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a  b  s  t  r  a  c  t

The  apicomplexan  parasite  Toxoplasma  gondii,  the  etiologic  agent  of toxoplasmosis,  is  estimated  to  infect
10–80%  of  different  human  populations.  T. gondii  encodes  a  large  pentafunctional  polypeptide  known
as  the  AROM  complex  which  catalyzes  five  reactions  in  the shikimate  pathway,  a  metabolic  pathway
required  for the  biosynthesis  of  the  aromatic  amino  acids  and  a promising  target  for  anti-parasitic  agents.
Here,  we  present  the  isolation,  cloning  and  kinetic  characterization  of  the  shikimate  dehydrogenase
domain  (TgSDH)  from  the  T.  gondii  AROM  complex.  Recombinant  TgSDH  catalyzed  the NADP+-dependent
eywords:
hikimate dehydrogenase
oxoplasma gondii
hikimate pathway
ROM complex

oxidation  of shikimate  in  the  absence  of  the remaining  AROM  domains  and  was  sensitive  to inhibition
by a  previously  identified  SDH  inhibitor.  Analysis  of  the  TgSDH  amino  acid sequence  revealed  a  number
of  novel  insertions  not  found  in SDH  homologs  from  other  organisms.  Nevertheless,  a  three-dimensional
structural  model  of  TgSDH  predicts  a high  level  of conservation  in  the  ‘core’  structure  of the enzyme.
nzyme kinetics
nzyme inhibition

The protozoan parasite Toxoplasma gondii is the causative agent
f toxoplasmosis, a potentially severe disease that can cause
ncephalitis, chorioretinitis, and lymphandenopathy [1]. Studies
ave also linked T. gondii infection with schizophrenia and sui-
idal behavior [2,3]. Although the felid family represents its primary
ost, T. gondii can infect a large range of warm-blooded animals
nd is estimated to infect 10–80% of different human populations
4]. While infection is often asymptomatic, it can have particu-
arly serious consequences for pregnant or immunocompromised
ndividuals.

The identification of the shikimate pathway in members of
he phylum Apicomplexa, which includes T. gondii and the malar-
al pathogen, Plasmodium falciparum,  provided a promising new
arget for anti-parasitic drugs [5,6]. The pathway, which was  orig-
nally assumed to be present only in plants, fungi and bacteria, is
equired for the biosynthesis of the aromatic amino acids, folate,

biquinone, and a large number of additional secondary metabo-

ites [7]. Metazoans lack the pathway, and must therefore obtain the
romatic amino acids and folate from dietary sources. Glyphosate,

Abbreviations: SDH, shikimate dehydrogenase; TgSDH, shikimate dehydroge-
ase domain from the Toxoplasma gondii AROM complex; EGCG, epigallocatechin
allate; IC50, half maximal inhibitory concentration.
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the active ingredient in the popular herbicide RoundUpTM, is a spe-
cific inhibitor of 5-enolpyruvyl shikimate 3-phosphate synthase,
the enzyme that catalyzes the pathway’s sixth reaction [8]. Inter-
estingly, the ability of glyphosate to restrict the in vitro growth of T.
gondii and P. falciparum provided early evidence for the existence
of the shikimate pathway in these organisms [6]. However, only a
single enzyme from the apicomplexan shikimate pathway, P. falcip-
arum chorismate synthase, has been recombinantly produced and
biochemically characterized [9].

A total of seven enzyme-catalyzed reactions form the shiki-
mate pathway (Fig. S1) [7]. In bacteria, the enzymes of the
pathway are monofunctional. The equivalent plant enzymes are
also monofunctional, with the exception of a bifunctional protein
with dehydroquinate dehydratase and shikimate dehydrogenase
(SDH) activities which catalyzes reactions three and four [10].
In fungi, steps two  through six of the shikimate pathway are
catalyzed by a large pentafunctional polypeptide known as the
AROM complex (Fig. S1) [11]. This complex has the following
functional domains (from N- to C-terminus): dehydroquinate syn-
thase, 5-enolypyruvylshikimate-3-phosphate synthase, shikimate
kinase, dehydroquinate dehydratase, and SDH. These domains cat-
alyze steps 2, 6, 5, 3, and 4 of the pathway, respectively [7].
The first and last enzymes of the fungal shikimate pathway,

3-deoxy-d-arabinoheptulosonate 7-phosphate synthase and cho-
rismate synthase, are discrete enzymes.

