8556 Biochemistry2000, 39, 8556-8564

Enzyme-Catalyzed Acylation of Homoserine: Mechanistic Characterization of the
Haemophilus influenzae meEhcoded Homoserine Transacetylase

Timothy L. Born, Matthew Franklin, and John S. Blanchard*
Department of Biochemistry, Albert Einstein College of Medicine, Bronx, New York 10461
Receied February 29, 2000; Résed Manuscript Receéd May 16, 2000

ABSTRACT: The first unique step in bacterial and plant methionine biosynthesis involves the acylation of
the y-hydroxyl of homoserine. liHaemophilus influenza@&cylation is accomplished via an acetyl-CoA-
dependent acetylation catalyzed by homoserine transacetylase. The activity of this enzyme regulates flux
of homoserine into multiple biosynthetic pathways and, therefore, represents a critical control point for
cell growth and viability. We have cloned homoserine transacetylase Hroimfluenzaeand present the

first detailed enzymatic study of this enzyme. Steady-state kinetic experiments demonstrate that the enzyme
utilizes a ping-pong kinetic mechanism in which the acetyl group of acetyl-CoA is initially transferred to

an enzyme nucleophile before subsequent transfer to homoserine to form the final p©duct,
acetylhomoserine. The maximal velocity awiKnomoserinavere independent of pH over the range of values
tested, whilev/Kacety-coa Was dependent upon the ionization state of a single group exhibitikgvalpe

of 8.6, which was required to be protonated. Solvent kinetic isotope effect studies yielded inverse effects
of 0.75 onV and 0.74 orV/Kcoea 0N the reverse reaction and effects of 1.2\band 1.7 onV/Khomoserine

on the forward reaction. Direct evidence for the formation of an acetyl-enzyme intermediate was obtained
using rapid-quench labeling studies. On the basis of these observations, we propose a chemical mechanism
for this important member of the acyltransferase family and contrast its mechanism with that of homoserine
transsuccinylase.

The biosynthesis of methionine is essential to the survival PLP-containing enzyme cystathionine synthase. Cystathion-
of microorganisms and plants. This pathway provides organ-ine is then broken down in a second PLP-dependent reaction
isms with not only methionine, required for protein synthe- to form homocysteine, N and pyruvate. Methylation of
sis, but alsdS-adenosylmethione (SAM)SAM is the most homocysteine in either a vitamin;Bdependent or -inde-
important biological methylating agent and additionally pendent reaction producesmethionine. Subsequent adeno-
serves as a precursor for the polyamines spermine andsylation results in the formation of SAM. Because mammals
spermidine {, 2). It has recently been suggested that SAM obtain methionine exclusively in their diets, enzymes in-
is a substrate for thieix| family of enzymes that synthesize volved in methionine biosynthesis represent potential targets
a series of acylhomoserine lactone signaling molecules iden-for the design of novel antibacterial compounds.

tified in Gram-negative bacteri&(4). The acylation of homoserine is catalyzed by one of two
L-Methionine is derived from aspartic acid, as are the ey transferases: iBscherichia coli homoserine transsuc-
essential amino acidslysine,L-threonine, and-isoleucine.  cinviase (HTS, EC 2.3.1.46) catalyzes the transfer of
L-Homoserine, generated by the reductionLedspartate  gccinate from succinyl-CoA to homosering),(while in
semialdehyde, is the last common precursor for methionine, jy,emaophilus influenzagomoserine transacetylase (HTA,
threonine, and isoleucine. The first unique step in methionine g 2.3.1.31) catalyzes the transfer of acetate from acetyl-
biosynthesis is the acylation of homoserine to form either ~,a to homoserine. Both of these enzymes can be feedback-
O-succinylhomoserine db-acetylhomoserine (OAH) (Figure  jyniited byt -methionine and SAME—10), although HTAs
1). This step serves to activate the C4 carbon atom of (o 5i sources are not inhibited by these compourids (
hqmoserme fqr the subs'eqlljent nucleophilic attack by cys- 12). HTA is reversibly inhibited by zincg) while HTS is
teine, generating cystathionine and acetate, catalyzed by thenipited at elevated temperatures3( 14. Remarkably,

although HTA and HTS catalyze the same biological reac-

T This work was supported by the National Institutes of Health ; ; ihi
(AI33696 10 J.S.B. and GM19514 to T.L.B.) tion and have nearly identical substrates, they exhibit no

* To whom correspondence should be addressed: Phone: 718-430Primary sequence similarity.
3096. Fax: 718-430-8565. E-mail: blanchar@aecom.yu.edu. Previously we investigated the mechanism of HTS)(

