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ABSTRACT: The pH dependence of kinetic parameters was determined in both reaction directions to obtain
information about the acidbase chemical mechanism of serine acetyltransferase Ftaemophilus
influenzag(HIiSAT). The maximum rates in both reaction directions, as well a8/tKexrineand V/Koas,
decrease at low pH, exhibiting &pof ~7 for a single enzyme residue that must be unprotonated for
optimum activity. The pH-independent values \BfE;, V1/KserindEt, VIKaccoaE:, Vo/Er, Vo/lKoasE:, and
V/KcoaE: are 3300+ 180 s1, (9.6+ 0.4) x 1PM1s1 33x 1P M 15t 420+ 505t (2.14+ 0.5)

x 10*M~1s™1 and (4.24 0.7) x 10° M1 s71, respectively. The; values for the competitive inhibitors
glycine andL-cysteine are pH-independent. The solvent deuterium kinetic isotope effettaod V/K

in the direction of serine acetylation are 1#90.2 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 frers¢hi@e 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 CoOASH as the tetrahedral intermediate collapses,
generating the products OAS and CoASH. The rate-limiting step in the reaction at limis@gne levels

is likely formation of the tetrahedral intermediate between serine and acetyl-CoA.

Serine acetyltransferase (SAT) catalyzes the regulated stef hexapeptide enzymes show that the hexapeptide sequence
in thede nao synthesis of -cysteine in bacteria and plants, directs folding of a structural domain known as the left-
the transfer of an acetyl group from acetyl-CoA (AcCdA) handed parallgb-helix (LSH). Most enzymes in this family
to the side chain hydroxyl of-serine to giveO-acetyl+ - are known to catalyze acyl transfer utilizing the phospho-
serine (OAS) and CoASHO-Acetylserine sulfhydrylase  pantothenoyl moiety of coenzyme A or the acyl carrier
(OASS), a PLP-dependent enzyme, then catalyzes an elimi-protein @, 3).
nation—addition reaction, in which the acetoxy group of the  The kinetic mechanism of the SAT frotdaemophlius
activated OAS is replaced with a thiol. influenzae(HiSAT) has recently been determined).(The

Serine acetyltransferase (EC 2.3.1.30) is a member of theHiSAT catalyzes an ordered mechanism in which AcCoA
hexapeptide acyltransferase family of enzymes. This family is the first substrate bound followed byserine, and products
of proteins is composed of imperfect tandem repeated copiesare released with CoASH released last. At pH 6.5, the
of a hexapeptide sequend.(Three-dimensional structures mechanism is equilibrium ordered, while it is steady state

ordered at pH 7.5.
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EnzymeSerine acetyltransferase frorh influenzaewas
purified according to the method of r&f and maintained
and stored frozen in 20 mM Tris (pH 7.5), 50 mM NaCl,
and 0.02% (w/v) sodium azide. Enzyme dilutions (@
mL) were prepared fresh in 50 mM Tris (pH 7.5), 15%
glycerol, and 10Qug/mL BSA for use in assays. Control
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was measured at pH 6 and 8. The AcCoA concentration was
fixed at Kaccon and that of serine fixed &qerine and the
initial rate was measured at different concentrations of
glycine. Data were then analyzed as térsus glycine with
the abscissa intercept equal +@K; giycine-

Proton Inventory Experiments and Sant Deuterium

experiments were carried out to ensure no interference fromlsotope Effectsin the forward reaction direction, finite
BSA in the assays. The diluted enzyme is stable for severalisotope effects were observed, and proton inventory experi-

days under these conditions.
Enzyme Assay#$n the direction of OAS formation, two

ments were carried out to more accurately measure the
solvent deuterium kinetic isotope effect and estimate the

assays for SAT were used. Reactions were carried out innumber of protons in flight in the rate-determining transition

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),.-serine (varied), and an appropriate

state. Both the DTNB and 232 nm assays were utilized to
measureV; andVi/Kgerineat pH(D) 8.5 in 100% KO, 46%
D,0, and 96% BO. V/Kaccon Was also measured at pH(D)

amount of the enzyme. The buffer concentration was at times7.5. In all cases, the pH(D) used to measure the isotope effect
increased depending on the nature of the substrate and thavas above the i observed in the pHrate profiles.

concentration of substrate required for saturating conditions.

