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1-Deoxy-D-xylulose 5-phosphate synthase (DXPS) uses thia-
mine diphosphate (ThDP) to convert pyruvate and D-glyceral-
dehyde 3-phosphate (D-GAP) into 1-deoxy-D-xylulose 5-phos-
phate (DXP), an essential bacterial metabolite. DXP is not
utilized by humans; hence, DXPS has been an attractive antibac-
terial target. Here, we investigate DXPS from Deinococcus
radiodurans (DrDXPS), showing that it has similar kinetic
parameters Km

D-GAP AND Km
pyruvate (54 � 3 and 11 � 1 �M,

respectively) and comparable catalytic activity (kcat � 45 � 2
min�1) with previously studied bacterial DXPS enzymes and
employing it to obtain missing structural data on this enzyme
family. In particular, we have determined crystallographic snap-
shots of DrDXPS in two states along the reaction coordinate: a
structure of DrDXPS bound to C2�-phosphonolactylThDP
(PLThDP), mimicking the native pre-decarboxylation interme-
diate C2�-lactylThDP (LThDP), and a native post-decarboxyla-
tion state with a bound enamine intermediate. The 1.94-Å-res-
olution structure of PLThDP-bound DrDXPS delineates how
two active-site histidine residues stabilize the LThDP interme-
diate. Meanwhile, the 2.40-Å-resolution structure of an enam-
ine intermediate-bound DrDXPS reveals how a previously
unknown 17-Å conformational change removes one of the two
histidine residues from the active site, likely triggering LThDP
decarboxylation to form the enamine intermediate. These
results provide insight into how the bi-substrate enzyme DXPS
limits side reactions by arresting the reaction on the less reactive
LThDP intermediate when its cosubstrate is absent. They also
offer a molecular basis for previous low-resolution experimental

observations that correlate decarboxylation of LThDP with pro-
tein conformational changes.

1-Deoxy-D-xylulose 5-phosphate synthase (DXPS),3 an
essential enzyme in bacterial central metabolism, catalyzes the
formation of DXP, which is an intermediate in isoprenoid, pyr-
idoxal phosphate, and thiamine diphosphate (ThDP) biosyn-
theses (1–5). DXP is not a biosynthetic intermediate utilized by
humans; therefore, DXPS is an attractive anti-infective target.
DXPS catalyzes the decarboxylation of pyruvate and subse-
quent carboligation to D-glyceraldehyde 3-phosphate (D-GAP)
using a unique ThDP-dependent mechanism that can be selec-
tively targeted (5–10). Unlike related pyruvate decarboxylases
such as the E1 subunit of pyruvate dehydrogenase (E1-PDH)
(11–17), the enzyme-bound pre-decarboxylation intermediate
C2�-lactylThDP (LThDP; Fig. 1) on DXPS is stable in the
absence of a decarboxylation trigger (15, 18 –21). Upon bind-
ing, D-GAP acts as a trigger of LThDP decarboxylation to form
the enamine, which subsequently reacts with D-GAP in its sec-
ond role as acceptor substrate to form DXP (Fig. 1) (15). Besides
D-GAP, DXPS utilizes an array of triggers and acceptor sub-
strates, such as O2, which induces LThDP decarboxylation in
the absence of D-GAP and accepts two electrons from the C2�-
carbanion to form peracetate (Fig. S1A) (22–24).

Although the mechanisms by which DXPS stabilizes LThDP
and coordinates with D-GAP to induce LThDP decarboxylation
are unknown, these steps are hypothesized to be driven by con-
formational changes on DXPS (21, 25). Hydrogen– deuterium
exchange MS (HDX-MS) studies of DXPS from Escherichia coli
(EcDXPS) indicate that, in the absence of ligand, EcDXPS dis-
plays EX1 exchange kinetics as indicated by the bimodal HDX
pattern in three regions near the active site (residues 42–58,
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183–199, and 278 –298). According to the EX1 exchange mech-
anism, a bimodal distribution of two distinct states in equilib-
rium, undeuterated and deuterated, is observed when backbone
H–D exchange occurs faster than refolding, such that regions
are deuterated simultaneously when present in an open, sol-
vent-exposed conformation. For EcDXPS, the distribution
between undeuterated and deuterated states is influenced by
substrate binding, implying that unligated EcDXPS exists in (at
least) two stable, interconverting conformations (25). In the
presence of the stable pyruvate mimic methylacetylphospho-
nate (MAP), HDX is reduced in these regions, suggesting that
the C2�-phosphonolactylThDP (PLThDP)-bound enzyme
complex, or the LThDP-bound enzyme complex by extension,
adopts a closed conformation (Fig. 1) (25). In contrast, when
incubated with D-GAP or DXP, EcDXPS shows increased HDX
in these active-site regions, suggesting that D-GAP triggers a
conformational change to an open conformation, which pre-
sumably lowers the barrier to LThDP decarboxylation (25).
This distinctive mechanism in ThDP-dependent enzymology
offers opportunities for selective targeting of unique conforma-
tions along the reaction coordinate.

