38). To
leam whether the basis of CO oxidation is the
same or similar in other utilitarian CO-oxidizing
bacteria and to learn more of the mechanism of
the process, we decided to examine the en-
zyme(s) of P. carboxydohydrogena in some de-
tail. Specific questions asked included the fol-
lowing. (i) What kind(s) of enzyme(s) are in-
volved in CO oxidization? (ii) What prosthetic
groups do such enzymes have? (iii) Are there

intermediates detectable in the process of CO
oxidation? (iv) Is nickel necessary for CO oxi-
dation as in the case of the non-utilitarian Clos-
tridium enzyme (9)?
To those ends, the purification and character-

ization ofpurified CO dehydrogenase (CO:accep-
tor oxidoreductase, CO-DH) from P. carboxy-
dohydrogena were carried out.

MATERIALS AND METHODS
Bacterial strain and conditions of cultivation.

A culture of the type strain of P. carboxydohydrogena
DSM1083 (Seliberia carboxydohydrogena Z-1062)
was obtained from J. Schmidt, University of Arizona,
Tempe. The standard mineral medium used for auto-
trophic growth was prepared by the method of Dou-
doroff (8). P. carboxydohydrogena was cultivated in
a fermentor (16 liters; New Brunswick Scientific Co.)
with standard mineral medium and stirred at 200 rpm
at 300C. The gas mixture of 30% C0-70% air for
submerged cultures in standard mineral medium was
prepared in a 40-liter ballast vessel and circulated by
a bellows pump. The gas mixture was periodically
analyzed with a Hewlett-Packard model 5710A gas
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chromatograph equipped with a Spherocarb (80/100
mesh) column (1.8 m by 2 mm), and the ballast vessel
was refilled with an appropriate atmosphere as
needed. CO, (chemically purified; 99.5% minimum,
vol/vol), was purchased from Matheson. Growth was
measured by turbidity determined using a Klett-Sum-
merson colorimeter with a red filter (no. 66). After 2
weeks of cultivation from a small inoculum, a yield of
5 g of wet cells per liter was obtained. Cells were
harvested by centrifugation at 10,000 x g for 30 min,
washed once by resuspension in the standard buffer,
and stored at -20°C.
Enzyme assay. CO-DH activity was assayed by

measuring the CO-dependent decrease of absorbancy
of thionin dye (eX - 4.2 x 104 M-1cm-') at 300C.
Anaerobic silica cuvettes (1-cm light path, 4.2-ml total
volume; Precision Cells) with Teflon caps with drilled
holes (0.75 mm in diameter) were filled with CO-sat-
urated 0.05 M Tris-hydrochloride (pH 7.5, standard
buffer) containing 20 ,uM thionin and with 10 pl of 3-
or 4-day-old 25 mM sodium hydrosulfite in 10 mM
NaOH solution as a reducing agent to remove molec-
ular oxygen (14). The reaction was started by the
addition of the enzyme preparations with a syringe,
and the reduction of absorbance at 595 nm with stand-
ard buffer as a reference was measured with a spectro-
photometer coupled to a digital converter and to a
strip chart recorder.
To test the hydrogenase activity of purified enzyme,

H2 was substituted for CO as the substrate. In addition,
,B-NAD (5 mM) was introduced as the electron accep-
tor for testing NAD-specific hydrogenase activity. For
the formate dehydrogenase activity measurement, 5
mM ft-NAD was used as the electron acceptor, and
0.5 mM sodium formate was used as the substrate. N2
was used to flush the standard buffer containing both
the acceptor and the substrate.

Protein determination. Protein was measured by
modified biuret reagent (Sigma Chemical Co.), using
a standard curve prepared previously with bovine
serum albumin as a standard (12). The protein con-
tents of crude extracts were determined by the same
method after boiling the samples in 20% NaOH for 10
min (20).