If a single proton is transferred in the rate-determining

The production of CoA was coupled to a disulfide exchange transition state, a plot of the rate constant versus atom fraction

reaction with DTNB, and the appearance of TNB was
monitored spectrophotometricallg)( Rates were calculated
using an extinction coefficient of 13 600 Mcm™* for TNB

at 412 nm. For initial velocity measurements in the direction

of deuterium ) 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

of AcCoA formation, the absorbance of the thioester bond plot (concave downward)j.

was monitored spectrophotometrically at 232 v, =
4500 Mt cm™) (7). Assays were carried out in 100 mM

phosphate using a cuvette with a path length of 0.2 cm.

Data ProcessingReciprocal initial velocities were plotted
as a function of reciprocal substrate concentrations, and all
plots were linear. Data were fitted using the appropriate rate

Phosphate buffer was used to eliminate the absorbance ofquations and EnzFitter. Data for pihte profiles that

Mes or other buffers at 232 nm. Solutions of OAS were

exhibit a decrease with a limiting slope of 1 at low pH were

prepared fresh and adjusted to pH 6.5 where it is stable priorfitted using eq 1. Data foW and V/K deuterium isotope
to the experiments. A unit of SAT is defined as the amount effects were fitted using eq 2.

of enzyme required to produceutnol of product in 1 min
at pH 7.5 and 25C.
pH StudiesThe 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,

log Y = log (1)

L
- VA
K{1+ FEy) + AL+ FE,)

(2)

and 9.5 to determine kinetic parameters at the extremes of
pH and to obtain information about the pH dependence of | eq 1,Y is the value oV or V/K at any pH,C is the pH-

the kinetic mechanisndy. Initial rate data were then obtained
as a function of pH by fixing one reactant at a saturating
concentration (B, for AcCoA) and varying the concentra-

independent value of, H is the hydrogen ion concentration,
andK; represents the acid dissociation constants for enzyme
or substrate functional groups. In eq2s the initial velocity,

tion of the other reactant. In this way, the pH dependencesy js the maximum velocityA is the concentration of substrate

of V1, Vi/Kserine Vi/Kaccoa, Va2, VolKoas, and Vao/Keon Were

A, Kiis Ky, for the variable substrat&; is the fraction of

measured. The maximum rate in both reaction directions wasp,0 in the solvent, andyx andEy are the isotope effects

obtained at pH 7 using the same enzyme stock solution — 1 onV/K andV, respectively. Proton inventories are linear,

varying substrate concentrations in a constant ratio andand the rate versus the percentDwas fitted to the equation
extrapolating to an infinite substrate concentration. All data for a straight line.

were then normalized using the measurdg. values.
Profiles in the direction of CoA acetylation were only
obtained from pH 5.58 due to the instability of OAS at

RESULTS

high pH. The pH was measured before and after the reaction pH Dependence of Kinetic Parameters for HiSAle pH

with changes limited to<0.1 pH unit. The pH was
maintained using the following buffers at a concentration of
100 mM (or higher) in the direction af-serine acetylation:
pH 5.5-6.5 for Mes, pH 6.0 for Bis-Tris, pH 6:58.5 for
Hepes, pH 7.5 for Tris, pH 8.5 for Taps, and pH-91®.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 ofserine acetylation. The
dissociation constant for glycine (competitive Mserine)

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 afserine acetylation are
consistent with an equilibrium ordered mechanism at pH 6.5,
and the ordered mechanism is maintained at pH 7.5, but
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Ficure 1: pH dependence of kinetic parameters in the direction
of serine acetylation. pHrate profile forV; (A), Vi/Kserine(B), and
V/Kaccoa (C). Points are experimental values, and curves are
theoretical based on a fit to eq 1 fof andVi/Kserine The curve

for Vi/Kaccoa is drawn by eye, since data were not collected at a
sufficiently low pH to give a meaningful fit to eq 1.

changes to steady state orderdj (nitial velocity patterns
obtained at pH extremes in the direction of CoA acetylation
are consistent with a sequential kinetic mechanism in which

Johnson et al.

