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ABSTRACT 
 

Background: Methionine is a sulfur-containing amino acid that is synthesized via a branch point in 
the aspartate metabolic pathway. S-adenosyl methionine is subsequently synthesized from 
methionine, and plays a critical role in the transfer of methyl groups to various biomolecules, 
including DNA, proteins and small-molecule secondary metabolites. The branch point that leads to 
the synthesis of methionine and S-adenosyl methionine starts with the activation of the hydroxyl 
group of homoserine.  
Species Variation: The mode of activation of homoserine differs from plants to microorganisms, as 
well as within different microbial systems. At this point, depending on the species, at least three 
different activation routes have been identified. In addition, the route of sulfur assimilation in these 
systems can also vary from species to species.  
Enzymology: Homoserine acyl transferases catalyze the primary routes to homoserine activation 
in microbes, and these enzymes are members of the α/β hydrolase superfamily. While the two 
different families of homoserine acyl transferases use the same kinetic and chemical mechanisms 
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to catalyze this related reaction, they do so by using significantly different overall structures, as well 
as subtle differences in their closely related active site structures.  
Conclusion: Since this pathway produces metabolites that play a number of critical biochemical 
roles in microorganisms, and because of the complete absence of related enzymes in mammals, 
the enzymes in this pathway represent novel targets for future antibiotic drug development. 
 

 
Keywords: Methionine biosynthesis; homoserine activation; homoserine sulfuration; homoserine 

acyltransferases; enzyme mechanisms; enzyme evolution; enzyme structures.  
 
ABBREVIATIONS 
 
AdoMet, S-adenosyl-L-methionine; APS, adenosine 5’-phosphosulfate; CBL, cystathionine β-lyase; 
CGS, cystathionine γ-synthase; HK, homoserine kinase; HMT, homoserine methyltransferase; HTA, 
homoserine transacetylase; HTS, homoserine transsuccinylase; Mtb, Mycobacterium tuberculosis; 
OAH, O-acetylhomoserine; OAHS, O-acetylhomoserine sulfhydrylase; OPH, O-phosphohomoserine; 
OSHS, O-succinylhomoserine sulfhydrylase; PAPS, 3’-phosphoadenosine 5’-phosphosulfate; PFE, 
Pseudomonias fluorescens esterase; PLP, pyridoxal phosphate; STA, L-serine O-acetyltransferase. 
 
1. INTRODUCTION 
 
The vast majority of metabolic pathways proceed 
in a sequential fashion, where a sequence of 
enzyme-catalyzed reactions is used to convert 
metabolic precursors to the final end products. 
The introduction of branch points, where two 
different enzymes will utilize the same substrate 
to yield different products, allows common 
precursors to lead to different final products. It is 
highly unusual for multiple enzymes, with 
different co-substrates and different structures, to 
be involved in the conversion of a common 
metabolic intermediate to the same final product. 
However, such is the case for the conversion of 
the common intermediate L-homoserine to the 
final product, L-methionine. In this report we 
examine the diversity of enzyme-catalyzed 
reactions that are involved in the activation and 
sulfuration of L-homoserine in different microbial 
species, leading to the ultimate production of the 
amino acid L-methionine and the important 
methyl donor, S-adenosyl-L-methionine 
(AdoMet). The pathway that synthesizes these 
essential amino acid products is found only in 
plants and microbes such as bacteria and fungi, 
but is absent in mammals. Therefore the 
microbial enzymes involved in this pathway are 
attractive targets for the development of new 
antibiotic and antifungal compounds with novel 
modes of action. 
 
2. THE ASPARTATE PATHWAY OF 

AMINO ACID BIOSYNTHESIS 
 
The aspartate metabolic pathway (Fig. 1) leads 
to the biosynthesis of the essential amino acids, 

threonine, lysine, methionine and isoleucine in 
most plants, bacteria, and fungi [1,2]. This 
pathway also produces a number of important 
metabolites that are critical for the growth and 
survival of microbes. Dipicolinate, a metabolite 
produced from the pathway intermediate 
dihydrodipicolinate, is required for sporulation in 
Gram-positive bacteria. The UDP-N-
acetylmuraminic acid pentapeptide, produced 
from either diaminopimelate or from lysine, is the 
crosslinking component in bacterial cell walls. 
4,5-dihydroxy-2,3-pentanedione and acyl 
homoserine lactones which are produced from 
AdoMet are the primary signaling molecules 
used in bacterial quorum sensing. The 
methylation reactions which are crucial for cell 
growth and viability are also mediated by 
AdoMet, one of the key products of the aspartate 
pathway [3-5]. 
 
2.1 The Roles of Methionine and S-

Adenosylmethionine 
 
Methionine, a sulfur-containing amino acid, is 
one of the eight essential dietary amino acids in 
mammals, with four of these essential 
compounds produced by the aspartate pathway. 
Methionine biosynthesis occurs as one of the 
branches in the aspartate pathway. Both 
microorganisms and plants synthesize 
methionine by utilizing aspartic acid as the 
source of the carbon skeleton and cysteine as 
the primary sulfur source (Fig. 1). Methionine 
holds a critical position in cellular metabolism, 
where the processes of protein synthesis, 
polyamine biosynthesis and methyl group 
transfers are each interconnected through 



AdoMet [6-8]. AdoMet is synthesize
methionine and ATP by S-adenosylmethionine 
synthetase, and AdoMet serves as the methyl 
donor for a wide variety of acceptors catalyzed 
by many different methyltransferases 
Methylation reactions are involved in numerous 
central biochemical processes that are essential 
for both microbes and mammals, including key 
steps in cell development and maturation 
More recent studies have shown that the 
methionine/AdoMet products are also involved in 
the synthesis of the inducers acylhomoserine 
lactones and pentanediones, groups of 
intercellular signaling molecules that facilitate the 
bacterial quorum sensing and communication 
phenomenon [7,10-12]. 
 

2.2 Variation in and Control of Methionine 
Synthesis  

 
2.2.1 General metabolic routes to methionine
 
Methionine biosynthesis (Fig. 2) is tightly 
controlled, with the initial point of regulation 
located at the first biosynthetic step in this 
branch of the pathway [6,13]. In addition, 
  

Fig. 1. The Aspartate metabolic pathway leading to four essential amino acids (shown in red) 
and to the synthesis of several important metabolites (shown in purple)
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donor for a wide variety of acceptors catalyzed 
by many different methyltransferases [3]. 
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for both microbes and mammals, including key 
steps in cell development and maturation [9]. 
More recent studies have shown that the 
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Variation in and Control of Methionine 

2.2.1 General metabolic routes to methionine 

Methionine biosynthesis (Fig. 2) is tightly 
controlled, with the initial point of regulation 
located at the first biosynthetic step in this   

. In addition, 

microorganisms also employ different synthetic 
and regulatory paths for methionine biosynthesi
that vary from species to species 
primary species variations are the different 
methods for the activation of homoserine and the 
different routes in the mode of assimil
sulfur atom into the carbon backbone 
activation of homoserine produced in the 
aspartate pathway occurs at the branch point 
leading to methionine synthesis (Fig. 1) 
Acylation of homoserine produces different 
acyl homoserines in different species 
The hydroxyl group at carbon-4 of homoserine is 
activated in this commitment step, with the 
subsequent nucleophilic attack by cysteine to 
generate cystathionine. This reaction is catalyzed 
by the pyridoxal phosphate (PLP)
enzyme cystathionine �-synthase (CGS), coded 
by the metB gene [23]. In the next st
cystathionine is broken down to homocysteine, 
catalyzed by cystathionine β-lyase (CBL), coded 
by the metC gene. Finally, the transfer of a 
methyl group from 5’-methyl-THF is catalyzed by 
homocysteine methyltransferase to yield L
methionine (Fig. 2). 

