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ABSTRACT: The pH dependence of kinetic parameters was determined in both reaction directions to obtain
information about the acid-base chemical mechanism of serine acetyltransferase fromHaemophilus
influenzae(HiSAT). The maximum rates in both reaction directions, as well as theV/KserineandV/KOAS,
decrease at low pH, exhibiting a pK of ∼7 for a single enzyme residue that must be unprotonated for
optimum activity. The pH-independent values ofV1/Et, V1/KserineEt, V/KAcCoAEt, V2/Et, V2/KOASEt, and
V/KCoAEt are 3300( 180 s-1, (9.6( 0.4) × 105 M-1 s-1, 3.3× 106 M-1 s-1, 420( 50 s-1, (2.1( 0.5)
× 104 M-1 s-1, and (4.2( 0.7)× 105 M-1 s-1, respectively. TheKi values for the competitive inhibitors
glycine andL-cysteine are pH-independent. The solvent deuterium kinetic isotope effects onV andV/K
in the direction of serine acetylation are 1.9( 0.2 and 2.5( 0.4, respectively, and the proton inventories
are linear for both parameters. Data are consistent with a single proton in flight in the rate-limiting transition
state. A general base catalytic mechanism is proposed for the serine acetyltransferase. Once acetyl-CoA
andL-serine are bound, an enzymic general base accepts a proton from theL-serine side chain hydroxyl
as it undergoes a nucleophilic attack on the carbonyl of acetyl-CoA. The same enzyme residue then functions
as a general acid, donating a proton to the sulfur atom of CoASH as the tetrahedral intermediate collapses,
generating the products OAS and CoASH. The rate-limiting step in the reaction at limitingL-serine levels
is likely formation of the tetrahedral intermediate between serine and acetyl-CoA.

Serine acetyltransferase (SAT) catalyzes the regulated step
in thede noVo synthesis ofL-cysteine in bacteria and plants,
the transfer of an acetyl group from acetyl-CoA (AcCoA)1

to the side chain hydroxyl ofL-serine to giveO-acetyl-L-
serine (OAS) and CoASH.O-Acetylserine sulfhydrylase
(OASS), a PLP-dependent enzyme, then catalyzes an elimi-
nation-addition reaction, in which the acetoxy group of the
activated OAS is replaced with a thiol.

Serine acetyltransferase (EC 2.3.1.30) is a member of the
hexapeptide acyltransferase family of enzymes. This family
of proteins is composed of imperfect tandem repeated copies
of a hexapeptide sequence (1). Three-dimensional structures

of hexapeptide enzymes show that the hexapeptide sequence
directs folding of a structural domain known as the left-
handed parallelâ-helix (LâH). Most enzymes in this family
are known to catalyze acyl transfer utilizing the phospho-
pantothenoyl moiety of coenzyme A or the acyl carrier
protein (2, 3).

The kinetic mechanism of the SAT fromHaemophlius
influenzae(HiSAT) has recently been determined (4). The
HiSAT catalyzes an ordered mechanism in which AcCoA
is the first substrate bound followed byL-serine, and products
are released with CoASH released last. At pH 6.5, the
mechanism is equilibrium ordered, while it is steady state
ordered at pH 7.5.

Little is presently known of the chemical mechanism of
any of the hexapeptide enzyme family. In this paper, we use
the pH dependence of the kinetic parameters and solvent
deuterium kinetic isotope effects to probe the chemical
mechanism ofHiSAT, a member of the hexapeptide family.
A general base chemical mechanism with rate-limiting
chemistry is proposed forHiSAT.

MATERIALS AND METHODS

Chemicals.L-Serine, OAS, glycine, DTNB, AcCoA, and
coenzyme A were from Sigma. The buffers Mes, Tris, Hepes,
Ches, Taps, and Bis-Tris were from Research Organics, Inc.
Deuterium oxide was from Cambridge Isotope Laboratories,
Inc. Monobasic and dibasic potassium phosphates were from
EM Science. All other chemicals and reagents were obtained
from commercial sources, were reagent grade, and were used
without purification.
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Enzyme.Serine acetyltransferase fromH. influenzaewas
purified according to the method of ref5 and maintained
and stored frozen in 20 mM Tris (pH 7.5), 50 mM NaCl,
and 0.02% (w/v) sodium azide. Enzyme dilutions (1.3µg/
mL) were prepared fresh in 50 mM Tris (pH 7.5), 15%
glycerol, and 100µg/mL BSA for use in assays. Control
experiments were carried out to ensure no interference from
BSA in the assays. The diluted enzyme is stable for several
days under these conditions.

