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ABSTRACT: Homoserine transacetylase is a required catalyst in the biochemical pathway that metabolizes
Asp to Met in fungi. The enzyme from the yeastSchizosaccharomyces pombeactivates the hydroxyl
group ofL-homoserine by acetylation from acetyl coenzyme A. This enzyme is unique to fungi and some
bacteria and presents an important new target for drug discovery. Steady-state kinetic parameters provide
evidence that this enzyme follows a ping-pong mechanism. Proton inventory was consistent with a single-
proton transfer, and pH studies suggested the participation of at least one residue with a pKa value of
6.4-6.6, possibly a His or Asp/Glu in catalysis. Protein sequence alignments indicate that this enzyme
belongs to theR/â-hydrolase fold superfamily of enzymes, indicating the involvement of an active-site
nucleophile and possibly a canonical catalytic triad. We constructed site-specific mutants and identified
Ser163, Asp403, and His432 as the likely active-site residues of a catalytic triad based on steady-state
kinetics and genetic complementation of a yeast null mutant. Moreover, unlike the wild-type enzyme,
inactive site mutants were not capable of producing an acetyl-enzyme intermediate. Homoserine
transacetylase therefore catalyzes the acetylation ofL-homoserine via a covalent acyl-enzyme intermediate
through an active-site Ser. These results form the basis of future exploitation of this enzyme as an
antimicrobial target.

Bacteria, fungi, and plants synthesize the amino acid
methionine (Met)1 from the precursor Asp through a series
of enzymatically catalyzed transformations (1). These have
no parallel in mammals, and as a result, they must acquire
this essential amino acid through their diet. Microbes living
in nutrient-poor environments must synthesize Met for
protein synthesis requirements and as a vital component of
the essential biological methyl donor,S-adenosylmethionine
(SAM) (2). In bacteria, the latter is also a precursor to the
homoserine lactone class of signaling molecules that can play
a role in pathogenesis and biofilm formation (3, 4). Met
biosynthesis is therefore an essential microbial process. As
a result, this pathway has the potential to be exploited in the
control of the growth of microorganisms through the
development of specific inhibitors. The antifungal compound
5-hydroxy-4-oxonorvaline, which inhibits the Met biosyn-
thetic enzyme homoserine dehydrogenase, validates this
claim (5-7).

In the first stage of Met biosynthesis, Asp is converted to
L-Hse via two successive two-electron-reduction steps.L-Hse
can then either be O-phosphorylated, tagging it for processing
to Thr, or O-acylated, streaming it for Met biosynthesis. The
key acylating enzymes that commit Hse to Met biosynthesis
are Hse O-acetyltransferase (homoserine transacetylase,
HTA) and HseO-succinyltransferase (homoserine transsuc-
cinylase, HTS) (8). Both classes of enzymes activate the
hydroxyl group of Hse for displacement of the corresponding
acid by the thiol of Cys to form cystathionine by the
pyridoxal phosphate-dependent enzyme cystathionineγ-syn-
thase. All fungi and many bacterial species such asPseudomo-
nas aeruginosa, Haemophilus influenzae, andMycobacterium
tuberculosisuse HTA, while HTS is found in other bacterial
species, e.g.,Escherichia coliandStreptococcus pneumoniae.
The HTA and HTS enzymes show no significant primary
sequence homology (<10%), but both use covalent catalysis
to acylate Hse using their appropriate acylCoAs.

HTAs include two related but distinct families. The
bacterial HTAs are roughly 380 amino acids in length, while
the fungal enzymes are larger by approximately 100 amino
acids (Scheme 1). Both belong to theR/â-hydrolase fold
superfamily of enzymes that includes various peptidases,
lipases, and esterases (9). This family is characterized by an
eight-stranded sheet connected by helices. Most adopt an
active-site catalytic triad arrangement with the key catalytic
amino acids found on loop regions of the proteins. The
nucleophilic residue varies, can be Ser, Cys, or Glu, and is
found on a structural element termed the nucleophilic elbow.
This sharp turn is characterized by the motif Sm-X-Nu-X-
Sm-Sm (where Sm is a small residue, e.g., Gly, Nu is the
nucleophilic residue, and X is any residue) (9). Analysis of
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HTAs reveals the conserved motif Gly-Gly-Ser-(Leu/Met/
Phe)-Gly-Gly, suggesting that Ser may be a catalytic
nucleophilic residue. Born and Blanchard have previously
shown that HTA fromH. influenzaeexhibits a ping-pong
kinetic mechanism and identifies an acyl-enzyme intermedi-
ate by rapid-quench methods (10). We report here the first
study of a fungal HTA, HTASp from the fission yeast
Schizosaccharomyces pombe, and demonstrate that this class
of enzymes uses a covalent catalytic strategy to acetylate
homoserine and, using site-directed mutagenesis, identify the
likely catalytic triad.