 
Fig. 1. The Aspartate metabolic pathway leading to four essential amino acids (shown in red) 

and to the synthesis of several important metabolites (shown in purple)
(Figure adapted from Viola [1]) 
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microorganisms also employ different synthetic 
and regulatory paths for methionine biosynthesis 
that vary from species to species [14-17]. The 
primary species variations are the different 
methods for the activation of homoserine and the 
different routes in the mode of assimilation of the 
sulfur atom into the carbon backbone [18]. The 

vation of homoserine produced in the 
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Fig. 2. The diverse pathways leading to the synthesis of methionine, with the activation step 
catalyzed by homoserine kinase, homoserine transsuccinylase or homoserine transacetylase 

in various microbes and plants. Also shown are the different pathways to homocyst
via  transsulfuration with cysteine as the sulfur source, or by direct sulfhydrylation

 
 

Thangavelu and Viola; IJBCRR, 11(3): 1-22, 2016; Article no.

 
4 
 

The diverse pathways leading to the synthesis of methionine, with the activation step 
catalyzed by homoserine kinase, homoserine transsuccinylase or homoserine transacetylase 

in various microbes and plants. Also shown are the different pathways to homocyst
transsulfuration with cysteine as the sulfur source, or by direct sulfhydrylation
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The diverse pathways leading to the synthesis of methionine, with the activation step 
catalyzed by homoserine kinase, homoserine transsuccinylase or homoserine transacetylase 

in various microbes and plants. Also shown are the different pathways to homocysteine, either 
transsulfuration with cysteine as the sulfur source, or by direct sulfhydrylation 
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2.2.2 Variations in the mode of homoserine 
activation 

 

While straightforward in principle, the mode of 
homoserine activation can be quite diverse, and 
shows significant species to species variation. 
Two different families of acyltransferases have 
been found to catalyze the acylation of 
homoserine. In most enteric bacteria, including 
E. coli and other Gram-negative facultative and 
anaerobic bacteria, a succinyl group is 
transferred to homoserine from succinyl-CoA to 
form O-succinylhomoserine (OSH) catalyzed by 
homoserine transsuccinylase (HTS) (Fig. 2), with 
this enzyme coded by the metA gene [24]. In all 
fungi, and in many Gram-positive bacterial 
species such as Bacillus, Brevibacterium and 
Corynebacterium, an acetyl group is transferred 
to homoserine from acetyl-CoA to form O-acetyl 
homoserine (OAH) catalyzed by homoserine 
transacetylase (HTA) and coded by the met2 
gene [25]. However, in plants neither of these 
families of acyltransferases are involved in this 
activation step. In these species homoserine is 
esterified with a phosphoryl group from ATP          
to generate O-phospho-homoserine (OPH) 
catalyzed by homoserine kinase (HK) [26,27] and 
coded by the hsk gene [28]. The catalytic activity 
of both HTS and HTA has been shown to be 
regulated by coordinated feedback inhibition by 
both L-methionine and AdoMet [29]. No organism 
has been identified to date that contains the 
genes for both acyltransferases. In addition to 
their variant in species distribution, these two 
enzymes display virtually no primary sequence 
similarity (Fig. 3). This suggests that each of 
these proteins evolved independently to catalyze 
a nearly identical reaction utilizing the same 
amino acid substrate, but a different acyl CoA 
substrate. 
 
2.2.3 Variations in the assimilation of sulfur 
 
The metabolic routes where cysteine plays the 
role as the sulfur donor is called transsulfuration 
and is the predominant incorporation mechanism 
seen is most microorganisms. Alternatively, in 
yeast such as Saccharomyces cerevisiae and 
Candida albicans, and in bacteria such as 
Brevibacterium flavum, Bacillus subtilis, 
Streptococcus pneumonia and Leptospira 
meyeri, the sulfur donor is sulfide instead of 
cysteine. Here sulfur is incorporated into the 
homoserine ester by O-acetylhomoserine 
sulfhydrylase (OAHS), coded by the metY 
(alternatively, met17 or met25) gene, to form 
homocysteine (Fig. 2) [30,31]. In Pseudomonas 
aeruginosa, Mycobacterium tuberculosis and in 

all enteric bacteria, including E. coli, the same 
function is carried out by O-succinylhomoserine 
sulfhydrylase (OSHS), coded by the metZ gene 
[33,34]. This route is called direct sulfhydrylation. 
Methylation of homocysteine by homocysteine 
methyltransferase then produces L-methionine, 
and the subsequent adenosylation of methionine 
by methionine adenosyltransferase leads to the 
formation of AdoMet (Fig. 2). In some bacteria 
and fungi both routes for sulfur atom assimilation, 
transsulfuration and direct sulfhydrylation, can 
occur [26]. The evolutionary basis behind the 
choice of the routes for sulfur assimilation in 
different organisms is likely linked to the 
intermediates that are available in their core 
metabolic network, and also depends on their 
natural habitat [35]. 
 
2.2.4 The lack of variation in cystathionine 

production 
 
Now that homoserine has been shown to be 
activated by at least three different routes 
depending on the species involved, it becomes 
necessary for these organisms to develop a 
means to merge these different metabolites back 
to a common metabolic intermediate that will 
lead to methionine as the final product. That task 
falls to a single enzyme in these species. The 
most intriguing feature of this enzyme, 
cystathionine �-synthase (CGS), is its 
remarkable substrate flexibility. CGS can accept 
any of the three esterified homoserine variants 
(OAH, OSH or OPH) as a substrate (Fig. 2), but 
it does so with different affinities and with 
different catalytic efficiencies [36]. While each of 
the various microbial organisms have evolved to 
produce only a single homoserine ester, each of 
their cysteine-condensing enzymes retains the 
ability to utilize the other esters as well. In 
contrast, for the related CGS enzyme from plants 
only OPH is utilized as a substrate [37]. 
Arabidopsis CGS has been shown to be capable 
of using all three homoserine esters as 
substrates with similar efficiency, but in nature it 
only utilizes OPH. In a broader study, about 75 
bacterial species were screened in vitro and the 
majority of the CGS bacterial enzymes were 
shown to be capable of using both OSH and 
OAH [38,39]. Since the different precursors, 
homoserine, acetyl-CoA, succinyl-CoA and ATP 
are each available in bacterial, fungal and plant 
cells, it is very likely that each of these 
homoserine esters can potentially be produced in 
these organisms. Although one of the 
homoserine esters is preferred in a particular 
organism, the alternate sources are available to 



be used, albeit with lower proficiency. The 
controlling factor at this juncture is most likely the 
availability of a particular substrate and the 
 

Fig. 3. Sequence alignment between homoserine transsuccinylases and homoserine 
transacetylases, showing the poor sequence similarity betwee
related enzyme families. The catalytic triad residues of HTA are indicated by stars (    ) and 

those of HTS by triangles (
This figure was generated by using Clustal Omega 
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be used, albeit with lower proficiency. The 
controlling factor at this juncture is most likely the 
availability of a particular substrate and the 

specific regulation of the metabolic network of 
that species, but not the specificity of the 
enzyme.  

