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ABSTRACT: The thiamin diphosphate-dependent enzyme 1-deoxy-D-xylulose 5-phosphate synthase (DXPS) catalyzes the
formation of DXP from pyruvate (donor) and D-glyceraldehyde 3-phosphate (D-GAP, acceptor). DXPS is essential in bacteria but
absent in human metabolism, highlighting it as a potential antibacterial drug target. The enzyme possesses unique structural and
mechanistic features that enable development of selective inhibition strategies and raise interesting questions about DXPS function
in bacterial pathogens. DXPS distinguishes itself within the ThDP enzyme class by its exceptionally large active site and random
sequential mechanism in DXP formation. In addition, DXPS displays catalytic promiscuity and relaxed acceptor substrate specificity,
yet previous studies have suggested a preference for pyruvate as the donor substrate when D-GAP is the acceptor substrate. However,
such donor specificity studies are potentially hindered by a lack of knowledge about specific, alternative donor−acceptor pairs. In this
study, we exploited the promiscuous oxygenase activity of DXPS to uncover alternative donor substrates for DXPS. Characterization
of glycolaldehyde, hydroxypyruvate, and ketobutyrate as donor substrates revealed differences in stabilization of enzyme-bound
intermediates and acceptor substrate usage, illustrating the influence of the donor substrate on reaction mechanism and acceptor
specificity. In addition, we found that DXPS prevents abortive acetyl-ThDP formation from a DHEThDP carbanion/enamine
intermediate, similar to transketolase, supporting the potential physiological relevance of this intermediate on DXPS. Taken together,
these results offer clues toward alternative roles for DXPS in bacterial pathogen metabolism.

The bacterial enzyme 1-deoxy-D-xylulose 5-phosphate
synthase (DXPS) catalyzes the formation of DXP from

pyruvate and D-glyceraldehyde 3-phosphate (D-GAP) in a
thiamin diphosphate (ThDP)-dependent manner. The central
metabolite DXP feeds into the biosynthesis of vitamins ThDP
and pyridoxal phosphate as well as isoprenoid precursors
isopentenyl diphosphate (IDP) and dimethylallyl diphosphate
(DMADP) (Figure 1).1,2 While DXP synthase (DXPS) is
essential in many bacterial pathogens, it is absent in humans,
highlighting its potential as an antibacterial drug target.3−8

DXPS has unique structural and mechanistic features
compared to other ThDP-dependent enzymes9−14 that can
be exploited to specifically target DXPS. Among these features
are its large active site volume and unique domain arrangement
compared to those of the related human ThDP-dependent
enzymes transketolase (TK) and the E1 subunit of pyruvate
dehydrogenase,12,15−17 as well as a random sequential

mechanism involving ternary complex formation.9,14,18,19

Distinct from other ThDP-dependent enzymes, the first
enzyme-bound intermediate, C2α-lactyl-ThDP (LThDP), is
stabilized on DXPS in the absence of the acceptor substrates D-
GAP and O2.

10,13,20
D-GAP plays two roles on DXPS: as a

trigger of LThDP decarboxylation upon binding to the E−
LThDP complex and as an acceptor substrate in the
subsequent carboligation step to produce DXP (Figure
1).2,13,14 These structural and mechanistic features of DXPS
have guided the development of inhibitors that display
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selective inhibition of DXPS over related ThDP en-
zymes.7,8,21−23