Enzyme Assays.In the direction of OAS formation, two
assays for SAT were used. Reactions were carried out in
cuvettes with a path length of 1 cm in a final volume of 0.4
mL containing the following 100 mM buffer, 0.45 mM
DTNB, AcCoA (varied),L-serine (varied), and an appropriate
amount of the enzyme. The buffer concentration was at times
increased depending on the nature of the substrate and the
concentration of substrate required for saturating conditions.
The production of CoA was coupled to a disulfide exchange
reaction with DTNB, and the appearance of TNB was
monitored spectrophotometrically (6). Rates were calculated
using an extinction coefficient of 13 600 M-1 cm-1 for TNB
at 412 nm. For initial velocity measurements in the direction
of AcCoA formation, the absorbance of the thioester bond
was monitored spectrophotometrically at 232 nm (∆ε232 )
4500 M-1 cm-1) (7). Assays were carried out in 100 mM
phosphate using a cuvette with a path length of 0.2 cm.
Phosphate buffer was used to eliminate the absorbance of
Mes or other buffers at 232 nm. Solutions of OAS were
prepared fresh and adjusted to pH 6.5 where it is stable prior
to the experiments. A unit of SAT is defined as the amount
of enzyme required to produce 1µmol of product in 1 min
at pH 7.5 and 25°C.

pH Studies.The initial velocity was measured at pH 7.5
as a function of AcCoA concentration and a fixed concentra-
tion of serine, and this was repeated at several different fixed
concentrations of serine to generate an initial velocity pattern.
The initial velocity pattern was then repeated at pH 6.5, 8.5,
and 9.5 to determine kinetic parameters at the extremes of
pH and to obtain information about the pH dependence of
the kinetic mechanism (4). Initial rate data were then obtained
as a function of pH by fixing one reactant at a saturating
concentration (5Km for AcCoA) and varying the concentra-
tion of the other reactant. In this way, the pH dependences
of V1, V1/Kserine, V1/KAcCoA, V2, V2/KOAS, andV2/KCoA were
measured. The maximum rate in both reaction directions was
obtained at pH 7 using the same enzyme stock solution
varying substrate concentrations in a constant ratio and
extrapolating to an infinite substrate concentration. All data
were then normalized using the measuredVmax values.
Profiles in the direction of CoA acetylation were only
obtained from pH 5.5-8 due to the instability of OAS at
high pH. The pH was measured before and after the reaction
with changes limited toe0.1 pH unit. The pH was
maintained using the following buffers at a concentration of
100 mM (or higher) in the direction ofL-serine acetylation:
pH 5.5-6.5 for Mes, pH 6.0 for Bis-Tris, pH 6.5-8.5 for
Hepes, pH 7.5 for Tris, pH 8.5 for Taps, and pH 9.0-10.0
for Ches. In the direction of CoA acetylation, 100 mM
phosphate was used from pH 5.5 to 8.

Data were also obtained for an inhibitor competitive with
the substrate in the direction ofL-serine acetylation. The
dissociation constant for glycine (competitive vsL-serine)

was measured at pH 6 and 8. The AcCoA concentration was
fixed at 5KAcCoA and that of serine fixed atKserine, and the
initial rate was measured at different concentrations of
glycine. Data were then analyzed as 1/V versus glycine with
the abscissa intercept equal to-2Ki glycine.

