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Abstract: Steady-state initial rates of acetyl-CoA synthesifH.]) catalyzed by acetyl-CoA synthase from
Clostridium thermoaceticurfACS) were determined at various partial pressures of CO and @@en [CO]

was varied from 0 to 10@M in a balance of Ar, rates increased sharply from 0.3 to 100 fniat [CO] >
100uM, rates declined sharply and eventually stabilized at 10 #réh 980uM CO. Equivalent experiments
carried out in CQ revealed similar inhibitory behavior and residual activity under saturating [CO]. Plots of
vl[Ew Vs [CO;] at different fixed inhibitory [CO] revealed thatma/[Etof (Kea) decreased with increasing
[CO]. Plots ofv/[Ewq Vs [CO] at different fixed noninhibitory [CO] showed th&,a/[Ewo] Was insensitive

to changes in [CO]. Of eleven candidate mechanisms, the simplest one that fit the data best had the following
key features: (a) either CO or G@at a designated reductant level and pH) activate the enzyme D <=

E, E 4+ COy/2e/2HT == E); (b) CO and CQ@are both substrates that compete for the same enzyme form (E
+ CO=ECO, E+ COy)/2e/2HT == ECO, and ECO— E + P); (c) between 3 and 5 molecules of CO bind
cooperatively to an enzyme form different from that to which,G@d substrate CO binchCO + ECO=
(CO)}ECO), and this inhibits catalysis; and (d) the residual activity arises from either thgEECO)state or

a heterogeneous form of the enzyme. Implications of these results, focusing on the roles of CO,and CO
catalysis, are discussed.

Introduction is the active site for acetyl-CoA synthesisvhile the C-cluster
is the site of CO/CQ redox catalysi§® The enzyme is
heterogeneous, in that only 3@0% of the A- and C-clusters
appear to be catalytically activé:1?

The catalytic mechanism of acetyl-CoA synthesis is thought
to involve the binding of CO to the A-cluster. An electron
generated from the oxidation of CO at the C-cluster reduces

Certain archaea and bacteria employ the Wood/Ljungdahl
pathway to grow chemoautotrophically on €@nd H.!
Enzymes of the pathway reduce €@ the methyl group of
methyltetrahydrofolate (CHTHF).2 This methyl group is first
transferred to a corrinoid-ireasulfur protein (CoFeSP) in a
reaction catalyzed by methyltransferase (MeTr). Acetyl-
Coenzyme A s))//nthasey (ACS;)gka carbon ménoxid)e dehyélro-th_e qxidized diame_lgngtic A-clusterl4,6in association \éVith Fhe
genase or CODH) is a bifunctional enzyhtieat catalyzes both ~ 2inding of CO, yielding theS = !/, AresCO state’® This
the reversible reduction of GGnot bicarbonaté)® to CO and controversial state has beenllmpllcated as both an intermedi-
the synthesis of acetyl-CoA from CO, CoA, and the CoFeSP- ate*15 of acetyl-CoA synthesis and a state unable to proceed
bound methyl group. to form productg817 _ _

Acetogenic ACSs arew,3» tetramers containing two types Methyl group transfer to ACS is possible only when an
of novel Ni-X—FesSy clusters (the A- and C-clusters) and an unidentifiedn = 2 redox site on ACS, known as the D-site, is

FesS, electron-transfer cluster (the B-clustérf. The A-cluster reduced:® Barondeau and Lindahl proposed that the D-site is a
disulfide/dithiol coordinated to or located near the Ni of the

A-cluster, and that it facilitates nucleophilic attack of the Ni on
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subsequent nucleophilic attack of which by CoA vyields acetyl-
CoA and the rereduced D-site!8
We recently examined the effect of @@n the catalytic

Maynard et al.

monitored continuously (Teledyne model 310 analyzer). ACS was
purified from cell paste, using a modified procedure (10 mM DTT was
included in all buffers§3 ACS was 96-94% pure, as quantified by

synthesis of acetyl-CoA, and discovered that it is a substrate Maging Coomassie Blue (Bio-Rad) stained SDS-PAGE gels with an

for this activity® This implies that CQis reduced to CO at

the C-cluster and that CO migrates to the A-cluster for use in
acetyl-CoA synthesis. We also found that CO is not released

into solution for this migration, but travels through a protein-

Alphalmager 2000 (Alpha Innotech Corp.) densitometer. ACS catalyzed
CO oxidatio¥® and acetyl-CoA synthesis (assayed as described below
with 1 atm CQ) with specific activities of 350 and 1.@mol min-*

mg %, respectively. Protein concentrations were determined by the
Biuret method?* ACS, CoFeSP, and MeTr have molecular masses of

encapsulated tunnel from the C- to the A-cluster. Since these 154 700 Da 3,35 89 000 Da 3,3 and 57 280 Dal,,%’ respectively.
clusters are located in separate subunits and show no magnetic Buffer A (50 mM MES pH 6.3) was rendered G®ee as follows.