MATERIALS AND METHODS

Cloning, Expression, and Purification of HTASp. The
predictedMET2 gene encoding HTASp was amplified from
S. pombegenomic DNA using the oligonucleotides in Table
1 of the Supporting Information. The amplified fragment was
cloned into theNde I and Hind III restriction enzyme sites
of the pET28 vector (Novagen) using standard techniques,
and the DNA sequence was verified. The resulting plasmid,
pET28 and HTASp, was transformed intoE. coli BL21 (DE3),
allowing the expression of HTASp with an N-terminal hexa-
histidine tag.

E. coli BL21 (DE3)/pET28 and HTASp was cultured in 2
L of Luria-Bertani broth supplemented with 50µg/mL
kanamycin to an OD600 of 0.75 at 37°C. The cultures were
cooled in an ice water bath to 20°C; isopropyl â-D-
thiogalactopyranoside was added to a final concentration of
1 mM, followed by incubation for an additional 2 h at 20
°C in an orbital shaker. The cultures were harvested by
centrifugation at 8000g for 10 min, resuspended in a final
volume of 30 mL of lysis buffer [50 mM HEPES at pH 8.0,
500 mM NaCl, 20 mM imidazole, and 2 complete protease
inhibitor cocktail tablets (Roche)], and disrupted by three
passes through a French pressure cell at 10 000 psi. Cell
debris was removed by centrifugation at 12000g for 10 min,
and the supernatant was applied onto a 1 mL Ni-NTA
agarose column (Qiagen) and washed with 20 mL of buffer
A (50 mM HEPES at pH 8.0, 500 mM NaCl, and 20 mM
imidazole). A linear gradient of 20-250 mM imidazole in
50 mM HEPES at pH 8.0 and 500 mM NaCl over a period
of 25 min was applied, and HTASp was eluted between 30
and 50 mM imidazole. Fractions containing recombinant
HTASp were determined by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis.

Steady-State Kinetics.Reaction rates were determined by
monitoring the change in absorbance at 324 nm because of

the production of CoA by the titration of 4,4′-dithiodipyridine
(DTDP ε324 nm) 19 800 M-1 cm-1). Assays were performed
in 50 mM HEPES (pH 8.0) containing a varying concentra-
tion of up to 3 mM L-Hse, 2 mM DTDP, and a varying
concentration of up to 0.2 mM acetylCoA in a final volume
of 200 µL. Progress curves were monitored in a Molecular
Devices SpectraMAX Plus spectrophotometer using a 96-
well flat-bottom polystyrene microtiter plate (VWR). Initial
rates were fit to (eq 1) describing Michaelis-Menten kinetics
using Grafit 4 software (11)

Initial rates were also fit to (eq 2) describing the ping-pong
Lineweaver-Burk plot in Grafit 4 software (11)

where Vmax is the maximal velocity,A and B are the
concentrations of the substrates, andKa and Kb are the
Michaelis constants for the substrates.

The reactions were performed in 50 mM HEPES (pH 8.0)
with an increasing concentration ofL-Hse (600, 900, 1200,
and 2400µM) at a fixed concentration of acetylCoA (10,
15, 20, and 40µM) and monitored via DTDP titration in a
final volume of 200µL.

pH Dependence of the HTASp Kinetic Parameters.The
activity of HTASp was measured at pH 6.5, 7.0, 7.5, 8.0,
8.5, 9.0, and 9.5 to obtain information about the pH
dependence of the enzyme-catalyzed reaction. The buffers
used for this study were MES (6.5), HEPES (6.5-8.5), TAPS
(8.5-9.5), and CHES (9.0-9.5). Assays were performed at
room temperature in 50 mM buffer by fixing the concentra-
tion of one substrate while varying the other. The pH
dependence of the kinetic parameterskcat andkcat/Km were
determined using acetylCoA (5, 10, 15, 20, 25, 50, 125, and
250µM) andL-Hse (0.1, 0.2, 0.3, 0.4, 0.5, 1.0, 2.5, and 5.0
mM). The data were fit to eqs 3 and 4 using Grafit 4 software
(11). Equation 3 was used for double-ionization analysis,
and eq 4 was used for single ionization analysis.