Electrophoresis. Analysis of native enzyme was
carried at 0 to 2°C by nondenaturing polyacrylamide
gel electrophoresis (PAGE) by the method ofLaemmli
(18), but without sodium dodecyl sulfate (SDS). De-
naturation analysis of native enzyme was done by the
SDS-PAGE technique of Laemmli (18) at the temper-
ature of circulating tap water. Gels containing 7.5 and
11.5% acrylamide were used for nondenaturing and
denaturing PAGE, respectively. All electrophoresis
was performed in a vertical slab gel apparatus (Bio-
Rad Laboratories) and was conducted with pulsed
power by using a constant power supply (Ortec, EC
& Co.; model 4100) at 320 V. The pulse rate was
adjusted throughout the electrophoresis by the
method of Beremand and' Blumenthal (1). Gels were
stained with 0.25% Coomassie brilliant blue R-250 in
9% acetic acid-45% methanol with the modification of
Weber and Osborn (34). Activity staining was carried
out by the method of Dietz and Lubrano (7), with
some modification. The nondenaturing gel strip was
equilibrated with cold standard buffer for 10 min,

transferred to a Hungate tube containing 9 ml of
standard buffer, and flushed with CO for at least 6
min. A 1.0-ml portion of phenazine methosulfate-nitro
blue tetrazolium stock solution (phenazine methosul-
fate, 0.5 mg/ml; nitro blue tetrazolium, 2.5 mg/ml) was
injected with a syringe into the tube, which was
wrapped with aluminum foil. The reaction mixture
was flushed with CO for 2 min and was left for 1 to 2
min at room temperature. The gel was then washed
several times with water and kept in a 7.5% acetic acid
solution. H2 gas was used as the substrate for hydrog-
enase, and 0.01 M sodium formate and 0.5mM ,8-NAD
were added to test for formate dehydrogenase activity
in an otherwise identical system.
Enzyme purification. All purification steps were

carried out at 4°C, except when noted. A 60-g (wet
weight) portion of thawed cells was resuspended in
240 ml of cold standard buffer, homogenized with a
tissue homogenizer, and disrupted by sonic treatment
(10 s/ml) in portions of 30 ml at 0°C. The suspension
was centrifuged at 10,000 x g for 30 min. The super-
natant fl1id was referred to as crude extract. The
crude extract was then treated with protamine sul-
fate to a final concentration of 0.054%, left in ice for 10
min, then sedimented at 100,000 x g for 90 min. The
resulting supernatant fluid (soluble fraction) was next
made 40% saturated with respect to ammonium sul-
fate. After 5 h, this fraction was centrifuged at 15,000
x g for 30 min. The resulting supematant was further
treated with ammonium sulfate to achieve a final
concentration of 55% of saturation. After 5 h the
solution was centifuged again at 15,000 x g for 30
min, and the sediment was resuspended in a small
volume of cold standard buffer. The deep yellow sus-
pension was then dialyzed against three 2-liter changes
of standard buffer for 20 h. The dialysate was then
applied to a Sepharose 6B column (2.6 by 90 cm).
Elution was performed with the same buffer at a flow
rate of 7.1 ml/cm2 per h with 200 cm of hydrostatic
pressure. Fractions with the highest specific activity
were pooled and applied to a DEAE-Sephadex A-50
column (2.6 by 31.5 cm) which had a 1-cm layer of
Sephadex G-25 (coarse) at the top. The column was
pre-equilibrated with at least 2 total bed volumes of
standard buffer before sample application. Elution was
first carried out with 200 ml of 0.15M NaCl in standard
buffer followed by a shallow linear NaCl gradient (400
ml, 0.15 to 0.3 M). Fractions were collected at a flow
rate of 1 ml/cm2 per h, and the yellow-colored fractions
with the highest specific activity were pooled and
applied to a hydroxylapatite column (1.5 by 6 cm) pre-
equilibrated with the standard buffer. The column was
eluted with a linear ammonium sulfate gradient (100
ml, 0 to 0.5 M) at a rate of 2.0 ml/cm2 per h. A yellow
active fraction that contained all of the CO-DH activ-
ity was eluted at about 0.15 M ammonium sulfate and
was dialyzed against three 500-ml changes of cold
standard buffer, each for 2 h.

