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The seven enzymes of the shikimate pathway catalyze sequen-
tial reactions to generate chorismate, a crucial branch point

in the synthesis of the aromatic amino acids.1 Because of the
essentiality of the shikimate pathway enzymes in a number of
organisms and the absence of mammalian shikimate homolo-
gues, the shikimate pathway has been regarded as a viable target
for the development of novel nontoxic antimicrobials, antifun-
gals, and herbicides.2-5

The dehydration of dehydroquinate to dehydroshikimate
represents the third step in the shikimate pathway (Figure 1).
Biochemical and genetic studies have shown this reaction can be
catalyzed by two phylogenetically unrelated enzyme families.6

Type I dehydroquinate dehydratases (DHQDs) are found in
plants, fungi, and some bacterial species.7,8 In bacteria, these∼29
kDa enzymes assemble into homodimers and catalyze a reaction
that proceeds via a covalent Schiff base intermediate to result in a
cis elimination.9-11 Distinct from type I enzymes, type II
DHQDs are found exclusively within bacteria. These ∼17 kDa
enzymes assemble into homododecamers and catalyze a reaction
that proceeds via a noncovalent enolate intermediate to result in
a trans elimination.12-14

We recently reported crystal structures of the Samonella
enterica type I DHQD in binary complex with the substrate
3-dehydroquinate in both a noncovalent pre-Schiff base state and
a covalent Schiff base-bound reaction intermediate state.15 In

addition, we analyzed the Clostridium difficile type I DHQD in
the covalent Schiff base-bound complex with the product
3-dehydroshikimate.15 These crystal structures provided crucial
insight into the reaction mechanism, suggesting that a single
active site histidine cycles throughmultiple protonation events to
catalyze the reaction and the formation and subsequent hydro-
lysis of the Schiff base intermediate.15 Notably, these DHQD
complexes consistently display a surface loop in a “closed” con-
formation that allows it to interact with the substrate or product.
Here we report three substrate and ligand-free structures of
S. enterica DHQD that reveal an “open” conformation of this
surface loop. Along with a kinetic study of loop mutants, these
new crystal structures establish two distinct functions for the
surface loop, substrate binding and positioning an active site
arginine residue, and demonstrate that appropriate loop function
is vital to the DHQD-catalyzed reaction.

’EXPERIMENTAL PROCEDURES

Cloning, Expression, and Purification of DHQD. Standard
Center for the Structural Genomics of Infectious Diseases
protocols were used for cloning, overexpression, and purification
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ABSTRACT: Dehydroquinate dehydratase (DHQD) catalyzes the third
step in the biosynthetic shikimate pathway. We present three crystal
structures of the Salmonella enterica type I DHQD that address the
functionality of a surface loop that is observed to close over the active site
following substrate binding. Two wild-type structures with differing loop
conformations and kinetic and structural studies of a mutant provide
evidence of both direct and indirectmechanisms of involvement of the loop
in substrate binding. In addition to allowing amino acid side chains to
establish a direct interaction with the substrate, closure of the loop
necessitates a conformational change of a key active site arginine, which
in turn positions the substrate productively. The absence of DHQD in humans and its essentiality in many pathogenic bacteria make
the enzyme a target for the development of nontoxic antimicrobials. The structures and ligand binding insights presented here may
inform the design of novel type I DHQD inhibiting molecules.
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of S. enterica DHQD.16 In short, S. enterica DHQD was cloned
into the MCSG7 expression vector as previously described.15

Following transformation into the BL21(DE3) Escherichia coli
strain, cells were grown for 4 h at 37 �C. At that point, the
temperature was reduced to 25 �C and protein overexpression
induced by the addition of isopropyl 1-thio-D-galactopyranoside
to a final concentration of 0.5 mM. After overnight growth,
cells were harvested by centrifugation, resuspended in a buffer
containing 10 mM Tris-HCl (pH 8.3), 500 mM NaCl, 10%
glycerol, and 5 mM β-mercaptoethanol, and lysed by sonication.
DHQD was purified by Ni-NTA affinity chromatography and
eluted in a buffer containing 10mMTris-HCl (pH 8.3), 500 mM
NaCl, and 5 mM β-mercaptoethanol. Immediately following

purification, DHQD was concentrated to 7.5 mg/mL for crystal-
lization screens.
Site-Directed Mutagenesis. Following the supplier’s tech-

nical manual, the QuikChange XL site-directed mutagenesis kit
(Agilent) was used to generate S232A and Q236A variants;
successful incorporation of mutations was confirmed by DNA
sequencing.
DHQDActivity Assay. As previously described,15 the DHQD

bioactivity assay measured the increase in absorbance at a λ of
234 nm to follow the formation of the conjugated enone
carboxylate within dehydroshikimate (ε = 12 mM-1 cm-1).17