Ka and Kb are respectively the acid and base equilibrium
constants;C is the pH-independent value; andH is the proton
concentration.

All assays were initiated by the addition of purified HTASp

(0.15 µg/reaction) and were performed in duplicate.
Proton InVentory Experiments and SolVent Deuterium

Isotope Effects.Solvent deuterium isotope effects onkcat and
kcat/Km were determined by using the DTDP assay. The
assays were initiated with 0.15µg/reaction of purified HTASp,
25 mM HEPES (pH 8.0), 2 mM DTDP, varying concentra-
tions L-Hse (0.1, 0.2, 0.3, 0.4, 0.5, 1.0, 2.5, and 5.0 mM),
and 250µM acetylCoA, in H2O or 95% D2O. The same
experiment was performed with varying concentrations of
acetylCoA (5, 10, 15, 20, 25, 50, 125, and 250µM) and 5
mM L-Hse. Proton inventories were determined by measuring
the kinetic parameters at varying amounts of D2O in the

Scheme 1: Schematic Representation of the Difference in
the Sequence between the Fungal and Bacterial HTA Amino
Acid Sequences

V ) kcatEt[S]/(Km + [S]) (1)

y ) AKa/Vmax + (1 + Kb/B)/Vmax (2)

log V ) log(C/(1 + H/Ka + Kb/H)) (3)

log V ) log(C/(1 + Kb/H)) (4)
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reaction mixture (0, 20, 45, 70, and 95%). Assay conditions
were similar to those described for the pH dependence
experiment.

Identification of Acetyl-Enzyme Intermediate.The detec-
tion of an acetyl-enzyme intermediate was accomplished
by monitoring14C-acetylCoA-dependent labeling of HTASp.
The reaction was initiated with the addition of 10µg of
HTASp to 14C-acetylCoA (final concentrations of 200µM,
50 Ci/mol) in 50 mM HEPES at pH 8.0. The same reaction
was performed in the presence of 3 mML-Hse to chase away
the label from the acetyl-enzyme intermediate. The reactions
were stopped by the addition of SDS-polyacrylamide gel
electrophoresis loading dye (4% SDS, 100 mM Tris at pH
8.8, 50 mM EDTA, 10% glycerol, and 0.02% bromophenol
blue) at various time points. These reactions were then
applied to a 12% SDS-polyacrylamide gel, dried, and
exposed to a Storage Phosphor Screen. The radioactive label
was visualized using a Typhoon 9200 Variable Mode Imager
and ImageQuant 5.2 software (Molecular Dynamics).

Site-Directed Mutagenesis of HTASp. To investigate the
role of different residues in the mechanism of HTASp, the
site-specific mutants Ser163Ala, Ser163Cys, Asp209Asn,
Asp374Asn, Asp403Asn, and His432Ala were prepared
using the method of Higuchi et al. (12). The oligonucleotides
used for the construction of these mutants are outlined in
Table 1 of the Supporting Information.

To construct each mutant, two PCR reactions were setup.
The first was used to amplify the fragments on either side
of the mutation site, and the second was to amplify the entire
gene with the site-specific mutation using the PCR fragments
from the first amplification as templates. Final PCR products
were cloned into the pET28 vector. The expression, purifica-
tion, and steady-state kinetic analysis of these mutants
followed the procedure outlined above for the wild-type
enzyme.