Table 1: Summary of pH Data

parameter K & standard error C? & standard error
Vi (s™) 6.8+ 0.2 3300+ 350
V/Kserine(M~1 s7%) 7.2+0.2 (9.6+ 0.4) x 10P
V/IKaccon (M71 Sfl) 6 3.3x 10°
Vo (s 6.1+0.1 420+ 50
V/Koas (M71s7Y) 7.0+0.2 (2.1+0.5) x 10¢
V/Kcoa (M1 s71) 6.4+0.2 (4.2 0.7) x 10P

aCis the pH(D)-independent value of the parameter. All parameters
are divided byE:.

that observed in the/Kc,a 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 For Glycine.Glycine was utilized
as a dead-end inhibitor. At pH 6 and 8, estimatgedalues
for glycine are 36 and 55 mM, respectively, and are pH-
independent within error. Data are consistent with the pH
independence 0Kserine and, thus, the pH independence of
amino acid binding (see below) over the pH range that was
studied.

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

Values ofV; and Vi/Kserine Were measured as a function
of the percentage of {® in solution (Figure 3). An estimate
of the solvent kinetic isotope effects was obtained from a fit
of the data to eq 3. Values 8f°V andP°(V/Kserind are 1.9
+ 0.1 and 2.5+ 0.4, respectively. Replots &fi/Kserineand
V, versus the percent O are linear, indicating a single
proton in flight in the rate-determining transition sta@.

In a separate experiment, a value of 1 was measuretdSor
(V1/Kaccon) (data not shown).

DISCUSSION

CoA is the first substrate bound and OAS binds second (data Proton Inventory and Kinetic Mechanisnthe SKIEs on

not shown).

In the direction of -serine acetylationyy/E; andVi/KeerinE:
decrease at low pH, giving a limiting slope of 1 and a single
pK of ~7 (Figure 1).L.-Serine has noko values over the pH
range that was studied, and thi€ exhibited in the pH-rate
profiles likely reflects an enzyme side chain important in
catalysis. On the other han®y/KacconE: decreases at low
pH, giving a K 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 summarize
in Table 1.

In the reverse reaction directioNVy/E; and Vo/KoasE:
decrease at low pH with limiting slopes &fl, giving K
values of 6.1 and 7, while thé/Kc.aE: pH profile decreases
below a X of 6.4 with a limiting slope of 1 (Figure 2). As
observed in the forward reaction direction, th€ gbserved
in theV andV/Koas profiles reflects a catalytic group, while

V andV/Kgerineare~1.9 and~2.5, respectively. The proton
inventories are linear, indicating a single proton in flight in
the rate-determining step of the reactid).(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 ariK. 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 thé/KseineandV isotope effects
shows that the steps accompanying proton transfer are not
solely rate-limiting undeV conditions. The isotope effect

N V/Kserine represents the reaction from the binding of the

ubstrate, 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 ®R(V/Ksering is likely
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Ficure 2: pH dependence of kinetic parameters in the direction
of CoA acetylation. pH-rate profile forV, (A), Vo/Koas (B), and
VIKcoa (C). Points are experimental values, and curves are
theoretical based on a fit to eq 1.

the intrinsic value given the magnitude of the effect. On this
basis, an estimate of the relative rate of CoA release
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of OAS. The relative values o&f; andV, are within a factor
of 8, suggesting; > ks andks and eq 5 reduces to eq 6.

ks

ok
ks
Lt

Substituting values of 1.9 fd°V and 2.5 forP=%ks gives
a value of 0.67 foks/ke. Thus, the rate of release of CoA is
only ~1.5 times greater than the rate of the chemical step.
In agreement, thekpobserved in th&/:/E; pH—rate profile
is perturbed slightly to low pH compared ¥/KseE: (6.8
compared to 7.2).

Interpretation of the pH Dependence of Kinetic Param-
eters. The VIK 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 dependencé/kfthus 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\bfeflects
groups on enzyme required for catalysis. The determination
of an ordered mechanism fddiSAT (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/Kaccon profile,
the E:AcCoA enzyme form and serine predominate for

D20k5 +

oV = ()

compared to the chemical step can be obtained. (Data alsahe V/Keine profile, and central complexes (primarily

suggest that chemistry limits with serine limiting, and thus,
Kserine IS equal to theKy for serine from the EAcCoA—
serine complex.) The mechanism for SAT is shown sche-

E:AcCoA:serine complex; see above) predominate for the
V; profile. In the reverse reaction direction, E and CoA
predominate forV/Kcea, the E:CoA complex and OAS

matically below at saturating reactant concentrations (Schemepredominate foN/Koas, and central complexes (primarily

1).