 
Fig. 3. Sequence alignment between homoserine transsuccinylases and homoserine 
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related enzyme families. The catalytic triad residues of HTA are indicated by stars (    ) and 

those of HTS by triangles (▲) 
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, 2016; Article no.IJBCRR.25074 
 
 

gulation of the metabolic network of 
that species, but not the specificity of the 

 

Fig. 3. Sequence alignment between homoserine transsuccinylases and homoserine 
n these two mechanistically 

related enzyme families. The catalytic triad residues of HTA are indicated by stars (    ) and 



 
 
 
 

Thangavelu and Viola; IJBCRR, 11(3): 1-22, 2016; Article no.IJBCRR.25074 
 
 

 
7 
 

This multi-substrate affinity with different 
homoserine esters possessed by these enzymes 
is also complemented by their capability to use 
different sulfur sources. CGS enzymes from 
plants and bacterial species were shown to 
substitute cysteine for sulfide as their source of 
sulfur in methionine synthesis. Further in vitro 
studies showed that these enzymes can, if 
necessary, utilize various thiol compounds as the 
source for sulfur in methionine synthesis [37,40]. 
Thus, these CGS enzymes possess a 
remarkable ability to change mechanisms by 
acting through transsulfuration as well as through 
direct sulfhydrylation. The occurrence of this 
phenomenon is further supported by examination 
of this enzyme-catalyzed reaction in 
Mycobacterium tuberculosis and S. cerevisiae 
[15], and in Niesseria meningitidis and 
Corynebacterium glutamicum [23,41]. However, 
it is still unclear whether these different pathways 
are each physiologically active in these 
organisms. 
 
C. glutamicum has been shown to utilize both the 
transsulfuration and the direct sulfhydrylation 
pathways with nearly the same efficiency [41]. 
However, in yeast direct sulfhydrylation is found 
to be the most active pathway [15].                    
P. aeruginosa and P. putida can synthesize 
methionine both by transsulfuration and by the 
direct sulfhydrylation pathways, but preferentially 
proceeds via direct sulfhydrylation in these 
species [33,34]. It is possible that the direct 
sulfhydrylation pathway could exist in all species 
of plants, bacteria and fungi, while in some 
bacterial and fungal species only a sulfhydrylase 
is present and in other species CGS catalyzes 
the sulfhydrylase reaction [40,42,43]. It is also 
likely that early organisms relied exclusively on 
OAH/OSH sulfhydrylase for methionine synthesis 
using sulfide as a source of sulfur, and that over 
time this enzyme evolved to function as a CGS, 
synthesizing methionine by utilizing cysteine as 
the sulfur source. However, CGS can still utilize 
sulfide as the source of sulfur and act as 
sulfhydrylase, consequently maintaining the 
substrate flexibility of its progenitor. 
 
2.2.5 An alternative route to direct 

homocysteine production 
 
Until fairly recently the mechanism utilized by 
sulfide transferase in the direct sulfhydrylation 
pathway to form homocysteine from OAH was 
not well characterized. A subsequent study of 
this pathway in W. succinogenes, a Gram-
positive bacterium, identified a protein 

thiocarboxylate as a likely sulfur donor [44,45]. A 
gene cluster was found in this species encoding 
a putative sulfur-carrier protein (HcyS), a putative 
metalloprotease (HcyD), and an adenylating 
enzyme (HcyF), that appear to be involved                  
in sulfur-assimilation and in methionine 
biosynthesis. This pathway involves an ATP 
sulfurylase that converts sulfate to adenosine         
5'-phosphosulfate (APS), followed by 
phosphorylation at the 3'-hydroxyl group by APS 
kinase to generate 3'-phosphoadenosine 5'-
phosphosulfate (PAPS). The sulfate is reduced 
to sulfite by PAPS reductase and then to sulfide 
by a ferrodoxin-containing sulfite reductase. The 
sulfide is now transferred to the C-terminal 
carboxylate of the carrier protein HcyS to form 
HcyS thiocarboxylate (HcySCOSH). OAH 
sulfhydrylase then catalyzes the pyridoxal 5'-
phosphate (PLP)-dependent condensation of 
HcyS-COSH and OAH, followed by an S, N-acyl 
shift, to form HcyS-homocysteine (HcyS-Hcy), 
which is then cleaved by the HcyD protease to 
form homocysteine. Thus, through the use of this 
sulfur-carrier protein, sulfur is activated, reduced 
and then assimilated into homocysteine, rather 
than directly from sulfide as has been observed 
for the other OAHSs [31]. 
 
2.2.6 Regulation of methionine biosynthesis 
 
Methionine biosynthesis is tightly regulated both 
at the level of gene expression and at the 
enzyme activity level, and these regulatory 
mechanisms are also closely connected with 
sulfur assimilation [46]. Because methionine 
belongs to the aspartate family of amino acids, 
its biosynthesis is also partly controlled by other 
products of this pathway, including lysine and 
threonine. Aspartate kinase, the enzyme that 
catalyzes the initial conversion of aspartate to β-
aspartyl phosphate, plays an important role in 
controlling the overall biosynthesis of the 
aspartate family of amino acids (Fig. 1). Different 
species have multiple aspartate kinase 
isoenzyme forms, with both the catalytic activity 
and the gene expression levels of the individual 
forms differentially regulated by the end product 
amino acids [16]. The homoserine branch of this 
pathway represents the commitment step in the 
biosynthesis of methionine, with multiple 
additional modes of regulation identified to 
control methionine levels [47].  
 
In E. coli expression of the entire met gene 
cluster, with the exception of metH, is repressed 
by exogenous methionine. In that case a 
separate apo-repressor, MetJ which binds 
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AdoMet for activation, is responsible for this gene 
repression [48-50]. Additionally, a positive 
regulator MetR is involved in the activation of 
homocysteine methyltransferase (HMT), the 
enzyme that catalyzes the methylation of 
homocysteine to methionine. When the binding 
of MetR is disrupted the activity of HMT is 
impaired [51]. Methionine has also been shown 
to represses the expression levels of the 
enzymes involved in the activation of homoserine 
(HTA), the production of cystathionine (CGS),  
and the synthesis of homocysteine (CBL and 
OAHS) [23,41,52,53]. Furthermore, HTS in E. 
coli and HTA from H. influenzae and B. polymyxa 
have each been shown to be feedback-inhibited 
by methionine /AdoMet [24,25,54]. 
 