Expression of the Site-Specific Mutants in a MET2-
Deficient S. cereVisiae. HTASp, Ser163Ala, Ser163Cys,
Asp374Asn, Asp403Asn, and His432Ala mutants were
cloned into the pDESTIN vector using the Gateway technol-
ogy (Invitrogen). These constructs were further used to insert
the genes into the pGAL-cflag vector (plasmid MT3164 in
ref 13). Briefly, the genes expressing these enzymes were
amplified by PCR using the oligonucleotides 5′-GGGGA-
CAAGTTTGTACAAAAAAGCAGGCTTAATGGAATC-
TCAATCTCCGATTGAATCA and 5′-GGGGACCACTTTG-
TACAAGAAAGCTGGGTCCCAGGAGGTTATGTCTT-
CCATTTCTC. The amplified genes were inserted into the
pDONR201 vector as an entry clone. These clones were
transformed into TOP10E. coli electrocompetent cells and
selected on LB-agar plates supplemented with kanamycin
(50 µg/mL). Colonies were screened for the proper insert,
and then, the destination clone in the pGAL-cflag vector was
also constructed. These constructs were used to transform
Saccharomyces cereVisiae(ATCC 4011167) (a haploid Met
auxotroph that has aMET2 gene disruption), using the
lithium acetate yeast transformation method (14).

TheS. cereVisiae∆MET2Met auxotroph transformed with
the wild type and site mutants cloned into the pGAL-cflag
expression system were grown in yeast nitrogen base (YNB)
broth supplemented with 100 mg/L His, 100 mg/L Lys, 100
mg/L uracil, 2% galactose, and 2% raffinose in the presence

or absence of 100 mg/L of Met. Growth of these strains was
also tested on similarly supplemented YNB-agar plates.

RESULTS

Characterization of HTASp. HTASp expressed inE. coli
BL21 (DE3) cells yielded 16 mg of enzyme from 1 L of
cell culture. The steady-state kinetic parameters of HTASp-
catalyzed acetylation of Hse were determined and are
summarized in Table 1.

Double-reciprocal plots of the initial velocity patterns
obtained from varying the concentrations of substrates reveal
parallel lines (Figure 1). This result is consistent with the
acetylation ofL-Hse via a double-displacement or ping-pong
mechanism.

To further support that HTASpcatalyzes the acetyl transfer
reaction via a double-displacement mechanism, we incubated
the enzyme with14C-acetylCoA and monitored the transfer
of the label to HTASp (Figure 2). The acetyl-enzyme
complex collapses with the addition ofL-Hse, consistent with
the transfer of the radioactive group to the amino acid. The
stoichiometry of acetylation was estimated to be∼14% after
the excision of the labeled protein from the SDS-polyacry-
lamide gel, followed by scintillation counting. This value
reflects the hydrolytic liability of the complex under these
conditions.

Table 1: Steady-State Kinetic Parameters of HTASp and Site
Mutants

enzyme substrate
Km

(µM)
kcat

(s-1)
kcat/Km

(s-1 M-1)

HTASp acetylCoA 20.9( 1.4 9.34( 0.2 4.47× 105

L-Hse 1090( 80 9.60( 0.3 8.83× 103

propionylCoA 48.4( 3.8 16.1( 0.5 3.32× 105

butyrylCoA 44.1( 3.7 47.2( 0.1 1.07× 105

Ser163Cys acetylCoA 23.9( 3.7 0.64( 0.06 2.67× 104

L-Hse 6430( 340 1.67( 0.03 2.61× 102

Asp209Asn acetylCoA 19.9( 1.7 12.9( 0.03 6.50× 105

L-Hse 1150( 60 8.40( 0.03 1.40× 104

Asp374Asn acetylCoA 11.6( 0.8 8.46( 0.1 7.30× 105

L-Hse 960.0( 50 13.4( 0.2 1.40× 104

FIGURE 1: Double-reciprocal plots of the initial velocity patterns
of HTASp. (A) Varying concentrations of acetylCoA at a fixedL-Hse
concentration (b, 600µM; 0, 900µM; 9, 1200µM; 4, 2400µM).
(B) Varying concentrations ofL-Hse at a fixed acetylCoA concen-
tration (b, 10 µM; 0, 15 µM; 9, 20 µM; 4, 40 µM).
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pH Dependence of HTASp Kinetic Parameters.The pH
dependence of the kinetic parameters of HTASp can reveal
different ionization states of the enzyme and/or reactants that
could affect the activity of the enzyme (15). The pH
dependence of the steady-state rates of HTASpwas measured
in the pH range of 6.5-9.5, and the data are summarized in
Figure 3. The pH dependence ofkcat gives a bell-shaped curve
indicating that, at both the low and high pH values, activity
is affected with two pKa values of 6.6 and 9.4 (Figure 3A).
The effect onkcat/Km_acetylCoA is affected at the lower end of

the pH range studied, with a single pKa value of 6.4 (Figure
3B). Finally, the effect of pH onkcat/Km_L-Hseis only apparent
at the higher end of the pH range, giving a slightly lower
pKa value of 9.4 (Figure 3C).