interactions when both are 8= 1/, paramagnetic states, the
tunnel may be>10 A long. A subsequent study by Ragsdale
and co-workers provided further evidence for this turffiel.
Molecular tunnels connect active sites in other multifunctional
enzymegl-23

Since CO is known to react with the C-cluster and the

A-cluster, there must be at least 2 CO-binding sites on the

enzyme. However, additional sites have been prop&3tdd
Anderson and Lindahl suggested that CO or,C@ the

MES (Sigma) was dissolved in distilledieionized water to a final
concentration of 50 mM, pH 3.3, filtered, degassed using an anaerobic
Schlenk line, and brought into the box. The pH was adjusted to 6.30
by using anearobically prepared 50% (w/v) KOH. Buffer A was sparged
with Oz-scrubbed (Oxisorb, MG Industries) Ar for 30 min prior to use.
ACS activity assays were used to detect residual @i€solved in Buffer
A. Without added CO or C& ACS catalyzed the synthesis of acetyl-
CoA at an initial rate of 0.xM min~2, corresponding to 0.6M CO,
in solution.

Dithionite-reduced ACS was thawed, concentrated using a Centricon-

presence of a reductant) reactivate cyanide-inhibited enzyme1gg (amicon), and chromatographed using a Sephadex G-25 column

by binding to a “modulator” sit€ Seravalli et al. suggested that
two CO molecules bind to the C-clust&rRussell and Lindahl
interpreted their CO/C@potentiometric titrations in terms of a
redox-cooperativity in the presence of £ Ludden and co-
workers have recently reported that CODH fr&hodospirillum
rubrum is activated upon binding a CO molecule at the
C-cluster?* CO has also been found to partially inhibit the ACS-
catalyzed exchange of free CoA with acetyl-C&&°

These studies suggest that the effects of CO and it
ACS are complicated, possibly involving multiple roles. More-
over, the discovery that both G@nd CO are substrates for

(1 cm x 20 cm) equilibrated with Buffer A containing 1.0 mM DTT.
Dithionite-free enzyme was eluted at 0.5 mL/min. Samples were divided
into aliquots and simultaneously frozen in liquid.N

CoFeSP Purification. Rust-brown colored fractions eluting prior
to ACS on DEAE Sephacel (Pharmacia) were concentrated by
ultrafiltration through a YM30 membrane (Amicon), made 10% in
ammonium sulfate (AS), and applied to a phenyl Sepharose (Pharmacia)
column (5 cmx 17 cm) equilibrated in Buffer B (50 mM Tris-ClI, pH
8.0, 2.0 mM dithionite, 10 mM DTT) plus 10% ASThe column was
washed with 500 mL of Buffer B plus 10% AS, and proteins were
eluted with a linear gradient containing-12.5% AS (750 mL of each).
Rust-brown fractions were combined, concentrated, diluted with 5

the synthesis of acetyl-CoA raises issues regarding the kineticyolumes of Buffer B, and loaded onto a DEAE Sephacel column (5

mechanism. C@® behaves as a classical Michaelldenten
substrate Km = 320 + 50 uM; keafKm = 0.534+ 0.07uM 1
min~1),2° while analogous kinetic parameters for CO have not
been reported. Also unknown are whether CO and, @@

cm x 16 cm) equilibrated with Buffer B. The column was washed
with 800 mL of Buffer B containing 0.1 M NaCl. CoFeSP eluted with

a linear gradient containing 6:D.4 M NaCl (500 mL of each).
Combined CoFeSP fractions were removed from the box and frozen

competitive substrates and whether their catalytic properties areln liquid N. Active fractions were 9295% pure according to SDS-

additive. To address these issues, we measured steady-sta
acetyl-CoA synthase activity at various concentrations of CO

tlgAGE analysis. CoFeSP was assayed (as described below with 1 atm

of COy) for its ability to assist in catalyzing the synthesis of acetyl-
CoA, by varying its concentration at fixed [ACS] (&) and [MeTr]

and QQ' and fit kinetic models tq th? data. In this paper, thes.e (10 uM). Within the range tested (6 8 uM CoFeSP) the rate of acetyl-
experiments are described, a kinetic mechanism emphasizingcopa synthesis was linear, with a specific activity of 0ol min2

the roles of CO and COin catalysis is proposed, and
implications are discussed.

Experimental Procedures

ACS Purification. Clostridium thermoaceticurnells were grown
and harvested as describ&d? Protein purification was performed in
a Vacuum/Atmospheres HE-453 glovebox containiflgppm Q, as
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(27) Ensign, S. A.; Hyman, M. R.; Ludden, P. \Biochemistry1989
28, 4973-4979.
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mg L.

Dithionite-reduced CoFeSP was thawed, concentrated using a
Centricon-30, and chromatographed using Sephadex G-25 ({ 2fh
cm) equilibrated in Buffer A. CoFeSP was collected into a 1-cm quartz
cuvette and scanned from 35620 nm (Spectral Instruments model
S| 440). Residual dithionite was reacted with thionin (Aldrich) (2.5
mM, in Buffer A) until the absorbance at 604 nm, due to unreacted
thionin, increased The sample was concentrated and excess thionin
was removed by G-25 chromatography, as above. Dithionite-free
thionin-oxidized CoFeSP was concentrated, divided into aliquots, and
frozen as above.

