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X-ray Structure of Prephenate Dehydratase from Streptococcus mutans

Prephenate dehydratase is a key enzyme of the biosynthesis 
of L-phenylalanine in the organisms that utilize shikimate 
pathway. Since this enzymatic pathway does not exist in 
mammals, prephenate dehydratase can provide a new drug 
targets for antibiotics or herbicide. Prephenate dehydratase is 
an allosteric enzyme regulated by its end product. The enzyme 
composed of two domains, catalytic PDT domain located 
near the N-terminal and regulatory ACT domain located 
near the C-terminal. The allosteric enzyme is suggested to 
have two different conformations. When the regulatory mo-
lecule, phenylalanine, is not bound to its ACT domain, the 
catalytic site of PDT domain maintain open (active) state 
conformation as Sa-PDT structure. And the open state of 
its catalytic site become closed (allosterically inhibited) state 
if the regulatory molecule is bound to its ACT domain as 
Ct-PDT structure. However, the X-ray structure of prephe-
nate dehydratase from Streptococcus mutans (Sm-PDT) shows 
that the catalytic site of Sm-PDT has closed state confor-
mation without phenylalanine molecule bound to its regu-
latory site. The structure suggests a possibility that the bind-
ing of phenylalanine in its regulatory site may not be the only 
prerequisite for the closed state conformation of Sm-PDT.
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Introduction

Microorganisms and plants have autotrophic biosynthetic 
process that can produce aromatic amino acids such as phe-
nylalanine, tyrosine and tryptophan. Because the aromatic 

amino acid biosynthesis is essential for their survival and it 
is not found in mammals (Husain et al., 2001), the enzymes 
in the pathway can be good potential targets for antibacterial 
agents or herbicides. Though there are some other pathways 
that can produce aromatic amino acid (Xia et al., 1991; Cho 
et al., 2007), the most well-known and important pathway 
for the aromatic amino acid biosynthesis is shikimate pathway 
(Herrmann and Weaver, 1999). In the organisms that utilize 
shikimate pathway, prephenate dehydratase (EC 4.2.1.51) 
acts as a key enzyme in the biosynthesis of L-phenylalanine 
(Bentley, 1990).
  Prephenate dehydratase catalyzes the enzymatic conversion 
of prephenate to phenylpyruvate by decarboxylation and 
dehydration. Then the phenylpyruvate is converted again to 
phenylalanine by phenylalanine aminotransferase (Cotton 
and Gibson, 1965; Bentley, 1990). Prephenate dehydratase 
was initially found and characterized in bacteria, archaea, 
fungi, and plants. In Gram-positive bacteria and archaea, 
prephenate dehydratase exists as monofunctional enzyme, 
whereas in Gram-negative bacteria, prephenate dehydratase 
forms a fusion protein with chorismate mutase catalyzing 
the first two steps of phenylalanine biosynthesis (Bode et 
al., 1984; Fiske and Kane, 1984; Jensen et al., 1988; Porat et 
al., 2004; Warpeha et al., 2006).
  Prephenate dehydratase is an allosteric enzyme regulated 
by its end product, L-phenylalanine. The enzyme composed 
of two domains, catalytic PDT domain located near the N- 
terminal and regulatory ACT domain located near the C- 
terminal (Tan et al., 2008). PDT domain can be divided 
further into PDTa and PDTb subdomain.
  Recently, a structural investigation of prephenate dehydra-
tase from Mycobacterium tuberoculosis (Mt-PDT) by small 
angle X-ray scattering, ultracentrifugation and molecular 
modeling reported that prephenate dehydratase is a flat disk 
protein and exists as tetramer in solution (Tan et al., 2008; 
Vivan et al., 2008). The elution profile of the size-exclusion 
chromatography of prephenate dehydratase from Staphylo-
coccus aureus (Sa-PDT) and Chlorobium tepidum (Ct-PDT) 
support Vivan’s suggestion (Tan et al., 2008; Vivan et al., 
2008). And Tan et al. (2008) based on the X-ray structures 
of Sa-PDT and Ct-PDT, proposed the allosteric regulation 
mechanism of prephenate dehydratase as the conforma-
tional changes caused by binding of phenylalanine at the 
ACT domain propagate to the catalytic site of the enzyme.
  In this study, we would like to report a structure of another 
prephenate dehydratase (PDTa and ACT domain, tentatively 
designated as Sm-PDT) from Streptococcus mutans UA159 
(Guo and Shi, 2006), a Gram positive anaerobic bacterium 
found in human oral cavity involved in tooth decay. Though 
the Sm-PDT in our crystal does not have the regulatory phe-
nylalanine molecule in its allosteric site, the lower r.m.s. 
deviation in overall structure and the conformational simi-
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Table 1. Statistics of X-ray diffraction data and structure refinement 
High resolution crystal Phasing crystal