In addition to these classical repression and 
feedback inhibition regulatory mechanisms, the 
HTA from B. polymyxa was also found to be 
inactivated at elevated temperatures [54,55], by 
undergoing an energy-dependent proteolysis at 
these higher temperatures [55-57]. This thermal 
instability can serve as an effective mode of 
controlling cell growth rates, by limiting the 
availability of methionine which is necessary for 
initiation and continuation of protein synthesis, 
biosynthesis of purines and polyamines and 
various methylation reactions. The presence of a 
control system of this kind has already been 
demonstrated in E. coli, where the availability of 
methionine provides a mechanism for a sensitive 
response to elevated temperatures, leading to 
control of cell growth [56,57]. This observation 
suggests a possible role for the metA gene 
product in a global growth regulatory system, and 
therefore in controlling cell physiology [46]. 
 
3. ENZYME STRUCTURAL HOMOLOGY 

AND DIVERSITY 
 
Numerous enzymes, including lipases, 
proteases, esterases, dehalogenases, 
peroxidases and epoxide hydrolases share a 
similar overall structural organization and 
topology, known as the α/β hydrolase 
superfamily [58-61]. In spite of the similar overall 
structural features, and in many cases similar 
active site residues and active site architectures, 
these different classes of enzymes catalyze a 
wide range of reactions involving a variety of 
different substrates and a diversity of products. 
The acyltransferase enzymes that are 
responsible for the activation of homoserine in 
the methionine branch of the aspartate pathway 
are members of this α/β hydrolase superfamily.  

3.1 Structural Features of the α/β 
Hydrolases  

 
The canonical α/β hydrolase fold which includes 
the HTA family (Fig. 4A) consists of an eight-
stranded β-sheet with strands that are 
predominately parallel, surrounded on both sides 
by α-helices. The HTS enzyme family consists of 
a modified α/β hydrolase fold composed of a 
nine-stranded, predominately parallel β-sheet 
with six interspersed α-helices (Fig. 4B), but is 
missing the lid domain found in the HTA 
structures. This α/β hydrolase fold provides a 
stable scaffold upon which to display the active 
site residues of a range of different enzymes. 
The catalytic triad in these different enzymes 
consists of a conserved nucleophile, an acidic 
residue and a histidine catalytic base. In the HTA 
enzyme family the nucleophilic residue (serine) is 
located on a loop between strand β5 and helix 
αC, the acidic residue (aspartic acid) between 
strand β7 and helix αE, and the histidine base is 
always found after the last β-strand. In the HTS 
family the catalytic triad residues are located in 
different regions of the secondary structure (Fig. 
4B), but surprisingly, the three-dimensional 
positions of the members of these catalytic triads 
are similar among these diverse classes of 
enzymes. 
 
The nucleophile in each enzyme family is 
positioned at a sharp turn, called the ‘nucleophile 
elbow’, which can be identified from the 
sequence, consisting of Sm-X-Nu-X-Sm 
(Sm=small residue, X=any residue and 
Nu=nucleophile). The tightness of this motif 
causes the backbone atoms at the nucleophile 
position to adopt an energetically unfavorable 
conformation with highly strained torsional angles 
[62,63]. The geometry of this nucleophile elbow 
also provides the structure of the oxyanion-
binding site. As has been seen in the well-
characterized serine proteases, this site 
stabilizes the high energy, negatively-charged 
tetrahedral transition state that occurs during 
catalysis. Usually two backbone nitrogen atoms, 
one from the residue following the nucleophile 
and the other from the residue located between 
β3 and helix αA make up the oxyanion-binding 
site. 
 
The family of α/β hydrolase-fold enzymes has 
evolved to accommodate a wide variety of 
different substrates.  Loops are inserted in the 
protein structure between different beta strands 
to allow the formation of the proper geometry for 
the different substrate-binding domains. These 



insertions may be as short as only a few residues 
or may be long enough to form a complete 
domain that encloses the catalytic cavity. The 
entrance to the active site is typically a narrow 
tunnel with a flexible lid that controls the entry 
and exit of substrates and products. This lid 
 

Fig. 4. (A) Schematic diagram of the topology of HTA, showing the canonical 
consisting of eight-stranded β sheets (yellow) surrounded on both sides by 
the central domain and 5 α helices (blue) in the helical domain. The positions of the catalytic 
triad residues (Ser131, Asp267, His296) are noted on the loo

helix. (B) Schematic diagram of the 
(yellow), 7 α-helices (red) and 4 3

(Cys142, His235, Glu237) are no
(Figure from Thangavelu, et al. [80])
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y be as short as only a few residues 
or may be long enough to form a complete 
domain that encloses the catalytic cavity. The 
entrance to the active site is typically a narrow 
tunnel with a flexible lid that controls the entry 

ducts. This lid 

domain is a distinct feature of most of the 
enzymes of this structural class, suggesting the 
need for a conformational change to make the 
active site accessible to the substrates, and the 
capability to restrict access to the active site 
once substrates are bound. 

 
Schematic diagram of the topology of HTA, showing the canonical α/β hydrolase

β sheets (yellow) surrounded on both sides by α helices (red) in 
 helices (blue) in the helical domain. The positions of the catalytic 

triad residues (Ser131, Asp267, His296) are noted on the loops between a β-sheet and an 
helix. (B) Schematic diagram of the α/β hydrolase topology of HTS, consisting of 11 

helices (red) and 4 310-helices (green). The positions of the catalytic triad residues 
(Cys142, His235, Glu237) are noted 

(Figure from Thangavelu, et al. [80]) 
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3.2 Differences in Oxyanion-loop 
Orientation  

 
So, with a range of enzymes that have very 
similar overall topologies and nearly identical 
active site functional groups, how do the different 
enzyme classes in this structural family achieve 
substrate recognition specificity and unique 
mechanistic identities? The acyltransferases of 
interest for methionine synthesis catalyze the 
transfer of an acyl group from a donor (a 
thioester) to an acceptor (an alcohol or amine) 
through an acyl-enzyme intermediate [64]. This 
reaction is similar to the hydrolysis reaction 
catalyzed by esterases and lipases; the only 
difference is that the acceptor in the latter cases 
is water. The overlapping catalytic activity 
between these acyltransferases and the 
esterases/lipases is a consequence of their 
similar three-dimensional structures and catalytic 
machinery [58,65]. Both adopt the α/β-hydrolase 
fold and contain an identical catalytic triad of Ser-
His-Asp/Glu. Both also involve an oxyanion hole 
for intermediate stabilization and use a ping-pong 
reaction mechanism through an acyl-enzyme 
intermediate. The step which differs between 
these enzyme classes is the nature of the attack 
on the acyl-enzyme intermediate once it is 
formed. In the esterases/lipases water attacks 
the acyl-enzyme intermediate leading to 
hydrolysis, while in the acyltransferases an 
alcohol nucleophile attacks the acyl-enzyme 
intermediate leading to acyl group transfer. So, 
how can the acyltransferases favor acyl transfer 
over hydrolysis in the presence of a vast excess 
of water? The most straightforward solutions 
would be to either decrease the ability of water to 
act as the nucleophile or to increase the 
likelihood of alcohol as the nucleophile. There is 
crystallographic evidence to suggest that the 
hydrophobic active site found in many 
acyltransferases acts to exclude water from the 
active site [65-68], while some acyltransferase 
active site structures suggest the presence of a 
specific binding interaction between an alcohol 
and the acyl-enzyme intermediate that eliminates 
the possibility for the hydrolysis reaction to occur 
[69,70]. 
 