Salt concentration in each fraction after DEAE-
Sephadex A-50 and hydroxylapatite chromatography
was determined by measuring the conductivity of each
fraction with a conductivity bridge by using the con-
ductivity of known NaCl and ammonium sulfate so-
lutions, respectively, as standards.
The purified CO-DH was stored at -70°C.
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Subunits of CO-DH. The numbers of subunits in
CO-DH were determined by nondenaturing-denatur-
ing two-dimensional PAGE.
The purified enzyme was first subjected to nonde-

naturing PAGE (7.5% acrylamide). After electropho-
resis was completed, a 0.5- by 1.0-cm block which
contained the yellow CO-DH band was cut from the
slab, placed in test tube, and equilibrated with two
changes of 5 ml of Laemmli sample buffer with SDS
(18) at 55°C for 2 h. The gel piece was then placed
onto the top of a denaturing gel (11.5% acrylamide)
and was electrophoresed for subunit analysis. To es-
timate the numbers of each subunit in CO-DH, the
density of each subunit after staining with Coomassie
brilliant blue was measured with a densitometer.
Preparation of antiserum against CO-DH. A

New Zealand white rabbit was immunized with 200
jg of the purified CO-DH homogenized 1:1 in Freund
adjuvant (Difco Laboratories). Injections (0.2 ml) were
made intradermally at multiple points along the
flanks, and the remainder was injected intramuscu-
larly into the rear quadrants. The rabbit was injected
with an additional 100 Ag of protein at 2 weeks. After
4 weeks the rabbit was bled; 35 ml was removed from
the ear. Blood was stored overnight at 40C, and eryth-
rocytes were removed after clotting by centrifugation
at 2,000 x g for 10 min at 40C before freezing. The
final recovery was 15 to 20 ml of serum per bleeding.

Test for nickel in CO-DH. It had been reported
that the CO-DH from Clostridium thermoaceticum
contains Ni (9). To see whether the CO-DH from P.
carboxydohydrogena also contains Ni P. carboxydo-
hydrogena was cultivated under standard culture con-
ditions with 100uCi of 'NiCl2 (ICN Chemical & Ra-
dioisotope Division; specific activity, 11.1 mCi/mg of
Ni) per liter, and CO-DH from dialyzed (NH4)2S04
precipitates was precipitated with rabbit antiserum.
Precipitation was allowed to occur for 5 min at room
temperature, and the mixture was centrifuged at 5,000
x g for 20 min at4C.
The precipitate was collected on glass fiber filter

paper (Whatman Ltd.; GF/A, 2.4 cm), dried for 5 min
under a 250-W infrared lamp, and then immersed in
toluene-based scintillator. The amount of 'Ni in C0-
DH on the filter was measured by using a Beckman
LS-230 liquid scintillation counter.

Cofactor analysis. The spectrum of the purified
native enzyme solution was measured in a Cary 14
spectrophotometer in the visible range (300 to 600
nm).

Extraction of the cofactor from purified enzyme was
carried out with trichloroacetic acid by the method of
Swoboda and Massey (32). The visible light spectrum
of the protein-free flavin derivative in aqueous solution
was determined after removal of the trichloroacetic
acid by repeated extraction with diethyl ether.
To confirm the chemical identity of the cofactor,

the extracted flavin derivative was subjected to thin-
layer chromatography along with some reference com-
pounds: riboflavin, flavin mononucleotide (FMN), and
flavin adenine dinucleotide (FAD). Phosphodiesterase
(Crotalus adamanteus; Sigma) and alkaline phospha-
tase (Bethesda Research Laboratories) were used to
treat FMN, FAD, and the flavin cofactor for 30 min at
37°C. Enzyme-treated and untreated references and
samples were then applied on silica gel plates (0.25

mm thick, 20 by 20 cm; EM Laboratories, Inc.) for
ascending chromatography in a rectangular glass
chamber which was saturated with 200 ml of one of
several solvents tested. Running times ranged from 55
min to 3.5 h, depending on the solvent used. Each
separated spot after thin-layer chromatography was
then visualized by native fluorescence under longwave
UV light.
The number of moles of FAD per mole of CO-DH

was estimated by photometric analysis (32). eo = 11.3
x 103 M-' *cm-' (37) was used as the molar absorbancy
coefficient to calculate the amount of FAD.