Proton InVentory Experiments and SolVent Deuterium
Isotope Effects.In the forward reaction direction, finite
isotope effects were observed, and proton inventory experi-
ments were carried out to more accurately measure the
solvent deuterium kinetic isotope effect and estimate the
number of protons in flight in the rate-determining transition
state. Both the DTNB and 232 nm assays were utilized to
measureV1 andV1/Kserineat pH(D) 8.5 in 100% H2O, 46%
D2O, and 96% D2O. V/KAcCoA was also measured at pH(D)
7.5. In all cases, the pH(D) used to measure the isotope effect
was above the pK observed in the pH-rate profiles.

If a single proton is transferred in the rate-determining
transition state, a plot of the rate constant versus atom fraction
of deuterium (n) will be a linear. If more than one proton is
transferred in a single transition state, the plot will be bowl-
shaped (concave upward), while if protons are transferred
in multiple transition states, the plot will be a dome-shaped
plot (concave downward) (8).

Data Processing.Reciprocal initial velocities were plotted
as a function of reciprocal substrate concentrations, and all
plots were linear. Data were fitted using the appropriate rate
equations and EnzFitter. Data for pH-rate profiles that
exhibit a decrease with a limiting slope of 1 at low pH were
fitted using eq 1. Data forV and V/K deuterium isotope
effects were fitted using eq 2.

In eq 1,Y is the value ofV or V/K at any pH,C is the pH-
independent value ofY, H is the hydrogen ion concentration,
andK1 represents the acid dissociation constants for enzyme
or substrate functional groups. In eq 2,V is the initial velocity,
V is the maximum velocity,A is the concentration of substrate
A, Ka is Km for the variable substrate,Fi is the fraction of
D2O in the solvent, andEV/K andEV are the isotope effects
- 1 onV/K andV, respectively. Proton inventories are linear,
and the rate versus the percent D2O was fitted to the equation
for a straight line.

RESULTS

pH Dependence of Kinetic Parameters for HiSAT.The pH
dependence of the kinetic parameters provides information
about the protonation state of enzyme and/or reactant
functional groups required for enzyme conformation, binding,
and catalysis. To be certain the kinetic mechanism of the
enzyme does not change with pH, select initial velocity
patterns diagnostic for the proposed kinetic mechanism were
obtained at the extremes of pH. Initial velocity patterns
obtained for SAT in the direction ofL-serine acetylation are
consistent with an equilibrium ordered mechanism at pH 6.5,
and the ordered mechanism is maintained at pH 7.5, but

log Y ) log( C

1 + H
K1

) (1)

V ) VA
Ka(1 + FiEV/K) + A(1 + FiEV)

(2)
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changes to steady state ordered (4). Initial velocity patterns
obtained at pH extremes in the direction of CoA acetylation
are consistent with a sequential kinetic mechanism in which
CoA is the first substrate bound and OAS binds second (data
not shown).

In the direction ofL-serine acetylation,V1/Et andV1/KserineEt

decrease at low pH, giving a limiting slope of 1 and a single
pK of ∼7 (Figure 1).L-Serine has no pK values over the pH
range that was studied, and the pK exhibited in the pH-rate
profiles likely reflects an enzyme side chain important in
catalysis. On the other hand,V1/KAcCoAEt decreases at low
pH, giving a pK of ∼6. Because of enzyme stability, it is
difficult to collect data below pH 5.5. Since AcCoA is the
first reactant bound, the pH dependence reflects groups
required for binding of AcCoA. Estimates of the pH-
independent values of the kinetic parameters are summarized
in Table 1.

In the reverse reaction direction,V2/Et and V2/KOASEt

decrease at low pH with limiting slopes of+1, giving pK
values of 6.1 and 7, while theV2/KCoAEt pH profile decreases
below a pK of 6.4 with a limiting slope of 1 (Figure 2). As
observed in the forward reaction direction, the pK observed
in theV andV/KOAS profiles reflects a catalytic group, while

that observed in theV/KCoA profile likely reflects an enzyme
group important for binding CoA. Estimates of the pH-
independent values of the kinetic parameters are summarized
in Table 1.

pH Dependence of the Ki for Glycine.Glycine was utilized
as a dead-end inhibitor. At pH 6 and 8, estimatedKi values
for glycine are 36 and 55 mM, respectively, and are pH-
independent within error. Data are consistent with the pH
independence ofKserine and, thus, the pH independence of
amino acid binding (see below) over the pH range that was
studied.