DXPS also possesses conformational flexibility and diver-
sity,10,19,24,25 as well as relaxed acceptor substrate specific-
ity.10−12,20,26−29 These characteristics, taken together with the
role of DXPS in vitamin and isoprenoid biosynthesis, are
reminiscent of multifunctional enzymes that are often found in
central metabolism and existed in the last universal common
ancestor.30−34 This has led us to postulate that DXPS may also
be multifunctional,23 potentially having the capacity to catalyze
diverse reactions in biology. Previous studies exploring the
acceptor substrate specificity of DXPS have shown that the
enzyme is capable of using structurally diverse acceptor
substrates, including glyceraldehyde and other aldehydes with
sterically demanding alkyl or aryl substituents, nitroso
analogues, and O2 (Figure 2).10−12,20,26−29 In contrast,
previous research to investigate donor substrate specificity
has suggested pyruvate is the preferred donor in the presence
of D-GAP as the acceptor.27,28,34,35 In these studies, alternative
donor substrate usage was assessed by detection of new
products formed from α-ketoacids and D-GAP, and several
potential donors were suggested to be inefficiently utilized
under these conditions.28,35 Given the minimal product
formation observed in the presence of alternative α-ketoacids,
we hypothesize that restricting the acceptor substrate to D-
GAP in these studies limits our ability to detect a broader
donor substrate specificity. It is possible that DXPS could use
its unique gated mechanism to enable processing of distinct
donor−acceptor pairs; D-GAP may not be the ideal acceptor
substrate partner for other ketoacid donor substrates. Indeed,
glycolaldehyde can be formed from hydroxypyruvate on
DXPS,36 whereas D-GAP appears to be inefficiently utilized

in the presence of this donor.28 Here, we have reasoned on the
basis of the precedent for oxygenase activity on other
carbanion-forming enzymes,37−40 coupled with the observed
DXPS-catalyzed oxidative decarboxylation of pyruvate,20 that
detecting oxygenase activity in the presence of alternative α-
ketoacids may be a useful method for identifying donor
substrates on DXPS.
In this study, we evaluated a series of ketoacids and

aldehydes as potential donors for O2 and show that DXP
synthase utilizes hydroxypyruvate (HPA), ketobutyrate, and
glycolaldehyde as alternative donor substrates in the oxygenase
reaction. Interestingly, each donor displays a unique acceptor
specificity and/or mechanistic profile. For example, pyruvate
and HPA can use O2 as an acceptor. However, unlike pyruvate,
HPA does not undergo efficient carboligation with D-GAP, nor
does DXPS stabilize its lactyl-like intermediate, β-hydroxylac-
tyl-ThDP (β-OH-LThDP); HPA is readily converted to
glycolaldehyde under anaerobic conditions. Additionally,
DXPS avoids unproductive formation of acetyl-ThDP from
dihydroxyethyl-ThDP (DHEThDP, the postdecarboxylation
intermediate formed from HPA), which may support the
physiological relevance of this intermediate. These results are
significant because they indicate that DXPS couples substrate
pair selection with mechanism, in which the donor substrate
not only dictates acceptor substrate usage but also determines
the mechanism of donor processing and its reactivity on DXPS.
This apparent variable mechanistic control may offer additional
support for the hypothesis that DXPS could be multifunc-
tional.

Figure 1. DXP formation on DXPS. Enzyme conformations at various steps in the reaction are indicated.24,25 DXPS uses a gated mechanism in
which LThDP is stabilized until a trigger induces decarboxylation.

Figure 2. Oxygenase activity of DXPS. Oxygen acts as a trigger for LThDP decarboxylation and as an acceptor substrate on DXPS.
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■ MATERIALS AND METHODS

General Methods. Unless otherwise noted, all materials
were obtained from commercial sources. Chemicals, including
substrates, were obtained from Sigma-Aldrich unless otherwise
noted. Compound 3, HEPES, and LB broth were purchased
from Fisher; compound 9 was purchased from Fluka, and
compound 4 from Alfa Aesar. Escherichia coli DXP synthase
and E. coli IspC were overexpressed and purified as previously
reported9 with minor modifications. Lysis was performed using
a Microfluidics (Westwood, MA) LM10 microfluidizer; the Ni-
NTA batch bind was performed using 5 mM imidazole for 1 h,
and the final dialysis was conducted using 1 L of a buffer
lacking added β-mercaptoethanol. For DXPS overexpression,
cells were grown at 37 °C for 1.5 h and then the temperature
was decreased to 25 °C before induction and overnight
growth. A Coy Laboratory Products (Grass Lake, MI) vinyl
anaerobic chamber was used for all anaerobic experiments. A
Tecan infinite M nano UV/visible plate reader situated inside
the Coy chamber was used for anaerobic spectrophotometric
analyses. Oxygen consumption was measured via an Oxytherm
+ respiration oxygen monitoring system from Hansatech
Instruments Ltd. (Norfolk, U.K.). Anaerobic conditions for
experiments conducted outside the chamber [e.g., circular
dichroism (CD) and nuclear magnetic resonance (NMR)]
were established in the Coy chamber, and then samples were
transferred to anaerobic cuvettes (with septa lids) or NMR
tubes (sealed with a layer of parafilm and a layer of vinyl tape).
For CD studies, experiments were performed on an Aviv
(Lakewood, NJ) 420 CD spectrometer.
Inhibition Assay. DXP formation was monitored using the