RESULTS
Purification. The CO-DH was purified 35-

fold in seven steps with a yield of 30% and a final
specific activity of about 180 ,umol of thionin
reduced per min per mg of protein (Table 1).
The purified enzyme had a yellow color and was
found to be completely stable for 5 months at
-70°C under air. The enzyme activity in whole
cells was stable for over 1 year at -20°C under
air.

Purified enzyme from the hydroxylapatite col-
umn was judged better than 95% homogeneous
(Fig. 1A) after densitometric scanning of the gel
stained with Coomassie brilliant blue after non-
denaturing PAGE. It was possible to see a yellow
CO-DH band with the unaided eye on nonde-
naturing polyacrylamide gel after PAGE with
about 40 ,ug enzyme.

Activity 4taining with CO or with H2 as the
substrate revealed that the purified enzyme had
both CO-DH and hydrogenase activities. Activ-
ity staining with sodium formate did not show
any formate dehydrogenase activity in the pur-
ified enzyme. Hydrogenase and formate dehy-
drogenase activities of the purified enzyme were
rechecked by enzyme assay. The purified en-
zyme was free of measurable formate dehydro-
genase and NAD-specific hydrogenase activities,
but with thionin as acceptor had hydrogenase
activity amounting to 8.5% of the CO-oxidizing
activity.
Reduction of artificial electron accep-

tors. CO-DH has been shown to reduce several
artificial electron acceptors in the presence of
CO. The standard assay method was used with
various acceptors (methyl viologen, NAD,
NADP, FAD, FMN, methylene blue, thionin,
toluylene blue, 2,6-dichlorophenol indophenol,
and ferricyanide) to determine the range of elec-
tron acceptors and to select the best acceptor for
measuring CO oxidation. Among those electron
acceptors tested, only three (methylene blue,
thionin, and toluylene blue) were reduced by the
enzyme when CO was used as substrate. The
reduction rate was the highest when thionin was
used as acceptor. Methylene blue and toluylene
blue were reduced at 83 and 20% of this rate,
respectively.
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TABLE 1. Purification ofCO-DH from CO-autotrophically grown cells of P. carboxydohydrogena
Total Purifi- Total ac- Recovery

Purificationstep protein Sp act' cation TotivityC- Rc
(mg), (-fold)

Crude extract 1,736 5.2 1 9,027 100
Soluble fraction 1,108 16 3.1 17,728 196
Ammonium sulfate (40 to 55%) 329 41 7.9 13,489 149
Dialysis 327 42 8.1 13,734 152
Sepharose 6B 105 82 15.8 8,610 95
DEAE A-50 40 140 27.0 5,600 62
Hydroxylapatite 15 180 35.0 2,700 30

a Biuret method.
b Micromoles of thionin reduced per milligram of protein per minute.
' Micromoles of thionin reduced per minute.

A B

* -a

abod ab
FIG. 1. A, CO-DH after nondenaturing PAGE of

the purified enzyme stained with Coomassie brilliant
blue. Gels containing 7.5% acrylamide were run by
the method ofLaemmli (18) without SDS; 5 pg (a), 10
pg (b), 20 pg (c), and 40 Ag (d) ofenzyme were applied.
B, Dissimilar subunits in the purified CO-DH. De-
naturing PAGE (11.5% acrylamide, 0.1% SDS) was
carried out with the active CO-DH band after non-
denaturing PAGE (7.5% acrylamide) of the purified
enzyme. Original enzyme concentrations for non-de-
naturing PAGE were 20 pg (a) and 40 pg (b).

Molecular weight and structure. The mo-

lecular weight of the purified enzyme was deter-
mined to be 4 x 106 by using Sepharose 6B
column (2.6 by 88 cm) chromatography by the
method of Whitaker (36) with reference proteins
of known molecular weight. Two-dimensional
nondenaturing-denaturing PAGE revealed the
presence of three nonidentical subunits (Fig. 1B)

in the native enzyme; the molecular weights of
the subunits were found to be 14,000 (a), 28,000
(,B), and 85,000 (y) by using SDS-gel electropho-
resis with several molecular weight references.
The ratio of integrated densities of each Coo-
massie brilliant blue-stained subunit after elec-
trophoresis was about 1:2:6 (a:B:-y), suggesting
an unusual a3t33y3 structure for CO-DH based on
the assumption that all subunits were stained to
the same extent with Coomassie brilliant blue.