SolVent Deuterium Kinetic Isotope Effects and Proton
InVentory Experiments.The pH-rate profiles for all kinetic
parameters are pH-independent at pHg7.5 (Figure 1). The
solvent deuterium isotope effect studies were carried out
above the pK value to prevent interference from the equi-
librium isotope effect on the acid dissociation constant of
the group(s) titrated in the pH-rate profiles.

Values ofV1 andV1/Kserine were measured as a function
of the percentage of D2O in solution (Figure 3). An estimate
of the solvent kinetic isotope effects was obtained from a fit
of the data to eq 3. Values ofD2OV andD2O(V/Kserine) are 1.9
( 0.1 and 2.5( 0.4, respectively. Replots ofV1/Kserineand
V1 versus the percent D2O are linear, indicating a single
proton in flight in the rate-determining transition state (8).
In a separate experiment, a value of 1 was measured forD2O-
(V1/KAcCoA) (data not shown).

DISCUSSION

Proton InVentory and Kinetic Mechanism.The SKIEs on
V andV/Kserineare∼1.9 and∼2.5, respectively. The proton
inventories are linear, indicating a single proton in flight in
the rate-determining step of the reaction (8). The step in
which the proton is transferred is likely the chemical step
once the E:serine:AcCoA complex is formed as indicated
by the large isotope effects onV/K. Thus, the nucleophilic
attack by the serine hydroxyl is likely limiting, with a general
base accepting a proton in this reaction.

The difference in value of theV/KserineandV isotope effects
shows that the steps accompanying proton transfer are not
solely rate-limiting underV conditions. The isotope effect
on V/Kserine represents the reaction from the binding of the
substrate, serine, until the release of the first product, OAS.
The V profile represents the reaction with both products
bound, and includes all steps to the release of both products
and re-formation of the free enzyme. The values of 2.5 and
1.9 for the V/K and V solvent deuterium kinetic isotope
effects, respectively, show that some step contained only in
V also contributes to rate limitation (i.e., release of the last
product). The observed value of 2.5 onD2O(V/Kserine) is likely

FIGURE 1: pH dependence of kinetic parameters in the direction
of serine acetylation. pH-rate profile forV1 (A), V1/Kserine(B), and
V/KAcCoA (C). Points are experimental values, and curves are
theoretical based on a fit to eq 1 forV1 andV1/Kserine. The curve
for V1/KAcCoA is drawn by eye, since data were not collected at a
sufficiently low pH to give a meaningful fit to eq 1.

Table 1: Summary of pH Data

parameter pK ( standard error Ca ( standard error

V1 (s-1) 6.8( 0.2 3300( 350
V/Kserine(M-1 s-1) 7.2( 0.2 (9.6( 0.4)× 105

V/KAcCoA (M-1 s-1) 6 3.3× 106

V2 (s-1) 6.1( 0.1 420( 50
V/KOAS (M-1 s-1) 7.0( 0.2 (2.1( 0.5)× 104

V/KCoA (M-1 s-1) 6.4( 0.2 (4.2( 0.7)× 105

a C is the pH(D)-independent value of the parameter. All parameters
are divided byEt.
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the intrinsic value given the magnitude of the effect. On this
basis, an estimate of the relative rate of CoA release
compared to the chemical step can be obtained. (Data also
suggest that chemistry limits with serine limiting, and thus,
Kserine is equal to theKd for serine from the E-AcCoA-
serine complex.) The mechanism for SAT is shown sche-
matically below at saturating reactant concentrations (Scheme
1).

The equation for the solvent deuterium kinetic isotope
effect onKeq as represented by the scheme is shown in eq 3.
The equations forV and the solvent deuterium kinetic isotope
effects onV are shown in eqs 4 and 5.

The values ofKOAS (24 mM) and KiOAS as a product
inhibitor (80 mM) (4) are very high, suggesting rapid release

of OAS. The relative values ofV1 andV2 are within a factor
of 8, suggestingk7 > k5 andk6 and eq 5 reduces to eq 6.