Additional structural information is required to understand
the molecular mechanisms of DXPS conformational changes
and their roles in catalysis. Only two crystal structures of DXPS
are available: the 2.4-Å-resolution structure of proteolyzed
EcDXPS and the 2.9-Å-resolution structure of Deinococcus
radiodurans DXPS (DrDXPS), both obtained with ThDP
bound (26). These structures reveal features of DXPS that dis-
tinguish it from its closest homologs, such as E1-PDH (Fig. S2),
including a unique domain arrangement that positions the
activesitesofDXPSbetweendomainsIandIIwithineachmono-
mer of the active dimer, compared with the active sites of
E1-PDH, which are positioned at the dimer interface (26).
Additionally, Freel Meyers and co-workers (23) previously

demonstrated that the active site of DXPS is 2-fold larger than
that of E1-PDH, presumably to accommodate ternary complex
formation on DXPS. However, neither DXPS structure was
obtained in the presence of substrate, substrate analog, or
inhibitor; consequently, a molecular understanding of LThDP
stabilization and D-GAP–induced LThDP decarboxylation has
been elusive.

In this study, we report the first crystal structures of DXPS in
the presence of a pre-decarboxylation intermediate mimic,
PLThDP, and the native post-decarboxylation enamine inter-
mediate. These structures of DXPS from D. radiodurans were
determined under anoxic conditions to prevent unwanted side
reactions (24). Conformational rearrangements of the protein
are observed near the active site in these bound states, which is
consistent with previous HDX-MS results (25) and provide
insights into the molecular basis by which protein conforma-
tional flexibility dictates LThDP reactivity. We further provide
a full kinetic characterization of DrDXPS under anoxic condi-
tions, which along with our structural data allows us to re-ex-
amine the mechanism of DXPS.

Results

DrDXPS is mechanistically similar to other DXPS enzymes

Two key differences between DXPS and other ThDP-depen-
dent enzymes include its ability to stabilize the pre-decarboxy-
lation intermediate, LThDP, and the requirement for ternary
complex formation in catalysis, enabled in part by a large active
site (15, 23). Several DXPS enzymes have been shown to follow
a unique random sequential mechanism (15, 18, 21, 48). Similar
to other DXPS enzymes, DrDXPS displays DXP-forming activ-
ity (Table S1 and Fig. S3) and is inhibited by the pyruvate mimic
MAP (Ki � 2.8 � 0.2 �M; Table S1 and Fig. S4 –S6). Circular
dichroism (CD) analysis confirms stabilization of LThDP on

Figure 1. Mechanism of DXPS-catalyzed DXP formation and inhibition of DXP formation by MAP. The enzyme conformation (open, closed, or unknown)
that is associated with the reaction intermediate state is indicated. E, DXP synthase; R, 4�-amino-2-methyl-5-pyrimidyl; R�, �-hydroxyethyldiphosphate; IP,
1�,4�-iminopyrimidine.
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DrDXPS, evidenced by accumulation of a positive CD signal at
316 nm (Fig. S7). This behavior is similar to EcDXPS (15) and
distinct from other ThDP-dependent pyruvate decarboxylases
that follow ping–pong kinetics and do not stabilize the LThDP
intermediate. In addition, our results confirm pyruvate-com-
petitive inhibition of DrDXPS by butylacetylphosphonate
(BAP; Ki � 5.7 � 0.5 �M; Table S1 and Fig. S4 –S6), a sterically
demanding alkylacetylphosphonate that targets the large DXPS
active site required for ternary complex formation and is a poor
inhibitor of other ThDP-dependent enzymes (6, 8). Finally, we
show that DrDXPS displays oxygenase activity (Fig. S1B). Given
our previous findings that O2 acts as a trigger of LThDP decar-
boxylation on EcDXPS, we reason that O2 contributes to con-
formational flexibility that may impede crystallization. Thus,
crystallization studies reported here were conducted under
anoxic conditions.

Structure of DrDXPS in the presence of MAP provides a high-
resolution view of PLThDP-bound DXPS

DrDXPS was incubated and crystallized under anoxic condi-
tions with excess MAP, and the structure was solved to 1.94-Å
resolution (Tables S2 and S3) with one DrDXPS homodimer in
the asymmetric unit (ASU). Each monomeric subunit of
DrDXPS is composed of ThDP and three domains (Fig. 2).
Domain I (residues 8 –319) binds the pyrophosphate moiety of
ThDP, domain II (residues 320 – 495) binds the pyrimidine
moiety of ThDP, and domain III (residues 496 – 629) forms part
of the dimer interface. Interestingly, DXPS is the only ThDP-
dependent enzyme besides 2-oxoacid:ferredoxin oxidoreducta-
ses that utilize domains from the same protein chain to bind
ThDP (27–30); other ThDP-dependent enzymes anchor one
ThDP molecule using domains from two protein chains, which
positions the active site at the dimer interface. This structure is
the highest-resolution structure of DXPS solved to date, allow-
ing for the generation of a structural model with improved
refinement statistics, including a lower clash score, fewer Ram-
achandran outliers, and fewer side-chain outliers (Table S4).
Despite differences in side-chain positions, the backbone atoms

align well, with overall root-mean-square deviation (r.m.s.d.)
values between our 1.94-Å-resolution structure and the 2.9-Å-
resolution DrDXPS structure (1031 C� atoms in a dimer; PDB
code 2O1X) (26) and the 2.4-Å-resolution proteolyzed EcDXPS
structure (821 C� atoms in a dimer; PDB code 2O1S) (26) of
0.22 and 0.90 Å, respectively.