In an attempt to resolve this issue, representative 
structures of each class of enzymes were 
compared to identify differences in the active site 
region that could serve to discriminate between 
the binding of an alcohol or a nucleophilic water 

molecule. An interesting difference was revealed 
in the main-chain oxyanion loop orientation that 
could potentially explain the mechanism of 
deactivation of water as a potential nucleophile in 
the acyltransferases. Structural comparison 
between the homoserine transacetylase from 
Hemophilus influenza (HiHTA) and the 
Pseudomonas fluorescens esterase (PFE) 
showed an important difference in the oxyanion 
loop orientation that occurs after strand β3 in the 
α/β hydrolase fold. A β-turn is composed of four 
amino acid residues, with a hydrogen bond 
formed between the backbone carbonyl of the 
first residue and the backbone amide of the last 
residue (Fig. 5A). The two intervening residues 
do not participate in backbone hydrogen bonding 
and this feature is critical for catalysis in both 
classes of enzymes. This is because the 
backbone amide of the second residue functions 
as a hydrogen bond donor to stabilize the 
oxyanion intermediate. In HiHTA this position 
corresponds to Leu49, while in PFE the 
corresponding residue is Trp28. This loop in 
HiHTA adopts a type-I β-turn, while in PFE this 
loop adopts a type-II β-turn, with the Φ and Ψ 
angles between the two interior residues 
determining the type of β-turn (Fig. 5C). The 
outcome of the different types of β-turns in these 
two enzyme types causes the backbone carbonyl 
groups of Trp28 and Leu49 to orient in opposite 
directions (Fig. 5B). The carbonyl of Trp28 in 
PFE (*) points into the active site, while the 
carbonyl of Leu49 in HiHTA (#) points away from 
the active site. The change in the orientation of 
this structural feature plays a significant role in 
the types of reactions catalyzed by each enzyme. 
 
In the hydrolases a bridging water molecule 
interacts with the carbonyl oxygen of Trp28 and 
help to establish its role as a base. By serving as 
a hydrogen bond donor, the partial negative 
charge of the bridging water molecule is 
increased, thus allowing it to accept a hydrogen 
bond from the nucleophilic water molecule. An 
additional role for the bridging water molecule is 
to help position the nucleophilic water molecule 
in the correct orientation for attack. In the case of 
the acyltransferases this scenario is unlikely 
because of the incorrect orientation of the 
backbone carbonyl at the corresponding position. 
Also, the larger size of the alcohol (acyl acceptor) 
would displace the bridging water molecule from 
the active site and eliminate any possible role for 
water in catalysis. 

  
 



Fig. 5. (A) Idealized type‐‐‐‐I β‐‐‐‐turn (orange) overlaid on an idealized type
amino acids are XxxAlaAlaXxx, where Xxx indicates an incompletely specified residue. C

each residue is labeled; dotted lines indicate hydrogen bonds between the carbonyl of residue 
i and the amide of residue i+3. (B) Superimposed structures of the oxyanion loop regions of 

PFE (green, a type‐‐‐‐II β‐‐‐‐turn) and 
(*) points toward the active site, whereas for 
the active site. In both cases the backbone amide of residue i+1 (dashed circle) points toward 

the active site because it forms a hydrogen bond with the oxyanion intermediate. (C) Table 
showing the ideal angles for different type

(Figure derived from Jiang, et al. 
  
4. EVOLUTIONARY ASPECTS

HOMOSERINE ACYLTRANS
 

4.1 Convergent Evolution of Homoserine 
Acyltransferases  

 
The homoserine acyltransferases 
in different organisms to show a preference for 
either acetyl CoA or succinyl CoA as the acyl 
group donor. However, in some bacterial 
species, including Thermotoga maritima
subtilis, Bacillus polymyxa, Bacillus cereus
some Clostridium species, genes that have been 
annotated to code for a HTS actually will use 
acetyl-CoA preferentially over succinyl
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the active site because it forms a hydrogen bond with the oxyanion intermediate. (C) Table 
showing the ideal angles for different types of beta-turns  

(Figure derived from Jiang, et al. [64]) 

EVOLUTIONARY ASPECTS OF 
HOMOSERINE ACYLTRANSFERASES 

Convergent Evolution of Homoserine 

 have evolved 
in different organisms to show a preference for 
either acetyl CoA or succinyl CoA as the acyl 
group donor. However, in some bacterial 

Thermotoga maritima, Bacillus 
Bacillus cereus and 

species, genes that have been 
annotated to code for a HTS actually will use 

CoA preferentially over succinyl-CoA 

[35,71] as the acyl group donor. Evidence for this 
change in donor preference comes from the 
structure of HTS from Bacillus subtilis
which reveals that this enzyme has a 
conformationally flexible active site that is 
consistent with the use of the shorter acetyl 
group for catalysis [71]. It is quite likely that early 
organisms relied exclusively on a single 
transacylase with little acyl donor specificity. 
Gradual mutations could have then evolved the 
enzyme into forms which utilized either of the two 
substrates more efficiently [72]. Thus, although 
one substrate is preferred, the alternative donor 
source can be still utilized, although less 
efficiently.  
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onor. Evidence for this 
change in donor preference comes from the 

Bacillus subtilis (BsHTA), 
which reveals that this enzyme has a 
conformationally flexible active site that is 
consistent with the use of the shorter acetyl 

. It is quite likely that early 
organisms relied exclusively on a single 
transacylase with little acyl donor specificity. 

dual mutations could have then evolved the 
enzyme into forms which utilized either of the two 

. Thus, although 
preferred, the alternative donor 

source can be still utilized, although less 



4.2 Changes in Acyl Group Specificity
 
A study of the structural basis for these 
specificity differences showed that the identity of 
a single amino acid is responsible for the 
substrate specificity of a homoserine 
transsuccinylase [71]. The Bacillus cereus
(BcMetA) has been annotated as an HTS on the 
basis of sequence similarity with other HTS 
enzymes. However, biochemical characterization 
showed that this enzyme utilizes succinyl
a substrate quite poorly, but shows good catalytic 
efficiency with acetyl-CoA. This enzyme is not 
quite a fully optimized HTA, since the turnover 
number with this substrate is still 100
when compared to that of the H. influenzae
The availability of a structure of BcMetA enzyme 
complexed with homoserine provides an 
opportunity to examine this acyltransferase with 
a bound ligand [71]. Functional analysis of 
BcMetA revealed some interesting features of 
this acyltransferase that helps to determine its 
substrate specificity. BcMetA shares 51% amino 
acid sequence identity with E. coli 
only 10% identity with HTA from bacteria or 
fungi, suggesting that this enzyme should be 
properly classified as a succinyltransferase. 
Biochemical and structural characterization of 
BcMetA identified Cys142, His235 and Glu237 
as the catalytic triad, and a sequence 
comparison with EcHTS is consistent with this 
assignment. Mutations of the Cys142 nucleophile 
to either alanine or serine, and His235 to alanine 
each produced mutant enzyme forms with no 
catalytic activity. These mutagenesis 
BcMetA are similar to the reported loss of activity 
 