Data collection
  Space group C2 C2
  Cell dimensions
       a, b, c (Å) 110.81 57.96 85.05 111.69 58.25 83.39
       α, β, γ (°) 90.0 125.9 90.0 90.0 124.7 90.0

Peak
  Wavelength 1.2399 0.97972
  Resolution (Å) 2.1 2.7
  Rsym or Rmerge 0.087 (0.413) 0.141 (0.429)
  I/σI 14.86 (3.28) 22.6 (3.4)
  Completeness (%) 99.6 (97.31) 98.9 (92.5)
  Redundancy 3.7 (3.3) 7.0 (6.1)

Refinement
  Resolution (Å) 2.1 (2.18–2.1)
  No. reflections 25695 (2464)
  Rwork / Rfree 0.185 / 0.226
  No. atoms 3199
      Protein 2986
      Water 213
  B-factors 30.20
      Protein 29.8
      Water 36.6
  R.m.s deviations
      Bond length (Å) 0.014

Fig. 1. SDS-PAGE analysis shows that the protein has been cleft during 
crystallization process. Lanes: 1, The purified Sm-PDT protein solution 
after 15 day storage; 2, The re-dissolved Sm-PDT crystal.

larity in catalytic site between prephenate dehydratases re-
veal that the X-ray structure of Sm-PDT is more similar to 
the closed (allosterically inhibited) state structure of Ct-PDT 
than the open (active) state structure of Sa-PDT.

Materials and Methods

Preparation of Sm-PDT
Sm-PDT gene was cloned into pET-28a expression vector 
and transformed in E. coli BL21(DE3). The cells were grown 
at 37°C in seleno-methionine enriched medium M9 and over-
expressed at 20°C using 1 mM isopropyl-1-thio-β-D-galac-
topyranoside (IPTG) for overnight.
  Cells were harvested by centrifugation, resuspended in 
buffer A (20 mM Tris-HCl; pH 7.4, 100 mM NaCl, 10 mM 
β-mercaptoethanol, 10 mM imidazole) and lysed by soni-
cation with protease inhibitor. After the cell lysate was cen-
trifugated for 20 min, the supernatant was filtered by 0.45 μm 
in-line filter (Sartorius, Germany). Filtered protein solution 
was purified using Ni-NTA affinity column (Qiagen, Ger-
many). Gel filtration chromatography was carried out with 
a HiLoadTM 26/60 SuperdexTM 200 column (GE Healthcare, 
Sweden), which was pre-equilibrated in buffer B (20 mM Tris- 
HCl; pH 7.4, 100 mM NaCl, 10 mM β-mercaptoethanol), 
at a flow rate of 2.0 ml/min. Collected protein solutions were 
concentrated using Amicon Ultra of 10 kDa cut off, and the 
concentration of the protein was adjusted to 20.0 mg/ml.

Crystallization and data collection of Sm-PDT
Crystallization was performed by the hanging-drop vapor- 
diffusion technique at 293K. Hanging drops (2 μl) were pre-
pared by mixing 1 μl of the protein complex (containing 20 
mM Tris-HCl; pH 7.4) and 1 μl of reservoir solution. Plate 
type crystals were obtained from the reservoir condition of 

15% polyethylene glycol 8000, 100 mM magnesium chloride, 
100 mM Tris-HCl pH 7.4 after 15 days. Glycerol solutions 
of concentration gradient from 5% to 25% (v/v) were used 
for cryoprotection. Then the crystals were flash-frozen at 
100K. X-ray diffraction data were collected at the Pohang 
Light Source (PLS, beamline 6C1), Korea. The raw data were 
processed using the HKL2000 software (Otwinowski and 
Minor, 1997).

Structure determination of Sm-PDT and refinement
The crystal belongs to monoclinic crystal system with C2 
space group. The structure was solved by Se-atom single 
anomalous dispersion (SAD) method and modeled with 
auto-building option in program Phenix (Adams et al., 2002). 
COOT and REFMAC5 programs were iteratively used for 
model building and refinement process (Murshudov et al., 
1997; Emsley and Cowtan, 2004). The final atomic coordi-
nates and structure factors have been deposited in the Protein 
Data Bank, www.pdbj.org (PDB accession code 4LUB). Struc-
tural figures were produced using PyMol (www.pymol.org).

