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ABSTRACT. Homoserine transacetylase catalyzes one of the required steps in the biosynthesis of methionine
in fungi and several bacteria. We have determined the crystal structure of homoserine transacetylase from
Haemophilus influenza® a resolution of 1.65 A. The structure identifies this enzyme to be a member

of the a/f-hydrolase structural superfamily. The active site of the enzyme is located near the end of a
deep tunnel formed by the juxtaposition of two domains and incorporates a catalytic triad involving Ser143,
His337, and Asp304. A structural basis is given for the observed double displacement kinetic mechanism
of homoserine transacetylase. Furthermore, the properties of the tunnel provide a rationale for how
homoserine transacetylase catalyzes a transferase reaction vs hydrolysis, despite extensive similarity in
active site architecture to hydrolytic enzymes.

The aspartate pathway is one of the critical amino acid exploiting these enzymes as drug targets has been demon-
biosynthetic pathways found in all kingdoms except animals strated in the antifungal/antimycobacterial compound 5-hy-
(2). In bacteria, plants, and fungi this pathway converts Asp droxy-4-oxonorvaline, which targets the enzyme upstream
into the essential amino acids lle, Met, and Thr. Furthermore, of HTA, homoserine dehydrogenas#.(
in bacteria the aspartate pathway also forms the starting point  Given the potential relevance of enzymes of the aspartate
for the synthesis of Lys2). In brief, metabolic processing pathway in antimicrobial drug discovery, it is not surprising
of Asp is initiated via phosphorylation of the C4 carboxyl, that they have been the subject of extensive studies including
followed by two successive two-electron reduction steps structural characterization. For example, the pathway has
generating the corresponding C4-alcohol. The resulting been probed by genetic tools to identify factors affecting its
product, homoserine, is then situated at a key metabolicflux (5); inhibitors have been identified through high-
branch point where it can be either phosphorylated and throughput screening methods and other approaches (
subsequently further converted into Thr and lle or acylated, 7); and enzymological studies have been reported for all of
directing it toward Met biosynthesis. In fungi and many the enzymes that make up the aspartate path@ag(ystal
clinically important bacterial species (e.q2seudomonas  structures have been determined for four of the enzymes
aeruginosaMycobacterium tuberculosisndHaemophilus involved in the aspartate pathway, i.e., the two enzymes
influenzag the enzyme that commits homoserine toward Met preceding HTA in the pathway, aspartate semialdehyde
biosynthesis is homoserine transacetylase (HTA). dehydrogenase3) and homoserine dehydrogena8g and

The critical nature of the aspartate pathway is not only the two enzymes that follow HTA toward Met synthesis,
the result of the necessity of maintaining sufficient pools of cystathioney-synthase10) and cystathioning-lyase (L1).
amino acids for protein synthesis but it also affects numerous HTA has thus far resisted structural characterization but
other metabolic processes as Met is the precursor to thehas been kinetically characterized. Blanchard and co-workers
essential biological methyl donds;adenosylmethioninesy. have reported studies for HTA froi. influenzag and we
As a consequence of this critical biochemical role and the have studied thé&chizosaccharomyces pomhemologue
absence of a homologous pathway in humans, enzymes 0f(12, 13). These studies show that HTA catalyzes the transfer
the aspartate pathway have been considered as potential drugf the acetyl group from coenzyme A to homoserine
targets for antimicrobial drug development. The viability of employing a double displacement (ping-pong) mechanism,

involving an acyl-enzyme intermediate. Here we present the
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TCCCCCCGGGAAGCTTTTAATTACCTGCCAAACCA' Table 1: Data Collection, Data Processing, Phasing, and
TC. The amplicon was cloned into the pET28 vector Refinement Statistiés

(Novagen) at thé\dd and Hindlll restriction enzyme sites Data Collection
using standard techniques, and the DNA sequence wasX-ray source BNL-X29 BNL-X8C
£ H H H space grou P3:21 P3:21
verified. The resulting plasmid was transformed irife- U (A) acb=853 acb—g58,
cherichia coliB834 DE3 competent cells, allowing for the c=120.3 c=120.8
expression of HTA with an N-terminal hexahistidine tag. ~ wavelength (A) 0.9788 0.9800 0.9184
Expression and Purification of Selenome?hionine—Labeled resolution (A) So.effgipr"cesggf?ﬁlg 50.0-2.06
HTA. Transformed cells were grown at 83T in 2 L of M9 . (1.71-1.65)  (2.27-2.19)  (2.13-2.06)
minimal media supplemented with selenomethionine to an ;?n:'gi'(?,/tsness(/") 7_5138('3?2(3?'6) 9_37(f6fgf'8) 7_?%'281_(3)9'3)
ODsoonm Of 1.0, at which time induction was achieved by 1o 10.8 (4.0) 9.3 (6.3) 12.8 (5.1)
the addition of isopropys-b-thiogalactopyranoside to 1 mM. Phasing
Cells were then grown for an additional 9 h, harvested by Egm (proiotr geeg-mgg-) %-37‘; %‘;5;
centrifugation at 600§) and resuspended in 30 mL of 50 (post den. mod.) 0. e '
mM HEPES, pH 7.5, 500 mM NaCl, and 20 mM imidazole. que refections s7sge oo
Lysis was performed by sonication and cleared by centrifu- Racor (%) 16.4
i i _ Ruee(%) 18.7
gation at 21000 for 45 min. The s_upernatant was subse rmed bonds (A) 0010
guently passaged through a 022 filter and applied onto rmsd angles (deg) 1.155