1BSA, bovine serum albumin; CoA, coenzyme A; DTNB, '5,5 ; - . N
dithio-bis(2-nitrobenzoic acid); ESI-MS, electrospray ionization-mass and demonstrated that it utilizes a ping-pong kinetic mech-

spectrometry; HEPESN-(2-hydroxyethyl)piperaziné¥-(2-ethane-  anism in which the succinyl group of succinyl-CoA is
sulfonic acid); HTA, homoserine transacetylase; HTS, homoserine transferred to an active-site cysteine residue before subse-

transsuccinylase; IPTG, isopropylthiep-galactoside; OAHD-acetyl- ; ;
homoserine; SAMS-adenosylmethionine; SDFPAGE, sodium dode- quent transfer to the-hydroxyl group of homoserine. Studies

cyl sulfate-polyacrylamide gel electrophoresis; TCA, trichloroacetic  Of the pH dependence of the kinetic parameters allowed us
acid; TEA, triethanolamine. to identify the nucleophilic cysteine residue, a general acid
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Ficure 1: Biosynthetic pathway of methionine a@hdenosylmethionine ifl. influenzae

required for protonation of CoAS a general base that MA). [3H]-Acetyl-CoA was purchased from ICN (Costa
activates the-hydroxyl group of homoserine, and a residue Mesa, CA). All other materials were from Sigma (St. Louis,
believed to be involved in substrate binding. Solvent kinetic MO). OAH was synthesized as describetb)( and the
isotope effect studies revealed inverse isotope effects of 0.7identity of the final product was verified By and*C NMR
onV and 0.61 orivV/K on the reverse reaction only. and mass spectrometry.

Because HTA and HTS catalyze the same biological Cloning and Expression of H. influenzae Homoserine
reaction, yet share no sequence similarity, we were curiousTransacetylaseThe sequence of the putativeet2encoded
about the two enzymes’ possibly having convergently homoserine transacetylase gene fidninfluenzaehas been
evolved a common catalytic mechanism. In this paper we reported {7). Two oligonucleotide primers (BAATTC-
report the characterization of the influenzadransacetylase =~ CATATGTCTGTGCAAAATGTAGTGC-3 and 3-GCG-
and compare its mechanism to that of thecoli transsuc- GATCCGTTAATTACCTGCCAAACCATC-3) which were
cinylase. HTA was cloned, overexpressed, purified, and complementary to the amino-terminal coding and carboxyl-
shown to utilize a ping-pong kinetic mechanism. The kinetic terminal noncoding strands were synthesized. These primers
parameters were determined for the natural substrates as wellyere used to amplify théd. influenzae met2yene from

as a number of alternative substrates, highlighting differencesgenomicH. influenzaeRD using standard PCR conditions
between HTA and HTS. The rate of the HTA reaction has (Perkin-E]mer)' The PCR product was purified by electro-
been shown to be independent of pH over the range of valuesphoresis on low-melting agarose and was directly ligated into
studied, and no evidence has been found for an active-sitethe PCR 2.1 TA cloning vector (Invitrogen). Plasmid DNA
cysteine nucleophile. Solvent kinetic isotope effect studies was purified from kanamycin-resistant colonies and digested
revealed a small, normal effect on the forward reaction and with Ndd and Hindlll, and the insert was purified by
an inverse effect on the reverse reaction. Finally, direct glectrophoresis on low-melting point agarose. The insert was
evidence has been obtained, using rapid-quench labelingjigated into a pET23af) expression vector which had
studies, for an acetyl-enzyme intermediate, allowing us to previously been digested with the same restriction enzymes.
propose a chemical mechanism which incorporates theseThe recombinant plasmid was transformed iBt@oli BL21-
data. (DE3) cells. The transformed cells were grown at°87in
LB media containing 5Q:g/mL ampicillin until ODspp =

EXPERIMENTAL PROCEDURES 0.5, were induced by addition of 1 mM isopropylthfes-

Materials. Oligonucleotide primers used for PCR ampli- 9alactoside (IPTG), and were grown for an additional 3 h.
fication were synthesized by Life Technologies (Gaithers- Analysis by SDS-PAGE with Coomassie blue staining
burg, MD). Ndd and Hindlll restriction enzymes were indicated the overproduction of a 380 kDa protein in the
purchased from New England BioLabs (Beverly, MA). Cell extracts.
pET23a-)-vector DNA andE. coli BL21(DE3) cells were Protein Purification. Six liters of LB media containing
purchased from Novagen (Madison, WH. influenzae ampicillin (50ug/mL) was inoculated with a single bacterial
genomic DNA was purchased from ATCC (Rockville, MD). colony and grown to an Odg of 1.0 at 37°C before
Chromatographic supports for protein purification were induction with 1 mM IPTG. Afte 2 h of induction,
obtained from Pharmacia (Piscataway, NJOM}99.9%) was approximately 23.4 g of cells (wet weight) was recovered
purchased from Cambridge Isotope Laboratories (Andover, by centrifugation. The cells were resuspended in 75 mL of
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Table 1: Kinetic Parameters for the Reaction Catalyzed by HTA.