Proton InVentory Experiments and SolVent Deuterium
Isotope Effects.Solvent deuterium isotope effects of the
forward reaction were determined by measuring the kinetic
parameters in H2O and 95% D2O. When varyingL-Hse,
solvent isotope effects of 1.89 onkcat and 2.03 onkcat/Km_L-Hse

were obtained. When varying acetylCoA, solvent isotope
effects of 1.96 onkcat and 2.10 onkcat/Km_acetylCoA were
obtained.

Proton inventory studies measured with increasing amounts
of D2O in the reaction mixture reveal a linear dependence
with kcat (Figure 4). These data are consistent with a single-
proton transfer in the isotopically sensitive step (16).

Characterization of HTASp Mutants. Analysis of HTA
protein sequences reveals that these are members of theR/â-
hydrolase fold superfamily, which are characterized by a
catalytic triad with a nucleophilic residue in this motif, which
is Ser, Cys, or Glu (9). Protein sequence alignments of HTAs
reveal no consensus Cys, but there is an invariant Ser at
position 163. Furthermore, our pH studies show dependence
on a deprotonated amino acid with a pKa value of 6.4-6.6,
which could suggest the involvement of a His residue. Protein
sequence alignment of HTAs reveals a single conserved His
residue at position 432. There are several conserved Asp
residues at positions 209, 374, and 403, which would
complete the triad. Therefore, we constructed the mutants

FIGURE 2: Identification of an acetylated HTASpas an intermediate
in L-Hse acetylation.14C-AcetylCoA was added to HTASp, and the
transfer of the radioactive label was monitored over time. (A)
Coomassie-stained 12% SDS-polyacrylamide gel of the HTASp
reaction with14C-acetylCoA before and after the addition ofL-Hse.
Reactions were stopped at different time points by the addition of
SDS-polyacrylamide gel electrophoresis loading dye. (B) Phosphor
image of the SDS-polyacrylamide gel.

FIGURE 3: pH dependence of the kinetic parameters of HTASp
catalysis ofL-Hse acetylation. (A) Dependence ofkcat on pH. (B)
Dependence ofkcat/Km_acetylCoAon pH. (C) Dependence ofkcat/Km_Hse
on pH.

FIGURE 4: Proton inventory study of HTASp. Effect of the fraction
of D2O (0, 20, 45, 70, and 95%) on thekcat of HTASp was
determined and reveals a linear dependence.

FIGURE 5: Identification of the ability of Ser163 site mutants to
transfer the acetyl group of14C-acetylCoA via an acetyl-enzyme
intermediate. (A) Coomassie-stained 12% SDS-polyacrylamide gel
of Ser163Cys and Ser163Ala mutant reactions with14C-acetylCoA
before and after the addition ofL-Hse. Reactions were stopped after
30 min by the addition of SDS-polyacrylamide gel electrophoresis
loading dye. (B) Phosphor image of the SDS-polyacrylamide gel.
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Ser163Ala, Ser163Cys, Asp209Asn, Asp374Asn, Asp403Asn,
and His432Ala, purified each, and studied their steady-state
kinetic parameters (Table 1). The Ser163Ala, Asp403Asn,
and His432Ala site mutants show no activity in our assay.
These results are consistent with the identification of Ser163,
Asp403, and His 432 as the catalytic triad residues.

We also monitored acetyl-enzyme intermediate formation
using the site mutants to access the role of these mutants to
catalyze the first half-reaction. Figure 5 reveals the ability
of Ser163Cys to form an acetyl-enzyme intermediate, which
breaks down after the addition ofL-Hse. As expected, the
Ser163Ala mutant could not form an acetyl-enzyme inter-
mediate (Figure 5). His432Ala and Asp403Asn are weakly
labeled when incubated with14C-acetylCoA (data not
shown). The label is not released upon the addition ofL-Hse
to the reaction mixture or by the prolonged incubation time.