a 5 mL HiTrap Chelating HP column (Amersham). Protein
was eluted by using an increasing gradient of imidazole to
a final concentration of 200 mM. Fractions showing absor-
bance at 280 nm were analyzed by SBflyacrylamide )
gel electrophoresis, and fractions containing HTA were .4 -
pooled. After the pooled fractions were concentrated, the

aValues for the highest resolution shell are shown in parentheses.

eluted using 50 mM HEPES, pH 7.5, 500 mM NacCl, and
20 mM imidazole. Fractions corresponding to single bands u _
on a Coomassie-stained polyacrylamide gel were subse-;'i'- -
quently assayed for enzyme activit¢ 13), pooled, and A
concentrated to 10 mg/mL.

Crystallization Data Collection, and Data Processing.
Crystals of HTA were grown by the hanging drop vapor
diffusion method using a 1:1 protein to well solution ratio
for a total drop size of 4L. Diffraction quality crystals were ). iz 1%
obtained in +2 days when using 20% PEG 8000 and 100 Ficure 1: Electron density map obtained immediately following
mM HEPES, pH 7.5, as the well solution. In preparation for deAnsgy Trrrl1c‘;d:]f1i<;atiic;ncgrr]lflo lzjarlétgggaesdumec;dglsg;ilgri]n% ewietlhe é?rF;E/
data COIIeCtlon_CryStgls were briefly soaked in PEG 200 and \élvensit)./ map is tFr)le final refined model Fc)>f I—FI)TA. The portion of the
flash frozen. Diffraction data from two crystals, collected at molecule shown includes residues Ser143, Asp304, and His337.
one and two different wavelengths, were acquired at the X29 This figure and similar following figures were prepared using
and X8C beamlines of the National Synchrotron Light PYMOL (27).

Source,_ Brookhaven National Laboratqries, Upton, NY, RESULTS AND DISCUSSION

respectively. Data were processed using the HKL2000

software suite 14). Details of data collection statistics are ~ Owverall Fold of HTA.The structure of HTA reveals a two-
provided in Table 1. domain organization, where one domain consists of residues
1-167 and 281358 and the second domain is composed
of residues 173276 (Figure 2a,b). The first domain consists
of an eight-stranded strongly twisteg@tsheet, which is

Y . predominantly parallel in topology. Connectivity of this
lowed by automated model building with ARP/WAREY. p-sheet is achieved by two flankinghelices parallel to the

In both cases, Solve readily identified eight out of a possible sheet on one side and three helices on the opposite face
nine selenium sites present in the asymmetric unit. The tWo Thea second domain is inserted betwgestrand 6 and helix '
independent models resulting from this automated procedurep, 5 js composed of fiva-helices. The orientation of this
revealed remarkable agreement with an rmsd of 0.121 A for yomain is perpendicular to th#sheet and forms a canopy
341 (o atoms (94% complete model; Figure 1). Given the gyer the first domain. The intervening residues between the
higher (1.65 A) resolution of the data measured at the X29 two domains (residues 16872 and 277281) do not
beamline, this model was further refined using refmgg.( display any secondary structure.

The final model of HTA consists of residues-358 and The group of Dr. Blanchard has suggested that HTA from
425 solvent molecules but excludes the N-terminal hexa- H. influenzaeexists physiologically as a dimef?). The

His tag as no density for this peptide was observed. Phasingcrystal structure determined here has only one HTA molecule
and refinement statistics are provided in Table 1. per asymmetric unit. However, examination of crystal

Al =

Structure Determination and Refinemebiffraction data
originating from the two crystals were separately used for
structure determination, employing Solve/Resoli/g) fol-
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a)

Ficure 2: Structure of HTA fronH. influenzae (a) TOPS diagram of HTA in which the two-domain architecture of enzyme is highlighted

by boxes 28). The secondary structure nomenclature follows the canonical labeling scheme uségtigdrolase enzymes. (b) Cartoon
representation of HTA colored according to (a). (c) Quaternary structure of HTA. (d) Cross section of the enzyme illustrating the size and
depth of the active site tunnel.

packing contacts reveals that two HTA molecules can form dimers (L8). Note that the dimer interactions are limited to
a physiological dimer species through interactions betweenresidues from one domain, leaving the possibility of domain
the two alle-helical domains (Figure 2c). Helices La and movement within one HTA monomer.