Isoelectric point (pI). The pI of the purified
enzyme was determined by isoelectric focusing
in thin slabs of polyacrylamide gel according to
LKB application note 250 using LKB 2117 Mul-
tiphor (LKB Instruments, Inc.), with a slight
modification: acrylamide concentration, 4.2%; fi-
nal concentration ofampholine (LKB), 2.4% (pH
range of 3.0 to 9.5); and the addition of 50 pl of
N,N,N',N'-tetramethyl-ethylenediamine to the
gel mixture.
The pI of the enzyme was found to be 4.5 to

4.7. This result is in good agreement with the
observation that CO-DH activity was not de-
tected in supernatants of DEAE A-50- or QAE
A-50-treated soluble fraction in 0.1 M Tris-hy-
drochloride buffer (pH 8).
Enzyme kinetics. The rate of reduction of

thionin by the purified enzyme with CO as sub-
strate was completely proportional to the
amount of enzyme added.
The standard assay method was used to mea-

sure the dependence of the rate of thionin re-
duction on CO concentration to determine the
Km and Vmai of the purified CO-DH, except that
volumetric gas mixtures containing various con-
centrations of CO in argon (Matheson; prepuri-
fied, 99.998% minimum) were used to flush the
standard buffer before the addition of enzyme.
Amounts of CO in the mixture were adjusted by
using a Rotameter (Matheson; model 7401 T).
Thionin reduction followed Michaelis-Menten
kinetics. Assuming that 1 mol of thionin can be
reduced by two electrons which come from the
oxidation of 1 mol of CO, the Km and V.. for
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CO were found to be 63 ,iM and 183 ,umol of CO
oxidized per mg of protein per min, respectively,
following Lineweaver-Burk (19) and Hofstee
(13) plots. The solubility of CO at 300C under
atmospheric pressure was taken to be 19.15 ml
in 1 liter of water (30).

Effect of divalent cations and chelating
agents. The known metal chelating agents
tested (1 mM NaCN, NaN3, EDTA, and o-phen-
anthroline) did not show any significant effect
on CO-DH activity under standard assay con-
ditions. EDTA was the most effective agent,
reducing CO-DH activity by 7%, suggesting that
no easily removed divalent metal is necessary
for enzyme activity.
Some divalent cations were tested for their

effects on the CO-DH activity under standard
assay conditions. None of the metals tested
(Mn2+, C02+, Mg2+, Cu2+, Ca2+, Ba2+, Ni2+, Zn2+)
at 1 mM concentration stimulated the enzyme
activity. Cu2+ eliminated the enzyme activity
completely, suggesting that a necessary sulfhy-
dryl group was inactivated by this ion. However,
incubation in the presence of 1 mM N-ethyl-
maleimide or iodoacetamide did not significantly
reduce enzyme activity (data not shown).
Ni is not present in P. carboxydohydro-

gena CO-DH. When the dialyzed fraction was
treated with antiserum there remained less than
0.001% ofthe enzyme activity in the supernatant,
indicating that all the CO-DH activity was pre-
cipitated. The precipitated CO-DH from 'Ni-
grown cells did not contain a significant amount
of Ni (4.67 x 10-4 mol of Ni per mol of CO-DH),
suggesting that Ni is not present in the CO-DH
of P. carboxydohydrogena. The amount of CO-
DH was calculated from the specific activity of
the dialyzed fraction and of the purified enzyme.
This result agrees with the observation that the
CO-DH activity was not affected by metal che-
lating agents and was not activated by nickel
ion. During almost threefold purification of 'Ni-
CO-DH, the specific activity of 'Ni decreased
from 4,750 cpm/mg of protein (soluble fraction)
to 2,260 cpm/mg of protein (dialyzed fraction),
and the total radioactivity decreased almost 74%
although only 23% of the total enzyme activity
was lost.
FAD is present. The yellow color of purified