MeTr Purification. MeTr assay solution contained the following
(final concentrations): Buffer C (50 mM Na-phosphates, pH 6.3, 1.0

(31) Lundie, L. L., Jr.; Drake, H. LJ. Bacteriol.1984 159 700-703.

(32) Loke, H.-K.; Bennett, G. N.; Lindahl, P. Rroc. Natl. Acad. Sci.
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322.
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86, 341-343.
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gasundaram, T.; Wood, H. G.; Ljundahl, L. G.Biol. Chem.1991, 266,
23824-23828.
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mM DTT), 50 uM a8 CoFeSP, 1.0 mM CHTHF (Sigma, disodium
salt), and 500uM Ti(lll) citrate prepare@ from Ti(lll) chloride
(Aldrich) at 30+ 2 °C. To 0.50 mL of assay solution in a 0.5 cm
quartz cuvette was added 50100 uL of solution containing MeTr.
[Col*FeSP] (calculated usinlesgo nm= 7.9 mM* cm™2, experimen-
tally determined) was monitored vs time.

Active fractions, which eluted after ACS on the DEAE Sephacel
column (from the ACS prep), were concentrated by ultrafiltration using
a YM30 membrane, diluted with 2 volumes of Buffer C, and applied
to a DEAE Biogel-A (Bio-Rad) column (5 cm 12.7 cm) equilibrated
in Buffer C. The column was washed with 700 mL of Buffer C
containing 0.15 M NaCl. Proteins were eluted with a linear gradient
containing 0.150.4 M NaCl (600 mL of each). Active fractions were
concentrated, diluted with 5 volumes of Buffer D (50 mM Tris-Cl, pH
7.6, 1.0 mM DTT), made 6.0% in AS, and applied to a phenyl
Sepharose column (5 cm 14 cm) equilibrated in Buffer D containing
6.0% AS. The column was washed Wit L of Buffer D containing
6.0% AS. Proteins were eluted with a linear gradient containing 6.0
0% AS in Buffer D (600 mL of each). Active fractions were combined,
concentrated, and immediately frozen in liquid. WeTr was>95%
pure according to SDS-PAGE analysis and had a specific activity of
5.0 umol min~* mg™*. Purified MeTr was thawed, concentrated using
a Centricon-10 (Amicon), diluted with 25 volumes of Buffer A
containing 1.0 mM DTT, and reconcentrated. After repeating this
procedure X, aliquots were frozen as above.

Acetyl-CoA Synthase AssayCHs-THF and Coenzyme A (Sigma,
sodium salt) were dissolved in Buffer A to give 63t50.2 and 34.5

J. Am. Chem. Soc., Vol. 123, No. 20, 4584

and [CQ]). This assumption should be valid, as the initial [y

[MV 27] ratio of the stock solution (2.2 0.2) was nearly the same for
each experiment, and all steps performed after introducing this reductant
were strictly anaerobic. Because [MV] andf[Hwere constant, the
“CO;" included in our mechanisms (and conclusions) should be viewed
as an undifferentiated species £Z& /2H" rather than a C@molecule.

The initial CH-THF concentration was 200 times Kg, of 10 uM,**
and the amount consumed during reactie®.3 mM) was insignificant.

The high concentrations of GHTHF and MeTr ensured that methyl
group transfer to CoFeSP did not affect the rate of acetyl-CoA synthesis
within the conditions employed. These high concentrations also ensured
that the concentration of substrate £E0**FeSP would remain
constant and high, and that the concentration of produét FsP
would remain constant and low, relative to [ACS]. The large volume
of the reaction vessels~70 mL) ensured that [CO] and [G]>did

not change significantly during reaction. The initial [CoA] was
substantially greater than it& of 10 uM“*5 and itsKy, of 50 uM for

the CO/Acetyl-CoA exchange reactiéhThus, under the conditions
employed, only changes in [CO] and [g@ffected the initial rate of
reaction.

Modeling and Simulations. Eleven kinetic mechanisms were
analyzed, designated U1AT, U2AT, U3AT, U4AT, U5AT, UGAT,
CA4AT, M4AT, R4AT, U4A0, and UANT These included a “residual”
activity at high inhibitor concentrations that arose either from a partially
active inhibited enzyme form (U4AO) or from a distinct enzyme form
not inhibited by CO (all other models). Each mechanism involNed
enzyme forms. Differential equations describing the time-dependent

=+ 0.3 mM stock solutions, respectively. Concentrations were determined concentrations dil — 1 of these forms were set equal to 0 in accordance

usingezgo = 30.8 MMt cm™? for CHs-THF**#%andego = 16.8 mM™*
cm ! for CoA* DTT was added (1.0 mM final) to the CoA solution
to prevent oxidation. Each solution was divided into aliquots and frozen
as above.