PLThDP is observed in the active site, consistent with bio-
chemical studies indicating that MAP reacts with ThDP to form
a stable pre-decarboxylation intermediate mimic (Figs. 2, inset;
3A; and S8A). His-434, predicted to be involved in pyruvate
binding (48, 49), and N4� of ThDP are positioned to form
hydrogen bonds with the C2�-hydroxyl of PLThDP, and Phe-
398 stacks against the pyrimidine ring of the ThDP. His-51 and
His-304, also predicted to be critical for catalysis in DXPS
enzymes (48 –50), are positioned to make favorable electro-
static interactions with the phosphonate of PLThDP (Fig. 3A).
Because the phosphonate is a mimic of the carboxylate moiety
of LThDP (31–34), we predict that His-51 and His-304 stabilize
the carboxylate of LThDP.

The active site of PLThDP-bound DrDXPS is very similar to
that of PLThDP-bound E1-PDH (PDB code 2G25; Figs. 3B and
S9) (34, 35). In both cases, the C–P bond of PLThDP is approx-
imately perpendicular to the thiazolium ring, and the C2�-hy-
droxyl of PLThDP interacts with a His residue (His-434 in
DrDXPS and His-640 in E1-PDH) and with the ThDP N4� (Fig.
3, A and B). Also, in both cases, a Phe residue stacks against the
pyrimidine ring of the ThDP. Additionally, both enzymes have
two histidine residues providing favorable electrostatic con-
tacts with the phosphonate moiety of PLThDP. Although the
residues in contact with PLThDP are the same, there are subtle
differences in distances for these two enzymes. For example,
the distance from N4� of ThDP to the C2�-hydroxyl moiety of
PLThDP is slightly longer in DrDXPS (2.7 Å in DXPS and 2.5 Å
in PDH). The stacking Phe residues are somewhat displaced as
are the histidine residues that contact the phosphonate moiety
(Fig. 3C).

Although these differences are subtle, it has been suggested
that minor variations in the geometry of LThDP may substan-
tially influence decarboxylation rates (34). In particular, it was
noted that although one would expect tetrahedral geometry for
the LThDP, the angle observed in PLThDP-bound E1-PDH was
compressed 104°, indicating a strained conformation (Fig. 3E).
Given that this strained conformation would be relieved
through decarboxylation, the authors suggested that the strain
imposed by active-site composition and geometry could
explain facile decarboxylation, which is estimated to be faster
than 100 s�1 (36). In contrast, the decarboxylation rate in DXPS
is low in the absence of D-GAP (15, 18). The conformation of
PLThDP in DXPS refines with a larger angle of 115°, which is
consistent with a more stable LThDP intermediate (Fig. 3D).
However, variations in PLThDP occupancies, refinement pro-
tocols, and resolution warrant caution in drawing strong con-
clusions from small differences in geometries of these
PLThDP-bound states.

Previous biochemical studies of EcDXPS revealed that Arg-
420 (Arg-423 in DrDXPS), Arg-478 (Arg-480 in DrDXPS), and
Tyr-390 (Tyr-395 in DrDXPS) are important for D-GAP
binding in carboligation (20). In the PLThDP-bound

Figure 2. The overall structure of PLThDP-bound DrDXPS. Domain I (pink;
residues 8 –319) binds the pyrophosphate moiety of ThDP, domain II (green;
residues 320 – 495) binds the pyrimidine moiety of ThDP, and domain III (blue;
residues 496 – 629) forms part of the dimer interface. PLThDP is drawn in sticks
and shown in the inset with each moiety labeled. The dashed lines represent
disordered regions not seen in the structure.
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DrDXPS structure, Arg-423, Arg-480, and Tyr-395 are 6.9,
8.5, and 10.6 Å away from the phosphonate moiety of
PLThDP, respectively (Fig. 3A). Despite many efforts, we
have not been able to obtain a structure with D-GAP bound,
but the PLThDP-bound DXPS structure indicates that there
is room in the active site for D-GAP to bind without a con-
formational change (Fig. S10).

Structure of DrDXPS cocrystallized with pyruvate reveals a
new protein conformation that removes an active-site
histidine residue from the active site

A structure of DrDXPS cocrystallized anoxically with pyru-
vate was solved to 2.40-Å resolution (Tables S2 and S3). The
ASU contains one monomeric subunit of DrDXPS, which

forms the physiological dimer by crystallographic symmetry.
Residues 186 –208, 217–224, 244 –246, and 292–306 are not
visible in this structure, although they were visible in the struc-
ture of PLThDP-bound DrDXPS (Table S3). SDS-PAGE analy-
sis of reproduced protein crystals shows no sign of proteolysis
(Fig. S11), indicating that the absent residues were disordered
instead of proteolyzed in situ. The remaining residues have an
r.m.s.d. of 0.27 Å (of 467 C� in a monomer) to the structure of
one monomer of PLThDP-bound DrDXPS.