Sequence and structure alignment
Sequence alignment of prephenate dehydratases from three 
organisms was carried out using t-coffee program. The amino 
acid sequences were obtained from NCBI (www.ncbi.nih. 
gov). Structural alignment was done by program PSIPRED 
(McGuffin et al., 2000).



492 Shin et al.

                (A)                                                                              (B)

                (C)

Fig. 2. Sequence alignment and secondary structure of prephenate dehydratase. (A) Cartoon diagram of three-dimensional structure of Sm-PDT monomer. 
PDTa and ACT domains are shown in mustard and purple, respectively. (B) Some important and conserved amino acid residues and their tentative 
designation. (C) Multiple sequence alignment of prephenate dehydratases. PDTa and ACT domains are represented in the same color with (A). PDTb domain
which was not crystallized in Sm-PDT is shown in blue.

Results and Discussion

Some fraction of Sm-PDT has been cleft and removed dur-
ing crystallization
During structure determination, the initial built model con-
tained only ~65% of total 279 amino acids of Sm-PDT, and 
~30% of amino acids of the enzyme could not be found till 
the final stage of refinement. It means that some domain or 
fragment of Sm-PDT has been removed and is not there in 
the crystal. Later, it was confirmed by SDS-PAGE (Fig. 1) and 
MALDI-TOF mass spectroscopy (data not shown).
  Sm-PDT seems to be not very stable in β-mercaptoethanol 
solution. Lane 1 of Fig. 1 shows that, by 15 day storage, some 
amount of Sm-PDT (31 kDa) in stock buffer solution (20 mM 
Tris-HCl; pH 7.4, 100 mM NaCl, 10 mM β-mercaptoethanol) 
has been cleft to 9, 10, and 12 kDa fragment. After obtaining 
Sm-PDT crystal, the re-dissolved solution of the crystal shows 

that there are only 9 and 12 kDa fragments, and not 10 or 
31 kDa fragments (Fig. 1, lane 2). The lost 10 kDa fragment 
is revealed later to be PDTb subdomain, and the antioxidant, 
β-mercaptoethanol, seems to facilitate the crystallization of 
Sm-PDT but without the 10 kDa fragment. We tried another 
antioxidant, dithiothreitol (DTT), however it does not pro-
duce any crystal. β-Mercaptoethanol is known to have the 
ability of breaking disulfide bond of some proteins, but Sm- 
PDT monomer has only one cysteine and does not have di-
sulfide bond. The mechanism of the cleavage is not clear.

Overall structure of Sm-PDT compared to that of Sa-PDT 
or Ct-PDT
Sm-PDT consists of three (sub)domains, N-terminal PDTa 
(residue 5–85, 173–185), PDTb (uncrystallized fragment) 
subdomain, and C-terminal ACT (residue 186–279) domain. 
There are two monomers in asymmetric unit related by a 
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                                                           (A)

(B)                                                      (C)

Fig. 3. Comparison of the overall structure of prephenate dehydratase 
from different bacteria (A) Dimeric structures of Sm-PDT. (B) Overlap 
diagram of Sm-PDT (red) to Ct-PDT (cyan). (C) Overlap diagram of 
Sm-PDT (red) and Sa-PDT (green).