previously described IspC-coupled assay with minor mod-
ifications.9,41,42 Sample preparation and experiments were
performed in the anaerobic chamber in a 96-well plate at
ambient chamber temperature (25−29 °C). Reactions were
initiated by simultaneous addition of pyruvate and D-GAP at
3KM (90 and 93 μM, respectively). Each well contained 100
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) (pH 8), 5 mM NaCl, 2 mM MgCl2, 1 mM ThDP,
100 nM DXPS, 2 μM IspC, 400 μM NADPH, and 1 mM
inhibitor. The disappearance of NADPH was monitored at 340
nm. Initial rates of NADPH depletion were used to estimate
rates of DXP formation. The percent inhibition was calculated
compared to a no inhibitor control. The standard deviation
was calculated from three replicates.
Oxygenase Activity. To detect alternative donor usage by

DXPS in the presence of O2 as an acceptor, O2 consumption
was detected by an oxygen electrode. Unless otherwise noted,
reactions included 5 μM DXPS and 1 mM substrate in 100
mM HEPES (pH 8), 100 mM NaCl, 2 mM MgCl2, and 1 mM
ThDP in a total volume of 350 μL. The electrode was
calibrated daily at 25 °C, and solutions were prepared in the
absence of substrate and equilibrated at 25 °C for a minimum
of 2 min, until the O2 signal stabilized. Reactions were initiated
by the addition of 10 μL of a substrate by syringe
(preincubated at 25 °C). The rate of O2 consumption was
determined by monitoring the concentration of O2 over time
at 25 °C. Reactions were performed in triplicate, and the
standard deviation of the rate of O2 depletion was calculated.
Pseudo-Michaelis−Menten analysis was performed under the
same conditions described above. Three separate Michaelis−
Menten analyses were conducted; Michaelis−Menten curves
were generated in each case and analyzed using Graphpad

Prism. The standard deviation was calculated from the kinetic
parameters of the three curves.

Steady State CD Analysis of DXPS-Bound Intermedi-
ates. Solutions were prepared and deoxygenated in a Coy
anaerobic chamber for 30 min at ambient chamber temper-
ature. Prior to removal from the chamber, solutions were
transferred to a septa-capped cuvette (Starna Cells, 1-Q-10-ST-
S). A DXPS + ThDP scan was performed with a 3 mL solution
containing 40 μM DXPS in 50 mM HEPES (pH 8), 100 mM
NaCl, 1 mM MgCl2, and 0.2 mM ThDP. Scans were obtained
at 4 °C scanning from 280 to 450 nm with a 1 nm step and a 3
s averaging time. The donor substrate was added via a gastight
Hamilton syringe. The cuvette was inverted to mix and then
scanned using the method described above. CD experiments
were conducted at least twice for each donor substrate.

CD Detection of Formation of L-Erythrulose and
Other Chiral Products. In each case, the solution was
prepared and deoxygenated in a Coy anaerobic chamber for 30
min at ambient chamber temperature, after which it was
transferred into a septa-capped cuvette (Starna Cells, 1-Q-10-
ST-S). A DXPS + ThDP scan was performed with a solution
containing 5 μM DXPS in 50 mM HEPES (pH 8), 100 mM
NaCl, 1 mM MgCl2, and 0.2 mM ThDP. The substrate was
added once (25 mM HPA or 300 mM glycolaldehyde) via a
Hamilton syringe. All scans used the following parameters:
250−400 nm with a 1 nm step and a 6 s averaging time. Scans
were acquired at 25 °C for 1.5−2 h after the addition of the
substrate, at which point the instrument and solution were
cooled to 4 °C to slow the reaction, and an L-erythrulose
standard (5 mM) was added. A final scan was acquired at 4 °C
of the reaction mixture containing the L-erythrulose standard.
To illustrate that L-erythrulose formation is slower at 4 °C (in
the glycolaldehyde one-substrate reaction), one experiment
was initiated at 4 °C for 60 min, at which point the
temperature was increased to 25 °C and reaction progress
monitored by CD spectroscopy for an additional 80 min.
Experiments were performed in triplicate.