Various amounts of CO (MG Industries, research grade), (MB
Industries, anaerobic grade), and Ar were mixed with a flowmeter (MG
Industries, series 7941-AS2 4-tube) and passed into a reaction #essel.
The flowmeter was calibrated by measuring in triplicate the rate of
water displaced from a volumetric flask. Henry’s law constants for CO
and CQ at 30°C are 0.98 mM/atrft and 31 mM/atnf? respectively.

Methyl viologen (Sigma; M¥*F; EY = —0.44 V vs NHE?®) was
enzymatically reducetf, standardized by titration againste(CN),
and used immediately (average of 12 measurements yieldet B8
reduction). To a 5.0 mL conical vial were added, in the following order,
Buffer A, CHs-THF (2.0 mM), CoFeSP (32M), MeTr (10 uM), and
MV 1t (1.0 mM), yielding 0.50 mL total volume (final concentrations).

with the steady-state approximation. Resulting equations and the
conservation relationship [l = Z:\‘:l[Ei] were solved using Maple
version 6.0 (Waterloo Maple, Inc.), for [E] and{& (the enzyme form
that gives rise to the residual activity) as a function of [CO], [;O
and [Eq]. These expressions were substituted into the rate expression
d[P)/dt = v = Kj[E] + kiedEred, Wherek, andk.sare turnover numbers
for the major and residual enzyme forms. The expression for maximal
rate Vmax = keafEw Was determined by setting each substrate
concentration tee and all inhibitor concentrations to 0. The expression
for the K, of a given substrate was obtained by setting the other
substrate and inhibitor concentrations to 0 and solving for the substrate
concentration whem = Y,Vmax. Expressions describinka/Kn and
Km in terms of microscopic rate constants were substituted into the
equationv = kj[E] + kedEred as a means of minimizing the number
of unknowns.

Resulting steady-state velocity equations were fit to 14 data sets

The assay solution was mixed and then transferred into a reaction vessel(plots of @/[Ew])qa VS €ither increasing [C@}: at fixed [COJqar OF

The vessel was sealed, removed from the glovebox, flushed with 15

20 volumes of the desired mixture of gases, and returned to the box.

For experiments involving varied [GD) CO, was injected by syringe
(Hamilton Gastight). The reaction mixture was incubated 15 min at 30
4+ 2 °C in dim light. Acetyl-CoA synthesis was initiated by syringe
injection of a CoA/ACS solution affording 1.0 mM CoA, Qi of
ACS, and 5quM DTT (final concentrations). Aliquots (8QL) were
removed by syringe at various times and analyzed for acetyl-CoA by
reversed phase HPLE Initial rates were determined by linear least-

increasing [CQqa at fixed [CO}ay) using a computer program written

in C. The Adaptive Simulated Annealing (ASA) algoritfiwas used

to search for best-fit values of the parameters for each equation. A

cost function returned the sum of the squares of the residuals between
the data points and the graph of the equation evaluated at the current
parameter values. ASA was used to find parameter values that

minimized this difference. Relative errors for each model are reported

in Table 1. ASA was also used to determine the uncertainty in each

parameter by separately finding the value that would make the cost

squares regression analysis of [acetyl-CoA] vs time plots. Ninety-seven 1.5 times its minimal value, fixing all other parameters at best-fit values.

data points (rates at various [CO] and [§)Qwere analyzed.
Conditions Employed in AssaysA reductant was required when

Simulations of each data set (i@sin/[Etwf VS either [COlin at fixed
[CO2)sim OF [CO,)sim at fixed [COLim) consisted of 1000 simulation points

CO,was used as the substrate. Although the resulting solution potential SPanning the same range as the data.

was sufficient to yield only~20% of the theoretica/mad[Eiof,*° MV 1*

was chosen because of its stability at the experimental pH. Our analysis

assumes that the steady-state ratios of [MAMV 2*] and [Dred)/Dosx]

(44) Zhao, S. Y.; Roberts, D. L.; Ragsdale, S. Biochemistry1995
34, 15075-15083.
(45) Wilson, B. E.; Lindahl, P. AJ. Biol. Inorg. Chem1999 4, 742—
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(38) Seefeldt, L. C.; Ensign, S. Anal. Biochem1994 221, 379-386.

(39) Blair, J. A.; Saunders: K. Anal. Biochem197Q 34, 376-381.

(40) Gupta, V. S.; Huennekens, F. Mrch. Biochem. Biophysl967,
120 712-718.