Scheme 1

ks

E:AcCoA:serine

k
E:CoA:0AS——-— E:CoA > E

The equation for the solvent deuterium kinetic isotope
effect onKeqas represented by the scheme is shown in eq 3.
The equations fov and the solvent deuterium kinetic isotope
effects onV are shown in egs 4 and 5.

D,0
P eq %‘Z (3)
ks
V= (4)
1,1\, %
Lol ) e
el
Dzov — 7 kQ I(7 (5)
1+ ks(i + 1) + ks
k? k9 k7

The values ofKoas (24 mM) andKioas @s a product
inhibitor (80 mM) @) are very high, suggesting rapid release

E:CoA:OAS; see above) predominate féy.

The VIKaccon decreases at low pH, giving &Kpof ~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 haveKpralues
near 6. The identity of the group may be thephosphate
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 §). Thus, Vi/Keerine includes steps from
addition of serine to release of OAS, aWgdKoas includes
steps from addition of OAS to release of serine. The
V1/Kserine@nd Vo/Koas pH—rate profiles decrease at low pH
below a single K value of~7. Since a singlekis observed
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Ficure 4: Schematic of the active site of serine acetyltransferase ftomfluenzaewith cysteine bound to the serine-binding site. Cysteine
is tightly bound by all functional groups. Asp88(A) and Asp153(A) interact withdhemine, 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).

in both pH-rate profiles, data suggest a single residue that binds with equal affinity to the protonated and unprotonated
acts as a general base in both reaction directions. The identityenzyme 9). In agreement, no pH dependence was observed

of the K value in both reaction directions, i.e.,
E:AcCoA and E:CoA complexes, suggests no environmental

in the for the K; value of glycine.
Chemical MechanisnThe pH-rate profiles and solvent

perturbation of the i§ by the acetyl moiety of AcCoA.

The (K values estimated from th¥; and V, 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 4004, It is not unreasonable that release
of the last product could limit the overall rate of CoA
acetylation.

On the basis of the acitbase chemistry required in the
acetyl transfer reaction, the group with ld pf 7 is believed

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).( The
nucleophilic attack of the serine oxygen on the AcCoA

to represent a general base required to accept a proton frontarbonyl results in a tetrahedral intermediate (II). The same

the serine hydroxyl in the acetyl transfer reaction. In the

residue that served as a general base in the formation of the

reverse reaction direction, the same group must be unpro-tetrahedral intermediate then acts as a general acid and

tonated to accept a proton from CoA. When the\alues
in Vi/KserineandV; pH—rate profiles are compared, the same

donates a proton to the sulfur atom of CoA (Il in Scheme 2)
either as the tetrahedral intermediate collapses or after a

group is observed with little perturbation. Therefore, serine thiolate is expelled, giving products OAS and CoA (lll in
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and carnitine acetyltransferase do so by general base catalysis

a putative catalytic histidine residue. In the case of

H carnitine acetyltransferase, the histidine is part of a catalytic
Glu-His dyad (6, 17). Additional work is clearly necessary
to identify common structural and mechanistic modalities
within this diverse enzyme class.

o REFERENCES

HgN
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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 BiISAT has recently been
published showing-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 showh)((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- 11.

directed mutagenesis studies of these and other active site
residues.

Comparison with Other EnzymeSAT 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-hand@dhelix (LAH) (1). All of

the known hexapeptide acyltransferases have similar active 14

site locations and patterns of interactiotO), All of the
mechanistic work carried out to date for this enzyme family
shows similar sequential kinetic mechanisni0-{13).
Similar hexapeptide proteins such as uridyl diphosphate-
acetylglucosamine 8-acyltransferase, the xenobiotic acetyl-
transferase fronPseudomonas aeruginog®axAT), and
Vat(D), a streptogramin acetyltransferase, all have histidines
identified as important catalytic residuelf)( 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
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