Near C2 of ThDP, electron density is present that is of an
appropriate size for a three-atom adduct (Fig. S8B). Given that
DXPS forms a three-carbon, enamine intermediate upon
LThDP decarboxylation, it appears we have captured DXPS in a
post-decarboxylation state. The protonation and oxidation

Figure 3. Active-site comparisons between DXPS and PDH in the presence of PLThDP. A, the active site of PLThDP-bound DXPS. His-51 and His-304 form
hydrogen bonds with the phosphonate, but at 5.7 Å, Tyr-395 is too far away to hydrogen bond. The distance between N4� and C2�-hydroxyl is 2.7 Å. The
structure is colored in the same color scheme as Fig. 2. Tyr-395, Arg-423, and Arg-480, which have been implicated in D-GAP binding (20), are labeled. B, the
active site of PLThDP-bound PDH (PDB code 2G25) (34) contains similar residues. His-106 and His-407 are within hydrogen-bond distance of the phosphonate
of PLThDP as is Tyr-599 at 2.8 Å. The distance between N4� and C2�-hydroxyl is 2.5 Å. The pyrophosphate-binding domain is colored pink, and the pyrimidine-
binding domain is colored green. The structure is positioned at the same orientation and colored in a similar color scheme as DXPS in A for comparison. C, a
stereo figure of structures of DXPS (colored as in Fig. 2) and PDH (gray) in the presence of PLThDP. Structures are aligned by the five atoms that form the thiazole
ring. D, a side view of the active site of PLThDP-bound DXPS. His-51 and His-304 are 5.4 and 4.8 Å away, respectively, from C2 of ThDP. The P–C2�–C2 bond angle
of PLThDP is 115°. The C2�–C2–S1–C5 dihedral angle is 164°, indicating that the phosphonolactyl moiety is moderately out of the aromatic plane of the thiazole
ring. The structure is colored in the same color scheme as A. E, a side view of the active site of PLThDP-bound PDH (PDB code 2G25) (34) The figure is in the
same view as D. His-106 and His-407 are closer to C2 of ThDP at 5.2 and 4.3 Å (shifting rightward in the figure), respectively, than the corresponding histidines
are in DXPS. The P–C2�–C2 bond angle of PLThDP is 104°. The C2�–C2–S1–C5 dihedral angle is 163°, indicating that the phosphonolactyl group is moderately
out of the aromatic plane of the thiazole ring. The structure is colored in the same color scheme as B.
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state of the adduct cannot be determined at this resolution;
thus, the intermediate could be either enamine or the less reac-
tive acetylThDP. We will refer to this intermediate as the enam-
ine with the caveat that the enamine may also have converted to
the less reactive acetylThDP state during the time frame of the
crystallization experiments (37, 38). Notably, cocrystallization
of other ThDP-dependent enzymes with substrates (39) has
also led to structures of post-decarboxylation enzymatic states,
consistent with our observations here.

We found that the C2�-hydroxyl of the enamine makes con-
tacts similar to those made by the same moiety in PLThDP-
bound DrDXPS; in both cases, hydrogen bonds are made to
His-434 and the N4� of ThDP (Fig. 4). However, due to a change
in geometry following decarboxylation, contact distances are
longer in the enamine structure: 3.2 (enamine) versus 2.8 Å
(PLThDP) for His-434 and 3.0 (enamine) versus 2.7 Å
(PLThDP) for N4�. Instead of having tetrahedral geometry
around C2 and thus deviating from the plane of the thiazole
ring, the enamine has trigonal planar geometry and is in the
plane of the thiazole ring, as expected (34). Also as predicted,
the tighter packing between His and N4� of ThDP with the
C2�-hydroxyl of the tetrahedral PLThDP intermediate is
relaxed in the case of enamine-bound DXPS (34). This relief of
close packing has been proposed to be a driving force for decar-
boxylation in E1-PDH (34).

Further comparison of the two DXPS structures (PLThDP
versus enamine) reveals a key difference in the active site (Fig.
5). His-304, which was positioned to make favorable electro-
static contacts with the phosphonate of PLThDP, is missing
from the active site in the structure with enamine, suggesting
that decarboxylation is either preceded by or accompanied by
removal of a positive charge. The source of the His-304 dis-
placement is a major conformational change in the position of
two structural motifs that connect domains I and II: residues
292–306 that contains active-site residue His-304 and residues
307–319 that form a �-hairpin. Based on the shape of the
�-hairpin and the conformational changes observed, we name

this region (residues 307–319), the spoon motif, and name the
preceding region (residues 292–306), the fork motif. In the
PLThDP-bound structure, the fork motif is positioned to con-
tribute His-304 to the active site, and the spoon motif is filling in
much of the active-site cleft (Figs. 5A, 6A, and S12A). However,
in the enamine structure, the spoon motif has undergone a large
conformational change and is positioned on one side of the
active-site cleft where it adopts a bent conformation and hydro-
gen bonds to a glycine-rich region in domain II (residues 350 –
358), which had no previously assigned function (Figs. 5B, 6B,
and S12B). This movement of the spoon motif appears to “tug”
on the fork motif, causing it to become disordered, such that
residues 292–306 are no longer visible in the enamine structure
(Fig. 5B, dashed line). Alternatively, an order-to-disorder tran-
sition of the fork motif might initiate movement of the spoon
motif. Regardless, the movements of these two motifs appear to
be coupled.