(41) Budavari, SThe Merck Index11 ed.; Merck & CO., Inc.: Rahway,
NJ, 1989.
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Addison-Wesley: Reading, MA, 1982.
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the rate equation.
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Table 1
mechanism description unknowns rel error
U1AT Uncompetitive;1 CO’s bind ECOActivation; Two terms 10 5.4
U2AT Uncompetitive2 CO’s bind ECOActivation; Two terms 11 1.8
U3AT Uncompetitive3 CO’s bind ECOActivation; Two terms 12 11
U4AT Uncompetitive4 CO’s bind ECOActivation; Two terms 13 1.0
USAT Uncompetitive5 CO’s bind ECOActivation; Two terms 14 0.98
UBAT Uncompetitive s CO’s bind ECOActivation; Two terms 15 0.96
CAAT Competitive;4 CO’s bind ECOActivation; Two terms 13 4.6
M4AT Mixed; 4 CO’s bind ECOActivation; Two terms 17 1.0
RAAT 1 COReduces an@ CO'’s bind ECOActivation; Two terms 13 5.9
U4ANT Uncompetitive4 CO’s bind ECONo activation;Two terms 10 2.2
U4AO Uncompetitive4 CO’s bind ECOActivation; One term 12 11
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) N [CO1 (n) ) . ) Figure 2. Initial rate of acetyl-CoA synthesis at increasing [CO] under
Figure 1. Initial rate of acetyl-CoA synthesis at increasing [CO] under 3 g @) and 1.0 mM M) [CO,]. Other conditions were as in Figure 1.

an Ar atmosphere. Data®] were obtained as described in the |nset: Double reciprocal plot and comparison with data of Figure 1
Experimental Procedures. The solid line is the best-fit simulation gen- (y),

erated by using eq 1 (model U4AT, Table 1) and the best-fit parameters

(see text). Inset: Double reciprocal plot of da®),(best fit (—), and . . .
fit without activation (mechanism U4NT) by CO/GQ- - -). inactive or less active than the CO-bound or CO-reduced form.

Thus, CO is both an activator and a substrate of ACS-catalyzed
acetyl-CoA synthesis.
Results CO Inhibition of ACS and the Residual Activity. As [CO]

Assay Conditions.The catalytic synthesis of acetyl-CoA by ~Increased above 1QaM, rateos declined sharply. By 3QaV
ACS is exceedingly complex, involving three proteins (ACS, CO, the rate was 20 min, 20% of maximal. This reveals that,

CoFeSP, and MeTr), seven components (COz,@-THF in addition to being a substrate and an activator, CO inhibits
CoA M\/“ MV 2+ a’nd H), and the strict exclu:sion of plr; ACS from catalyzing acetyl-CoA synthesis. The rate of catalysis

the past, this complexity has made detailed kinetic studies continut_ad to decline as [_CO] increased, eventually stabilizing
difficult. We have succeeded in performing such experiments &t & residual rate of 10 mih under an atmosphere of CO (980

by controlling and fixing numerous variables and focusing on #M)- This rate is similar to those rcseg)ortseld previouslyl l512I‘1del’
the effects of CO and COAs a result, the kinetic parameters ~Saturating CO conditior$,including 75° 155 and 20 min'*,

reported here arapparentrather than true values, applicable ~ Eduivalent data obtained with 3.8 mM GFigure 2, solid
only under the conditions employed. Refer to Experimental circles) showed a maximal rate of nearly 200 niat 104M
Procedures for details. [CO]. At higher [CQ], rates again declined and eventually

v iy
CO Activation of ACS. To determine the steady-state kinetic stabilized at 10 min". These data demonstrate that CO also

parameters for CO, initial steady-state rates of acetyl-CoA int?ib_its dcatglr)]/slis in :\tlle pre;_ence gf @(lifadimilar data were
synthesis, normalized to the total enzyme concentrati&ify), obtained with 1.0 mM C@(Figure 2, solid squares), except

were measured as the concentration of CO was varied in atﬂat the _maxliméil rate .Wa; sorr;ew?at (I:ess ggo]\?"g“’rﬁ”
balance of Ar (Figure 1, solid circles). As [CO] increased from the previously determinell, value for Q( UM ), this

0 to 100uM, v/[Er] increased from 0.3 to 100 mik. When qllfrerence in maximal rates probably reflects mcomplete satura-
plotted in double-reciprocal form (Figure 1, inset), the data in tion Of.A(.:S' For both C.@concentratmns used, res!dual rates
this range yielded a straight line, suggesting a hyperbolic were similar to that obtained under Ar. A double-reciprocal plot

dependence of rate on [CO], as expected for a Michaelis (49) The latter two rates were obtained by dividing the published rates
Menten substrate. However, the slope of this line is far steeper(Obtﬁlmetd at 55tC)dt]3y ?hto Iaccountlf%r_l_ttf;e %eéngeratulret_dlffego%%C_?hRates
were not corrected 1or the lower solubllity O In solution a IS

than would be observed for a Star?dard SUbs,trate' As we ShOWsolubility difference may account for the2-fold faster rates of catalysis
below, the only models able to simulate this slope (and the gptained.
observed maximal activity) assume that the binding of CO to  (50) Lu, W.; Harder, S. R.; Ragsdale, S. W.Biol. Chem.199Q 265