Detection of Aldehyde Formation. Aldehydes (acetal-
dehyde, propionaldehyde, and glycolaldehyde potentially
formed from pyruvate, ketobutyrate, and HPA on DXPS)
were detected using a coupled alcohol dehydrogenase (ADH)
assay with ADH from Saccharomyces cerevisiae (Sigma).36 For
pseudo-Michaelis−Menten analysis of formation of glycolalde-
hyde from HPA, reaction mixtures contained 10 μM DXPS,
250 units/mL ADH, 50−5000 μM HPA, and 400 μM NADH
in 200 μL of a solution containing 100 mM HEPES (pH 8),
100 mM NaCl, 2 mM MgCl2, and 1 mM ThDP. Reaction
mixtures were prepared in the anaerobic chamber and allowed
to deoxygenate for 15 min before the reaction was initiated
with the substrate and the absorbance recorded at 340 nm via
the plate reader in the chamber (in 96-well plate format). All
reactions were performed at chamber temperature in triplicate.
Apparent Km and kcat values were calculated from fitting to the
Michaelis−Menten curve in Graphpad Prism; error bars
represent the standard deviation of three curves. Control
reactions performed in the absence of DXPS were performed
under aerobic conditions at 25 °C.

■ RESULTS
Evidence for Alternative Donor Substrate Binding

and Utilization in the Presence of O2. We hypothesized
that acceptor substrate specificity on DXPS may vary according
to the donor substrate and predicted other potential donors
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could be detected more broadly via reaction with O2 as a
general electron acceptor. Thus, we measured O2 consumption
via an oxygen electrode in the presence of a variety α-ketoacids
and aldehydes (Figure 3a,c). Under atmospheric conditions at
25 °C, robust DXPS-dependent O2 consumption was observed
in the presence of 2 (ketobutyrate) and 7 (hydroxypyruvate)
(Figure 3d), both of which were previously deemed very poor
substrates for DXPS in the presence of D-GAP.28,35 DXPS-
dependent O2 consumption was also observed in the presence
of 11 (glycolaldehyde) (Figure 3d), not previously studied as a
donor for DXPS.
Because it is possible that some donors may react with

ThDP on DXPS to form a lactyl-like intermediate that is stable
in the presence of oxygen, and thus cannot be detected by O2

consumption, we also evaluated potential donors as inhibitors
of pyruvate-dependent DXP formation (Figure 3b). In this
manner, we used inhibition of the DXP-forming reaction as
evidence for donor binding in the active site. To ensure any
effects are due to DXPS inhibition rather than an artifact of the
coupled assay, we evaluated these compounds as inhibitors of
IspC (Figure S1). For the majority of potential donor
substrates tested, the results from the O2 consumption and
inhibition assays align (Figure 3d): substrates for the O2-
consuming reaction also inhibit DXP formation, whereas those
that do not lead to O2 consumption are also not inhibitors of
DXP formation. However, 1 (glyoxylate) and 11 are two
notable exceptions. Glyoxylate is the most potent inhibitor of
the potential donors tested but is not a substrate for oxygenase

activity under these conditions. Conversely, glycolaldehyde
shows weak inhibitory activity but is a substrate for oxygenase
activity on DXPS.
After detecting 1, 2, 7, and 11 substrate reactivity on DXPS,