Early analysis of the T. gondii genome revealed the presence of
a large ∼20,000 kb region which encodes a protein with significant

dx.doi.org/10.1016/j.molbiopara.2014.04.002
http://www.sciencedirect.com/science/journal/01666851
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molbiopara.2014.04.002&domain=pdf
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Table 1
Kinetic properties of TgSDH.a

Parameter SA (nadp) NADP (sa) SA (nad) NAD (sa)

Kcat (s−1) 2.78 ± 0.04 2.77 ± 0.04 <0.01 <0.01
KM (�M) 52.7 ± 3.4 9.1 ± 0.6 ND ND
Keff (103 M−1 s−1) 53 304 ND ND
J. Peek et al. / Molecular & Bioch

equence similarity with the fungal AROM complex [5]. The puta-
ive functional domains of the T. gondii protein are organized in
n identical arrangement to those of the fungal AROM polypeptide
Fig. S1). We  identified the SDH domain of the T. gondii protein
TgSDH) by aligning the T. gondii primary sequence with SDH
equences from other organisms (Fig. S2). In particular, alignment
ith monofunctional SDH enzymes from bacteria allowed us to
elineate the approximate N-terminal limit of the TgSDH domain.
ased on this information, we designed a series of TgSDH constructs
nd cloned them into an expression vector with an N-terminal hex-
histidine tag (detailed cloning and protein expression protocols
tilized in this study are provided as Supplementary material). We
ere careful to retain a strictly conserved SXS motif found near

he N-terminus of the SDH domain as this motif is predicted to be
equired for binding the substrate, shikimate (Fig. S2) [10]. One of
ur designed constructs yielded a significant quantity of soluble
ecombinant protein when expressed in a bacterial host. This con-
truct began on a leucine upstream of the SXS motif and extended
o the C-terminal end of the AROM sequence, encompassing a total
f 459 amino acids (Fig. S2).

The primary sequence of TgSDH is approximately 200 amino
cids longer than typical bacterial SDH sequences. The additional
ength of the TgSDH sequence is associated with three large
mino acid insertions spanning residues 30–93, 212–253, and
82–459 (Fig. S2). These insertions are absent from bacterial SDH
equences, and from representative plant and fungal sequences
rom Arabidopsis thaliana and Neurospora crassa (Fig. S2). Amino
cid insertions have also been identified in other domains of the
. gondii AROM complex [5], and in other apicomplexan proteins
ncluding chorismate synthase from P. falciparum [9,12,13]. The
nsertions are relatively hydrophilic in nature and may  therefore
epresent surface-exposed loops, although their functional signifi-
ance is uncertain.

In addition to these insertions, we identified an unusually high
umber of cysteine residues dispersed throughout the TgSDH
rimary sequence (Fig. S2). Of the 18 cysteines, 8 are located
ithin or just outside the insertion regions. Interestingly, we  also

bserved a high number of cysteines in the other domains of
he T. gondii AROM complex. A total of 104 cysteines are found
n the complete AROM polypeptide. By comparison, the entire
equence of the N. crassa AROM protein contains only 16 cys-
eines. It is possible that the cysteine residues within the insertion
egions of the T. gondii AROM sequence are required for assembly
f the quaternary structure of the apicomplexan AROM complex,
r that they are the site of posttranslational modifications such
s palmitoylation [14], although these functions have yet to be
emonstrated.

In spite of these unique features, the TgSDH primary sequence
till shows significant similarity to SDH sequences from other
rganisms (Fig. S2). We  identified a number of conserved active site
esidues. These residues include Ser16 and Ser18, which form the
XS motif important for substrate binding [10]. The invariant ion-
zable residues, Lys131 and Asp169, represent key catalytic groups
10]. Our sequence alignment also provided insight into the poten-
ial cofactor preference of TgSDH. We  observed the conservation
f a glycine-rich region (residues 131–134) required for binding
he pyrophosphate portion of NAD(P)+ (Fig. S2) [15]. Additionally,

 so-called ‘basic patch’ comprising the motif NRTXXR (residues
60–265) is characteristic of enzymes that favor NADP+ instead
f NAD+ [15,16]. The two arginines in this motif form hydrogen
onds with the adenine ribose phosphate of NADP+. Based on the
resence of these conserved residues, we predicted that TgSDH

ould be competent in catalyzing the NADP+-dependent oxidation

f shikimate.
We expressed the TgSDH construct in Escherichia coli and

urified the recombinant protein from the bacterial cells by
a Kinetic properties were determined by varying either the substrate or cofactor,
while holding the other (shown in parentheses) at saturation. Keff = Kcat/KM . SA, shiki-
mate; ND, not determined.

nickel-nitriloacetic acid affinity chromatography. Due to the
cysteine-rich nature of the construct, purification of the protein
required dithiothreitol to prevent disulfide bond formation and
protein aggregation. Analysis of the purified protein by sodium
dodecyl sulfate polyacrylamide gel electrophoresis revealed a dis-
tinct band between 50 kDa and 60 kDa, which corresponds to the
expected molecular weight of the construct (Fig. 1A).