 
Fig. 6. (A) Model of homoserine addition (
native enzyme shows no activity with succinyl
the succinyl-enzyme intermediate in the E111G mutant of 

shows no detectable acyltransferase activity with acetyl
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4.2 Changes in Acyl Group Specificity  

A study of the structural basis for these 
specificity differences showed that the identity of 
a single amino acid is responsible for the 
substrate specificity of a homoserine 

Bacillus cereus metA 
MetA) has been annotated as an HTS on the 

basis of sequence similarity with other HTS 
enzymes. However, biochemical characterization 
showed that this enzyme utilizes succinyl-CoA as 

rate quite poorly, but shows good catalytic 
CoA. This enzyme is not 

quite a fully optimized HTA, since the turnover 
number with this substrate is still 100-fold lower 

H. influenzae HTA. 
BcMetA enzyme 

complexed with homoserine provides an 
opportunity to examine this acyltransferase with 

. Functional analysis of 
MetA revealed some interesting features of 

this acyltransferase that helps to determine its 
MetA shares 51% amino 

 HTS, but has 
only 10% identity with HTA from bacteria or 
fungi, suggesting that this enzyme should be 
properly classified as a succinyltransferase. 
Biochemical and structural characterization of 

MetA identified Cys142, His235 and Glu237 
atalytic triad, and a sequence 

HTS is consistent with this 
assignment. Mutations of the Cys142 nucleophile 
to either alanine or serine, and His235 to alanine 
each produced mutant enzyme forms with no 
catalytic activity. These mutagenesis results with 

MetA are similar to the reported loss of activity 

observed with the same changes in the catalytic 
triad of both HTA from yeast and HTS from 
bacteria [73].  
 
Modeling studies on the BcMetA acetyl
intermediate shows that the side chain of Glu111 
is oriented towards the active site 
placing it in a position that would sterically clash 
with the binding of succinyl-CoA, but would still 
allow acetyl-CoA binding (Fig. 6A). An NCBI 
database Blast search shows that each of the 
metA enzymes that function as an HTS have a 
glycine at this position, while in the case of 
this residue is glutamate. To test the possible 
role of Glu111 as a gatekeeper of acyl donor 
selectivity an E111G mutant of 
prepared. While this mutant enzyme showed no 
detectable acyltransferase activity
CoA, it could now catalyze this reaction with 
succinyl-CoA as the acyl donor, with a 
comparable rate to that of a native HTS (Fig. 6B) 
[64]. 
 
Enzymes of the same superfamily share a 
common three-dimensional framework and 
closely related amino acid sequences. Changing 
substrate binding groups while preserving the 
active site functional groups and architecture 
affords an efficient means of evolving novel 
enzyme activity by altering substrate specificity 
[74,75]. These results with BcMetA
the limitations in the use of bioinformatics alone 
as a means of assigning the function of a protein, 
and emphasize the importance of biochemical 
characterization of proteins as the ultimate 
criteria of its function.  

Fig. 6. (A) Model of homoserine addition (→) to the acetyl-enzyme intermediate in 
native enzyme shows no activity with succinyl-CoA. (B) Model of homoserine addition (

enzyme intermediate in the E111G mutant of BcMetA. This mutant enzyme form 
shows no detectable acyltransferase activity with acetyl-CoA 

(Figure from Zubieta, et al. [71]) 
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enzyme intermediate in BcMetA. The 
CoA. (B) Model of homoserine addition (→) to 

utant enzyme form 



4.3 Convergent Evolution of a Serine 
Acetyltransferase  

 
O-acetyl-L-serine is an intermediate in the D
cycloserine biosynthetic pathway and is 
generated from L-serine in a reaction catalyzed 
by L-serine O-acetyltransferase (STA) 
The DcsE gene codes for an acetyltransferase 
that prefers L-serine as its substrate over L
homoserine [78]. Remarkably, this DcsE protein 
displays no homology with the other STAs, but 
does show high sequence homology with HTA. 
Also, the structure of DcsE is quite similar to 
those of other HTAs from H. influenza
L. interrogans and S. aureus (Fig. 7). The overall 
structural organization of DcsE with two domains 
is identical to that of the HTAs; an α
domain, consisting of residues 1 to 176 and 289 
to 374, and a helical domain, composed of 
residues 179 to 286. Like in the HTAs, the helical 
domain is involved in the formation of the dimeric 
structure of DcsE, and a deep tunnel is formed 
by the juxtaposition of the two domains. 
 
Despite these structural similarities, an intriguing 
feature of this enzyme is a small difference in the 
turn region forming the oxyanion
appears to dictate the different in substrate 
specificity between these two enzymes. Similar 
to that of Leu49 in HiHTA, the turn region 
containing Leu53 in DcsE is proposed to form the 
oxyanion hole that stabilizes the tetrahedral 
intermediate [62]. This turn region was found to 
be structurally distinct from that of the HTAs. The 
first and last residues that constitute this turn, 
Gly52 and Pro55, respectively, in DcsE are 
different from those in the HTA family, which are 
Ala and Gly. This unusual turn at the active site 
of DscE plays an important role in dictating the 
substrate specificity differences between these 
enzymes. 
 

Table 1. Substrate utilization and specificity of native and mutant serine acetyltransferase
 

Enzyme 
form 

L-Serine 
Km 

(mM) 
kcat 
(min-1) 

kcat

(min
wild type 4.9 95 19
P55G 0.50 37 74
G52A ND ND 0.0022
G52A/P55G ND ND 0.0029

b ratio of kcat/Km values for the preferred over the non
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Fig. 7. Ribbon diagram showing the 

superimposition of DcsE (Orange), 
(green), LiHTA (magenta) and Sa
(Figure was generated by using VMD program 

 
Mutation studies in this region of DcsE were 
carried out by replacing either of the amino acids 
at the beginning and end of this loop region with 
those found in HTA. Native DcsE has about a 20
fold preference for serine as its acyl acceptor 
over homoserine, while in the P55G mutant this 
specificity preference has been reduced to only 
2-fold (Table 1). 
 
The G52A has its specificity reversed with over a 
200-fold preference for homoserine, and the 
double mutant G52A/P55G has a dramatically 
enhanced preference for homoserine as the

Substrate utilization and specificity of native and mutant serine acetyltransferase

 L-Homoserine Specificity
cat/Km  

(min-1 mM-1) 
Km 

(mM) 
kcat 
(min-1) 

kcat/Km  

(min-1 mM-1) 
L-
Serine 

19 98 88 0.90 21 
74 1.0 38 38 2 
0.0022 25 13 0.52 --- 
0.0029 2 47 24 --- 

a data are from Oda, et al. [78] 
values for the preferred over the non-preferred substrate 

c not determined 
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Mutation studies in this region of DcsE were 
carried out by replacing either of the amino acids 
at the beginning and end of this loop region with 
those found in HTA. Native DcsE has about a 20-

preference for serine as its acyl acceptor 
over homoserine, while in the P55G mutant this 
specificity preference has been reduced to only 

The G52A has its specificity reversed with over a 
serine, and the 

double mutant G52A/P55G has a dramatically 
enhanced preference for homoserine as the