Km kcat kca{Km

substrate (uM) (s (sIMY
acetyl-CoA 140+ 10 92+ 5 6.5x 10°
propionyl-CoA 90+ 10 30+1 3.3x 10°
butyryl-CoA 210+ 20 2742 1.3x 10
crotonyl-CoA 130+ 30 15+ 2 1.1x 10°
succinyl-CoA 360+ 80 214+ 0.03 5.7x 1
glutaryl-CoA 280+ 200 .033+0.014 1.2x 1?
4-nitrophenyl acetate 14Q6 200 7.8+ 05 5.6x 10°
L-homoserine 13& 10 92+ 5 7.1x 10°
p-homoserine 4708- 700 78+ 5 1.7x 10
y-hydroxybutyric acid 19 00& 7000 50+ 13 1.8x 10°
3-amino-1-propanol 71 00& 144 000 5+ 13 4.6x 10
OAH 850+ 140 30+ 4 3.6x 10
coenzyme A 620t 100 30+ 4 5.0x 10

25 mM triethanolamine (TEA, pH 7.8) containing lysozyme

(0.2 mg/mL) and protease inhibitors (Complete protease

inhibitor cocktail tablets, Boehringer Mannheim). All sub-
sequent steps were performed at@. After being stirred
for 30 min, the cells were lysed by sonicating five times for
1-min intervals with a Branson Sonifier 450, and the cell
debris was removed by centrifugation at 1266 30 min.
Nucleic acids were precipitated by the addition of strepto-
mycin sulfate (1%, w/v, final) to the supernatant, and the
solution was stirred for 30 min before pelleting the nucleic
acids at 1700@for 30 min. The nucleic acid-free supernatant
was dialyzed against 14 L of 20 mM TEA (pH 7.8) for 3.5
h, and the precipitate which formed during dialysis was
removed by centrifugation at 1709Gor 30 min before
loading the clear supernatant onto a 400-mL fast-flow

Q-Sepharose anion-exchange column which had been equili

brated with 20 mM TEA (pH 7.8). The protein was eluted
at 2 mL/min with a 1600-mL linear81 M NacCl gradient.
The active fractions were pooled, concentrated (YM-10
membrane, Amicon), and loaded onto a 2457 cm

Sepharose S-200 gel filtration column. The protein was eluted

at 0.5 mL/min in 50 mMN-(2-hydroxyethyl)piperaziné¥ -
(2ethanesulfonic acid) (HEPES) (pH 7.8). The active frac-
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were obtained by measuring substrate depletion as a function
of one of the substrates at different fixed concentrations of
the second substrate. The alternative substrates listed in Table
1 were assayed in the same manner, substituting the
alternative compound for the corresponding natural substrate.

pH Profiles.Enzyme activity was measured over the pH
range 5.5-9.0 using phosphate (5:8.0) and Tris (7.8
9.0) as buffers to avoid spectrophotometric interference.
Assays were performed at 2& in 100 mM buffer, and
reactions were initiated by addition of enzyme. The kinetic
parametery andV/K were determined using four concentra-
tions of each substrate at each pH value. The pH-dependent
data were fit to eq 2 using the program Sigma Plot (version
3.03, Jandel Scientific Software)

log VIK = log [C/(1 + K/H)] (2)

where C is the pH-independent plateau valug, is the
ionization constant for the pH-sensitive group, ahds the
hydrogen ion concentration.

Sobent Kinetic Isotope EffectsSolvent kinetic isotope
effects onV and V/IK were determined by measuring the
initial velocity of either thioester cleavage or thioester
formation at 232 nm. Assays measuring thioester cleavage
contained 0.37mg of enzyme, 50 mM KHPQO, (pH 7.5),

400 uM acetyl-CoA, and varying concentrations of ho-
moserine in HO or 80% DO. Assays measuring thioester
formation contained 2.b6g of enzyme, 50 mM KHPO, (pH
7.5), 400uM CoA, and varying concentrations of OAH in
H,O or 80% DO. All assays were performed at 26 and
were initiated by the addition of enzyme. Solvent deuterium
isotope effects were calculated from eq 3 using the programs
of Cleland (.8)

v =VA[K(1+ FE, + Al + FE)] 3)
whereV, A, andK are equivalent to those same parameters
in eq 1,F; is the fraction of isotopic label, an,« andEy

tions were concentrated and loaded onto an 8-mL Mono-Q are the isotope effects WK andV, respectively.

column (Pharmacia). The protein was eluted at 1 mL/min
with a 500 mL linear 6-0.6 M NaCl gradient in 20 mM
TEA. The active fractions, which yielded a single band on
SDS-PAGE with Coomassie blue staining, were combined
and stored at-20 °C.