The ability of the isolated SDH domain to retain enzymatic
activity was uncertain, as removal of the domain from the AROM
complex could alter its tertiary structure. The SDH domain may  rely
on the adjoining domains to properly fold. Moreover, the effect of
the large stretches of amino acid insertions on the activity of the
protein was  not known, as no kinetic data had been previously pub-
lished for any domain of the T. gondii AROM complex. Nevertheless,
the TgSDH construct readily catalyzed the oxidation of shikimate
(Kcat of 2.78 ± 0.04 s−1), using NADP+ as a cofactor (Table 1 and
Fig. 1B and C). We did not detect measurable activity with quinate, a
similar compound containing an additional hydroxyl group in the
C1-position, demonstrating the high level of substrate specificity
of the enzyme. While the measured rate of shikimate turnover is
lower than those reported for some bacterial SDH enzymes (E. coli
SDH, for example, displays a Kcat of 237 s−1) [15], it is similar to
the published rate for the SDH enzyme from Helicobacter pylori
(7.7 s−1) [17]. It is possible that the turnover rate of the recom-
binant TgSDH protein is reduced in comparison to the native SDH
associated with the T. gondii AROM complex as a result of changes
in the molecular environment of the protein caused by its isolation.
Alternatively, the native SDH domain may  also possess a relatively
low turnover rate that is compensated for by the proximity of active
sites in the AROM complex. Indeed, it has been suggested that the
primary benefit of the AROM complex is the potential for the effi-
cient transfer of substrates between the different domains of the
protein [11]. Likewise, metabolite channeling between the domains
of the bifunctional dehydroquinate dehydratase-SDH protein from
A. thaliana is thought to increase flux through the plant shikimate
pathway [10].

We  measured a KM of 52.7 ± 3.4 �M for TgSDH with respect to its
substrate shikimate (Table 1 and Fig. 1B). This value is almost identi-
cal to those reported for the SDH homologs from E. coli (65 �M)  [15]
and Mycobacterium tuberculosis (30 �M)  [18]. The similar KM values
of these enzymes are consistent with the conservation of substrate
binding residues noted in our sequence analysis (Fig. S2) and may
suggest that isolation of the SDH domain from the AROM complex
has minimal effects on the overall architecture of the enzyme and
its substrate binding site.

With respect to its cofactor, NADP+, TgSDH has a KM of
9.1 ± 0.6 �M (Table 1 and Fig. 1C). This value is somewhat lower
than those reported for a number of bacterial SDH enzymes, includ-
ing E. coli SDH, which exhibits a KM of 56 �M for the cofactor [15].
We detected only trace TgSDH activity using NAD+ (Kcat < 0.01 s−1),
demonstrating that TgSDH is an NADP+-specific dehydrogenase. A
number of previously characterized SDH enzymes from plants and

+ +
bacteria similarly display strong preference for NADP over NAD
[10,15,16]. The specificity of TgSDH for NADP+ is consistent with the
presence of the NRTXXR motif identified in the primary sequence
of the protein (Fig. S2).
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Fig. 1. (A) Sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis of recombinant TgSDH. Lane contents are: (1) molecular weight ladder; (2) crude lysate from
E.  coli cells expressing TgSDH; (3) insoluble fraction from lysate; (4) Ni-NTA column flow-through fraction; (5) column wash fraction; (6) early elution fraction containing
purified TgSDH; (7) later elution fraction. (B) and (C) Saturation kinetic profiles for substrate and cofactor usage by TgSDH. Enzyme-catalyzed oxidation of shikimate was
m  substrate-related kinetics, the concentration of shikimate was varied while NADP+ was
h ncentration of NADP+ was varied while shikimate was held at 2 mM.  (D) Effect of the
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onitored by following the reduction of NADP+ (ε = 6220 M−1 cm−1) at 340 nm.  For
eld  at the saturating concentration of 2 mM.  For cofactor-related kinetics, the co

nhibitor, EGCG, on the activity of TgSDH.

