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ABSTRACT. Biotin carboxylase fronEscherichia colicatalyzes the ATP-dependent carboxylation of biotin

and is one component of the multienzyme complex acetyl-CoA carboxylase, which catalyzes the committed
step in long-chain fatty acid synthesis. For the carboxylation of biotin to occur, biotin must be deprotonated
at its N1 position. Kinetic investigations, including solvent isotope effects and enzyme inactivation by
N-ethylmaleimide, suggested a catalytic role for a cysteine residue and led to the proposal of a mechanism
for the deprotonation of biotin. The proposed pathway suggests a catalytic base removes a proton from
a nearby cysteine residue, forming a thiolate anion, which then abstracts the proton from biotin. Inactivation
studies of pyruvate carboxylase, which has an analogous mode of action to biotin carboxylase, suggests
the catalytic base in this reaction is a lysine residue. Using the crystal structure of biotin carboxylase,
cysteine 230 and lysine 238 were identified as the likely active-site residues that act as thisaseid

pair. To test the hypothesis that cysteine 230 and lysine 238 act as anbaskl pair to deprotonate
biotin, site-directed mutagenesis was used to mutate cysteine 230 to alanine (C230A) and lysine 238 to
glutamine (K238Q). Mutations at either residue resulted in a 50-fold increase iyitier ATP. The

C230A mutation had no effect on the formation of carboxybiotin, indicating that cysteine 230 does not
play a role in the deprotonation of biotin. However, the K238Q mutation resulted in no formation of
carboxybiotin, which showed that lysine 238 has a role in the carboxylation realtiBthylmaleimide

was found to inactivate the C230A mutant but not the K238Q mutant, suggesting-giayimaleimide

is reacting with lysine 238 and not cysteine 230. The pH dependenieettiylmaleimide inactivation
revealed that thekvalue for lysine 238 was 9.4 or higher, suggesting lysine 238 is not a catalytic base.
Thus, the results suggest that cysteine 230 and lysine 238 do not act as atesadpair in the
deprotonation of biotin.

Biotin, or vitamin H, serves as a cofactor for a diverse carboxyl group is then transferred to biotin, which is
group of enzymes that catalyze carboxylation reactions. covalently linked to the enzyme through an amide linkage
These biotin-dependent carboxylases are involved in manyto the side chain of a specific lysine residue. In the second
vital metabolic pathways such as gluconeogenesis, fatty acidhalf of the reaction the carboxylate group is transferred from
synthesis, and amino acid catabolism. The reactions catalyzedtarboxybiotin to an acceptor molecule. The acceptor will vary
by this family of enzymes follow the same two-step pathway: depending on the enzyme. Pyruvate carboxylase, for ex-

ample, utilizes pyruvate as an acceptor while acetyl-CoA
enzyme-biotin + MgATP + HCO;~ Mg, carboxylase utilizes acetyl-CoA as its substrate.

The first half-reaction, which is catalyzed by all biotin-
dependent carboxylases, involves the deprotonation of the
1' nitrogen of biotin. Mechanistic studies utilizing the biotin
carboxylase component dEscherichia coli acetyl-CoA

acceptor-CO, + enzyme-biotin (2) carboxylase and pyruvate carboxylase have suggested a
possible mechanism for the deprotonation of biotin. Tipton
The first partial reaction involves the carboxylation of biotin and Cleland found a large inverse solvent isotope effect in
at the N1 position. This is accomplished by the ATP- the reaction catalyzed by biotin carboxylase, which suggests
dependent phosphorylation of bicarbonate, the source gf CO a sulfhydryl group is involved in a proton transfet).(
forming a reactive carboxyphosphate intermediate. The Participation of an active-site cysteine residue in catalysis
by biotin carboxylase was further supported by the observa-
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enzyme-biotin—CO, + MgADP + Pi (1)

enzyme-biotin—CO, + acceptor=
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Scheme 1 3-CGGCGGTGGTCGTTCACCAGCTTCT*5The entire
lys-NHs lys-NHa-+ gene of each mutant form of biotin carboxylase was
sequenced to verify the mutation and confirm there were no
| s ‘ (0 other changes in the sequence.
cys-SH cys-S- N Enzyme AssaysThe rate of ATP hydrolysis by biotin

N

N NH carboxylase was determined spectrophotometrically by cou-
pling the production of ADP to pyruvate kinase and lactate
dehydrogenase, and following the oxidation of NADH at 340
nm (10). When the concentration of ATP was varied above
2 mM (2—25 mM), the concentration of Mg&Wwas increased

to 50 mM, ensuring the formation of MgATP complex.