Substrate utilization and specificity of native and mutant serine acetyltransferasea 

Specificity 
L-
Homoserine 

--- 
--- 
240 
8300 



Fig. 8. Changes in the orientation of the 
and (C) G52A/P55G mutant of DcsE

Fig. 9. Ping pong catalytic mechanism of HTA and HTS. The active site nucleophile (serine in 
HTA or cysteine in HTS) is activated by histidine

ping reaction. This acyl-enzyme intermediate is then attacked by the substrate hydroxyl group 
leading to formation of product in the pong reaction

(Mechanism adapted from Born, et al. [24,25])
 
substrate for acetylation and now can barely 
utilize its native substrate, serine [78
support for this change in substrate specificity 
comes from the structure of the G52A/P55G 
mutant of DcsE (Fig. 8C), in which the turn 
structure in this mutant is very similar to that of 
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Changes in the orientation of the β turn in the active site of (A) native DcsE, (B) 

and (C) G52A/P55G mutant of DcsE 
(Figure from Oda, et al. [78]) 
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(Mechanism adapted from Born, et al. [24,25]) 
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78]. Structural 

in substrate specificity 
comes from the structure of the G52A/P55G 
mutant of DcsE (Fig. 8C), in which the turn 
structure in this mutant is very similar to that of 

HiHTA (Fig. 8B), and is now altered from that of 
the native DcsE structure (Fig. 8A). 
the electron densities of the side chains of 
Arg218 and Asp353, residues that are involved in 
binding the serine substrate, are significantly 
weaker in the mutant enzyme form. This is likely 

 
 
 
 

, 2016; Article no.IJBCRR.25074 
 
 

 

 turn in the active site of (A) native DcsE, (B) HiHTA 

 

Ping pong catalytic mechanism of HTA and HTS. The active site nucleophile (serine in 
enzyme intermediate in the 

enzyme intermediate is then attacked by the substrate hydroxyl group 
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the electron densities of the side chains of 
Arg218 and Asp353, residues that are involved in 
binding the serine substrate, are significantly 
weaker in the mutant enzyme form. This is likely 



 
 
 
 

Thangavelu and Viola; IJBCRR, 11(3): 1-22, 2016; Article no.IJBCRR.25074 
 
 

 
15 

 

due to the enhanced flexibility of these side chain 
residues as a consequence of the disrupted 
water-mediated hydrogen bonding network near 
the turn region. This is a classic example of 
divergent evolution, where structurally similar 
enzymes have evolved to catalyze the same acyl 
transfer reaction, but with different substrates. 
 
5. MECHANISM OF HOMOSERINE 

ACYLTRANSFERASES 
 
Initial mechanistic studies on HTS demonstrated 
that it exhibits a ping-pong kinetic mechanism 
[24]  wherein the succinyl group from succinyl-
CoA is transferred to an active site cysteine, then 
subsequently transferred to the �-hydroxyl group 
of the substrate L-homoserine to generate the 
product. The HTA and HTS enzymes each 
catalyze an acyl transfer by this ping-pong 
mechanism (Fig. 9), facilitated by a catalytic triad 
consisting of cysteine/serine, histidine and 
aspartic acid/glutamic acid [25]. The hydroxyl 
group of serine or the thiol group of cysteine are 
each activated for nucleophilic attack on acyl-
CoA by the histidine, leading to the formation of 
an acyl-enzyme intermediate with the release of 
coenzyme A (Ping reaction). The next step 
involves hydroxyl group attack by the substrate 
homoserine on the acylated enzyme intermediate 
leading to the formation of the product, O-
acylhomoserine, and liberating the enzyme 
nucleophile (Pong reaction). This reaction 
mechanism is similar to that employed by 
hydrolases and thioesterases, except that the 
acyl moiety from the acyl-enzyme intermediate is 
not transferred to water but instead specifically to 
homoserine. In addition to the conserved 
catalytic triad, a few other active site residues 
have also been found to be highly conserved. 
These include an arginine and an aspartic acid, 
which are involved in substrate binding by 
interacting with the carboxylate and amine 
moieties of the homoserine substrate. 
Additionally, the oxyanion hole formed from the 
backbone amide nitrogens of leucine and 
phenylalanine/methionine help to stabilize the 
tetrahedral transition state. As a result these 
residues position the hydroxyl group of 
homoserine for acyl transfer from the acyl-
enzyme intermediate. A water molecule 
attempting to bind at this site lacks this stabilizing 
effect from these amino acid residues, thereby 
disfavoring a hydrolysis reaction. 
 
 

6. STRUCTURES OF HOMOSERINE 
ACYLTRANSFERASES 

 

6.1 Homoserine Transacetylases  
 
Structural studies to date have determined the 
high resolution structures of HTAs from 
Hemophilus influenza (HiHTA) [62] (PDB ID 
2B61), Leptospira interrogans (LiHTA) [63] (PDB 
ID 2PL5) and S. aureus (SaHTA) [80]  (PDB ID 
4QLO). Each of these enzymes shares the same 
overall structural features. HTA is organized into 
two distinct domains: the core α/β domain and a 
helical bundle lid domain forming a canopy over 
the core domain (Fig. 10A). The core domain 
consist of an eight-stranded, predominantly 
parallel β-sheet (in red), with the connectivity of 
the β-sheet achieved by the five α-helices on one 
side and one on the opposite side (in yellow). 
Two short antiparallel beta strands, β2 and β3, 
provide the connection between β1 and β4. The 
lid domain is organized into five α-helices (in 
blue). This domain is connected with the core 
domain via links between αL1 to β8 and αL5 to 
αD with the intervening residues lacking defined 
secondary structure. The region constituting the 
αL4 lid domain is proposed to be quite flexible 
and would allow structural changes in response 
to substrate binding. 
 
HTA crystallizes with only one protein molecule 
in the asymmetric unit. However, these enzymes 
have been shown by gel filtration and by 
sedimentation velocity analysis to exist as dimers 
in solution, with the dimerization occurring 
through interactions between the two all-α-helical 
domains [62,63]. Collectively, they form a typical 
four-helix bundle arrangement in which the core 
is entirely hydrophobic (Fig. 10B). In SaHTA the 
four helix bundle is found to be left-handed 
similar to that seen in HiHTA, while in the LiHTA 
structure this bundle is right-handed. In the 
LiHTA apo-enzyme structure the active site 
histidine was found to exist in two conformations 
with similar occupancy, and in the SaHTA 
structure His296 is also somewhat disordered. In 
contrast, in the HiHTA structure the active site 
histidine has well-defined density and exists in a 
single conformation [62]. This observed 
conformational flexibility of this active site 
histidine in the HTAs is consistent with its 
proposed role in catalysis, allowing this side 
chain to move into position to extract a proton to 
generate the enzyme nucleophile. 
 