In PLThDP-bound DXPS, both the spoon and fork motifs are
fully ordered (Fig. 5A). Near the beginning of the fork motif are
Gly-290 and Gly-292, two residues in the left-handed helix
region of the Ramachandran plot, which offer structural flexi-
bility to this region of the protein, and the flexibility does appear
to be substantial. The r.m.s.d. between the two structures in this
region is high, 17.4 Å (for 13 C�), and the first residue of the
spoon motif, Ala-307, moves by an impressive 13.1 Å (Figs. 5
and S13). Although His-304 is not visible in the enamine struc-
ture, the repositioning of Ala-307 away from the active site
indicates that His-304 must move away from the active site and
therefore can no longer interact with catalytic intermediates.
Together, these structures suggest that movements of the fork
and spoon motifs can modulate the reactivity of ThDP-bound
intermediates.

Discussion

The work presented here provides three-dimensional snap-
shots of two different conformational states of DXPS. These
structural snapshots provide a framework for the interpretation
of the previous HDX research on EcDXPS that first revealed
that DXPS has both “open” and “closed” states and contribute
the first views of substrate/reaction intermediate-bound states
for DXPS.

Previous work showed that when EcDXPS is incubated
with MAP, a pyruvate mimic, the HDX rates of three regions
near the active site (residues 44 –58, 185–201, and 283–303
in DrDXPS) decreased (Fig. 7A). The state was thus termed
the closed state as the reduced exchange rates indicated less
solvent accessibility. In the PLThDP-bound structure re-
ported here, all three of these previously identified regions
are buried by the fork and the spoon motifs (Fig. 7B),
explaining the reduced HDX rates observed. The structure
of PLThDP-bound DrDXPS provides a view of DXPS in this
closed conformation. When DXPS is incubated with D-GAP,
the HDX rates of the same three peptides mentioned above
are accelerated by 20 – 60-fold compared with the rates with
PLThDP-bound DXPS. Although we do not have a structure
of D-GAP-bound DXPS, the enamine structure provides a
view of a structural state in which the active site is open, and
we found that when the spoon motif is bent, all three HDX

Figure 4. Active site of DrDXPS cocrystallized with pyruvate. A three-
atom adduct is found in the active site of the DrDXPS structure cocrystallized
with pyruvate, suggesting that decarboxylation of the pyruvate has occurred.
The C2�-hydroxyl of the enamine forms hydrogen bonds with His-304 and
N4� of ThDP. Tyr-395, Arg-423, and Arg-480, which have been implicated in
D-GAP binding (20), are labeled.
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regions are exposed to solvent (Fig. 7C). In this apparent
open conformation, the solvent-accessible surface areas of
residues 44 –58, 185–201, and 283–291 are increased by

110 –220 Å2 in each segment. Hence, the structure with the
bent spoon motif is consistent with the open conformation
observed by HDX.

Figure 5. Active-site rearrangements in DrDXPS. A, the structure of DrDXPS in the presence of PLThDP, highlighting the positions of the fork motif (residues
292–306) and spoon motif (residues 307–319). The structures are colored in the same color scheme as Fig. 2 except for the fork and the spoon motifs, which are
colored cyan and orange, respectively. B, the structure of DrDXPS cocrystallized with pyruvate. The spoon motif (orange) is shifted by 17 Å from its location in
A and bent toward the pocket formed by residues 354 –357 (Figs. 6 and 7). The cyan dashed lines represent the fork motif (including His-304), for which there
is no density in this structure. Tyr-395, Arg-423, and Arg-480, which have been implicated in D-GAP binding (20), are labeled. C� atoms of Gly-290, Gly-292, and
Ala-307 (if present in structures) are shown as spheres to highlight the conformational changes. The structural overlay of the two structures is shown in Fig. S13.

Figure 6. Zoomed-in views of the spoon motif in structures of DXPS. A, in the structure of PLThDP-bound DXPS, the spoon motif resides near domain I in
the active-site cavity. The hydrogen bonds are formed between the backbone of the spoon motif and Ser-46, Tyr-295, and Tyr-302 of domains I and II, which
stabilize this conformation of the spoon motif. B, in the structure of enamine-bound DXPS, the spoon motif is bent toward residues 354 –357 of domain II. The
hydrogen bonds formed by the backbone atoms of Ala-312–Pro-311 of the spoon motif and Val-356 –Glu-357 of domain II stabilize this conformation of the
spoon motif. The structures are colored in the same color scheme as Fig. 5A.