Solvent deuterium isotope effects on ATP hydrolysis by

biotin carboxylase were determined in 80%and at a

pD of 8.0, where pD values were calculated according to

the equation pB= pH + 0.4 (11). When the concentration

of bicarbonate was varied, all solutions were degassed to

lower the endogenous levels of bicarbonét6) (

The rate of ATP synthesis from ADP and carbamoyl
hosphate was determined spectrophotometrically with the
oupled enzyme system of hexokinase and glucose-6-

phosphate dehydrogenase, where the production of NADPH
was followed at 340 nm1Q). Data were collected using a
Uvikon 810 (Kontron Instruments) spectrophotometer inter-
faced to a PC equipped with a data acquisition program.
Reactions were initiated by the addition of enzyme, and were
held at 25°C by a circulating water bath. Kinetic parameters
Qwvere calculated per active site using a MW of 50 000 for

cata;]lytltc):_ r’n_echartl;sm?(j. f coll | the biotin carboxylase monomer (biotin carboxylase exists
The biotin carboxylase component &f coli acetyl-CoA as a homodimer).

carboxylase has been used as a model system for mechanistic To determine whether there was a stoichiometric produc-

studies of biotin carboxylation because this enzyme retainsy;q, of ADp and carboxybiotin, the amount of carboxybiotin
activity when isolated from the multienzyme complex. produced by biotin carboxylase was determined usiféCi-{
Moreover, biotin carboxylase is able to utilize free biotin as i -honate fixation assay and compared to the production
a substrate, thereby simplifying kinetic analy€s A system of ADP as described by Blanchard et a0,

for site-directed mutagenesis studies Bf coli biotin Inactivation by NEM Enzyme modification byN-ethyl-
carboxylase has been described recently which allows for maleimide (NEM) was performed in 10 mM Hepes and 500

overexpression and purification of mutant forms of biotin KCI, pH 7.0. The reaction was initiated by the addition
carboxylase that are free of the contaminating wild-type ¢ NEM to a final concentration of 6 mM. Aliquots were

enzyme derived from the chromosomal copy of the &08 (  \emoved at regular time intervals and assayed for residual
This system was used to test directly the hypothesis that,qyity The reaction velocity of each aliquot, for the wild-
Cys230 and Lys238 act as an aeliase pair to remove the 06 enzyme, was determined in 100 mM biotin, 3 mM ATP,

NZ' proton from biotin. 15 mM bicarbonate, and 8 mM Mg&at pH 8.0 in 100 mM
Hepes. When reaction velocities were determined, for both

MATERIALS AND METHODS mutants, the concentrations of ATP and MgGiere
Chemicals and Enzyme®&rimers were synthesized by Life increased to 20 and 50 mM, respectively. The rate constants

Technologies GibcoBRL. Sodium bicarbonate labeled with for inactivation by NEM were determined by least-squares

14C was from Amersham and had a specific activity of 0.1 analysis of a plot of In{/v,) versus time, wherey is the

mCi/mmol. His-binding resin and restriction-grade thrombin velocity at timet, v, is the initial velocity, and the slope of

were from Novagen. Pyruvate kinase was from Boehringer the line is equal to the negative of the rate constant. The pH

Mannheim. All other reagents were from Sigma or Aldrich. dependence of the rate of inactivation was determined by
Site-Directed Mutagenesis and Enzyme Purificati®ite- incubating biotin carboxylase with 70M NEM in a 100

directed mutagenesis and purification of wild-type and mM solution of the appropriate buffer. The buffers used and

mutant enzymes were as previously described by Blanchardtheir pH ranges were as follows: Hepes, pH-7800; TAPS,

et al. 10). Cys230 was mutated to alanine, and Lys238 was pH 8.0-9.0; CHES, pH 9.6-9.5.

mutated to glutamine. The lysine to glutamine substitution — Data AnalysisTheK, andk..;were determined by fitting

is more isosteric than an alanine replacement, and the amidghe velocity versus substrate concentration data to the

side chain cannot act as a base. The pairs of internal primerdMlichaelis-Menten equation using the nonlinear regression

used to make each site-directed mutant were as follows (theprogram EnZzfitter.