we further characterized these four compounds. Given that
glyoxylate is structurally similar to pyruvate but bears a reactive
aldehyde group, we reasoned that it may act as either a donor
or an acceptor substrate, or both, which could confound
studies of its capacity to act as a donor. Indeed, 13C NMR
experiments conducted with glyoxylate using fully labeled
[13C]pyruvate as the donor substrate revealed multiple new
products, indicating glyoxylate likely acts as an acceptor
substrate (Figure S2). Due to the complex reactivity of
glyoxylate on DXPS, its potential as an alternative donor was
not further explored here. In this study, we performed more in-
depth characterization of HPA, ketobutyrate, and glycolalde-
hyde to determine turnover efficiency in the presence of O2
and obtain initial insights into the mechanism of donor
processing and the preference for an acceptor substrate.

Glycolaldehyde. Glycolaldehyde as an Oxygenase
Substrate. Oxygen consumption was used to examine
glycolaldehyde as a donor substrate for O2 (Figure 4a). The
product of this reaction is tentatively assigned as 2-
hydroxyethaneperoxic acid [12 (Figure 4a)], analogous to
peracetate formed in the presence of pyruvate and O2.

20 O2

consumption is observed in the presence of varying
glycolaldehyde concentrations with an apparent kcat of 1.8 ±
0.3 min−1 and an apparent Km of 920 ± 120 μM under

Figure 3. (a) Proposed use of oxygenase activity to detect carbanion formation from alternative donor substrates. (b) Use of inhibition of DXP
formation to identify donor binding. (c) Compounds tested as potential alternative donor substrates for DXPS, including ketoacids (left) and
aldehydes (right). (d) Evidence for alternative donor substrate binding and utilization. Comparison to oxygen consumption in the presence of
pyruvate (Pyr) is also shown. The right axis (gray) shows inhibition of DXP formation. Conditions: anaerobic, ambient temperature, 100 nM
DXPS, 2 μM IspC, 400 μM NADPH, 1 mM inhibitor. The left axis (blue) shows the rate of oxygen consumed. Conditions: 25 °C, 5 μM DXPS, 1
mM donor substrate. Error bars represent the standard deviation (n = 3).
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atmospheric conditions (Figure 4a,b and Figure S3a).

Oxidative decarboxylation of pyruvate under these conditions

occurs at a comparable rate (apparent kcat of 10 ± 8 min−1) but

with a higher affinity for pyruvate [apparent Km
pyruvate of 3 ± 2

μM (Figure S4)] than for glycolaldehyde.

CD Analysis of the Enzyme-Bound Intermediate. CD has
previously allowed the visualization of LThDP formation and
stabilization on DXPS in its random sequential mechanism to
convert pyruvate to DXP.13 Addition of glycolaldehyde to
DXPS under anaerobic conditions (to eliminate oxygenase
activity) causes depletion of the 4′-aminopyrimidine (AP)

Figure 4. Characterization of glycolaldehyde as a substrate for DXPS. (a) Turnover of glycolaldehyde on DXPS. The product of oxygenase activity
is tentatively assigned as the peroxyacid, 12. (b) Oxygenase activity, representative analysis. Conditions: 25 °C, atmospheric O2. The error
represents the standard deviation (n = 3). (c) Representative CD titration of glycolaldehyde onto 40 μM DXPS, anaerobic, 4 °C (n = 3). (d)
Representative CD trace of L-erythrulose (13) formation in the presence of 300 mM glycolaldehyde over time (1.75 h). After 1.5 h, the sample was
cooled to 4 °C and 5 mM L-erythrulose standard was added (blue). Conditions: 5 μM DXPS, anaerobic, 25 °C (n = 3).