Measurement of Enzyme Agdty. Reaction rates were

Proton inventories were determined by varying the atom
fraction of D,O from 0 to 0.8 in increments of 0.1 in the
same buffer as above. Substrate concentrations wergh300
acetyl-CoA and 10&M homoserine.

Rapid-Quench Experiment$he detection of an acetyl-
enzyme intermediate was performed using a rapid-quench

determined by monitoring the change in absorbance at 232apparatus (KinTek Instruments, model RQF-3). The reactions

nm due to hydrolysis or formation of the thioester bond of
acetyl-CoA ¢ = 4500 M%), in a UVIKON 9310 or 943

were initiated by rapidly mixing 2QquL of HTA (final
concentration, 27%M) with [3H]-acetyl-CoA (final con-

spectrophotometer equipped with thermospacers and concentrations, 40@M and 20.3«Ci/umol) in 50 mM HEPES
nected to a constant-temperature circulating-water bath.(pH 7.7), and the reaction was quenched after various times

Assays were performed in 100 mMIHPO, (pH 7.5) at a
temperature of 28C. Reactions were initiated by the addition
of enzyme. Initial velocity kinetic data were analyzed by
Lineweavetr-Burk analysis and fit to eq 1 using the programs
of Cleland (L8)

v =VAB/(K,B + K;A + AB) @)
whereV is the maximal velocityA andB are the concentra-

tions of substrates A and B, akd andKg are the Michaelis
constants for substrates A and B. Initial velocity patterns

with 25% trichloroacetic acid (TCA). The quenched reactions
were collected in a microcentrifuge tube containing 25%
TCA and placed on ice for a minimum of 5 min. The
precipitates were centrifuged at maximum speed for 5 min,
washed once with ice-cold 25% TCA, centrifuged again, and
resuspended in 0.1 N NaOH. The amount of tritium associ-
ated with the precipitated protein was determined by scintil-
lation counting in an LKB 1219 Rackbeta liquid scintillation
counter (ScintiSafe Econo 2). Control reactions were per-
formed with similar concentrations of bovine serum albumin
(BSA) and HTS.
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RESULTS

Expression and Purification of HTALhe H. influenzae
HTA was overexpressed by cloning theet2gene into the
pET23aft) expression vector. Induction of BL21(DES3) cells
containing this vector with IPTG resulted in overproduction
of a soluble protein of the expected molecular mass.
Following cell lysis, HTA was purified by anion exchange
over a Fast-Q Sepharose column, by gel filtration over a

Sepharose S-200 column, and by anion exchange over a’

Mono-Q column. This purification procedure yielded 370

mg of pure protein from 23.4 g of cells. Automated Edman

amino-terminal sequencing revealed that the eleven amino-
terminal residues were identical to the published sequence
(17) and indicated that the N-terminal methionine had been
cleaved. The molecular mass of the purified protein was
determined by electrospray ionization-mass spectrometry
(ESI-MS) to be 39 859 Da, matching the molecular mass
predicted from the published sequence after subtracting the
mass of the N-terminal methionine (39 858 Da). HTA eluted

at an apparent molecular mass of 73 kDa on a Superdex 75°

gel filtration column, which suggests it exists as a dimer in
solution.

Determination of Steady-State Paramet&szyme activ-

ity was measured by determining the change in absorbance

at 232 nm due to the hydrolysis of the thioester bond of
acetyl-CoA. Initial velocities were determined at five dif-

ferent concentrations of each substrate, and the data were

plotted as a double reciprocal plot (Figure 2). The parallel
lines in the double reciprocal plot suggest a ping-pong
mechanism. Fitting the data to eq 1 yields values for
acetyl-CoA and homoserine of 140 and 130, respectively,
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FicurRe 2: Initial velocity patterns of homoserine acetylation

and ake, 0f 92 s°*. Initial velocities were also measured for  caiayzed by theH. influenzaeHTA. The symbols represent the
the reverse reaction, the formation of acetyl-CoA. These dataexperimentally determined values, while the straight lines are the
were fit to eq 1, yieldingKn, values for OAH and CoA of best fits to the data, assuming a ping-pong kinetic mechanism,

850 and 620uM, respectively, and & of 31 s. The calculated using eq 1. (A) Varying concentrations of homoserine
) - ' t acetyl-CoA concentrations o®} 41.7, ©) 55.6, (v) 83.3, (A)
steady-state kinetic parameters for the natural substrates, ag 43, and M) 333uM. (B) Varying concentrations of OAH at CoA

well as a variety of alternative substrates, are summarizedgoncentrations of@) 200, ©) 250, (A) 333, and ¥) 500 uM.

in Table 1. Alternative substrates were assayed using constant

concentrations of either acetyl-CoA (20M) or homoserine  the concentrations of acetyl-CoA and homoserine constant

(500 uM). at 300 and 10QuM, respectively. Each data point was
pH Dependence of Homoserine Transacetyld$e pH determined in triplicate. The points yielded a linear relation

dependence of the transacetylase reaction was monitored ovesetween the rate and mole fraction of deuterium (data not

the pH range 5.59.0, using phosphate and Tris as buffers. shown).