bases that were changed are underlined): for C230A, 5  The data for the pH dependence on the rate of inactivation

GCGGAACGTGACGCCTCCATGCAACGC-3and 3- were fitted to the log form of eq 1, wheserepresents the

CGCCTTGCACTGCGGAGGTACGTTGCG! 5and, for

K238Q, 3-GCCGCCACCAGCAAGTGGTCGAAGA-3and y=C/(1+HIK) 1)

were in the active site3]. All this evidence taken together
led several groupsl(-5) to propose an active-site lysine
residue removes the proton from the thiol group of a nearby
cysteine residue. The thiolate anion then abstracts tHe N1
proton of biotin while the protonated lysine residue stabilizes
the negative charge on the ureido oxygen (Scheme 1).
Using the crystal structure d@&. coli biotin carboxylase
(6), the only three-dimensional structure of a biotin-depend-
ent carboxylase, Jitrapakdee et al. proposed that the cystein
and lysine residues acting as aclihse catalysts are Cys230
and Lys238 7). These residues are located in the active site
of biotin carboxylase, and the sulfur atom of Cys230 and
e-amino group of Lys238 are sufficiently close (4.2 A) to
allow for cross-linking of these two residues loyPA.
Cys230 and Lys238 are also strictly conserved in all biotin-
dependent carboxylases, suggesting they play a role in th
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Table 1: Kinetic Parameters for the Bicarbonate-Dependent ATPase
Reaction

kcat(min_l) Kmare (mM) Kchog (mM)
WT 0.073+ 0.00PF 0.081+ 0.002 0.37+ 0.04
C230A 0.102+ 0.001 4.23+0.13 0.70+ 0.10
K238Q 0.117+ 0.002 6.87+ 0.27 c

aThekearandKr, values for ATP were determined by varying ATP
at a constant saturating level of bicarbonate. TKg value for
bicarbonate for the C230A mutant was determined by varying
bicarbonate at a constant nonsaturating level of ATP (20 mM) and biotin
(75 mM). The standard errors kg,.andK,, were determined from the
nonlinear regression analysiksThese values were taken from ref 10.
¢ Refer to the text for results.

rate of inactivation at a particular pH valu€, represents
the pH-independent value of the rate const&gis an acid
dissociation constant, artd is the hydrogen ion concentra-
tion.

RESULTS

Bicarbonate-Dependent ATP Hydrolysi&iotin carboxy-
lase fromE. coli catalyzes a slow bicarbonate-dependent ATP
hydrolysis reaction in the absence of biotit2) (reaction

Levert et al.
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Ficure 1: Effect of biotin on the ATP hydrolysis reaction for wild-
type biotin carboxylase (WT) and both mutants of biotin carboxy-
lase, C230A and K238Q. Initial velocities were measured at a
saturating level of ATP and bicarbonate with increasing levels of
biotin. The initial velocities represent the velocity divided by the

3). Current evidence suggests this reaction proceeds througteoncentration of active sites. The points are the experimental

HCO,~
MgATP + H,O —— MgADP + Pi 3)
the formation of carboxyphoshate, which rapidly decomposes
in the absence of biotinl@). The Michaelis constants for
ATP and bicarbonate and the of this partial reaction were
determined for the wild-type enzyme and both mutants of
biotin carboxylase (Table 1). THe, values for the C230A
and K238Q mutants were equivalent to tkg: for wild-
type biotin carboxylase. In contrast, a 50-fold increase in
the Michaelis constant for ATP was observed for both mutant
enzymes.

The Michaelis constant for bicarbonate was determined
at fixed, nonsaturating levels of ATP and biotiftherefore,
the K, values for bicarbonate reported here are appdtgnt
values. The apparer,, values for bicarbonate for wild-
type biotin carboxylase and the C230A mutant were similar.
However, for K238Q there was no change in the reaction
rate with increasing concentrations of bicarbonate<7.3
mM). This may be due to a decrease in the Michaelis

constant for bicarbonate to a value lower than the concentra-

tion of bicarbonate that remained in the degassed buffer.
Thus, the endogenous level of bicarbonate (0.5 mM at pH
8.0, ref14) was enough to saturate the enzyme.
Biotin-Dependent ATP HydrolysisThe rate of ATP

hydrolysis by wild-type biotin carboxylase is significantly
increased in the presence of biotin. The initial velocity of
ATP hydrolysis as a function of increasing amounts of biotin
for wild-type biotin carboxylase and the two mutants is