Protein Crystallization and Data Collection. Sitting drop
crystallization was set up at room temperature using a 1:1 ratio of
DHQD to reservoir. Further details of the conditions of crystal
growth are outlined in Table 1. Harvested crystals were trans-
ferred to mother liquor before being frozen in liquid nitrogen.
Diffraction data were recorded at 100 K at the Life Sciences
Collaborative Access Team at the Advance Photon Source
(Argonne, IL).
Structure Determination and Refinement. All structural

work was performed by the Center for Structural Genomics of
Infectious Diseases.18 Data were processed using HKL-3000 for
indexing, integration, and scaling.19 Structures were determinedFigure 1. Reaction catalyzed by DHQD.

Table 1. Crystallization Conditions, Data Collection, and Refinement Statistics

open loop P212121 closed loop P21 Q236A

PDB entry 3L2I 3OEX 3O1N

displayed color in figures green yellow magenta

active site ligand none chloride chloride

protein buffer solution 500 mM NaCl and 10 mM

Tris-HCl (pH 8.3)

500 mM NaCl and

10 mM Tris-HCl (pH 8.3)

500 mM NaCl and 10 mM

Tris-HCl (pH 8.3)

crystallization condition 200 mM MgCl2 and 20%

PEG 3350

170 mM NH4OAc (pH 4.6), 25.5%

PEG 4000, and 15% glycerol

200 mM MgCl2, 100 mM

Tris (pH 8.5), and 20% PEG 3350

space group P212121 P21 P1

unit cell dimensions a = 36.92 Å a = 69.26 Å a = 45.43 Å

b = 76.91 Å b = 75.76 Å b = 46.48 Å

c = 171.85 Å c = 99.90 Å c = 55.79 Å

R = 90.00� R = 90.00� R = 104.23�
β = 90.00� β = 102.65� β = 97.50�
γ = 90.00� γ = 90.00� γ = 98.70�

resolution (Å) 28.64-1.85 (1.90-1.85)a 30.00-1.90 (1.93-1.90)a 26.62-1.03 (1.05-1.03)a

no. of reflections 42787 (3010)a 69261 (3428)a 196964 (8952)a

completeness (%) 99.9 (98.6)a 99.9 (99.7)a 92.7 (84.9)a

redundancy 6.5 (4.5)a 3.3 (2.7)a 4.3 (3.4)a

RmergeI 0.077 (0.355)a 0.085 (0.398)a 0.068 (0.333)a

I/σ(I) 21.3 (4.1)a 12.6 (2.8)a 15.0 (3.7)a

no. of molecules per

asymmetric unit

2 4 2

no. of atoms 4572 8540 4951

Rwork/Rfree 0.168/0.214 0.152/0.204 0.140/0.161

root-mean-square deviation

bond lengths (Å) 0.016 0.014 0.012

bond angles (deg) 1.526 1.431 1.464

average B factor

protein 23.1 23.2 14.2

waters 33.3 33.1 26.8

ligand - 23.5 11.6
aData for the highest-resolution shell in parentheses.
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by molecular replacement using Phaser.20 The Salmonella typhi
apo DHQD structure (PDB entry 1GQN) was used as the
starting model for the open loop P212121 DHQD structure and
the open loop P212121 structure as a starting model for subse-
quently determined closed loop P21 and Q236A variant struc-
tures. Structures were refined with Refmac.21 Models were
displayed in Coot22 and manually corrected on the basis of
electron density maps. All structure figures were prepared using
PyMOL Molecular Graphics System, version 1.3 (Schr€odinger,
LLC).