 

 



Fig. 10. (A) Structure of SaHTA in ribbon representation. The 
α-helices colored red comprise the core domain, while the 

colored blue. The catalytic triad constituting Ser, His and Asp are shown by orange sticks. 
(B) Quaternary structure of HTA showing a typical four

dimerization interface is entirely hydrophobic
(Figure from Thangavelu, et al. [80])

 
Despite the many similarities, there are some 
significant structural differences among HTAs. 
SaHTA is a shorter protein (322 amino acids) 
when compared to LiHTA (366 amino acids) and 
HiHTA (377 amino acids), but these deletions are 
primarily located in the loop regions while the 
structure of the α/β core is preserved (Fig. 11). 
The loop connecting β6 and αB is shorter in 
SaHTA [62,63,80]. Similarly, the 15 amino acid 
loop connecting αL1 and αL2 has been 
essentially eliminated, as has the 15 amino acid 
loop between αL3 and αL4, when compared to 
those regions in LiHTA and HiHTA. The most 
distinct structural feature of the HTAs is the deep 
tunnel which is formed at the junction of the two 
domains. The active site serine lies at the end of 
this tunnel, and this extended substrate binding 
tunnel serves as the channel for the entry of 
substrates and exit of the products. 
 
6.2 Homoserine Transsuccinylases
 
To date only a single HTS structure from 
cereus [71,81] (PDB ID 2VDJ/2GHR)
determined. Like HTA, Bacillus cereus
(BcHTS) crystallizes with only one subunit in the 
asymmetric unit. However, BcHTS is organized 

Thangavelu and Viola; IJBCRR, 11(3): 1-22, 2016; Article no.

 
16 

 

 
in ribbon representation. The β-sheets colored yellow and the 

helices colored red comprise the core domain, while the α-helices of the lid domain are 
colored blue. The catalytic triad constituting Ser, His and Asp are shown by orange sticks. 

nary structure of HTA showing a typical four-helix bundle arrangement in which the 
dimerization interface is entirely hydrophobic 

(Figure from Thangavelu, et al. [80]) 

Despite the many similarities, there are some 
significant structural differences among HTAs. 

HTA is a shorter protein (322 amino acids) 
HTA (366 amino acids) and 

HTA (377 amino acids), but these deletions are 
loop regions while the 

 core is preserved (Fig. 11). 
αB is shorter in 

. Similarly, the 15 amino acid 
αL2 has been 

essentially eliminated, as has the 15 amino acid 
L4, when compared to 

HTA. The most 
stinct structural feature of the HTAs is the deep 

tunnel which is formed at the junction of the two 
domains. The active site serine lies at the end of 
this tunnel, and this extended substrate binding 
tunnel serves as the channel for the entry of 

  

6.2 Homoserine Transsuccinylases  

To date only a single HTS structure from Bacillus 
(PDB ID 2VDJ/2GHR) has been 

Bacillus cereus HTS 
) crystallizes with only one subunit in the 

HTS is organized 

into a single-domain with a Rossmann fold and 
the overall topology is different from that of HTA 
(Fig. 4A). HTS is composed of 11 
helices and 4 310-helices, with the core protein 
composed of parallel β-sheet sandwiched by 
helices (Fig. 4B). Analytical size exclusion 
chromatography and light scattering experiments 
support the dimeric form of HTS as the functional 
unit. The other structural feature differ
HTS from HTA is the mode of dimerization. The 
N-terminal end of the BcHTS monomer exhibits 
an extended conformation (Fig. 12A) and forms 
the primary dimerization interface driven by 
strand exchange between the two monomers 
(Fig. 12B). The Rossmann fold regions of HTA 
and HTS are comparable, but the lid domain is 
completely absent in HTS. The catalytic triad 
constitutes of a classical Cys-His
amino acids, and this triad is conserved within 
the HTS enzyme family. Although the structures
of HTA and HTS are quite different from one 
another, these scaffolds still present a nearly 
identical active site constellation through 
convergent evolution that allows proteins with 
distinctly different structures to catalyze 
mechanistically identical chemical reactions with 
the same substrate as the acyl group acceptor.
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Fig. 11. Ribbon diagram showing superimposition of 
LiHTA (orange), with the nearly identical 

and orientation of the surface loops
(Figure adapted from Thangavelu, et al. [80])

 

Fig. 12. (A) Structure of the BcHTS
colored in magenta, beta sheets are yellow and the 

catalytic triad constituting Cys, His and Glu are shown by blue sticks. (B) Quaternary structure 
of BcHTS showing N-terminal beta

region of one monomer is colored red and the other is blue 
(Figure adapted from Zubieta, et al. [81])

 
7. CONCLUSIONS AND FUTU

RESEARCH DIRECTIONS 
 
There is a growing demand for novel antifungal 
and antibacterial drug targets that acts through 
new mechanisms of action to combat the 

Thangavelu and Viola; IJBCRR, 11(3): 1-22, 2016; Article no.

 
17 

 

 
 

Ribbon diagram showing superimposition of SaHTA (green), HiHTA (magenta) and 
(orange), with the nearly identical α/β core structures but with differences in the size 

and orientation of the surface loops 
(Figure adapted from Thangavelu, et al. [80]) 

 
 

HTS subunit organized into a single domain. Alpha helices are 
colored in magenta, beta sheets are yellow and the N-terminal region is shown in red. The 

catalytic triad constituting Cys, His and Glu are shown by blue sticks. (B) Quaternary structure 
terminal beta-strand exchange between the monomers. The 

region of one monomer is colored red and the other is blue  
(Figure adapted from Zubieta, et al. [81]) 

CONCLUSIONS AND FUTURE 

There is a growing demand for novel antifungal 
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increasing threats of drug resistant 
microorganisms [82] and the emergence of new 
pathogens. The critical biochemical roles for the 
metabolic intermediates and final products, and 
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aspartate pathway attractive targets for drug 
design [73,80,87]. Gene disruption studies have 
confirmed the importance of these enzyme-
catalyzed reactions in pathogenesis in several 
models of virulence [84,88]. Close regulation of 
these enzymes in vivo, feedback control by the 
end products and their absence in mammals are 
important features that validate the prospects of 
these enzymes to serve as drug development 
targets. Several enzymes of this pathway are 
already being targeted to screen for small 
molecule inhibitors [89,90]. The uniquely 
characteristic elongated tunnel in HTA has been 
identified for the development of potent inhibitors. 
β-Lactones [87] which acts like β-lactams, are 
shown to inactivate the HTA enzyme by covalent 
modification of the active site serine. This 
strategy is being pursued to develop novel and 
selective HTA inhibitors [80]. Elaboration and 
optimization of these initial inhibitor structural 
scaffolds could provide promising new 
compounds in the development of specific and 
potent inhibitors against this target enzyme.  
 
The latest work on Mycobacterium tuberculosis 
(Mtb), has demonstrates this pathogenic 
organism’s dependence on the methionine/ 
AdoMet biosynthetic pathway for successful 
infection and survival in host tissues [91]. 
AdoMet is absolutely required for the 
biosynthesis of mycolic acid, an essential cell 
wall component in several bacteria including Mtb. 
Depletion of methionine and AdoMet in Mtb leads 
to the complete loss of viability in vivo and the 
inability to proliferate in the host’s macrophages. 
Blockade of the methionine pathway results in 
the impairment of several essential functions 
required for growth and for continued viability. 
Thus, the aspartate pathway provides a number 
of excellent targets for the development of drugs 
that can overcome the developing antibiotic 
resistance of this bacterium and lead to more 
effective treatment options.  
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