The results are shown in Figure 3. Both the maximal velocity — Solvent kinetic isotope effects were measured for the

and V/Knomoserine@re® pH independent over the range tested. reverse reaction in the same manner. In these experiments,

The parameteW/Kacety-coa, however, is dependent on the the concentration of OAH was held constant at 5 mM and

ionization state of a single group exhibiting ¥ palue of the concentration of CoA was varied. Solvent kinetic isotope

8.6, which must be protonated. effects of 0.75+ 0.07 and 0.74k 0.06 were observed owv
Sobent Kinetic Isotope EffectsSolvent kinetic isotope  andV/Kcopa, respectively (Figure 4B).

effects were measured for the forward reaction by determin-
ing initial velocities in both HO and 80% RO. Measure-
ments were made while holding the concentration of one

Identification of an Acetyl-Enzyme Intermediafeping-
pong kinetic mechanism predicts that an acetyl-enzyme
intermediate is formed in the reaction of enzyme and acetyl-

substrate constant and varying the concentration of the secondCoA and that acetate is subsequently transferred to ho-

substrate. When acetyl-CoA was held at 404, solvent
kinetic isotope effects of 1.2 0.1 onV and 1.7+ 0.1 on
V/KnomoserineWere observed (Figure 4A). When homoserine
was held constant at 5QM, effects of 1.2+ 0.1 onV and
0.95+ 0.03 onV/Kgcety-con Were observed (data not shown).

moserine in the second half-reaction. HTA catalyzes the slow
hydrolysis of acetyl-CoA in the absence of homoserine, with
a measured value of 4.5%at saturating concentrations of
acetyl-CoA, compared to ke, of 92 s for acetyl transfer

in the presence of saturating homoserine (Table 1). To detect

These values assume a linear dependence of the isotope effethe formation of the acetyl-enzyme intermediate, HTA was

on fractional deuterium abundance. A proton inventory was
performed by varying the atom fraction ofO while holding

incubated with {H]-acetyl-CoA for various times, and the
reaction was quenched with 25% TCA. A rapid-quench
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Ficure 4: Solvent kinetic isotope effects for the HTA-catalyzed
Ficure 3: pH dependence of the kinetic parameters of the HTA- reaction. Experiments were performed as described in Experimental
catalyzed acylation of homoserine. Experiments were conducted Procedures: experimental values isQ+®) and in 80% RO (O).
as described in Experimental Procedures. The symbols represenfSymbols represent the experimentally determined values, while the
the experimentally determined values, while the curve is a fit of lines are the linear fits to the data. (A) The concentration of acetyl-
the V/Kacetyi-coa data to eq 2. (A) Dependence of maximal velocity CoA was held constant at 40@M, while the concentration of
on pH. The units of maximal velocity are micromoles per minute homoserine was varied. (B) The concentration of CoA was held
per milligram of enzyme. (B) Dependence\#Kcety-con ON pH. constant at 40&M, while the concentration of OAH was varied.
The values ofV/K are measured in units of maximal velocity per

\T;:E@S'g; S?Etﬁ;gonﬁlegaPe%p(ier?duennifse g‘:ﬁw;;m;fgg;‘g;%er this reaction are feedback-inhibited by both the final product
millimolar homoserine. of the pathway, mth|o_n!ne, and SAM5{10). These
enzymes can also be inhibited by elevated temperatiss (

apparatus was employed to allow accurate quenching of thel4 Of the presence of metal ions such as zi8c Genes
reactions on a millisecond time scale. As shown in Figure €ncoding thenetAencoded HTS have been identifiedin

5, acylation of the enzyme occurs rapidly and reaches ac0li (19, 20, Bacillus subtilus(21), Thermotoga maritima
maximum of ca. 50% active-site labeling in 60 ms. After (22), andSalmonella typhimuriuni23), and the enzymatic
100 ms the acetyl-enzyme intermediate begins to hydrolyze. ctivity has been reported in cell extracts frévarobacter

When the same experiment was performed using either BSAa€rogeneskiebsiella pneumoniaandSerratia marcescens

or HTS in place of HTA, no radioactivity was associated (13 The met2zencoded HTA appears to have a wider
with the precipitated proteins<(L% labeling). phylogenetic distribution, with genes having been identified
in H. influenzae(17), Mycobacterium tuberculosi§24),