pseudo 2-fold symmetry. PDTa together with PDTb con-
struct the prephenate binding catalytic domain, and ACT is 
the allosteric regulatory domain to which L-phenylalanine 
binds (Tan et al., 2008).
  The final model of Sm-PDT refined to 19.0/21.8 (R/Free_R 
factor) and contained protein residues 5-85, 173-279 (PDTa 
and ACT domain). PDTb subdomain (86-172) could not be 
determined since it has been cleft and removed during crys-
tallization procedure. In a Ramachandran plot, 96.0% of resi-
dues lie in the favored regions, 3.2% in the allowed regions, 
and 0.8% in the disallowed regions. Data collection and re-
finement statistics are summarized in Table 1.
  The cartoon diagram of the three-dimensional structure of 
Sm-PDT monomer is shown in Fig. 2A. PDTa subdomain 
consist of three α helices and five β sheets (α1~α3, β1~β4, 
β10) and ACT domain consist of two α helices and four β 
sheets (α1’, α2’, β1’~β4’). The sequence alignment between 
Sm-PDT, Sa-PDT, and Ct-PDT is shown in Fig. 2C. The se-
quence identity of Sm-PDT with Sa-PDT is 32%, and that 
of Sm-PDT with Ct-PDT is 35%. For clarity purpose, some 
important and conserved amino acid residue numbers of 
Sa-PDT and Ct-PDT are tentatively designated as the cor-
responding equivalent residue numbers of Sm-PDT in this 
report (Fig. 2B).
  Tan et al. suggested that the crystal structure of Sa-PDT is 
the open (active) state of the enzyme, and that of Ct-PDT 
is the closed (allosterically inhibited) state, on the basis that 
Ct-PDT has the regulatory phenylalanine molecule bound to 
its allosteric ACT domain whereas Sa-PDT does not. From 
the difference between the structures of Ct-PDT and Sa-PDT, 
they proposed that the conformational changes induced by 
the binding of phenylalanine are propagated to the catalytic 
site, and the entrance opening of the catalytic cavity is closed 
as the result of the conformational changes (Tan et al., 2008; 
Vivan et al., 2008).
  Though Sm-PDT crystal does not contain PDTb subdomain 
and the primary sequence identity between prephenate de-
hydratases are low, the folding pattern and quaternary orga-
nization between them are nearly same. The overall struc-
ture of Sm-PDT (Fig. 3A) show very similar shape to pre-
viously reported prephenate dehydratases. For comparison, 
the three-dimensional structure of Sm-PDT dimer was su-
perimposed to previously reported Sa-PDT and Ct-PDT 
(Fig. 3B and 3C). Interestingly, the structure of Sm-PDT is 
more similar to that of Ct-PDT (r.m.s. deviation of 1.5608 
Å using corresponding Cα atoms) than that of Sa-PDT 
(r.m.s. deviation of 1.7058 Å).

Regulatory site of ACT domain
The enzymatic activity of prephenate dehydratase is allosteri-
cally regulated by its end product, L-phenylalanine. Binding 
of phenylalanine to the ACT regulatory domain induces 
conformational change which interrupts prephenate binding 
into the active site (Pohnert et al., 1999; Prakash et al., 2005). 
Based on the crystal structures of Sa-PDT and Ct-PDT, Tan 
et al. (2008) proposed that binding of phenylalanine con-
tracts the ACT interface of prephenate dehydratase dimer, 
and the resulting conformational changes are propagated 
to the catalytic PDT domain through ACT/PDT interface. 
The two PDTb subdomain push toward each other and the 

two PDTa subdomain move away from each other. As a re-
sult, the opening of catalytic cavity shrinks to a small closed 
state, and the enzyme becomes unable to allow the entrance 
of the substrate, prephenate.
  Fig. 4 shows the phenylalanine binding sites (in regulatory 
ACT domain) of prephenate dehydratases. A phenylalanine 
molecule is bound to the allosteric site of Ct-PDT (Fig. 4D). 
But Sm-PDT (Fig. 4A) and Sa-PDT (Fig. 4C) do not have the 
regulatory molecule in their allosteric sites. So the structure of 
regulatory ACT domain of Sm-PDT is more similar to that 
of Sa-PDT (open, active state) than that of Ct-PDT (closed, 
allosterically inhibited state).

Catalytic site of PDTa subdomain
A mutagenesis study showed that highly conserved N58 and 
T176 are crucial residues for catalytic activity (Zhang et al., 
2000). Another site-directed mutagenesis study suggested 
that the highly conserved triplet, T176, R177, F178, is impor-
tant, and among these, T176 is supposed to be a key residue 
for the catalytic activity (Hsu et al., 2004).
  By the crystal structures of prephenate dehydratases, Tan 
et al. (2008) suggested that the catalytic site of prephenate 
dehydratase is located at the cleft between PDTa and PDTb 
subdomain. They showed that the highly conserved triplet, 
T176, R177, F178, located in β10, resides in the catalytic cleft. 
Around the catalytic site, there are another highly conserved 
E57, N58, S59 residues (tentatively designated as ENS resi-
due) which seem to control the substrate accessibility to 
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  (A)                                            (B)                                              (C) Fig. 5. Detailed structure of catalytic site in 
PDT domain. The catalytic site of Sa-PDT 
shows an open conformation, but the opening 
of the catalytic site of Sm-PDT and Ct-PDT 
were blocked by ENS residue. (A) Sm-PDT. 
(B) Sa-PDT. (C) Ct-PDT.