; ; 3124-3133.
ACS, or the reduction of some site on ACS caused by the % "20 3 2. || w.-p: Ragsdale, S.WBacteriol. 1992 174
binding and subsequent oxidation of CO to £@xtivates ACS  4667-4676.

for catalysis. The unbound or oxidized form of ACS is either (52) Menon, S.; Ragsdale, S. VBiochemistry1998 37, 5689-5698.
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Figure 4. Initial rate of acetyl-CoA synthesis at increasing [f@nd 4, inset) coalesced toward a singlgofJfv value. This type of
0 (@), 10 (a), 12 (v), 22 @), 25 (O), 44 (#), and 46uM (2) [CO]. pattern is consistent with a competitive mode of interaction and
Inset: Double reciprocal plot. indicates that CO and G@ompete for the same enzyme form

during the catalytic synthesis of acetyl-CoA. Plots of,{F
vs 1/[CQ)] at nonzero [CO] revealed nonlinear behavior (Figure

of the inhibitory region (Figure 2, inset) indicates a similar [CO]- : : . o
4, inset). This can be attributed to CO’s ability to serve as a

dependence for titrations performed in £&nd Ar. h -
CO Functional Regions.CO is an activator, as well as a  Substrate in catalysis. .

substrate for catalysis. At high concentrations, CO partially = Data Analysis. Eleven kinetic mechanisms were evaluated

inhibits catalysis, as evidenced by the residual activity. These fOr their ability to simulate the data (as determined by the

functions operate throughout the [CO] range employed in these relative errors in_TabIe 1), anql to_do so with the fewest_ unknown
experiments, but certain functions dominate within a given Parameters. Using these criteria, the best mechanism, called
concentration “region”. Despite an overlap of functions;20 U4AT4" and illustrated in Figure 5A, is described by the steady-

uM CO will be called theActivation region, 26-100 «M will state rate equation
be called theSubstrataegion, 106-300uM will be called the
Inhibitory region, and 306980xM will be called theResidual kc_at [CO] + kc_at [CO,]
reqgi K K
gion. v \Knjeo mlco, L+ KedCOl
Relationship of CO and CGQ; in the Inhibitory Region. =
We wanted to determine whether CO inhibited catalysis by a (B T[CO] + T[COZ] +ICO]
competitive or uncompetitive mechanism, or by a mixture of Kin.co Km,co2
the two (mixed inhibition). These mechanisms were distin-
guished graphically, by plotting rates as a function of jC& where
different fixed [CO] in thelnhibitory region. The resulting plots ‘
(Figure 3) did not coalesce toward a singl§éE:] value (i.e. n [[CO}
ke @s [CQ] increased (which would have indicated competitive T=1+ Z S (2)
inhibition). Rather,v/[Ei] decreased with increasing [CO], = !J_lK
ik

1)

Km,res

+A

consistent with uncompetitive inhibition.

Probing the Substrate/Activation Region. The rate of
catalysis was measured as a function of & different [CO]
in the Substrate/Actiation region to determine whether substrate Kooy + Ko
CO and CQ competed for the same enzyme form. The resulting A=1+ actt al (3)
direct plots (Figure 4) approached the sanfiE,] as [CO) Ko[COJ + k,dCO,]

and
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The first term of U4AT describes the “major” activity that
dominates in thé\ctivation, Substrate and Inhibitor regions.

Maynard et al.

weak ; values>20 M CO) that this binding step could be
ignored, and removing this step did not affect the simulation.

The second term represents the residual activity evident in the  All other mechanisms examined either yielded poorer fits

Residualregion. In this mechanism, the residual activity arises
from a second enzyme form which utilizes CO as a classical
Michaelis—-Menten substrate. At infinite [CO], only the first
term approaches zero. According to U4AT, enzyme in the
inactivated form E reacts with either CO or Cf yielding
activated form E. In the next step, CO and gfompete for E,
yielding CO bound form ECO. ECO reacts with g80**-

relative to U4AT or else contained substantially more unknown
parameters. U1AT, U2AT, U3AT, U5AT, and UGAT are
identical to U4AT except for involving 1, 2, 3, 5, or 6 inhibitory
CO molecules, respectively. Simulations using ULAT and U2AT
did not fit the data satisfactorily. Fits using U3AT, U5AT, and
UBAT were acceptable. UBAT was excluded because the
marginal improvement in fit relative to USAT could not be

FeSP and CoA (represented as a single step) yielding producijustified by the additional complexity. C4AT was identical to

(acetyl-CoA) and E. Four CO molecules bind sequentially to
ECO, yielding unproductive (CEECO ( = 1—4) forms of