1 Biotin was added to increase the initial velocity, which allowed

less enzyme to be added to the assay mixture. It was necessary to ad

a small volume of enzyme to minimize the endogenous level of

velocities, and the lines for the wild-type and C230A mutant are
derived from the best fit of the data to the Michaelidenten
equation.

shown in Figure 1. Thé&g, of the biotin-dependent ATPase
for the wild-type enzyme was 738 3.8 min?, which is
1000-fold faster than thk., of the rate of ATP hydrolysis
in the absence of biotin (Table 1). Tlke, for the C230A
mutant was 30.8 1.6 min%, slightly less than 50% of the
velocity for the wild-type enzyme. The Michaelis constant
for biotin also was relatively unaffected by the C230A
mutation. Wild-type biotin carboxylase and the C230A
mutant hadK, values for biotin of 122+ 17 and 167 18
mM, respectively. In contrast to wild-type biotin carboxylase
and the C230A mutant, the K238Q mutation had a drastic
effect on the biotin-dependent ATP hydrolysis reaction. As
can be seen in Figure 1, increasing concentrations of biotin
had very little effect on the rate of ATP hydrolysis for the
K238Q mutant. The reaction rate was equivalent tokthe
for the bicarbonate-dependent ATPase reaction (Table 1).

It should be noted that a previous study of the K238Q
mutant enzyme found the maximal velocity was decreased
only 4-fold while theK, for biotin was equivalent to that
observed for the wild-type enzym&5). A possible explana-
tion for the difference between the findings of Kazuta et al.
and the results reported here is that Kazuta et al. did not
demonstrate a method for separating the mutant enzyme from
the wild-type enzyme derived from the chromosomal copy
of the bacterial genome. Thus, the maximal velocity and
Michaelis constant for biotin that were reported for the
K238Q mutant were probably the result of contaminating
wild-type biotin carboxylase.

The assay for the biotin-dependent hydrolysis of ATP
(rineasured the rate of production of ADP using the coupling

bicarbonate. The endogenous level of bicarbonate at pH 8.0 is 0.5 mM €nzymes pyruvate kinase and lactate dehydrogenase. The

(14), which is close to the Michaelis constant for bicarbonate in biotin
carboxylase. This makes it difficult to vary the level of bicarbonate.
The endogenous level of bicarbonate could be removed from all the
components of the assay except the enzyme. Hence, it was necessal
to minimize the amount of enzyme added.

C230A and K238Q mutations clearly did not affect the ability
of biotin carboxylase to hydrolyze ATP; however, this

#nethod did not measure the ability of biotin carboxylase to

transfer the carboxyl group from carboxyphosphate to biotin.
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Table 2: Kinetic Parameters for the ATP Synthesis Reattion Table 3: Solvent Deuterium Isotope Effetts
Keat (Min™2) Kinaop (MM) Kincomp (MM) biotin-dependent ATPase HGOdependent ATPase
WT 0.31+0.01 0.19+ 0.01 4.84+0.24 P(keay) P(kealKim) B(kea) B(kealKim)
C230A 0.42+ 0.01 0.62+ 0.05 7.94+0.31

WT 0.63+0.08 0.45+0.10 0.86+0.10 0.21+0.09
K238Q  043£001 12401 3.13+0.27 C230A 1.07+0.12 115040 119+0.04 0.32+0.04
aThe kinetic parameters were determined by varying carbamoyl K238Q b b 1.05+0.03 0.22+ 0.07

phosphate (CbmP) at a constant saturating level of ADP or varying

ADP at a constant saturating level of CbmP. The standard errégg in

andK, were determined from the nonlinear regression analysis.

a Solvent isotope effects were determined in 80%@0CFor the biotin-
dependent ATPase reaction, biotin was varied for the wild-type enzyme
at saturating levels of ATP (3 mM) and bicarbonate (15 mM), while
for the C230A mutant ATP was held constant at 20 mM and bicarbonate
An assay using radiolabeled bicarbonate was used to measur@@s saturating at 15 mM. For the bicarbonate-dependent ATPase

L . ... reaction, ATP was varied at a saturating concentration of bicarbonate
the amount of carboxybiotin produced by wild-type biotin (15 mM). The error was calculated by standard propagation of the errors
carboxylase and the two mutant enzymes. The amount Offrom theke andkea/Km. ® The concentration of biotin did not have an
ADP was also measured to determine whether there was aeffect on the rate of ATP hydrolysis by the K238Q mutant.