Figure 5. Characterization of HPA as a donor substrate for DXPS. (a) Turnover of HPA on DXPS to form glycolaldehyde, and the product of
oxygenase activity that is tentatively assigned as the peroxyacid. (b) Oxygenase activity, representative Michaelis−Menten curve. Conditions: 25
°C, atmospheric O2. Kinetic parameters determined are an average of three technical replicates. The error represents the standard deviation (n = 3).
(c) Representative CD titration of HPA onto 40 μM DXPS, anaerobic, 4 °C. (d) Characterization of the aldehyde-forming reaction with HPA as
the donor. A representative Michaelis−Menten curve is shown. Conditions: anaerobic, room temperature. The error indicates the standard
deviation (n = 3).
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form (Figure 4c) of the E−ThDP complex, suggesting either
intermediate formation or substrate turnover. While the AP
signal does disappear with increasing concentrations of
glycolaldehyde, there is a lack of inversion of the CD signal
(Figure 4c), in contrast to the observed accumulation of a
stable LThDP signal from pyruvate.20 This could be due to the
low molar ellipticity of A, the reversibility of intermediate A
formation (semistable intermediate), or turnover of A to form
a product. L-Erythrulose (13) is an expected product from a
“one-substrate” reaction, where two molecules of glycolalde-
hyde are utilized as the donor and acceptor.43,44 Thus, we used
CD and NMR to investigate turnover of A to form erythrulose.
CD- and NMR-Based Detection of Formation of L-

Erythrulose from Glycolaldehyde. CD was used to determine
if DXPS can catalyze the formation of erythrulose from two
molecules of glycolaldehyde, as previously described for TK.43

Addition of 300 mM glycolaldehyde to DXPS at 25 °C results
in a positive CD signal with a λmax of 278 nm, which is
consistent with previous characterizations of L-erythrulose.43,45

A standard of L-erythrulose added to the sample increases the
magnitude of the product signal (Figure 4d). L-Erythrulose
formation on DXPS was further confirmed by NMR analysis,
with the new product showing characteristic peaks at 4.57 and
4.46 ppm (Figure S3b).44 L-Erythrulose formation is
minimized at 4 °C (Figure S3c), conditions under which the

stability of intermediate A was measured. Thus, it is unlikely
that erythrulose formation contributes to the CD profile
observed upon addition of low concentrations of glycolalde-
hyde to DXPS (Figure 4c).

Hydroxypyruvate (HPA). HPA as an Oxygenase
Substrate. Oxygen consumption was measured over a range
of HPA concentrations (Figure 5b) and DXPS concentrations
(Figure S5a) to demonstrate the HPA and DXPS dependence
of O2 depletion, presumably forming 12 (Figure 5a). The
maximum rate of O2 consumption under atmospheric
conditions at 25 °C is achieved at HPA concentrations
between 250 and 2000 μM O2 (Figure 5b). The apparent kcat
of this reaction is 4.2 ± 0.9 min−1, and the apparent Km

HPA is
47 ± 15 μM (Figure 5b), which is comparable to the Km

pyruvate

in the reaction with D-GAP to form DXP (Km
pyruvate = 49 ± 5

μM).20

CD Analysis of the Enzyme-Bound Intermediate. CD was
also used to detect the formation and subsequent depletion of
the postdecarboxylation intermediate [B (Figure 5a)], the
DHEThDP carbanion/enamine, formed from HPA on
TK.46,47 Thus, we conducted a CD analysis of the reaction
of HPA on DXPS under anaerobic conditions lacking a known
trigger of decarboxylation, to determine whether DXPS
stabilizes a pre- or postdecarboxylation intermediate formed
from HPA [C or B, respectively (Figure 5a)]. Interestingly,

Figure 6. (a) Reaction of carbanion B to form a chiral product. (b) Representative CD trace (n = 2) of chiral product formation in the presence of
25 mM HPA over time (2 h). After 2 h, the mixture was cooled to 4 °C and 5 mM L-erythrulose standard (blue) was added. The CDmax for 13 (L-
erythrulose, 278 nm, blue dotted line) is distinct from that of the new chiral product formed in the presence of HPA (274 nm, brown solid line).
Conditions: 5 μM DXPS, anaerobic, 25 °C.
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upon addition of HPA (5−271 μM) to DXPS (40 μM) under
anaerobic conditions, there is no buildup of a CD signal to
indicate accumulation of intermediates C or the protonated
form of B (Figure 5c), DHEThDP [A (Figure 4a)], suggesting
that either HPA does not undergo activation to form a
predecarboxylation intermediate (C) on DXPS in the absence
of O2 or C forms but is unstable on DXPS under this condition
relative to the DXPS-bound intermediates formed in the
presence of the other donors in this study.
Analysis of Glycolaldehyde Formation. Given that a stable