Substituting values of 1.9 forD2OV and 2.5 forD2Ok5 gives
a value of 0.67 fork5/k9. Thus, the rate of release of CoA is
only ∼1.5 times greater than the rate of the chemical step.
In agreement, the pK observed in theV1/Et pH-rate profile
is perturbed slightly to low pH compared toV1/KserEt (6.8
compared to 7.2).

Interpretation of the pH Dependence of Kinetic Param-
eters. The V/K for a reactant is obtained at a limiting
concentration of one of the reactants and saturating levels
of all others.V is obtained at saturating concentrations of
substrate, and the enzyme form that builds up in the steady
state predominates. The pH dependence ofV/K thus reflects
the protonation state of group(s) on the free enzyme and/or
reactant responsible in a given protonation state for binding
and/or catalysis, while the pH dependence ofV reflects
groups on enzyme required for catalysis. The determination
of an ordered mechanism forHiSAT (4) allows the pH
profiles to be interpreted in terms of enzyme forms or species
that predominate under given conditions. The free enzyme
and AcCoA predominate for theV/KAcCoA profile,
the E:AcCoA enzyme form and serine predominate for
the V/Kserine profile, and central complexes (primarily
E:AcCoA:serine complex; see above) predominate for the
V1 profile. In the reverse reaction direction, E and CoA
predominate forV/KCoA, the E:CoA complex and OAS
predominate forV/KOAS, and central complexes (primarily
E:CoA:OAS; see above) predominate forV2.

The V/KAcCoA decreases at low pH, giving a pK of ∼6
necessary for binding the acetyl donor. The crystal structure
of HiSAT has been determined with CoA bound to the active
site (5). According to the structure, the carbonyl groups of
the cofactor pantothenyl arm are hydrogen bonded to the
backbone NHs of A200(A) and A218(A) (A and B in
parentheses indicate the residues are contributed by different
subunits). Hydrogen bonds are also accepted by the peptide
oxygens of G180(B) and T181(B) from the two amide
nitrogen groups in the pantothenyl arm of the cofactor. These
hydrogen bonds stabilize an extended conformation of the
cofactor and direct its thiol toward H154(A) and Q174(A).
K215(A), T231(A), and R238(B) are residues with side
chains located near the AMP end of the CoA that participate
in binding the cofactor (5). None of the ionizable residues
that interact with CoA directly are likely to have pK values
near 6. The identity of the group may be the 2′-phosphate
of the AMP portion of the cofactor. This aspect will have to
await further study.

The SAT has an ordered kinetic mechanism with serine
adding to the E:AcCoA complex and OAS adding to the
E:CoA complex (4). Thus, V1/Kserine includes steps from
addition of serine to release of OAS, andV2/KOAS includes
steps from addition of OAS to release of serine. The
V1/KserineandV2/KOAS pH-rate profiles decrease at low pH
below a single pK value of∼7. Since a single pK is observed

FIGURE 2: pH dependence of kinetic parameters in the direction
of CoA acetylation. pH-rate profile forV2 (A), V2/KOAS (B), and
V/KCoA (C). Points are experimental values, and curves are
theoretical based on a fit to eq 1.
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in both pH-rate profiles, data suggest a single residue that
acts as a general base in both reaction directions. The identity
of the pK value in both reaction directions, i.e., in the
E:AcCoA and E:CoA complexes, suggests no environmental
perturbation of the pK by the acetyl moiety of AcCoA.

The pK values estimated from theV1 and V2 pH-rate
profiles differ by almost a pH unit, suggesting release of
AcCoA contributes to rate limitation in the reverse reaction
direction. Although the back reaction is slower by a factor
of 8 than the forward reaction, it is still quite fast with a
turnover number of 400 s-1. It is not unreasonable that release
of the last product could limit the overall rate of CoA
acetylation.

On the basis of the acid-base chemistry required in the
acetyl transfer reaction, the group with a pK of 7 is believed
to represent a general base required to accept a proton from
the serine hydroxyl in the acetyl transfer reaction. In the
reverse reaction direction, the same group must be unpro-
tonated to accept a proton from CoA. When the pK values
in V1/KserineandV1 pH-rate profiles are compared, the same
group is observed with little perturbation. Therefore, serine

binds with equal affinity to the protonated and unprotonated
enzyme (9). In agreement, no pH dependence was observed
for the Ki value of glycine.