Suppression of∆MET2 by HTASp in S. cereVisiae.Wild-
type HTASp and site mutants were expressed under the
control of galactose induction in aS. cereVisiae MET2
deletion strain. This mutant requires an exogenous amount
of Met for growth in minimal media. The growth of this
strain was assessed in broth and on agar plates of minimal
media (YNB) in the presence and absence of Met, compli-
mented by the wild type and the different site mutant alleles
of HTASp in trans. This experiment was designed to study
the ability of HTASp and its mutants to suppress Met
auxotrophy because of theMET2 gene disruption. In the
presence of Met, all strains show similar growth to the wild

type and reach saturation after 30 h (Figure 6A). When Met
is absent, Asp374Asn and Ser163Cys were the only two
mutants capable of reaching saturation levels of growth
similar to the wild-type enzyme, although Ser163Cys is
slower by 15 h (Figure 6B). These results were also
confirmed on solid media, where the only strains capable of
growing without Met have the wild-type, Asp374Asn, or
Ser163Cys enzyme construct introducedin trans(Figure 7).

DISCUSSION

HTA is an essential enzyme required for the biosynthesis
of Met from Asp. This enzyme catalyzes the transfer of an
acetyl group from acetylCoA to the hydroxyl group ofL-Hse,
activating the terminal hydroxyl for eventual replacement
by thiol to generate homocysteine, the penultimate step in
Met biosynthesis (17). Blanchard’s group has studied HTA
from the bacteriumH. influenzaeand found that it operates
by a ping-pong kinetic mechanism, forming an acetyl-
enzyme intermediate before final transfer of the acyl group
to L-Hse (10). Fungal HTAs share approximately 20%
similarity with the bacterial enzymes and have an insert of
approximately 100 amino acids located about 50 amino acids
from the C terminus (Scheme 1). On the basis of these
observations and the importance of this enzyme as a possible
target for new antimicrobial agents, we have investigated
the mechanism of HTA from the fission yeastS. pombeto
establish if the fungal enzymes share overall mechanism with
their bacterial counterparts and to identify important active-
site residues involved in catalysis.

FIGURE 6: Growth curves of wild type and site mutants of HTASp

expressed inS. cereVisiae∆MET2Met auxotroph in minimal media.
(A) Growth of wild type ([), Ser163Cys (2), Ser163Ala (9), and
His432Ala (]) in minimal media lacking methionine. (B) Growth
of Asp374Asn (O), Asp403Asn (b), pGal-cflag vector (0), and no
vector (4) in minimal media lacking Met. (C) Growth of all of the
constructs in minimal media supplemented with methionine.

FIGURE 7: Wild type and mutants of HTASp expressed inS.
cereVisiae ∆MET2 Met auxotroph on minimal media agar plates
in the presence (A) and absence (B) of Met. 1, WT; 2, Ser163Ala;
3, Ser163Cys; 4, Asp403Asn; 5, His432Ala; 6, Asp374Asn; and
7, pGal-cFlag vector. Wild type, Asp374Asn, and Ser163Cys are
capable of suppressing the Met auxotrophy.
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Analysis of steady-state kinetic parameters demonstrated
that the acetylCoA Michaelis constant for the yeast enzyme
is 4 times smaller than theH. influenzaeenzyme (10), while
theKm for L-Hse is 8-fold higher. The catalytic constant (kcat)
is 10 times larger for the bacterial enzyme. The bacterial
enzyme is therefore comparable with the fungal HTA in
terms of acetylCoA capture (18) (kcat/Km on the order of 105

M-1 s-1) but 80-fold less efficient atL-Hse capture in the
steady state. These differences likely speak to the levels of
intracellular substrate pools and the metabolic flux require-
ments within each organism.

While the fungal and bacterial HTAs differ in acylCoA
Km, they do share similar acylCoA specificity. Both fungal
and bacterial enzymes show little differentiation between C2,
C3, and C4 acylCoAs, withKm values varying at most 2-fold.
Therefore, HTAs likely share similar acylCoA-binding-site
geometries.