CO-DH suggested that it might contain a certain
cofactor(s). The visible light spectrum of the
native enzyme first showed that it might contain
bound flavin, and that of the trichloroacetic
acid-treated, protein-free extract of this enzyme
revealed that the cofactor was likely a flavin
derivative (Fig. 2). The extracted flavin was
found to be FAD after enzymatic digestion and
thin-layer chromatography in various solvents
(Table 2), and it appeared that at least 3 mol of

w
U
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300 400 500
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600

FIG. 2. Absorption spectra ofprotein-free trichlo-
roacetic acid extract of CO-DH and of the purified
holoenzyme. Spectra were measured with a Cary 14
spectrophotometer. Symbols: spectrum of reduced
CO-DH with sodium hydrosulfite against oxidized
CO-DH with H202 ( ); spectrum of CO-DH after
flushing with CO against CO-saturated 0.05M Tris-
hydrochloride (pH 7.5) buffer (-.-); and spectrum of
reducedprotein-free extract with sodium hydrosulfite
against oxidized extract with H202 (--). Untreated
intact enzyme shows peaks in the visible region at
450 and 333 nm and a shoulder at 380 nm (data not
shown).

FAD is bound to 1 mol of native enzyme. As
mentioned above, a clear yellow band was seen
on the gel after nondenaturing PAGE, but this
disappeared with some loss of activity staining
function when the gel was stored in standard
buffer for 40 h at 40C. Exogenously added FAD
was found to accelerate activity staining of this
gel. Furthermore, there was no yellow band on
the gel after electrophoresis with 0.1% SDS. All
of the above results indicate that FAD is non-
covalently bound to the apoprotein. However,
enzyme activity was not increased when the
purified enzyme was pretreated with exoge-
nously added FAD (6.36 nM) for 20 min at room
temperature, indicating that this cofactor is
tightly bound to the protein.

DISCUSSION
Among several known utilitarian and non-util-

itarian CO-oxidizing bacteria, only one of each
type, Clostridium thermoaceticum (9) and Pseu-
domonas carboxydovorans (22), have been ex-
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TABLE 2. Relative migration distances (Rf values)
ofmarker flavins and protein-free extract from

purified CO-DH0
Rf

Sampleb Solvent Solvent Solvent
ic 2d 3e

Riboflavin 0.5 0.4 0.14
FMN 0.3 0.24 0.01
FMN + phosphatase 0.5/0.3 0.4/0.24 0.14/0.01
FAD 0.16 0.2 0.0
FAD + diesterase 0.3 0.25 0.01
FAD + diesterase + 0.5/0.3 0.4/0.24 0.14/0.01
phosphatase

Extract 0.16 0.2 0.0
Extract + diesterase 0.3 0.24 0.01
Extract + diesterase 0.48 0.4 0.14
+ phosphatase
a Rf values were calculated by dividing distances of

spot centers from the starting point with distance of
solvent front from the starting point.

b Samples were cleaved with alkaline phosphatase
or phosphodiesterase as described in the text.

C n-Butanol-acetone-acetic acid-water (5:2:1:3, vol/
vol) (15), 2h.

d n-Butanol-ethanol-water (50:15:35, vol/vol) (29),
3.5 h.

e Acetic acid-acetone-methanol-benzene (5:5:20:70,
vol/vol) (28), 55 min.

tensively studied with regard to the mechanism
of CO oxidation at the level of the purified
enzyme system. The CO-DH from P. carboxydo-
hydrogena was purified and characterized in this
study to provide more information about aerobic
utilitarian oxidation of CO, a process which may
have a significant role in the oxidation of CO in
the environment (27).
The enzyme was purified by means of conven-

tional methods to better than 95% homogeneity,
and the purified enzyme comprised about 3% of
the soluble cell protein. The specific activity of
this enzyme was almost 100-fold greater than
that of P. carboxydovorans (1.94 ,umol of CO
oxidized per min per mg of protein) (22) under
the assumption that the reduction of 1 mol of
thionin corresponded to the oxidation of 1 mol
of CO. The purified enzyme has greater stability
than the enzyme of P. carboxydovorans which
is quite sensitive to storage at -20°C under air.
The clostridial CO-DH is very unstable under
air (9). The P. carboxydohydrogena enzyme had
non-NAD-linked hydrogenase activity, but no
formate dehydrogenase activity. This result is
similar to observations made with the P. car-
boxydovorans enzyme and indicates that free
formate is not an intermediate in CO oxidation.
However, we still cannot eliminate the possibil-
ity of bound formate being an intermediate dur-
ing CO oxidation.