’RESULTS AND DISCUSSION

Identification of a Surface Loop That Closes over the
Active Site. We recently reported crystal structures of the type
I DHQD in which the substrate 3-dehydroquinate or the product
3-dehydroshikimate is covalently linked to Lys170 in pre- and
postdehydration Schiff base-bound intermediate states.15 To
characterize additional functional states of the enzyme, we
determined an apo state structure of the S. enterica DHQD in
space group P212121 (Table 1, open loop P212121). A super-
position of the apo structure with the previously reported
reaction intermediate-bound crystal structure shows a mostly
identical structural core (Figure 2). However, one significant
difference is observed in residues spanning Val228-Gln236. In
the apo structure, these residues are distant from the active site
and residues Lys230-Ser232 could not bemodeled because they
display poor electron density (Figure S1a of the Supporting
Information). In contrast, in the intermediate-bound structure,
all residues in the region are well-ordered (Figure S1b of the
Supporting Information) and are displaced to a position in which
they form a side of the active site (Figure 2, inset).
Closure of this loop is likely due to the potential for formation

of favorable hydrogen bonding interactions when substrate or
product is bound. The reaction intermediate-bound structures
reveal that in its closed conformation, side chains of loop residues
Ser232 and Gln236 are within hydrogen bonding distance of the
reaction intermediate’s 5-hydroxyl and 1-carboxyl groups,

respectively (Figure 2, inset). The ligand-responsive property
of the surface loop observed in these crystal structures is
consistent with previously reported type I DHQD structures
from Clostridium difficile,15 S. typhi,10,23 Staphylococcus aureus,24

Aquifex aeolicus (PDB entry 2YSW), Geobacillus kaustophilus
(PDB entry 2YR1), and Streptococcus pyogenes (PDB entry
2OCZ), which display a similar open and/or disordered apo
state and closed and ordered ligand-bound loop behavior. Similar
behavior of this loop in multiple type I DHQDs suggests that
inducible loop closure may be a general feature of substrate
binding in these enzymes.
Crystal Structure with Nonstandard Loop Behavior. We

determined a second DHQD structure in the absence of a
biological ligand. Contrary to the open loop P212121 crystal, this
crystal adopted the P21 space group (Table 1, closed loop P21).
Surprisingly, the behavior of the surface loop differs between
these two crystal forms. Similar to the reaction intermediate-
bound structures, all four molecules within the P21 asymmetric
unit display a closed loop conformation (Figure S1c of the
Supporting Information and Figure 3a). An overlay of these
two structures reveals that in the P21 space group the open loop
conformation would clash with residues from a crystallographic
symmetry mate (Figure 3b). This suggests that adoption of the
closed loop conformation may reflect constraints imposed by
crystal packing rather than an accurate representation of solution
state loop behavior in the absence of ligand.
Interestingly, within the closed loop P21 structure, a chloride

from the crystallization buffer is observed at the enzyme’s active site
(Figure 4). An overlay of the closed loop P21 structure with the
previously reported predehydration reaction intermediate-bound
structure reveals that the chloride is bound in precisely the same
position as the reaction intermediate’s 1-carboxyl group (Figure 4).
This observation provides a structural rationale for the previous
report of this anion acting as a competitive inhibitor of type I
DHQDs,17 which was also found to be true of the S. enterica
DHQD (data not shown). The absence of ordered chloride in
other DHQD crystal structures, including our open loop P212121
structure, despite crystallization conditions containing similarly

Figure 2. Dynamic loop behavior in DHQD.Overlay of open loop P212121 (green) and predehydration intermediate-bound (cyan, PDB entry 3M7W)
DHQD structures (rmsd of 0.28 Å over 198 CR atoms, calculated with Val228-Gln236 residues omitted). A dashed green line traces where the
disordered loop residues may lie. The inset highlights differential loop behavior between the two structures and shows interaction of the closed loop
residues with the reaction intermediate (pink).
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high concentrations of the anion, suggests that chloride binding
may be loop conformation-dependent; i.e., the anion may prefer-
entially bind the closed loop state of the protein. This apparent
requirement of loop closure for chloride binding, in combination
with the similar localization of chloride and the 1-carboxyl group,
suggests that a functional role of loop closure may be coordination
of the substrate’s anionic 1-carboxyl group to bind the substrate in a
conformation conducive to catalysis.
Catalytic Deficiencies of S232A andQ236A LoopMutants.