HTA from S. pombedemonstrated parallel lines in
Lineweaver-Burke plots of initial velocity studies, suggest-
ing that HTASp catalyzes the acetylation ofL-Hse via a
double-displacement (ping-pong) mechanism. This was sup-
ported by the capture of a labile acyl-enzyme intermediate
when HTASp was incubated with radiolabeled acetylCoA.
The label was efficiently transferred toL-Hse, demonstrating
competence in the second half-reaction of a double-displace-
ment mechanism. These results were predicted given the
precedent with theH. influenzaeenzyme (10) and inclusion
of HTA in the R/â-hydrolase fold enzyme superfamily that
functions by nucleophilic catalysis (9). These enzymes
frequently operate through a canonical catalytic triad, with
nucleophilic residues partnered with 1-2 acid-base catalysts
such as His and Asp.

Analysis of solvent isotope effects was consistent with
rate-influencing proton transfer, and pH studies suggested
participation of at least one base with pKa 6.4-6.6, sugges-
tive of His or possibly Asp/Glu. Amino acid sequence
alignment of HTAs identified one conserved His, His432,
and three conserved Asp in positions 209, 374, and 403. This
alignment also identified a potential nucleophilic residue,
Ser163. We mutated each of these residues and analyzed
their impact on steady-state kinetics. The His432Ala and
Asp403Asn mutants had no detectable activities implicating
them in catalysis. Furthermore, Ser163Ala also had no
detectable activity, while the Cys mutant was catalytically
impaired but competent with roughly a 10-fold impact on
kcat/Km for both acetylCoA andL-Hse substrates.

These results suggest a catalytic triad of Ser163, His432,
and Asp403 participating in catalysis of Hse acetylation by
HTA. A reasonable chemical mechanism is shown in Figure
8, where His432 and Asp403 assist in activation of Ser163
for formation of the acyl-enzyme. We speculate that these
residues may also be involved in deprotonation of the second
substrate Hse as shown in the figure. Thein Vitro results
were recapitulatedin ViVo in an S. cereVisiae MET2null
genetic background. Only the wild-type, Asp374Asn, and
Ser163Cys enzymes could suppress Met auxotrophy. These
results not only support the roles of Ser163, His432, and
Asp403 in HTA function, but they also demonstrate that
impairment of HTA activity is antifungal under Met limiting
conditions.

Several studies have indicated the importance of the Asp
pathway for the survival of microbes. A number of enzymes
in this pathway have been validated as novel antimicrobial
targets (2, 5, 19, 20), and our results on HTA implicate it as

FIGURE 8: Proposed chemical mechanism of HTASp. This enzyme uses a catalytic triad to transfer an acetyl group from acetylCoA toL-Hse
via a ping-pong mechanism. The members of the catalytic triad are essential to facilitate this process by activating Ser163 for nucleophilic
attack on the carbonyl center of acetylCoA. This triad is also likely important for activating the hydroxyl group ofL-Hse for acetylation.
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an essential enzyme for organisms in environments that are
poor in Met concentrations such as serum [Met concentration
of 20 µM (21)]. HTA is unique to fungi, Gram-positive, and
some Gram-negative bacteria, and therefore, this enzyme
presents the antimicrobial industry with a novel target. The
double-displacement mechanism utilized by HTASp via the
Ser163 nucleophile also provides a unique anchor for
inhibitor discovery. Drugs such as theâ-lactams of the
penicillin and cephalosporin class have been developed that
alkylate the Ser nucleophilic residues of peptidoglycan
transpeptidases, providing precedent for successful inhibition
of therapeutically important enzymes. A similar strategy
targeting HTA could generate novel antimicrobial agents,
which are sorely needed in the face of drug resistance and
the emergence of new pathogens.

NOTE ADDED AFTER ASAP PUBLICATION

This paper was published ASAP 09/24/05. The units for
kcat/Km in the first paragraph under Figure 8 are now correct.
The corrected version was published 09/29/05.

SUPPORTING INFORMATION AVAILABLE

Table listing oligonucleotide sequences used for gene
amplification. This material is available free of charge via
the Internet at http://pubs.acs.org.
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