predecarboxylation intermediate (C) does not accumulate on
DXPS in the presence of HPA under anaerobic conditions, we
hypothesized that HPA may react with the E−ThDP complex
to form intermediate C, but the barrier to decarboxylation is
sufficiently low such that β-OH-LThDP (C) buildup is not
observed, and decarboxylation to form carbanion intermediate
B readily occurs. In this case, formation of glycolaldehyde
would provide evidence of carbanion formation, indicating
processing of HPA via protonation of the carbanion
intermediate. Thus, DXPS-dependent formation of glycolalde-
hyde from HPA was measured under anaerobic conditions
using a coupled enzyme assay with DXPS and alcohol
dehydrogenase (ADH), which consumes glycolaldehyde in
an NADH-dependent manner (Figure S6a). Indeed, HPA is
turned over to form glycolaldehyde at 25 °C, with a Km

HPA of
148 ± 15 μM and a kcat of 4.8 ± 0.2 min−1 (Figure 5d), and at
10 °C (data not shown).
Taken together, these studies of HPA reactivity on DXPS

suggest a distinct mechanism and acceptor substrate specificity
for turnover of HPA compared to those of pyruvate. In
contrast to pyruvate, HPA appears to undergo activation and
decarboxylation without a requirement for ternary complex
formation, and the corresponding carbanion (B) does not
undergo carboligation with D-GAP but is instead readily
protonated following decarboxylation. Pyruvate can react with

a variety of acceptor substrates,11,12,20 but in contrast to HPA,
pyruvate is not readily converted to acetaldehyde under
conditions where HPA is converted to glycolaldehyde.

CD- and NMR-Based Detection of Formation of a Chiral
Product from HPA. We reasoned it is possible for DXPS to
catalyze formation of L-erythrulose in the presence of HPA
(Figure 6a), similar to the one-substrate reaction that occurs
on DXPS in the presence of glycolaldehyde (Figure 4a,d). We
rationalized this on the basis of the fact that decarboxylation of
C leads to the same reactive carbanion (B), together with the
observation that glycolaldehyde is a likely product of HPA
decarboxylation on DXPS and would be available to react with
the carbanion [B (Figure 6a)]. There is also precedence for
this type reaction by TK in the presence of HPA.44,48 CD
analysis indicates the DXPS-dependent formation of a new
chiral product in the presence of HPA with a CDmax at 274 nm
(Figure 6b), distinct from the CD signal produced by L-
erythrulose (278 nm). NMR analysis also supports formation
of a new product that can be distinguished from L-erythrulose
(Figure S5b), differentiating this reaction from the TK-
catalyzed reaction.48

HPA Does Not Inhibit DXPS in a Time-Dependent
Manner. On some, but not all, ThDP-dependent enzymes
(e.g., pyruvate decarboxylase, acetohydroxyacid synthase, and
pyruvate:ferredoxin oxidoreductase, but not TK), HPA acts as
a mechanism-based inhibitor, undergoing elimination to
release water to form acetyl-ThDP (Figure S7a).49−51 HPA
inhibits DXP formation (Figure 3); thus, we evaluated the time
dependence of inhibition. DXPS activity is not suppressed in a
time-dependent manner (over the course of 0.5−20 min) in
the presence of 0.5 mM HPA (Figure S7b). In addition,
acetate, the product of acetyl-ThDP hydrolysis,52−56 was not
detected by 1H NMR [5 μM DXPS, 25 mM HPA, 25 °C (data
not shown)]. Taken together, these results suggest that HPA
does not cause time-dependent inactivation of DXPS via

Figure 7. Characterization of ketobutyrate as a donor substrate for DXPS. (a) Turnover of ketobutyrate on DXPS. The product of oxygenase
activity is tentatively assigned as the peroxyacid, 14. (b) Oxygenase activity, representative Michaelis−Menten curve. Conditions: 5 μM DXPS, 25
°C, atmospheric O2. The error represents the standard deviation (n = 3). (c) Representative CD titration of ketobutyrate onto 40 μM DXPS,
anaerobic, 4 °C.
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acetyl-ThDP formation. This is reminiscent of TK, where HPA
is a substrate inhibitor57−59 and does not display time-
dependent inhibition.47,50,60