Based on the measurable activity of recombinant TgSDH, we
ropose that the construct could be used in the future for in vitro
creening of potential chemotherapeutic agents targeting the api-
omplexan shikimate pathway. In the present study, we  evaluated
he effects of two previously identified SDH inhibitors on the
ctivity of TgSDH. We  recently identified the plant polyphenol, epi-
allocatechin gallate (EGCG), as an inhibitor of the SDH enzyme
rom the bacterium Pseudomonas putida with an IC50 of 3.0 ± 0.2 �M
19]. This compound also exhibited potent inhibitory activity
gainst the SDH domain of the dehydroquinate dehydratase-SDH
rotein from A. thaliana (IC50 = 2.1 ± 0.3 �M).  In an earlier study,
an et al. identified the small molecule, curcumin, as an inhibitor
f the SDH enzyme from H. pylori with an IC50 of 15.4 ± 2.2 �M [17].
e tested the ability of both of these compounds to inhibit TgSDH.

lthough we were unable to detect significant inhibitory activity
f curcumin against TgSDH under the assay conditions (pH 8.8),
e found that TgSDH could be partially inhibited by EGCG, with an

C50 of 9.8 ± 1.5 �M (Fig. 1D). This value is only marginally higher
han those calculated for the SDH homologs from P. putida and A.
haliana.

Given the similar biochemical properties of TgSDH and previ-
usly characterized SDH proteins, we predicted that these enzymes
ight share a conserved three-dimensional structure. To investi-

ate this possibility, we modeled the structure of TgSDH using the
-TASSER protein modeling server (Fig. 2) [20]. The core structure of
he TgSDH model (Fig. 2, dark blue region) is characterized by two
uxtaposed �/� domains. The N-terminal domain contains four �-

trands of strand order �2, �1, �3, �4, flanked by �-helices �1, �4,
5, �6, and �15. The C-terminal domain is composed of �-strands
7, �6, �5, �8, and �9 and �-helices �8, �11, �12, and �13. Two
-helices in the central portion of the protein, �7 and �14, are

Fig. 2. Structural model of TgSDH. The three large surface-exposed insertions are
colored teal, while the ‘core’ of the protein is colored dark blue. The TgSDH struc-
tural model was generated using I-TASSER [20] based on the crystal structure of
Geobacillus kaustophilus SDH (PDB ID: 2EGG). (For interpretation of the references
to  color in this figure legend, the reader is referred to the web version of the article.)
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[19] Peek J, Shi T, Christendat D. Identification of novel polyphenolic
inhibitors of shikimate dehydrogenase (AroE). J Biomol Screen 2014,
J. Peek et al. / Molecular & Bioch

hared between the N- and C-terminal domains. The large amino
cid insertions present in the protein form three distinct �-helical
egions in the TgSDH model (Fig. 2, teal regions). The first insertion
xtends outward from �-strand �1, forms two small �-helices, �2
nd �3, and then reconnects with the core structure via �-helix �4.
he second insertion, which is located on the opposite face of the
rotein, extends from �-helix a8 and forms a broad loop containing
wo �-helices, �6 and �10, before rejoining the core structure at
-strand �6. The final insertion attaches to the core structure via
-helix �15. The �-helices, �16, �17, and the short helix �18, are

ormed by this insertion, which extends to the C-terminus of the
rotein (Fig. 2).

Superimposition of the TgSDH model with the structure of a
ell-characterized SDH enzyme from the bacterium Aquifex aeoli-

us [16] highlights the conserved core fold of these proteins (Fig.
3). The substrate binding sites of the proteins are located in a
left between their N- and C-terminal domains. Comparison of the
gSDH model with the A. aeolicus crystal structure demonstrates
he strict conservation and appropriate structural positioning of
he important substrate binding residues, Ser16 and Ser18, and
he catalytic residues, Lys131 and Asp169 (Fig. S3). These features
re predicted to contribute to the ability of TgSDH to catalyze the
xidation of shikimate, as we have observed in our kinetic analysis.

Our structural modeling of TgSDH suggests that the protein’s
hree large amino acid insertions form surface-exposed loops with
-helical character. These insertions have not been previously
bserved in other SDH proteins. Although the functional signifi-
ance of the insertions is unknown, the unique surfaces they create
ould be exploited to design novel drugs with high specificity for
he apicomplexan enzyme.
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