             (A)                                                           (B)

             (C)                                                           (D)

Fig. 4. Detailed structure of regulatory site 
in ACT domain. Ct-PDT has a phenylalanine 
molecule at its regulatory site whereas Sm- 
DT or Sa-PDT does not. (A) Sm-PDT. (B) 
The electron-density map around regulatory 
site of Sm-PDT does not show any foreign 
molecule except water. (C) Sa-PDT. (D) Ct- 
DT.

the catalytic site. The ENS residue is located in β3-α3 loop. 
Other highly conserved two glycines, G12 and G62, which 
are located in β1-α1 loop and β3-α3 loop, seem to provide the 
flexibility for ligand binding (Tan et al., 2008). Although 
the crystal structure of Sm-PDT does not contain PDTb 
subdomain, the structure include all the above mentioned 
residues crucial for catalytic activity (Fig. 2C).
  In open state of Sa-PDT, the ENS residue is set aside from 
substrate binding cavity located between T176 and E61, 
and do not block the binding of substrate (Fig. 5B) (Tan et 
al., 2008). A putative prephenate binding model to the cata-
lytic cavity of Sa-PDT crystal structure shows that the sub-
strate may interacts with T176 and E61 of PDTa subdomain 
(data not shown). However, in closed state of Ct-PDT, the 
binding of phenylalanine to its regulatory site move the po-
sition of the ENS residue, and the ENS residue occupy the 
catalytic cavity between T176 and E61 (Fig. 5C) inhibiting 
the substrate entrance into the catalytic cavity. The catalytic 
key residue of T176 is masked by a hydrogen bond with 
N58 of ENS residue in Ct-PDT, whereas in Sa-PDT, T176 

is not masked and N58 forms a hydrogen bond with highly 
conserved R220 which locates in ACT domain of another 
monomer’s in asymmetric unit. Interestingly, the structure 
of Sm-PDT around the catalytic site (Fig. 5A) is quite sim-
ilar to that of Ct-PDT (Fig. 5C), not to that of Sa-PDT (Fig. 
5B). The ENS residue of Sm-PDT occupy the catalytic cavity 
as that of Ct-PDT, and the catalytic key residue of T176 is 
masked by a hydrogen bond with E57 of ENS residues, and 
N58 forms a hydrogen bond with the conserved N174 residue. 
Although we could not clarify the state of Sm-PDT owing 
to the absence of PDTb domain in our structure, the struc-
tural features show the possibility that Sm-PDT has the 
closed state conformation in the absence of phenylalanine.

Sm-PDT has closed state conformation without phenylala-
nine at its allosteric site
Comparisons of Sm-PDT both with Ct-PDT and Sa-PDT 
show interesting but somewhat confusing features. Sm-PDT 
does not have the allosteric phenylalanine molecule in its 
regulatory site, so the structure of regulatory site of Sm-PDT 
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resembles to that of Sa-PDT. However, the structure of cat-
alytic site of Sm-PDT is different from that of active state 
Sa-PDT, and it is very similar to that of allosterically inhibited 
state Ct-PDT. The ENS residue covers the catalytic cavity as 
Ct-PDT, so the substrate is unable to enter the catalytic cavity. 
The r.m.s. deviation of Cα atoms says that the overall struc-
ture of Sm-PDT is more similar to that of Ct-PDT than that 
of Sa-PDT.
  Tan et al. (2008) suggested the allosteric regulation mecha-
nism as the binding of phenylalanine induces conforma-
tional change of prephenate dehydratase, and the propagated 
conformational change closes the opening of catalytic site. 
However the crystal structure of Sm-PDT shows that the 
catalytic site of Sm-PDT has closed state without phenyl-
alanine bound to its regulatory site. Because Sm-PDT is more 
loose in crystal packing than Sa-PDT or Ct-PDT, there could 
not be more structural conflict or packing strain that may 
push each other and change the catalytic site of Sm-PDT. 
The volume occupied by one monomer of Sm-PDT crystal 
is about 110,618 Å3, which is far bigger than that of Ct-PDT 
(78,602 Å3) or Sa-PDT (71,644 Å3). Because the crystallized 
Sm-PDT does not have PDTb subdomain, it is not clear 
whether the closed state in catalytic site without phenylala-
nine bound to its regulatory site is also possible in intact 
Sm-PDT or not. However the X-ray structure of Sm-PDT 
suggests a possibility that the binding of L-phenylalanine in 
its regulatory site may not be the only prerequisite for the 
closed state conformation of Sm-PDT.
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