Figure 7. Regions of DXPS that show changes in hydrogen– deuterium exchange upon ligand binding. A, graphical representation of domain I residues
of DrDXPS. Segments colored are the fork motif (cyan), the spoon motif (orange), and regions with significantly altered HDX rates in the full-length EcDXPS
when incubated with either D-GAP or MAP (yellow; by sequence alignment) (25). The length of each segment is proportional to the number of residues.
Residues 11– 40 and 61–180 are omitted because of the limited space. The third HDX region (residues 283–303) partially overlaps with the fork motif (residues
292–306). B, in the structure of PLThDP-bound DXPS, the fork and spoon motifs pack against all three HDX regions, residues 44 –58 (1), 185–201 (2), and
283–291 (located behind the fork motif; not labeled). His-51 and His-304 form hydrogen bonds with the phosphonate moiety of PLThDP. C, in the structure of
DXPS in the presence of the enamine, the spoon motif is found in a different conformation (not visible at this orientation; see Fig. 5 for the spoon motif). The
conformational changes expose all three HDX regions, residues 44 –58 (1), 185–201 (partially resolved; 2), and 283–291 (3). The structures are colored in the
same color scheme as Fig. 5A.
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Combining the structural insights gained in this study with
previous structural findings, we propose a more detailed
description of the role of conformational dynamics in DXP for-
mation. At the beginning of the reaction cycle before pyruvate
binds, DXPS exists in a bimodal distribution of open and closed
conformations according to HDX studies (25). Upon pyruvate
binding and formation of LThDP, DXPS adopts a closed con-
formation (25). Our structure of PLThDP-bound DrDXPS sug-
gests that the closed conformation is stabilized through the
interaction of the LThDP carboxylate with His-304, which is
part of the mobile region. In addition to stabilizing a closed
active-site conformation, His-304 and His-51 stabilize the
LThDP intermediate itself through interactions with the C2�-
hydroxyl. A mutagenesis study of EcDXPS conducted concur-
rently with this study has provided additional structural and
biochemical evidence to support a role of His-49 and His-299
(His-51 and His-304 in DrDXPS) in coordinating the closed
conformation, which is critical for efficient LThDP formation.4

Following LThDP formation, D-GAP binds, forming the ter-
nary complex and triggering the adoption of an open state (25).
Our structural data suggest that His-304 is displaced from the
active site when the enzyme is in the open conformation. It is
plausible that removal of this positively charged histidine from
the active site destabilizes the LThDP intermediate, triggering
decarboxylation.

His-407 in E1-PDH (analogous to His-304 in DrDXPS) is also
part of a flexible region that adopts an ordered conformation in
the presence of PLThDP (34, 35). However, there is no evidence
that His-407 is displaced from the active site following decar-
boxylation in that enzyme. There is no post-decarboxylation
structure of E1-PDH, but it has been proposed that conforma-
tional changes occur to create the binding site for the E2 sub-
unit of PDH (34, 36) and to protect the reactive enamine prior
to E2-PDH binding (41). There are, of course, several ways to
“protect” a reactive intermediate in an enzyme that utilizes two
substrates. An enzyme can keep the intermediate from forming
in the absence of the cosubstrate (a gated mechanism), or it can
form the intermediate but keep the intermediate sequestered in
the absence of the cosubstrate. DXPS appears to use the former
approach, and E1-PDH uses the latter.

Like DXPS, ThDP-dependent pyruvate:ferredoxin oxi-
doreductase also has a gated step: CoA binding triggers an elec-
tron transfer event. In pyruvate:ferredoxin oxidoreductase, the
introduction of the negatively charged thiolate moiety of CoA
into the active site is believed to facilitate the electron transfer
(29). It does not appear, however, that the negative charge of
D-GAP is responsible for its ability to trigger LThDP decarbox-
ylation on DXPS as biochemical studies suggest that decarbox-
ylation can be triggered in the absence of the phosphate moiety
by D-glyceraldehyde (20). Instead, the decarboxylation mecha-
nism proposed for DXPS is more similar to the “bait-and-
switch” mechanism (39) of oxalate oxidoreductase in which
altering charge distribution within the active site plays a central
role in decarboxylation. Likewise, removing the positively

charged His-304 from the active site of DXPS is expected desta-
bilize the carboxylate of LThDP.

In summary, the structures presented here, obtained under
anoxic conditions, provide long-sought insights into interme-
diate conformations of DXPS and shed light on previous bio-
chemical and HDX characterizations that have indicated a crit-
ical role for conformational dynamics in the unique mechanism
of DXPS. The structure of PLThDP-bound DXPS in the closed
state suggests possible ways that DXPS may stabilize LThDP.
Conversely, attempts to cocrystallize pyruvate with DrDXPS
unexpectedly provided a post-decarboxylation intermediate-
bound structure of DXPS in an open conformation. The struc-
ture of the open conformation reveals a major conformational
change of the spoon motif, which is consistent with previous
HDX-MS studies and provides a higher-resolution description
of DXPS conformational dynamics. Overall, our study contrib-
utes new knowledge to our understanding of the unique mech-
anism of this ThDP-dependent enzyme and provides a founda-
tion for future structural studies of DXPS and rational DXPS
inhibitor design.