Alignment of multiple DHQD surface loop sequences from
distantly related organisms reveals a five-residue stretch of
complete conservation (Figure 5a), implying a functionally
significant role for this part of the loop. Notably, the two residues
within this conserved stretch, Ser232 and Gln236, directly
interact with the substrate or product (Figure 2, inset). To probe
the function of these loop residues, we generated the Ser232f
Ala (S232A) and Gln236 f Ala (Q236A) mutants. The dehy-
dration activity of wild-type (WT) and mutant enzymes was
assayed, and Michaelis-Menten kinetics were determined
(Table 2). Compared to the WT enzyme, both the S232A and
Q236A variants have attenuated activity, which is reflected in
both a decreased kcat and an increased Km (Table 2). While the
S232A mutation results in a moderate 50-fold decrease in kcat/
Km, the Q236A mutation results in a more severe 1000-fold
decrease (Table 2).

The crystallographically observed interactions between
Ser232 and Gln236 with the substrate or product indicate that
both residues have a direct role in substrate binding. Because side
chains of both Ser232 and Gln236 make a single interaction with
the substrate, the residues might be expected to be similarly
functionally important. However, the 20-fold lower efficiency of
the Q236A mutant versus the S232A mutant implies a more
critical role for Gln236 than Ser232 in the reaction and suggests
that Gln236 may have a more extensive role than merely binding
the substrate.
Loop Closure Induces Conformational Change in Arg213.

Having identified a differential effect of the S232A and Q236A
mutations on the enzyme’s kinetics, we set out to identify the
source of Ser232 and Gln236’s differing functionalities. A
comparison of apo and ligand-bound structures reveals that the
transition from apo to reaction intermediate-bound states results
in a conformational change in the Arg213 side chain (Figure 5b).
This change is likely to be functionally significant because the
residue moves from a position in the apo structure where its
guanidinium group points away from the active site to a position
in the reaction intermediate-bound structure where the guanidi-
nium group forms a bidentate salt bridge with the reaction
intermediate’s 1-carboxyl group (Figure 5b).
Two features of Arg213’s local environment differ between the

apo and reaction intermediate-bound states, and thus, one or
both are likely responsible for inducing the change in the
conformation of Arg213. First, the presence of the reaction
intermediate differs between the two structures. As such, sub-
strate binding may bias Arg213 to a conformation in which the
favorable interaction between its guanidinium and the substrate’s
1-carboxyl group can form. Second, the loop conformation
differs within the two structures. With the loop adopting its
closed conformation, the apo conformation of Arg213 would be
unusually close to loop residue Gln236 (Figure 5b). Thus, loop
closure could produce an unfavorable Gln236-Arg213 clash if
Arg213 did not change conformations. This latter possibility is
particularly intriguing because, with the involvement of Gln236,
it could explain the unexpectedly large effect of the Q236A
mutation on the enzyme’s kinetic parameters.
Because it isolates the effect of loop closure, the closed loop P21

structure allows for deconvolution of the relative influence of the
two forces, substrate binding and loop closure, acting on Arg213.

Figure 4. Chloride binding within the closed loop P21 active site. (a)
Superposition of closed loop P21 (yellow) and predehydration reaction
intermediate-bound (cyan) structures. The chloride and 1-carboxyl
group localize to the same position within the active site. The reaction
intermediate is colored pink. (b) Schematic representation of the closed
loop P21 active site showing key chloride interactions.

Figure 3. Closed loop conformation in the closed loop P21 structure likely resulting from crystal packing. (a) Superposition of predehydration
intermediate-bound (cyan) and closed loop P21 (yellow) structures. The reaction intermediate is colored pink. (b) Superposition of the closed loop
P212121 (yellow) and open loop P212121 (green) structures. Residues His51 and Glu89 of a symmetry-related molecule are proximal to the closed loop
and would clash with an open loop conformation. A dashed green line traces where the disordered residues may lie.
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An analysis of this structure reveals that despite the absence of a
biological ligand, when the loop is closed, Arg213 adopts its
reaction intermediate-bound conformation (Figure 5c). Thus, even
when the potential for formation of the guanidinium-carboxyl
interaction is lacking, loop closure is sufficient to cause the Arg213
conformational change. This finding suggests that loop closure, and
specifically the side chain ofGln236,may be critical for inducing the
change in the conformation of Arg213.
The Loop Mutant Fails To Induce a Conformational