The occurrence of hydrogenase activity (with
thionin but not NAD as acceptor) places this
enzyme in an unusual category since other hy-
drogenases are typically either (i) soluble and
act with pyridine nucleotide cofactors, or (ii)
insoluble (particulate) and act with dyes, flavin,
etc., as acceptors. Since the CO-DH is soluble,
but catalyzes the reduction of-thionin, it strictly
fits neither of these previously established cate-
gories. This combination of properties may be
explained in two ways. As previously mentioned
by Cypionka et al. (3), the CO-oxidizing enzyme
may be a loosely attached peripheral membrane
protein. Alternatively, the hydrogenase associ-
ated with CO-DH is a new kind of hydrogenase
which is soluble but cannot reduce NAD.

Previous reports stated that hydrogenase is
not involved in CO oxidation even though ho-
mogeneous enzyme from P. carboxydovorans
also showed some hydrogenase activity. In the
case of the enzyme from P. carboxydohydro-
gena, the percentage of hydrogenase activity as
a fraction of the CO-DH activity is almost 4
times greater than that of P. carboxydovorans.
To explain the hydrogenase association with
CO-DH, we suggest two possibilities. (i) Hydrog-
enase may be involved in the CO utilization and
also in the use of H2 which may be formed as an
intermediate, but not evolved in free form. (ii)
Hydrogenase is not involved in CO oxidation,
but H2 is a pseudosubstrate for the enzyme by
virtue of its analogy with CO.
The purified enzyme can use several dyes

which have redox potentials between +10 mV
and +110 mV as electron acceptors. This was
also true in preliminary experiments with the
crude soluble fraction. This range of artificial
electron acceptors is similar to that of the P.
carboxydovorans enzyme, except that methyl-
ene blue was the best acceptor for the P. car-
boxydovorans enzyme (21, 22). This result sug-
gests that a quinone may serve as a physiological
electron acceptor during CO oxidation. Several
other findings which tend to confirm a quinone
in the role of physiological electron acceptor in
P. carboxydohydrogena are reported in the ac-
companying paper (16). There is another report
about the range of electron acceptors in several
carboxydobacteria which supports the notion
that quinone is a physiological electron acceptor
in aerobic carboxydobacteria when CO is used
as an energy source (3). According to those data,
thionin is a poor electron acceptor for CO oxi-
dation in P. carboxydohydrogena. This disa-
greement indicates the need for further study.
In the case of the clostridial enzyme, electron
acceptors of positive potential were not reduced
and only dyes of negative potential acted as
electron acceptors. Ferredoxin is thought to be
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a physiological acceptor for C. thermoaceticum
(9).
The molecular weight of the purified enzyme

was around 4 x 105, which is almost the same as
that of the enzyme from C. thermoaceticum (4.1
x 105) (9). The subunit structure of the native
P. carboxydohydrogena enzyme seems to be an
unusual a3fi3y3 (a:14k, ,:28k, y:85k), which sug-
gests a complicated mechanism in CO oxidation.
When compared with the structure of the en-
zyme from P. carboxydovorans (2.3 x 105, two
identical subunits of 1.07 x 105) (22), there are
significant differences. A previous report esti-
mates the molecular weight of CO-DH in P.
carboxydohydrogena to be 2.3 x 105 (3), in
disagreement with that (4 x 105) found in the
present study. The difference between the two
values may arise from the different methods
used for molecular size determinations.