DISCUSSION Saccharomyces cerisiae (25), andLeptospira meyetr(12),
among many others. No organism containing genes for both
Homoserine is the last common precursor in the bacterial acyltransferases has been identified to date. In addition to
biosynthetic pathways of three essential amino acids: threo-their variant organismal distribution, the two enzymes display
nine, isoleucine, and methionine. Control of homoserine flux absolutely no sequence similarity. Because these two en-
into these pathways is therefore important in regulating the zymes are involved in the same biosynthetic pathway, are
biosynthesis of these three amino acids as wellSas responsible for catalyzing the same reaction, use nearly
adenosylmethionine. Control of methionine and SAM bio- identical substrates, and have similar control mechanisms,
synthesis occurs at the first unique enzymatic step in the we were intrigued by the lack of primary sequence conserva-
pathway, the acylation of homoserine to form either OAH tion and were interested in investigating whether they had
or O-succinylhomoserine (Figure 1). The enzymes catalyzing evolved similar or different chemical mechanisms.

pH
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60 p-homoserine was a good substrate, althooifomoserine
has been demonstrated to be a substrate for HBS\(Vhile
HTA and HTS have similar structural requirements for their
acyl acceptors, it should be noted that HTA has a 16-fold
lower Ky, value for homoserine.

The equilibrium constant for the reaction can be estimated
from the Haldane equatio27, 28

50

ey
o

Keq = (V{/V, r)Z(KPKQ/ KaKg) (4)

Percent Labeling
3 8

whereV; andV, are the maximal velocities in the forward
and reverse directions, respectively, d6d Kg, Kp, andKq

are the Michaelis constants for the two substrates, acetyl-
CoA and homoserine, and the two products, CoA and OAH,

10 $

0 0 o P 00 500 1000 respectively. Using this equation, the equilibrium constant
. for HTA can be calculated to be ca.. 250, similar to the
Time (msec) estimated equilibrium constant of 170 for HTE5( and a

Ficure 5: Isolation of an acetyl-enzyme intermediate by rapid value of 15-40 measured for serine transacetyla®).(

quench. HTA and¥H]-acetyl-CoA were combined, and the reaction [ TOM the data presented in Figure 3A, there is no
was quenched as described in Experimental Procedures. The perceriependence of the maximal velocity on pH. However, the
of enzyme labeled is shown as a function of the time of incubation, pH was varied over a fairly narrow range, 5.8, and there

in milliseconds, before quenqh by TCA. The simulated time-.cou.r.se may be Cata|ytic groups whose ionizations occur at pH values
S e chas Shom i OUISid (S range. The continuoL specifophotomelsic assay
Scheme 1. used, monitoring the change in absorbance at 232 nm, limits
the use of buffers to those with low absorbance at this
The transacetylase fro. influenzaewas cloned and  wavelength, and only phosphate and Tris were found to be
overexpressed to high levels, greatly simplifying purification acceptable for HTA. As will be discussed below in the
and making it possible to obtain hundreds of milligrams of proposed mechanism for HTA, one would expect the
protein in a single preparation. Although the enzyme from maximal velocity to depend on the ionization of at least two
Bacillus polymyxaas been reported to exist as a monomer groups, one of which would be required to be protonated
(8), the H. influenzaeenzyme elutes from a gel filtration  and function as a general acid, and another to be deprotonated
column at an apparent molecular mass of 73 kDa, suggestingand function as a general base. When the dependence of
it exists as a dimer under these conditions. HTS has alsoV/Kacey-con ON pH is examined (Figure 3B), we observe a
been reported to exist as a dimas( 26. single group exhibiting a i value of ~8.6 that must be
The kinetic data reported in this paper were obtained protonated. The pH dependence\dKceryrcoa reports on
spectrophotometrically by continuously following the change the ionization behavior of groups on the free enzyme or free
in absorbance at 232 nm due to the hydrolysis or the acetyl-CoA involved in binding but may include ionization
formation of the thioester bond of acetyl-CoA. Using this behavior of groups through the first irreversible step. For
assay, initial velocities could be determined by varying acetyl-CoA, this includes acetyl transfer to the enzyme and
substrate concentrations in both the forward and the reverseCoA release (see below). The only ionizable group on acetyl-
directions. As shown in Figure 2, the resulting double- CoA is the 3-phosphate, and this cannot be the group
reciprocal plots are parallel, suggesting that HTA utilizes a observed in th&/Kaceyrcon pH profile. This leaves enzyme
ping-pong kinetic mechanism. This predicts that during groups and could include a cationic residue that interacts
catalysis the acetyl group of acetyl-CoA is transferred to an electrostatically with the '3phosphate of acetyl-CoA or a
active-site nucleophile during the first half-reaction, followed group that functions to protonate the thiolate anion of the
by transfer to homoserine during the second half-reaction. product CoA. These possibilities will be discussed further
The steady-state kinetic parameters were measured for eelow.
number of acyl donors and acceptors (Table 1). Acetyl-CoA As is observed for the maximal velocit\/Knomoserine
is the favored acyl donor, as measured kK., but appears to be independent of pH over the range tested. The
propionyl-CoA, butyryl-CoA, and crotonyl-CoA are also pH dependence &f/KnomoserineShould report on the ionization
good substrates for HTA. Additionally, succinyl-CoA and behavior of groups on substrate or enzyme responsible for
glutaryl-CoA can be used as acyl donors, but are much poorerhomoserine binding and catalysis of the second half-reaction
substrates. This contrasts with HTS, which is able to use through the first irreversible step of this half-reaction. We
succinyl-CoA and glutaryl-CoA as substrates, but is unable would have expected to observe a group functioning as a
to use other CoA-thioesters. Due to the favorable spectro-general base to generate the nucleophilic alkoxide of ho-
photometric properties of the resulting nitrophenol product, moserine; however, we see no evidence for such a group
4-nitrophenylacetate was explored as an acyl donor, but it that must be deprotonated for activity. The pH-dependencies
exhibited aK, value that was too high to be kinetically observed for HTA are very different from those observed
useful. When acyl acceptors were analyzed, it was found for HTS, where the three analogous curves were bell-shaped.
thatL- andp-homoserine were the best substrates, while both Even though the mechanism that we propose is similar for
y-hydroxybutyric acid and 3-amino-1-propanol had% the both acyltransferases, these data suggest that the residues
activity of L-homoserine. We were surprised to find that involved in catalysis will be different.
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Ficure 6: Proposed mechanism for transfer of acetate from acetyl-CoA to homoserine catalyzed by HTA.