U4AT except that CO inhibited catalysis by binding to the same
enzyme form as that to which substrates CO and ki@ (form

the enzyme. Thus, U4AT assumes that 4 CO molecules inhibit E). The relative error of C4AT excluded it. RAAT was identical

the synthesis of acetyl-CoA uncompetitively with respect to
“substrate” CO and C® The solid lines in Figures -14
represent the best-fit simulation obtained using U4AT. Best-fit
kinetic parameters for CO and Gbtained at 30C, were as
follows: keatco= 9004 300 mirm?, Kmco= 3004 100uM,
(kealKm)co = 3.2+ 0.4uM~1 min~, keat cq = 200+ 30 min 2,
Km.co, = 380+ 40uM, (KealKm)co, = 0.52+ 0.04uM 1 min~?,
Kact = 6 &= 3 uM, kaz = 10 &= 8 uM~1 min~1, ka3 = 60004
3000uM ™t min~1, kees = 10 & 5 min~%, and Km res = 200 +
100 uM. The best-fit inhibition constants wet€; = 900 £+
300uM, Kiz =50 £ 10 uM, Kij3 = 40 & 10 uM, Kjz = 50 +
30 uM.53

U4AT fits the data with high fidelity. The lower values of
the last three inhibition constant&i{, Kiz, andKi,) relative to
Ki1 indicate positive-cooperative binding and inhibition of the
enzyme by CO. Thek{.{Km) values reflect the efficiency by
which CO or CQ form ECO. The best-fitk.a/Km)co is 6 times
greater than that of CQsuggesting that CO is a better substrate

to U4AT except that the first inhibition step was assumed to be
a reduction producing CQather than a binding event (the other
three were binding steps). However, simulations using R4AT
yielded a relative error high enough for it to be excluded. U4ANT
lacked the activation step of U4AT, and failed to fit the data at
low [CO] (Figure 1 inset, dashed line), and was excluded.

Discussion

In this study, steady-state rates of acetyl-CoA synthesis were
measured at various [CO] and [GJOResults were analyzed
by constructing various candidate kinetic models, deriving the
corresponding steady-state rate equations, and then attempting
to simulate the data using these equations. Comparing which
model could or could not simulate the data provided insight
into the actual mechanism used by ACS, especially with regard
to the roles of CO and CO

Our results and analysis indicate that ACS is activated for

than CQ. However, given that these values are apparent (seecatalysis by binding CO and possibly by an associated reduction

Experimental Procedures), this difference may simply reflect
the sub-optimal reducing conditions used. Using,CGB3 a

of a redox center in the enzyme. Candidate mechanisms that
did not include activation failed to fit the data, especially in

substrate, we have studied the dependence of solution redoXn€ region between 0 and 20M CO. As evident from the

potential on initial velocity and found that under maximally
reducing conditionscatcq Was enhanced by a factor of 4:6.
Everything else being equal, correcting the beskditfor this
factor would increasek{a/Km)co, to a value (namely 2.4M~1
min~1) approaching that for CO at the same pH. Identical

Km values would indicate that at sufficiently negative redox
potentials, and at concentrations well below thgjir values,
CO and CQ are utilized at equal rates for the ACS-catalyzed
formation of acetyl-CoA. Thaicacq Obtained at these potentials
(920 mirrY) is within error of that obtained for CO (900 nif)

double-reciprocal plot in the inset of Figure 1, the activity
increased more sharply than it would have in the absence of
activation. Since ACS is active in the presence of,@énd
reductant) and in the absence of CO, we presume thate@@
reductant also activate the enzyme. This suggests that activation
involves the binding of these molecules in conjunction with a
redox process. Relative to inactivated enzyme fofpa&tivated
enzyme E may have either CO or gound, and/or it may be
two-electrons more reduced. Activation probably does not
simply involve the binding of CO or C§) as this would not

indicates that these alternate pathways to product may shardesult in the same activated state. The site of activation may be

the same RDS.

While U4AT provides the best fit with the lowest level of
complexity, MAAT and U4AO cannot be excluded (refer to
Table 1 for relative errors and number of unknowns for each
mechanism). M4AT is identical to U4AT except that inhibitory
CO molecules are assumed to bind both forms ECO and E.
Simulations using M4AT fit the data as well as U4AT; however,
the inhibitory binding of CO to E was so weak (4COE ==
(CO)E; the K values were>400 mM) that this process did
not contribute noticeably to the inhibition. U4AO, shown in
Figure 5B, differs from U4AT in that residual activity is
assumed to arise from the partially inhibited enzyme form
(CO}ECO. The best-fit simulation using U4AO fit the data as
well as U4AT, but the competitive binding of CO was made so

(53) To take the heterogeneity of ACS into account, the apparent kinetic
parameters reported here should be divided by0.3. Thus, théa:values
reported here, while higher than any others reported to date, may
underestimate the true values by a factor of-353.

the C-cluster as it is the site of CO/G€&edox catalysis. Another
possibility that is compatible with an earlier stddy that CO

or CO,/2e /2HT activate the enzyme by binding to the modula-
tor site.

Our results and analysis also indicate that, at higher [CO],
CO and the undifferentiated substrate composed of;, CO
reductant, and protons compete for the same activated enzyme
form (E). While our data do not specify the CO/e€8inding
site, it is undoubtedly the C-cluster, the active site where CO
is reduced to CO, as this reduction must occur beforg €0ld
be used as a substrate for acetyl-CoA synthesis. Our previous
study*® suggests that CO molecules obtained by reducing CO
migrate to the A-cluster via a molecular tunnel. The competition
observed here between gé&nd CO moleculesotderived from
CO, suggests that such CO molecules also migrate to the
A-cluster via the C-cluster and tunnel.