Change in Arg213. A limitation in basing interpretations of
the effect of loop closure on Arg213 conformation on the closed
loop P21 structure results from the presence of chloride within
this structure’s active site. It is possible that the chloride has a
compensatory effect for the absence of the 1-carboxyl group. In
that case, it may be the presence of this anion rather than loop
closure that is directly responsible for the change in Arg213
conformation. To address this possibility and to further probe
the functional role of Gln236, we subjected the Q236A variant
enzyme to crystallographic study.
Interestingly, the Q236A enzyme crystallized in a new crystal

form that diffracted to a significantly higher resolution than any
of the WT crystals (Table 1, Q236A variant). Analysis of this
structure reveals that it behaves like a hybrid of the two WT
structures. One molecule in this structure’s asymmetric unit is
similar to the WT open loop P212121 structure and displays an
open and partially disordered loop conformation (Figure S1d of
the Supporting Information). The other molecule within the

asymmetric unit is similar to the WT closed loop P21 structure
and, despite lacking the presence of biological ligand, adopts a
closed loop conformation (Figure S1e of the Supporting In-
formation). An examination of the mutant protein’s crystal
packing reveals that the open conformation of the closed loop
is disallowed by precisely the same crystal packing as the WT
closed loop P21 structure (Figure S2 of the Supporting In-
formation). Also similar to behavior of the WT enzyme, the
presence of chloride is observed within the asymmetric unit’s
closed loop but not its open loop molecule (Figure 6a). This
correlation between loop conformation and active site chloride
occupancy within a single crystal provides compelling evidence that
chloride binding is loop conformation-dependent, providing further
support for the idea that loop closure plays a key role in anion
coordination. Despite cocrystallization and crystal soaking attempts,

Figure 5. Loop closure results in a conformational change in Arg213. (a) Sequence alignment of the type I DHQDs from S. enterica, C. difficile,
Enterococcus faecalis, and Arabidopsis thaliana done in ClustalW2 version 2 using ESPript version 2.2. Asterisks denote S. enterica Ser232 and Gln236,
which are observed to hydrogen bond with the reaction intermediate. (b) Superposition of open loop P212121 (green) and predehydration reaction
intermediate-bound (cyan) active sites. The reaction intermediate-bound conformation of Arg213 positions the residue to form a bidentate salt bridge
(yellow dashes) with the reaction intermediate’s (pink) 1-carboxyl group. Distances that would be unusually short between the open loop P212121
conformation of Arg213 and the reaction intermediate-bound conformation of Gln236 (red dashes) are given in angstroms. Arrows denote the direction
of movement of Gln236 and Arg213 as the loop transitions from open to closed states. (c) Superposition of predehydration reaction intermediate (cyan)
and closed loop P21 (yellow) structures. Arg213 adopts identical conformations in each structure.

Table 2. Kinetic Characterization of WT, S232A, and Q236A
DHQD

kcat (s-1) Km (μM) kcat/Km (s-1 μM-1)

WT 210( 5.1 21 ( 2.9 10

S232A 107( 7.4 548( 85 0.20

Q236A 6.9( 0.35 682( 204 0.01

Figure 6. Q236A variant enzyme that fails to induce a conformational
change in Arg213 and has altered anion coordinating properties. (a)
Superposition of open loop P212121 (green), predehydration reaction
intermediate-bound (cyan), closed loop P21 (yellow), and closed loop
Q236A (magenta) active sites. The reaction intermediate is colored
pink. In both closed loopWT structures, Arg213 adopts its ligand-bound
conformation. In the Q236A variant structure, Arg213 remains in its apo
conformation. (b) Superposition of the closed loop P21 (yellow) and
closed loop Q236A (magenta) active sites. Corresponding to the altered
Arg213 conformation, the chloride is displaced 3.0 Å within the Q236A
active site relative to its position in the WT enzyme.
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no biological ligand was observed in the Q236A variant active site, a
result consistent with the mutant enzyme’s increasedKm (Table 2).
An overlay of the closed loop Q236A molecule with WT