Chemical Mechanism.The pH-rate profiles and solvent
isotope effects allow a chemical mechanism to be proposed
as shown in Scheme 2. The single group observed in both
reaction directions suggests general base catalysis by a single
enzyme residue. Once both substrates are bound, the reaction
sequence is proposed to begin by nucleophilic attack of the
oxygen from the serine side chain hydroxyl on the carbonyl
carbon of AcCoA (I in Scheme 2). The general base accepts
the proton from the side chain hydroxyl as it attacks the
carbonyl of AcCoA. The carbonyl oxygen is likely stabilized
by positive dipoles from backbone nitrogens (5). The
nucleophilic attack of the serine oxygen on the AcCoA
carbonyl results in a tetrahedral intermediate (II). The same
residue that served as a general base in the formation of the
tetrahedral intermediate then acts as a general acid and
donates a proton to the sulfur atom of CoA (II in Scheme 2)
either as the tetrahedral intermediate collapses or after a
thiolate is expelled, giving products OAS and CoA (III in

FIGURE 3: Proton inventory results.V1 andV/Kserinewere measured at the pH(D)-independent value of 8.5 in 100% H2O ([), 46% D2O (2),
and 96% D2O (9). Points are experimental values, and curves are theoretical based on a fit to eq 2. The insets show the linear dependence
of V andV/K on percent D2O.

FIGURE 4: Schematic of the active site of serine acetyltransferase fromH. influenzaewith cysteine bound to the serine-binding site. Cysteine
is tightly bound by all functional groups. Asp88(A) and Asp153(A) interact with theR-amine, while Arg188(B) donates two hydrogen
bonds to the carboxylate. The side chain thiol interacts with His154(A) and His189(B), and Asp139(B) is in dyad linkage with His154(A).

15538 Biochemistry, Vol. 43, No. 49, 2004 Johnson et al.



Scheme 2). The solvent isotope effect studies support the
proposed general base mechanism. The single proton in flight
in the transition state, as identified by the proton inventory
experiments, is likely the one accepted by the general base
from the serine side chain hydroxyl.

The identity of the general base catalytic residue has not
been determined. A structure ofHiSAT has recently been
published showingL-cysteine bound to the active site and
occupying what appears to be the serine-binding site. Several
potential general base residues in the active site in the
E-cysteine complex are shown (5) (Figure 4). H154(A) and
H189(B), which are located on either side of and within
hydrogen bonding distance of the cysteine thiol, are likely
candidates. A catalytic dyad is formed between H154(A) and
D139(B), making it the most likely candidate. The identity
of the general base is currently under investigation via site-
directed mutagenesis studies of these and other active site
residues.

Comparison with Other Enzymes.SAT is a member of
the hexapeptide acyltransferase family of enzymes in which
a six-amino acid residue motif directs folding of a structural
domain known as the left-handedâ-helix (LâH) (1). All of
the known hexapeptide acyltransferases have similar active
site locations and patterns of interaction (10). All of the
mechanistic work carried out to date for this enzyme family
shows similar sequential kinetic mechanisms (10-13).
Similar hexapeptide proteins such as uridyl diphosphate-N-
acetylglucosamine 3-O-acyltransferase, the xenobiotic acetyl-
transferase fromPseudomonas aeruginosa(PaXAT), and
Vat(D), a streptogramin acetyltransferase, all have histidines
identified as important catalytic residues (10, 14, 15), all of
which are in dyad linkage with a negative charge or a
negative dipole.

Even non-hexapeptide proteins that catalyze similar acetyl
transfer reactions such as chloramphenicol acetyltransferase

and carnitine acetyltransferase do so by general base catalysis
via a putative catalytic histidine residue. In the case of
carnitine acetyltransferase, the histidine is part of a catalytic
Glu-His dyad (16, 17). Additional work is clearly necessary
to identify common structural and mechanistic modalities
within this diverse enzyme class.
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