Experimental procedures

Preparation of DrDXPS overexpression construct

D. radiodurans dxs was amplified from genomic DNA with
the following primers (Integrated DNA Technologies): 5�-TAT
TGC CAT ATG AAC GAA CTT CCC-3� and 5�-GCA ATA
AAG CTT CTA CAC CTC AAT CGG-3�. The PCR was set up
as follows: 98 °C for 1 min followed by 30 cycles of 98 °C for 10 s,
an annealing temperature of 64 °C for 30 s, and 72 °C for 75 s
followed by a final 10-min elongation at 72 °C. GC Buffer (New
England Biolabs) was required to obtain the desired PCR prod-
uct. The purified PCR product and empty pET28b(�) were
digested with NdeI and HindIII (New England Biolabs) at 37 °C
for 3 h. The digested PCR product was gel-purified and ligated
with the linearized vector at 16 °C overnight. The ligated con-
struct was transformed into Escherichia coli TOP10 competent
cells for amplification. The purified dxs-pET28b(�) plasmid
was fully sequenced by GENEWIZ to confirm the presence of
WT D. radiodurans dxs and N-His6 tag.

Overexpression and purification of WT DrDXPS

DrDXPS was overexpressed in E. coli BL21 (DE3) cells har-
boring dxs-pET28b(�) (26) and purified as described previ-
ously (42) with some modifications. Cells were lysed via micro-
fluidizer (Microfluidics Corp.) by passing the resuspended cells
through a chilled microfluidizer two times. Fractions contain-
ing DXPS following purification by ion exchange were com-
bined and then concentrated to less than 12 ml. Particulates
were removed from the protein solution by centrifugation at
21,000 � g at 4 °C for 30 min. The supernatant was loaded onto
a G200 26/60 HiLoad gel filtration column (GE Healthcare) and
eluted over 1 column volume (320 ml) in gel-filtration buffer
(10 mM HEPES, pH 8, 5% (v/v) glycerol, 200 mM NaCl, and 0.5
mM TCEP) at 4 °C. DXPS eluted as a single peak consistent with
a dimer of DXPS proteins. Fractions containing DXPS were
combined, and ThDP and MgCl2 were added to the protein
solution to a final concentration of 1 mM each. The protein was
concentrated to �25 mg/ml, and then particulates were

4 A. A. DeColli, X. Zhang, K. L. Heflin, F. Jordan, and C. L. Freel Meyers, manu-
script under review.
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removed by centrifugation at 21,000 � g at 4 °C. The superna-
tant was flash frozen in liquid nitrogen and then stored at
�80 °C.

Anoxic characterization of DXP formation

The E. coli methylerythritol-phosphate synthase (IspC)-cou-
pled enzyme assay described previously (9, 19) was utilized to
monitor DXP formation with minor modifications. All experi-
ments were performed in the anoxic chamber (Coy Laboratory
Products) with an N2/H2 environment at room temperature
(25–28 °C). The assay mixture contained DXPS (200 nM), IspC
(4 �M), NADPH (300 �M), D-GAP, and pyruvate in DXPS reac-
tion buffer (50 mM HEPES, pH 8, 100 mM NaCl, 2 mM MgCl2,
and 1 mM ThDP). DXP formation was initiated upon simulta-
neous addition of D-GAP and pyruvate to the reaction solution
to a final volume of 200 �l. NADPH depletion was monitored
by absorption at 340 nm using a 96-well Infinite M Nano
UV/visible plate reader (Tecan). D-GAP was held constant at
500 �M when pyruvate was the varied substrate (7.5–1000 �M),
and pyruvate was held constant at 1 mM when D-GAP was the
varied substrate (7.5–1000 �M). All experiments were con-
ducted in triplicate.

Detection of oxygenase activity

The oxygen-consuming activity of DrDXPS was monitored
to determine whether this enzyme catalyzes an oxygenase side
reaction as described previously (24) with minor modifications.
Pyruvate (1 mM) was added to DXPS (5 �M) in DXPS reaction
buffer, and O2 was monitored over time with an Oxytherm�
respiration oxygen monitoring system (Hansatech Instruments
Ltd.). All reactions were carried out in triplicate.

Detection of LThDP accumulation on DrDXPS by CD
spectroscopy

The ability of DrDXPS to stabilize LThDP was determined
using CD spectroscopy to monitor LThDP formation upon
titration DXPS with pyruvate as described previously (15) with
minor modifications. Pyruvate (12.5–500 �M) was titrated onto
DXPS (50 �M) in DXPS reaction buffer (described above but
Tris, pH 8, instead of HEPES). CD spectra from 280 to 500 nm
with a 1-nm step and 3.5-s averaging time were collected at 4 °C
between each addition.

Characterization of inhibitory activity of MAP and BAP against
DrDXPS

The determination of inhibitory constant (Ki) and mode of
inhibition (MOI) with respect to pyruvate of MAP and BAP
were conducted using the IspC-coupled enzyme assay as
described above with the following deviations. For Ki determi-
nation, MAP or BAP and pyruvate were added simultaneously
to the rest of the reaction solution. MAP (0.1–75 �M) or BAP
(1–100 �M) was varied, whereas pyruvate and D-GAP were held
constant at 108 (2 � Km) and 250 �M (10 � Km), respectively.
Plots of initial rate of DXP formation versus concentration of
inhibitor were fit to the Morrison equation (43) using
GraphPad Prism to determine Ki. To determine MOI, IC50 val-
ues for each inhibitor against DXPS at 2 � Km

pyruvate and 10 �
Km

pyruvate were determined as described above and plotted

against [pyruvate]/Km
pyruvate. The slope of this line was used to

determine MOI with respect to pyruvate. All experiments were
conducted in triplicate.