Lb from one monomer are found to interact in an antiparallel ~ The most striking feature of the molecular surface of HTA
orientation with the complementary helices of the adjacent is a deep tunnel formed by the juxtaposition of the two
molecule. Together they form a classical four-helix bundle domains (Figure 2d). The tunnel is cylindrically shaped with
arrangement in which the core is completely hydrophobic. a length of~14 A and a diameter of-7 A. The overall
Additionally, helices Lc and Ld perpendicularly flank the volume of the tunnel is approximately 653.AThe residues
four-helix bundle, thereby further strengthening dimeric lining the wall of the tunnel are predominantly polar and
interactions by providing both hydrogen bonds and van der include residues Thr50, Asp52, Arg6l, Serl43, Arg212,
Waals contacts. As a result, the two HTA monomers form Tyr219, Tyr294, His337, and Asp338. Intriguingly, Ser143
an arrangement resembling a handshake. The total extent ofs the only residue in HTA which displays strainedy

the dimer interface is 2200 %A(per monomer) and is  angles despite having very well defined density, suggesting
predominantly hydrophobic in character, in full agreement its strained conformation is important for function (Figure
with what has been observed for physiologically stable 1).
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Ficure 3: Comparison of HTA with members of theés-hydrolase superfamily and other HTA enzymes. (a) rmsd comparison of HTA vs

33 diverse family members from SCOP datab&®. (Residues that are structurally conserved are colored blue, and those that possess no
structurally equivalent residues in othef3-hydrolase superfamily members are colored yellow. The scoring results are presented both as

a cartoon representation and as a fingerp®@).(Structural alignments were carried out using Lsqnih).((b) Similar to (a) except that

here sequence similarity among 24 unique HTA sequences in GenBank is mapped onto the structure. Unique sequences used in this comparison
were obtained using Blastp. Alignments were carried out with ClustaR¥, @nd scoring of residues was assessed using a Gonnet 350

matrix (33).

HTA Is a Member of thew/-Hydrolase Superfamily
VAST analysis 19) reveals that the second althelical
domain possesses a unique fold. However, the fisteet-

containing domain displays a fold which identifies HTA as

a member of thev/s-hydrolase structural superfamily (Figure

3a). Thea/p-hydrolase superfamily has been well studied

for over 15 years20). The canonical fold consists of an
eight-stranded mainly parallgtsheet, in which the second

It is somewhat unexpected that HTA is a member of the
o/B-hydrolase superfamily. BLAST search of the amino acid
sequence against the current Protein Data Bank does not
reveal any significant hits. The structure-based sequence
alignments of HTA to its nearest structural neighbors also
show percent sequence identity of 10% or less. However,
bioinformatics analysis using the Conserved Domain Data-
base does predict HTA to be a member of dtig-hydrolase

strand is oriented in the antiparallel direction, surrounded superfamily 4). As a result, several groups including ours

by a total of sixa-helices R1). Significant amino acid

have speculated that HTA may possess dfjg-hydrolase

sequence similarity among the various members of this fold (13, 25, 26).

superfamily is effectively nonexistent, implying substantial

evolutionary divergence2@). This divergence is also re-

Structural Basis for the Catalytic Mechanism of HTA.
Comparison of all HTA sequence data presently available

flected in the plethora of chemical transformations catalyzed indicates that the average pairwise percent identity3d6—

by o/f-hydrolase superfamily members. The following 40% (Figure 3b). Specifically, the following residues that
catalytic activities have been observed in members of this are adjacent to the tunnel are absolutely conserved: Ser143,
superfamily: hydrolase, thioesterase, haloperoxidase, de-Arg212, Asp304, His337, and Asp338. Furthermore, some

halogenase, and-&C bond breaking43). HTA's -sheet-
containing domain, hereafter referred to asdighydrolase
(ABH) domain, is structurally most similar to a putative
serine hydrolase (Ydr428C) fro@accharomyces cerisiae
(PDB code 1VKH), with an rmsd of 3.9 A for 204 aligned

of these residues (Ser143, Asp304, and His337) are strongly,
though not absolutely, conserved amongs-hydrolase
superfamily members. Note that HTA’s from some organ-
isms are significantly longer than thé influenzaenzyme,
possessing inserts between helices Lc and Ld or Le and D,

residues. When the second domain of HTA, hereafter referredwhich are unlikely to impact activity. Previous kinetic studies
to as the lid domain, is included in the structural comparison, of HTA from H. influenzaeand S. pombeshow that HTA-

proline iminopeptidase frorKanthomonas campest(BDB

catalyzed acetylation of homoserine follows a double dis-

code 1AZW) is identified as the nearest structural homologue placement (ping-pong) mechanism where acetyl-CoA donates
in the current Protein Data Bank (rmsd of 3.4 A for 259 the acetyl group to a nucleophilic residue, thus forming an

residues). The ABH domain differs most significantly from

the canonicab/g-hydrolase fold in the absence afhelix
A, which is normally located betweghistrands 2 and 3 but

initial acyl-enzyme intermediate, followed by a transfer of
the acetyl group to homosering 13). Mutagenesis studies
with the S. pombe=nzyme have provided additional informa-

which is replaced in HTA by a loop that lacks secondary tion on the nature of the nucleophilic residue and possible

structure.