stoichiometric formation of ADP and carboxybiotin. The

ratio of the micromoles of carboxybiotin formed to the higtin and in the presence of 64 mM biotin. The degree of
micromoles of ADP formed for the wild type, C230A, and  gtimyjation by biotin in the C230A mutant was similar to

K238Q was 1.00, 1.07, and 0, respectively. The wild-type ot observed in the wild-type enzyme, a 22:80.9-fold
enzyme and the C230A mutant both demonstrated a 11,4 19 g+ 2 0-fold increase, respectively. This is consistent
stoichiometry for the proQuctlon of ADP and carboxyp!otln. with the fact that the C230A mutation did not significantly
T_hu_s, the C230A mutation had no effe(;t on the ability of affect the Michaelis constant for biotin. The rate of ATP
biotin carboxylase to produce carboxybiotin. Although the synthesis catalyzed by K238Q was stimulated 150.03-
K238Q mutant was able to hydrolyze ATP, it did not produce fold. Although this degree of stimulation by biotin was small

a measurable quantity of carboxybiotin. This suggested the . . o
) S compared to that of the wild type, it suggested biotin was
production of carboxybiotin had been uncoupled from ATP able to bind to the K238Q mutant enzyme.

hydrolysis by this mutation. Alternatively, biotin may not ) ] o
have been able to bind to the K238Q mutant enzyme. To Sokent Deuterium Isotope Effectd/hile the site-directed
distinguish between these two possibilities, another model Mutagenesis studies were a direct test of whether Cys230
reaction catalyzed by biotin carboxylase was examined. —and Lys238 were involved in removing the proton from the
ATP Synthesis ReactioBiotin carboxylase fronE. coli 1' nitrogen of biotin, it was of interest to see what effect

will catalyze an ATP synthesis reaction (reaction 4). In this h€S€ wo mutations had on the solvent isotope effect and
chemical inactivation byN-ethylmaleimide observed in the

MgADP + carbamoyl-P— MgATP + CO, + NH,  (4) Wild-t)_/pe enzyme. The inverse solv_en_t isotope _effect and
chemical inactivation byN-ethylmaleimide for wild-type

biotin carboxylase were two of the principal pieces of

reaction, a phosphate group is transferred from C"jlrbamoylevidence suggesting a cysteine was involved in the catalytic
phosphate to ADP, forming ATP and carbamate, which .
rapidly decomposes into carbon dioxide and ammonia. This mechanism1, 2).
reaction is believed to represent the reverse reaction, with  Biotin carboxylase front. coli exhibits an inverse solvent
carbamoyl phosphate acting as a substrate analogue of thésotope effect on both thk:a and kea/Km parameters ).
putative carboxyphosphate intermedicit6)( The rate of this Since thiol groups have inverse fractionation factors, Tipton
reaction is increased in the presence of biotin, which doesand Cleland proposed a catalytic mechanism involving a
not participate in the chemistry of the reaction but is thought cysteine residue undergoing proton excharige\{e have
to activate the enzyme via a conformational chant®.(  confirmed there is an inverse kinetic solvent isotope effect
Thus, the degree of activation of the reaction by biotin can on the ke and keaf K parameters of the biotin-dependent
be used to assess whether biotin binds to the K238Q mutantATPase reaction for the wild-type enzyme (Table 3) and have
enzyme. First, however, the effect of the two mutations on extended the analysis by measuring the solvent isotope effect
the Michaelis constants for carbamoyl phosphate and ADP on the bicarbonate-dependent ATPase reaction. If the origin
and thek. of the reaction in the absence of biotin were of the inverse solvent isotope effect was due solely to a
determined (Table 2). The mutations did not have a cysteine residue removing the proton from tHenitrogen
significant effect on either thé&g of the reaction or the  of biotin, then an inverse solvent isotope effect would not
binding of carbamoyl phosphate. In addition, only a moderate be observed in the bicarbonate-dependent ATPase reaction
effect on theK, of ADP was observed. It is important to  because biotin is not involved in this reaction. However, as
note that biotin carboxylase will catalyze the ATP synthesis shown in Table 3, an inverse solvent isotope effect on both
reaction in the absence of biotin. Though it has been k., andk../K. was observed for the bicarbonate-dependent
previously reported that biotin is absolutely required for ATP  ATPase reaction for wild-type biotin carboxylase. Thus, the
synthesis activity 16), our results have shown this is not  solvent isotope effect remained inverse in a reaction that did
correct. Biotin simply stimulates the ATP synthesis activity. not involve biotin. Since the bicarbonate-dependent ATPase
To evaluate the level of stimulation of this reaction by reaction is the first part of the entire reaction involving biotin,
biotin for wild-type biotin carboxylase and the two mutants, the data suggest the source of the inverse solvent isotope
initial velocities were measured at a saturating concentration effect in the biotin-dependent ATPase reaction may solely
of ADP and carbamoyl phosphate, both in the absence ofor in part be due to the inverse kinetic solvent isotope effect