Scheme 1 . ks = 0O either resulted ir-50% labeling of the active sites
E-[*H-acetyl + CoA ko E + PH]-acetate by [3H]-acetyI-CoA or the time required to reach maximum
ks labeling was much longer than 60 ms. From these simula-

Solvent kinetic isotope effect studies demonstrated that tions, recombination of the acetyl-enzyme with CoA to form
there was an inverse effect when the reaction was monitoredacetyl-CoA is favored over hydrolysis by,&. General acid-
in the reverse direction, formation of acetyl-CoA. TheV catalyzed protonation of the CoA thiolate would disfavor
was 0.75 while th€22V/Kcoa was 0.74, values that are similar  back reaction, and the group observed in Wiacetyi-coa
to those observed for HTS. The inverse solvent kinetic PH profile is thus more likely to be a group involved in
isotope effects suggest that there is a proton transfer from aPinding, rather than a group that could fulfill the function
sulfhydryl group exhibiting an inverse fractionation factor, ©Of & general acid. These data suggest that acetylation of HTA
and we suggest that this is reporting on the deprotonation ofis the slowest step in the first half-reaction.
CoASH occurring during the slower reverse reaction. A Taken together, these data allow us to propose a chemical
small, normal solvent kinetic isotope effect is observed in mechanism for HTA, shown in Figure 6. In the “ping” half-
the forward reaction on bot and V/Kacety-coa, and this reaction, an enzyme nucleophile attacks the thioester bond
might reflect the effect of solvent isotopic composition on of acetyl-CoA to form an initial tetrahedral intermediate. The
homoserine alkoxide formation or thiol protonation. nucleophile has been proposed to be cysteine in HTS, while

The demonstration of a ping-pong kinetic mechanism by the HTA nucleophile is not known at this time, although it
HTA requires the formation of an acetyl-enzyme intermedi- seems unlikely that it is a cysteine residue for at least three
ate. Attempts were made to identify this intermediate by reasons. First, thiol modifying agents, such as iodoacetamide,
incubating HTA with PH]-acetyl-CoA in the absence of have no effect on the activity of HTA, but inactivate HTS.
homoserine. Initial experiments using gel filtration were Second, 5,5dithio-bis(2-nitrobenzoic acid), (DTNB), an
unsuccessful in identifying a labeled acetyl-enzyme, arguing inhibitor of HTS, does not inhibit HTA and can be used in
that the rate of hydrolysis of the intermediate was fast. A a coupled assay for HTA. Third, we failed to identify any
rapid-quench apparatus was employed to allow accurateresidues with al§ greater than 5.5 which are required to be
quenching of the reaction on a millisecond time scale. Theseunprotonated for maximal activity. If the active-site nucleo-
experiments provided compelling evidence for the rapid phile were a cysteine residue, its ionization would be
formation of an acetyl-enzyme intermediate, with a maximum expected to be within the range of values tested, as observed
labeling of~50% of enzyme active sites within 60 ms. To in HTS (15).
ensure that labeling was not due to acetyl-CoA nonspecifi- Once the initial tetrahedral intermediate is formed between
cally associating with the enzyme, we repeated theseHTA and acetyl-CoA, it must break down to form the
experiments using both BSA and HTS. No radioactivity was acetylated enzyme and CoASH. Breakdown of this inter-
found to be associated with either of the negative controls, mediate would be facilitated by protonation of the thiolate
suggesting that HTA does, indeed, form a covalent inter- anion by an active-site general acid, but simulation of our
mediate. rapid-quench data argues against efficient general acid-