This study demonstrates that at even higher [CO], CO inhibits
acetyl-CoA synthesis by binding to a different form of the
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enzyme than that to which substrates bind. The inhibition is
unusually sensitive to small changes in [CO], and only simula-
tions that assumed positive cooperative binding>@ CO’s
were able to mimic this sensitivity. In a potentiometric study
by Russell and Lindaft ACS was found to exhibit positive

redox cooperativity, further evidence for the presence coopera-

J. Am. Chem. Soc., Vol. 123, No. 20, 2003

co,

'xli 2H*

C| (substrate) CO—> | A | == CO
&' ap inhibition

coO

tive interactions between CO and the enzyme. That the inhibition gjg e 6. Proposed mechanism by which ACS discriminates between
is uncompetitive became apparent when we tried to fit models sybstrate CO/Cand inhibitor CO in terms of different pathways to

assuming mixed or competitive inhibition to the data. Moreover,
if CO inhibition were competitive, the extent of inhibition would
be depressed in the presence of,Cl fact, inhibition is not
affected by CQ (Figure 2). The site to which these CO
molecules bind is uncertain, but the A-cluster is a likely
possibility, and the A+CO state of this cluster may be unable
to proceed to produc!#15540ther scenarios in which the

the A-cluster. See text for details.

inhibited form of the enzyme associated with the major activity
mechanism of catalysis (form (CEHCO), which may cor-
respond to A+CO. We are unable to distinguish these
possibilities.

Finally, why is CQ a substrate bubot an inhibitor of the

inhibitor binds to a distinct enzyme species that arises after major activity while CO isbotha substrate and inhibitor? One

product release are also possitie.
Our results and analysis reveal that CO-inhibition is partial,

possibility is that at moderate [CO], CO and £0ind at the
C-cluster, and that the resulting CO molecules travel through

and that a residual activity remains at the highest CO concentra-the tunnel to the A-cluster where they serve as substrates in

tions employed. This is the only activity that was evident from

acetyl-CoA synthesis. CO likely inhibits the enzyme by binding

previous studies, which were performed at concentrations (980the A-cluster, for example, by converting the diamagnetic

uM, 1 atm) higher than those at which the major activity is
evident!>5%-52\We have considered two ways in which the major

oxidized state 4y state to the f+CO state. Do these inhibitory
CO molecules access the A-cluster directly from solution or

an_d residual activities may be related. The residual activity may from the C-cluster through the tunnel? The latter possibility
arise from a heterogeneous form of the enzyme, and result fromappears unlikely, because once a CO molecule dissociates from

a catalytic mechanism distinct from the major activity. Accord-
ing to this view, CO would be a MichaetisMenten substrate

but not an inhibitor or an activator of the residual activity.
Alternatively, the residual activity may arise from the CO-

(54) Not all previously published results may appear compatible with
this proposal. Analysis of the hyperfine splitting of the NiFeC EPR signal
(from the Ae+CO state) as well as the corresponding ENDOR spectra of
13CO-reacted ACS indicatesingle CO bound at the A-clustéf. A single
CO is also suggested by the IR spectra of enzyme in this St&ictly
viewed, these resultare compatible with this proposal, since our results
do not require that all inhibitory CO’s bind to the same site, only that they
bind cooperatively. Another potential discrepancy involves the strength of
CO inhibition. In an EPR/redox titration study, Russell and Lindahl
estimated thé&y for CO binding to the A-cluster in the A+CO state to be
~3 and 0.3«M in the absence and presence of £@spectively?® while

the C-cluster and migrates toward the A-cluster, ACS would
be unable to differentiate between CO destined to serve as a
substrate and CO destined to inhibit catalysis. We propose
(Figure 6) that CO molecules inhibiting catalysis bind to the
A-cluster directly from solution, and do not travel to the
A-cluster via the C-cluster and tunnel. In contrast, CO molecules
that serve as substrate travel through the tunnel. It is fascinating
to consider mechanisms that might enable ACS to distinguish
between CO molecules arriving from the tunnel and those
coming directly from solution. While molecular tunnels have
been found in other multifunctional enzymes, this study may
be the first example of an enzyme that utilizes its tunnel to
discriminate between two identical molecules with diametrically

the values obtained here are substantially weaker. This apparent discrepancypposed effects.

may arise from differences in the way the two experiments were performed.
The experiments by Russell and Lindahl were performed in the absence of
the other substrates required for acetyl-CoA activity, while they were present

in this study. If one of those substrates (e.g.:&3t*"FeSP) competed
with the inhibitory CO'’s for binding to the A-cluster, the apparkgtvalues
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measured here could underestimate true values. Further studies are required

to settle this issue.
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