mechanism of activating the nucleophile; specifically, Ser143
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49 transfer to homoserine? To fully address this question,
structural information on the acyl-enzyme intermediate and
on the homoserine binding site will be required. However,
the structure presented here provides some insights. Two
possible strategies can be conceived by which HTA could
circumvent acting as a thioesterase: (i) excluding water from
the active site through hydrophobic shielding or (ii) confer-
ring a higher nucleophilic potential on the second substrate
(homoserine) than wate%). The tunnel present in HTA
could potentially function as a hydrophobic shield, but given
the polar nature of the residues lining the wall of the tunnel,
this strategy appears unlikely. Alternatively, examining the
residues lining the wall of the tunnel suggests a mechanism
by which the nucleophilic potential of homoserine could be
FiGURE 4. Schematic representation of the tunnel and active site increased over that of water. In addition to Serl43 and
architecture. Shown is tﬁe proposed transition state geometry forH|5337’ ArngZ and Asp338 are also abS(_)Iuter Con_served.
acyl transfer to homoserine, indicating positioning of the substrate These residues are well positioned to interact with the
by Arg212 and Asp338. carboxylic acid and primary amine moieties of homoserine,
thereby positioning and steering the hydroxyl of the second
was identified as the catalytic nucleophile, and residues substrate in the ideal location for acyl transfer from Ser143
equivalent toH. influenzae His337 and Asp304 were (Figure 4). On the other hand, a water molecule would not
predicted to complete a catalytic triad for acyl transfis)( be preferentially positioned at the location for optimal transfer
By incorporating these results with the structural data of the acyl group, due to lack of stabilizing interactions.
presented here and exploiting similarities with other enzymes
of the a/g-hydrolase superfamily, a detailed catalytic mech- CONCLUSION
anism can be proposed. _ Here we present the 1.65 A resolution structure of HTA
The structure of HTA reveals that the conserved residue from H. influenzae The structure identifies this enzyme to
Ser143 is in a strained conformation and ideally positioned pe 5 member of the/s-hydrolase superfamily, possessing
in the tunnel to function as the nucleophilic residue that g additional lid domain with a novel fold. As such, this is
accepts the acetyl group from acetyl-CoA. Adjacent 10 the first example of an acetyltransferase enzyme structure
Serl43 is His337, which is in hydrogen-bonding distance naying ano/g-hydrolase fold. Guided by previous kinetic
of the solvent-exposed Ser143 hydroxyl through iiS(RI60  and mutagenesis data, a detailed reaction mechanism can be
A_)- Furthermore, His337 is also in hydrogen-bonding proposed which explains the structural basis for the double
distance of the side-chain moiety of Asp304 through N  gisplacement mechanism of HTA. Furthermore, the archi-
(2.75 R). This constellation is reminiscent of the catalytic tacture of a tunnel provides a rationale of how HTA
triad in, for example, serine proteases and will force Ser143 yreferentially catalyzes acetyl transfer above hydrolysis. As
to be inan _actlvate_d state so as to favor nucle_oph|I|c attack 1A is a potential drug target for combating fungal and
on this residue (Figure 1). Entrance of the first substrate pacterial infections, the determination of the active site
acetyl-CoA into the active site results in nucleophilic attack geometry and the identification of a nucleophilic serine have
on the thioester bond of acetyl-CoA. Formation of the potential pharmaceutical application. This information allows
predicted tetrahedral transition state can be stabilized via angy, the development of inhibitors that alkylate Ser143,
oxyanion hole formed by the backbone amide nitrogens of herepby obstructing Met biosynthesis. This strategy mirrors
Leu49 and Phel44. Phel44 is situated at the N-terminus ofihe approach taken b§-lactam antibiotics, which alkylate
helix C, which contributes additional positive charge via the nycleophilic serine of peptidoglycan transpeptidases.
helical dipole interactions. Collapse of the tetrahedral transi-
tion state precipitates release of CoASH, resulting in an ACKNOWLEDGMENT
acylated Ser143: the acyl-enzyme intermediate. Next, en-
trance of the alcohol homoserine affects a reverse of the
previous reaction with transfer of the acetyl group back from = - )
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