Cross-linking experiments with reversible or
nonreversible reagents showed that all three
kinds of subunit are involved in the cross-linking
reaction, but we could not successfully reverse
the cross-linking process (data not shown).
These experiments, along with transmission
electron microscopy and immunological studies,
will be continued to better establish the struc-
ture of this enzyme.
The Km for CO of the purified CO-DH from

P. carboxydohydrogena is 63 !LM. This value is
comparable to that for the counterpart purified
from P. carboxydovorans (53 ,uM) (22), con-
siderably lower than that of Methanobacterium
thermoautotrophicum extracts (>1 mM) (4),
and intermediate between the values deter-
mined for the non-utilitarian anaerobes (Clos-
tridium pasteurianum, 5 IAM in extracts [11,
33]; Clostridium formicoaceticum and C. ther-
moaceticum, 2.2 and 150 ,uM, respectively, in
extracts [6]). Since the concentration of CO in
the atmosphere is so low (1.3 to 39 nmol/liter
depending upon the site of measurement [25]) it
seems problematic whether utilitarian CO oxi-
dizers like P. carboxydohydrogena can use at-
mospheric CO for growth. However, it has re-
cently been shown that P. carboxydovorans can
utilize CO at such low concentrations (2). There
may also be microenvironments in which the CO
concentration is sufficiently high for CO-DH to
afford the bacteria that possess it a selective
advantage (27). For instance, it is known that
flavonoids and porphyrins are decomposed in
the soil with formation of CO (2, 35). Rainwater
sometimes contains up to 200 times the concen-
tration of CO expected based upon its partial
pressure in the atmosphere (31).
The yellow color of the purified enzyme was

found to reflect the presence of noncovalently
but tightly bound FAD which is necessary for

CO oxidation. One mole of native enzyme ap-
pears to have 3 mol of FAD, suggesting that one
of the three types of subunits binds the FAD.
The spectrum of the P. carboxydovorans en-
zyme showed two peaks at 470 and 405 nm, and
it has been suggested on this basis alone that the
CO-oxidizing enzyme of this bacterium might be
an iron-sulfur protein (22). In the case of the
clostridial enzyme, it has been suggested that
the CO-DH might be a corrinoid enzyme (9).

It has been reported that the CO-DH of C.
thermoaceticum is a metallo-nickel enzyme (9)
and that active hydrogenase formation in some
hydrogen bacteria requires a supply of Ni (10).
The CO-DH of P. carboxydohydrogena does
not have a significant amount of Ni; therefore,
Ni is apparently not a necessary factor for CO
oxidation in all biological systems. There is also
no necessary relationship between hydrogen
bacteria and carboxydobacteria with respect to
the involvement of this unusual trace metal.
This result is also supported by observations
that several chelators of divalent metals did not
inactivate the enzyme and that exogenously
added NiCl2 and other divalent metal salts did
not stimulate, but sometimes inactivated, the
purified enzyme.

Kirkconnell and Hegeman (17), working with
other bacteria, tried to find the source of the
second oxygen atom in CO2 derived from CO by
using double-labeling experiments employing
13CO and either H2180 or 1802 and found, para-
doxically, that neither water nor 02 was the
immediate source. As mentioned above, we used
a completely anaerobic reaction system to mea-
sure the CO-DH activity, implying that it was
impossible for molecular oxygen to be involved
stoichiometrically in the reaction. This indicates
that only water can be the source of the second
oxygen atom in CO oxidation by P. carboxydo-
hydrogena as in the case of P. carboxydovorans
(21, 22) and the clostridia (9).
From the results mentioned above, we can

suggest that oxidation ofCO as an energy source
by bacteria is mediated by different enzymes of
the dehydrogenase type. Taken together with
the fact that bacteria from many different bio-
logical groups oxidize CO, this suggests either
that the ability to use CO evolved independently
in different evolutionary lines or at a very early
time before divergence occurred, or that genetic
exchange, perhaps mediated by plasmids or
other wide-ranging mechanisms, has dispersed
genes for a common ancestral CO-DH to many
different groups of bacteria at some remote time.
The striking structural differences between the
CO-DHs of P. carboxydohydrogena and P. car-
boxydovorans suggest that independent evolu-
tion has taken place.
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