4126 Biochemistry, Vol. 39, No. 14, 2000 Levert et al.

of the bicarbonate-dependent ATPase reactidihus, an
inverse kinetic solvent isotope effect should not be used to
infer a role for cysteine in the deprotonation of biotin.

Since studies of enzyme-catalyzed reactions performed in
D,0O result in protic exchanges at many sites on both the
enzyme and substrate, solvent isotope effects are often
difficult to interpret. Thus, the cause of the inverse solvent
isotope effect observed for biotin carboxylase is not readily
apparent. Proton exchange involving a thiol group is not the
only explanation for inverse solvent isotope effects. For some
enzymes, including thermolysid ) and carbonic anhydrases
(18), inverse solvent isotope effects have been attributed to
metal ions. In addition, it has been suggested low-barrier
hydrogen bonds might also result in isotope effects of less
than 1 (9). At this time it is difficult to suggest a cause for
the solvent isotope effects observed in biotin carboxylase,
but it is unlikely they arise from a proton exchange involving 3 10 20 30
the 1 nitrogen of biotin.

Table 3 also shows the kinetic solvent isotope effects for FioURE 2! Inactivation by NEM for wild-type biotin carboxylase
gc_)lrtgarggt?g;sct?;r?'cmg Cg;g%)glfnsiém t{:: dbl(\)/\tlli?hﬁ‘ez?rr(l;jrer: I(EWT) and both mutants of biotin carboxylase, C230A and K238Q.

Vo b ] J L ach enzyme was incubated with 6 mM NEM at pH 7.0. Aliquots
kinetic solvent isotope effect of unity on both kinetic were removed at regular time intervals and assayed for remaining
parameters. This change in solvent isotope effect broughtactivity. The residual activity is expressed as the percent activity
about by the C230A mutation suggests that Cys230 may becompared to the activity at time zero.
responsible for the inverse kinetic solvent isotope effect. . . .
HovF\)/ever, an alternative interpretation consistent \F/)vith all of C230A and K238Q mutants. If NEM is reacting with
the data is the mutation caused a change in the rate__CysZ_SO,_then the C230A mutant should show little to no
determining step of the reaction, so that the isotope-sensitive!activation, whereas the K238Q mutant should be inacti-
step is no longer rate-limiting. For the bicarbonate—dependentvated _by_NEM. The rate of inactivation by NEM of wild-
ATPase reaction, neither mutation had an effect on the kinetic YPe b|ot!n carboxy.lase'and the two mutants, C230A and
solvent isotope effect on the./Kn parameter. In contrast, K238Q’ is shown in Figure 2. The C230A mutant was
the kinetic solvent isotope effect on the, for the bicarbon- inactivated by NEM at a rate comparable to that of the wild-

ate-dependent ATPase reaction was normal for both c230AlYPE enzyme, 0'045.{: 0.002 and 0.06Gt 0.004 mirr”, .
and K238Q. A change in the isotope effect on kg but respectively. Surprisingly, the K238Q mutant was not rapidly

not on thekea/Km Suggests both mutations have resulted in inactivated by NEM. There was a slow loss of activity
a change in the ratio to catalygiThis means that the rate observed for the K238Q mutant, which could be attributed