The relative rates of acetylation and hydrolysis were catalyzed thiolate anion protonation. Homoserine binds to
estimated by fitting the data in Figure 5 to Scheme 1. In the acetyl-enzyme intermediate in the pong reaction, and an
this scheme, HTA combines with acetyl-CoA to form the active-site base is required to remove the proton from the
acetyl-enzyme intermediate plus CoA. This intermediate y-hydroxyl group before it can attack the acetyl-enzyme to
either can be hydrolyzed by water to form acetate or can form a tetrahedral intermediate. We do not observe this base
recombine with CoA to form acetyl-CoA. When the rapid-
qut_anch datf_i were fitted and a_malyzed using the program 2 ypjje it is most plausible to assign the group that results in an
Scientist (MicroMath, Inc, version 2.01), estimates of the inverse solvent kinetic isotope effect to the free sulfhydryl of CoA,
relative rate constants, k,, andks; were 0.4, 0.6, and 2.0, thisis not the only possible explanatidhl. NMR studies have identified

respectively. If both steps in Scheme 1 were assumed to beloroton-exchangeable sites on catalytic residues with fractionation factors
; ess than unity (low-barrier hydrogen bonds). However, in the context

irreversible (i.eks = 0), it was not possible to accurately fit  of the reaction catalyzed by HTA, we feel that assignment of the
the data using combinations kfandk,. Simulations where observed inverse effect to the fractionation factor of CoA is justifiable.

E+ [3 H]J-acetyl-CoA
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in the V/KnomoserinePH profile, suggesting that thekpof this
base is higher than 9. This contrasts with the situation for
HTS, where evidence for a general base exhibitin &gdue

of 8.6 was obtained. Finally, this tetrahedral intermediate
breaks down to form the final product, OAH, and regenerate
the active enzyme.

Our solvent kinetic isotope effects suggest the transfer of
a single proton from a thiol during the reverse reaction. In
the mechanism proposed, a base is required to abstract a
proton from CoASH in the reverse reaction before it can
attack the acetyl-enzyme intermediate and ultimately form
acetyl-CoA. It is the abstraction of this proton that we
observe in our solvent kinetic isotope effetts.

At this time the identity of the HTA catalytic nucleophile

is unknown. Precedence from other acyltransferases, includ-
ing HTS, suggests cysteine as a potential nucleophile.
However, as outlined above, there is no physicochemical
evidence with HTA for the involvement of a cysteine residue,
and there are no conserved cysteine residues among the
known, aligned, HTA sequences. There are, however, three
conserved serine residues, two conserved histidine residues,
and six conserved aspartic acid residues. Each of these
residues is precedented as functioning as a nucleophile in
various enzyme system8Q—34).

One of the three conserved serine residues in HTA, S143,
is found in a G-G-S-X-G-G sequence that is absolutely
conserved among HTAs. This motif, G-X-S/C-X-G has been
identified as a signature sequence for the lipase superfamily
(35, 36. These lipases also have acyl transferase activity,
with the conserved serine or cysteine functioning as the
nucleophile in the formation of a covalent intermediate.
Members of the lipase superfamily contain a catalytic “triad”
of serine, aspartic acid, and histidin87¢39), with the
residues always found in this order in the primary sequence.
Histidine has been assigned the role of a general base to
activate serine for nucleophilic attack. Essential histidines
have been identified in monoglyceride lipasd9)( rat
carnitine palmitoyltransferasd(), polyhydroxybutyrate syn-
thase 41) and glycerophospholipid-cholesterol acyltrans-
ferase 87), among others. The HTAs contain only one
conserved histidine C-terminal to S143, H337, which may
function as the general base. The role of the third residue of
the “triad”, aspartic acid, is somewhat ambiguous, and in
some cases the acid has been shown not to be essential. Fou
conserved aspartates are found in the intervening sequence
between the conserved serine (S143) and histidine (H337)
residues, Asp-158, Asp-190, Asp-262, and Asp-304. Site-
directed mutagenesis studies will be used to begin to define
the roles of each of these residues in the catalytic mechanism
of HTA.
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