Cocrystallization of DrDXPS with MAP

The initial crystallization condition was identified using crys-
tallization screens dispensed by a Mosquito liquid-handling
robot (TPP Labtech) in an MBRAUN anoxic chamber with an
N2 environment at room temperature. The condition was opti-
mized using the sitting-drop crystallization method in the same
environment. 1.0 �l of 27.0 mg/ml DrDXPS in storage buffer
containing 1.2 eq of MAP and 5.7 mM D-GAP was mixed with
1.0 �l of well solution (0.056 M BES (Acros), 0.044 M triethanol-
amine, pH 7.5, 15% (w/v) PEG 3000 (Rigaku), 20% (v/v) 1,2,4-
butanetriol (Alfa Aesar), 1% (w/v) nondetergent sulfobetaines
(NDSB)-256 (Hampton), 25 mM L-arginine, 25 mM L-threonine,
25 mM L-histidine, and 25 mM trans-4-hydroxy-L-proline) to
make a 2-�l sitting drop in a sealed well with 500 �l of well
solution. Transparent plate crystals grew in 12–24 h. The crys-
tal used to determine the structure was looped from the drop
directly and flash cooled in liquid nitrogen. All chemicals,
except specified otherwise, were from Sigma-Aldrich.

Cocrystallization of DrDXPS with pyruvate

DrDXPS with pyruvate was crystallized using the sitting-
drop crystallization method dispensed by a Mosquito liquid-
handling robot in an MBRAUN anoxic chamber with an N2
environment at room temperature. 50 nl of 28.0 mg/ml
DrDXPS in storage buffer containing 50 mM pyruvate (Sigma-
Aldrich) was mixed with 150 nl of well solution (0.069 M

MOPSO, 0.031 M Bis(2-hydroxyethyl)amino-tris(hydroxy-
methyl)methane(Bis-Tris) pH 6.5, 12.5% (w/v) PEG 4000, 20%
(w/v) 1,2,6-hexanetriol, 20 mM DL-arginine, 20 mM DL-threo-
nine, 20 mM DL-histidine, 20 mM DL-5-hydroxylysine, and 20
mM trans-4-hydroxy-L-proline) to make a 200-nl sitting drop in
a sealed well with 75 �l of well solution. Transparent rod crys-
tals grew in 14 –21 days. The crystal used to determine the
structure was looped from the drop directly and flash cooled in
liquid nitrogen. 10 –20 crystals were collected for SDS-PAGE
sample preparation. Each crystal was washed in 500 nl of well
solution, harvested from the wash solution, and dissolved in 4�
Laemmli sample buffer (Bio-Rad) with 2-mercaptoethanol
(Sigma-Aldrich). All chemicals, except specified otherwise,
were from Molecular Dimensions.

Data collection and processing

Data were collected at the Advanced Photon Source on
Northeastern Collaborative Access Team beamline 24-ID-C on
a Pilatus 6MF detector. All data were indexed and scaled in
HKL2000 (44) with a CC1/2 of 	0.8 used as the indicator of
where to trim the high-resolution data. CC1/2 is the Pearson’s
correlation coefficient. Data statistics are listed in Table S2.

Structure determination and refinement

The structure of DrDXPS cocrystallized MAP was deter-
mined to 1.94-Å resolution by molecular replacement (MR)
with Phaser (45) implemented in PHENIX (46) using the pub-
lished structure of DrDXPS (PDB code 2O1X (26)) as a search
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model. An MR solution containing a DrDXPS homodimer per
ASU was found with log-likelihood gain of 25,827, translation
function Z-score of 136.4, and initial Rwork/Rfree of 30.5%/
30.5%. Rigid-body refinement was performed, and atomic coor-
dinates and B-factors were then iteratively refined in phenix.re-
fine (46) with model building and manual adjustments in Coot
(47). Final cycles of refinements include TLS parameterizations
with one TLS group for the protein monomer. Water molecules
were added manually using Fo � Fc electron density contoured
to 3.0� as the criterion. Noncrystallographic symmetry re-
straints were used throughout refinement.

The structure of DrDXPS cocrystallized pyruvate was deter-
mined to 2.40-Å resolution by MR using the published struc-
ture of DrDXPS (PDB code 2O1X (26)) as a search model. An
MR solution containing a DrDXPS monomer per ASU was
found with log-likelihood gain of 5,589, translation function
Z-score of 63.9, and initial Rwork/Rfree of 29.8%/30.0%. The
DrDXPS monomer forms a physiological homodimer by crys-
tallographic symmetry. The refinement steps were the same as
for the 1.94-Å-resolution structure described above except
noncrystallographic symmetry restraints were not applicable
with only one copy of DrDXPS in the ASU.

Restraints for the enamine adduct were based on previous
calculations performed for pyruvate:ferredoxin oxidoreductase
from Moorella thermoacetica (29). Restraints for PLThDP
complex were from Grade Web Server (Global Phasing). Com-
posite-omit electron density maps calculated by phenix.com-
posite_omit_map (46) were used to verify all three models. The
refinement statistics are in Table S2, and residues built into
each chain are listed in Table S3. All structure figures were
rendered in PyMOL. The software used was compiled by
SBGrid (40).
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