of a non-isotope-sensitive step that occurs after the first {0 the precipitation of the enzyme that occurred in the
irreversible step (e.g., product release) has become ratePresence of NEM and not by active-site modification. These
limiting. results suggest that NEM may be reacting with Lys238 and
Inactivation by NEM NEM is often used to inactivate not C.y5230.. Even .though NEM reacts preferer_nially .With
enzymes presumably by reacting with the thiol group of cysteine residues, it has peen shown to react with lysine as
cysteine residues. Tipton and Cleland found thatoli biotin well (22). Mpreove_r, mOd'f.'Cat'On of Ly5238 by NEM and
carboxylase is inactivated by NEM, and the inactivation is not CYSZS’O IS consistent W'th.the observat_|on that the K2.3$Q
blocked by the presence of all th'ree substra@s The mutation results in a dramatic decrease in enzyme activity,
inactivation of biotin carboxylase by NEM was one of the \év:t?vri(ta;znrl?/ustﬁ;ﬁgy of Cys230 affects biotin carboxylase
principal pieces of evidence implicating a cysteine in the o o .
active site of biotin carboxylase. The crystal structure of ¢ The modﬁu;ztlon Off L|¥82§§8b>l/3 NI(Eth pro_wples ;meﬂls
biotin carboxylase revealed Cys230 as the only cysteine in doe rgre]g:ﬁ::ee of?hf r:te gfs'nact' ;t'oren eTrrr]r:elmrll'g de inr:jence
the active site of the enzym6)( which suggested this residue P ) S inactivation. pHi dep .
as the site of NEM modification. This hypothesis was tested of the rate of inactivation of biotin carboxylase is shown in

o : I Figure 3. It was not possible to measure the rate of
by determining the rate of inactivation by NEM for both the inactivation higher than pH 9.5 because of the loss of enzyme

activity. Because a complete pH profile could not be

2This conclusion is valid if the reaction of bicarbonate and ATP is obtained, the |§ value can only be estimated to be 9.4 or
rate-limiting for the overall catalysis. To the extent that the isotope ! ’

effects for the bicarbonate-dependent ATPase reaction and the overalligher. This high i value suggests Lys238 is protonated at
reaction with biotin were very similar, the simplest explanation is that physiological pH, and carries a positive charge at the onset
the reaction of bicarbonate and ATP to form carboxyphosphate is rate- of the enzymatic reaction.

limiting for the overall catalysis. If this were not the case, then one

would have to postulate a more complicated mechanism involving two DISCUSSION

different proton transfers that both happen to give the same isotope

effect. P . . .
3 The ratio to catalysis is the sum of the ratios of the rate constant The objectlve of this StUdy is to determine whether Cys230

for the isotope-sensitive step to the net rate constants for each of the@Nd Lys238 act in concert to remove the proton from the 1
other forward steps2Q, 21). nitrogen of biotin. The results of the bicarbonate-dependent

100
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biotin carboxylase because thg; of this reaction is not
drastically affected by the C230A mutation. Also, the lack
of a significant change in thK,, for biotin for the C230A
mutant suggests Cys230 does not have any interaction with
biotin. Most importantly, if Cys230 acted as a catalytic base
to remove the Initrogen of biotin to allow for carboxylation,
then very little carboxybiotin should be formed compared
to ATP hydrolyzed. A 1:1 ratio for the production of ADP
and carboxybiotin clearly showed that the C230A mutation
does not diminish the ability of biotin carboxylase to
carboxylate biotin. Thus, it is very unlikely Cys230 acts as
a catalytic base to remove the proton from thenitrogen

of biotin.

In contrast to the C230A mutation, the K238Q mutation
had a significant effect on the ability of biotin carboxylase
2 to produce carboxybiotin. While the K238Q mutant retained

7 s 5 10 the ability to hydrolyze ATP in the presence of bicarbonate
at a rate equivalent to that of the wild type (Table 1), there
o _ o was no increase in the rate of ATP hydrolysis in the presence
Ficure 3:  Inactivation of wild-type biotin carboxylase by NEM  of hiotin, as well as no detectable formation of carboxybiotin.

as a function of pH. The rate of inactivation was determined by «.. . . L -
incubating biotin carboxylase with 7€M NEM at increasing pH Stimulation of the ATP synthesis activity by biotin suggested

values. The data points represent the experimentally determinedthat biotin could bind to the K238Q mutant. However, the
inactivation rates, and the line is the best fit of the data to the log small degree of activation of the ATP synthesis reaction in