structures reveals that, despite loop closure, Arg213 remains in its
apo conformation in the Q236A variant enzyme (Figure 6b).
This finding allows the impact of Gln236 on Arg213 conforma-
tion to be deconvoluted from that of chloride. Because the
Q236A variant enzyme is capable of binding chloride in its apo
conformation, the possibility that the Arg213 conformational
change observed in the WT closed loop P21 structure is a
consequence of the chloride binding can be ruled out. Having
eliminated this confounding variable, we can conclude that the
differing Arg213 conformation between WT open loop P212121
and closed loop P21 structures is the direct result of loop closure.
Furthermore, the difference in the conformation of Arg213

between WT closed loop P21 and closed loop Q236A structures
demonstrates that Gln236 is the critical determinant responsible
for loop closure’s induction of the Arg213 conformational
change. Without the side chain of Gln236, loop closure no
longer results in a conformational change in Arg213. Thus,
analysis of this structure establishes that (1) loop closure results
in Arg213 adopting its substrate binding conformation and (2)
Gln236 is the sole residue responsible for this conformational
change.
The functional significance of the Q236A variant enzyme’s

inability to induce a conformational change in Arg213 is sug-
gested by the behavior of the bound chloride anion. In the WT
enzyme, the anion is coordinated by Arg213 and is positioned
precisely where the substrate’s 1-carboxyl group is found in the
reaction intermediate-bound structures (Figure 4b). The similar
localization of the 1-carboxyl group and chloride argues that
Arg213 is likely to be functionally relevant for coordinating the
1-carboxyl group in the substrate binding event. In the closed
loop Q236A structure, chloride is still coordinated by Arg213,
but with the residue adopting its apo conformation, the anion is
displaced ∼3 Å (Figure 6c). Thus, without Gln236 inducing a
change in the conformation of Arg213, the position of anion
coordination shifts from the position of 1-carboxyl group binding
to a position removed from the enzyme’s catalytic center.
Notably, if the 1-carboxyl group were to bind in the observed
chloride position, then the substrate’s 3-carbonyl carbon would
be too far removed from the Schiff base forming Lys170 for
formation of the covalent reaction intermediate to occur. As
such, an inappropriate coordination of the carboxyl group to this
position should greatly hinder enzyme activity.
In light of the evidence presented here, we propose that loop

closure has two functions. First, as evidenced by the ligand-
bound crystal structures and kinetic study of the S232A variant
enzyme, loop residues directly interact with the substrate in a
manner that facilitates substrate binding. Second, as demon-
strated by structural and kinetic studies of the Q236A variant
enzyme, loop closure and specifically Gln236 facilitate a con-
formational change in Arg213 that positions the residue to form a
key interaction with the substrate’s 1-carboxyl group. Thus, loop
closure acts by both a direct and an indirect mechanism to
facilitate substrate binding.

’CONCLUSIONS

We present three crystal structures of the type I S. enterica
DHQD that address the function of a surface loop that is
observed to close over the active site. An exception to the typical

open and disordered apo state loop behavior, the first structure in
which the loop adopts a closed conformation in the absence of
substrate and/or product is presented. This structure demon-
strates that loop closure results in a conformational change in the
substrate binding residue Arg213. Kinetic studies of two mutants
reveal that the loop is functionally important for catalysis. A
crystal structure of the Q236Amutant enzyme demonstrates that
Gln236 is required for loop closure to induce the conformational
change in Arg213. A consequence of Arg213 forgoing its con-
formational change in this mutant is an∼3 Å shift in the position
of chloride localization. The fact that the bound anion moves
from the position of substrate carboxyl group binding to a
position removed from the enzyme’s catalytic center argues that
Arg213’s conformational change is critical for binding the
1-carboxyl group to position the substrate in the catalytically
favored orientation. On the basis of the data presented here, we
propose that the loop residues influence substrate binding by two
separate mechanisms. Closure of the loop facilitates substrate
binding by directly interacting with the substrate and by induc-
ing a conformational change in Arg213 to its substrate binding
position.

As a requisite step in aromatic amino acid biosynthesis,
DHQD is a target for antimicrobial enzyme inhibitors. The
findings presented here provide insight that may aid in targeted
design of novel DHQD inhibitors. The attenuation of enzymatic
activity resulting from compromised loop function validates an
inhibition strategy based upon the prevention of loop closure,
suggesting that a molecule capable of stabilizing the open state of
the loop or destabilizing the closed state may be an effective
allosteric DHQD inhibitor.
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