form of eq 1. the K238Q mutant may indicate the affinity of biotin for
biotin carboxylase has been significantly decreased by the
ATPase assay are consistent with the proposed roles ofk238Q mutation. All of these results strongly suggest that
Cys230 and Lys238 in the catalytic mechanism of biotin | ys238 plays a critical role in carboxyl transfer from
carboxylase. The fact that neither mutation affectedthe  carboxyphosphate to biotin. This leads to the question of
of the bicarbonate-dependent ATP hydrolysis assay suggestsyhether Lys238 might directly abstract the 'Ndroton of
that neither Cys230 nor Lys238 is essential for formation of pijotin, but the pH dependence of the inactivation by NEM
the carboxyphosphate intermediate. Biotin does not partici- suggests this residue hask gf 9.4 or greater, which makes
pate in the bicarbonate-dependent ATP reaction. Therefore,it an unlikely candidate for a catalytic base. Consequently,
residues that are supposed to interact with biotin would not g| of the data taken as a whole indicate that Cys230 and
be essential to the bicarbonate-dependent ATPase activity| ys238 do not act as a pair of acithase catalysts to remove
However, the increase K, values for ATP for both C230A the proton from the "1nitrogen of biotin.
and K238Q compared to that of the wild type suggests these  Although Lys238 may not be a catalytic base, the data
residues are involved in binding ATP, either directly or show that it does play an important role in the transfer of
indirectly. In fact, Artymiuk et al. postulated that Lys238 the carboxyl group from carboxyphosphate to biotin. Any
interacted with ATP on the basis of a comparison of the postulated role for Lys238 in the catalytic mechanism must
three-dimensional structures of biotin carboxylase mAda: be consistent with the following observations: (1) Lys238
D-Ala ligase @3). Biotin carboxylase and-Ala:p-Ala ligase interacts with they-phosphate of ATP, (2) Lys238 has an
were found to have very similar three-dimensional structures interaction with biotin, and (3) |_y3238 carries a positive
despite having very little sequence homology. The common charge. A possible role for Lys238 in the catalytic mechanism
feature between biotin carboxylase amdla:p-Ala ligase  of biotin carboxylase stems from the work of Shi and Walsh
is they catalyze an ATP-dependent ligation of a carboxyl (25). They mutated the lysine residue equivalent to Lys238
group to a nitrogen atom via an acyl phosphate intermediate.jn p-Ala:p-Ala ligase, Lys215, and concluded that the
The crystal structure ob-Ala:p-Ala ligase contained a protonatede-amino group interacted with the-phosphate
substrate analog bound at the active site that allowed theof ATP and he|ped to orient thﬁ.phosphate for transfer to
interactions between the analog and protein to be determmEdD-euanine_ In an ana|ogous manner for biotin Carboxy|ase,
The p-Ala:p-Ala ligase structure suggested the side chain | ys238 interacts with the-phosphate of ATP and in turn
amine of the residue equivalent to Lys238crAla:p-Ala the phosphate group of carboxyphosphate, either through an
ligase, Lys215, was bound to thephosphate of ATPZ4). electrostatic interaction or via hydrogen-bonding, and helps
This is consistent with affinity labeling of biotin carboxylase tg orient the carboxyphosphate intermediate for carboxyl
with adenosine diphosphopyridoxal, which also suggestedransfer to biotin. Concurrently, the positively charged lysine
Lys238 interacts with the-phosphate of ATP1). residue could interact with the carbonyl oxygen of biotin,
While the results of the bicarbonate-dependent ATPaseagain through either a hydrogen bond or an electrostatic
assay are consistent with the proposed roles of Cys230 andnteraction. This would promote the tautomerization of the
Lys238, the results of the biotin-dependent ATPase assaybiotin molecule to the imidate form, which is more nucleo-
argue strongly against Cys230 and Lys238 acting in concertphilic than the ureido form26).
to remove the proton from thé fitrogen of biotin. The data Finally, since neither Cys230 nor Lys238 acts as a catalytic
from the biotin-dependent ATPase assay suggest that Cys23®ase to remove the proton from théritrogen of biotin,
in not an essential residue in the catalytic mechanism of the question remains as to how the proton from the 1

0.0+

log k

pH
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nitrogen of biotin is removed. Perhaps an active-site amino 11.
acid is not involved at all. An alternative hypothesis begins 12.

with the observation that transfer of the carboxyl group from

carboxyphosphate to biotin requires one of the phosphate
oxygens of carboxyphosphate to be protonated. Thus, one
of the phosphate oxygens of carboxyphosphate may act as a

catalytic base to abstract the proton from thaitrogen of
biotin. This is a very economical mechanism, and similar
substrate-assisted catalytic mechanisms have been proposed
for aspartate transcarbamylag®)(and the GTPase activity
of the protein rasZ8).
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