Ketobutyrate. Ketobutyrate as an Oxygenase Substrate.
Ketobutyrate-dependent O2 depletion in the presence of DXPS
is observed, indicating ketobutyrate is a donor substrate for
DXPS when O2 is available to act as an acceptor substrate
(Figure S8a). This oxygenase activity (Figure 7a) was studied
by measuring the rate of O2 consumption at varied
ketobutyrate concentrations under atmospheric conditions.
The apparent kcat is 2.8 ± 0.7 min−1, and the apparent
Km

ketobutyrate is 99 ± 9 μM (Figure 7b), indicating reasonable
affinity of ketobutyrate for DXPS.
CD Analysis of the Enzyme-Bound Intermediate. Upon

addition of ketobutyrate to DXPS under anaerobic conditions,
a positive CD signal at approximately 313 nm emerges (Figure
7c), indicating a shift of the ThDP cofactor to the 1′,4′-
iminopyrimidine (IP) form, which is consistent with
stabilization of a predecarboxylation intermediate [D (Figure
7a)], as is observed with pyruvate as the donor.13 Notably,
aeration of the ketobutyrate-saturated sample leads to
depletion of the positive CD signal at 313 nm (Figure S8b),
suggesting reaction of D with O2. A similar observation was
made upon aeration of samples containing LThDP.20 The
apparent KD of ketobutyrate is 16 ± 9 μM under anaerobic
conditions (Figure S8c), which is comparable to the apparent
KD

pyruvate (45 ± 2 μM).20

Analysis of Propionaldehyde Formation. LThDP, formed
from pyruvate, is stabilized on DXPS and is not readily
converted to acetaldehyde via protonation of the carbanion.61

Given that DXPS appears to stabilize the lactyl-like
intermediate [D (Figure 7a)] formed from ketobutyrate, in a
manner similar to stabilization of LThDP formed from
pyruvate, it was expected that D may also not be readily
converted to the corresponding aldehyde formed via
protonation of the carbanion (E). Detection of propionalde-
hyde formation using the ADH-coupled assay (Figure S6b)
revealed that aldehyde formation in the presence of
ketobutyrate is inefficient, similar to acetaldehyde formation
in the presence of pyruvate (Figure S6c,d).

■ DISCUSSION
DXPS has broad acceptor substrate specificity and catalytic
promiscuity;11,12,20 however, previous studies conducted using
D-GAP as the acceptor substrate have suggested that DXPS
prefers pyruvate as a donor substrate.28,35 In the study
presented here, we considered the possibility that using D-
GAP as the sole acceptor in donor substrate specificity studies
precludes the discovery of alternative donor substrates for
DXPS. We utilized the recently characterized oxygenase
activity of DXPS as a tool to detect alternative donor substrate
usage and have shown that from a small collection of α-
ketoacids and aldehydes, HPA, ketobutyrate, and glycolalde-
hyde readily act as donor substrates in the presence of O2 as
the acceptor substrate. Ketobutyrate and HPA display
reasonable affinities for the enzyme when O2 is the acceptor,
comparable to pyruvate. Although kinetic parameters for these
two donors in the presence of D-GAP were not determined
previously, they were reported to display exceptionally low
rates of product formation (<10% compared to DXP
formation) and thus deemed poor substrates for DXPS.28,35

Comparing ketobutyrate, HPA, and glycolaldehyde as donor
substrates, we found interesting distinctions among these

substrates began to emerge. According to our CD results,
ketobutyrate and pyruvate display similar affinity for DXPS and
similar reactivity. Both predecarboxylation intermediates are
stabilized on the enzyme under anaerobic conditions; neither
pyruvate nor ketobutyrate reacts to form the corresponding
aldehydes, and both are turned over in the presence of O2.
Similarly, glycolaldehyde is turned over in the presence of O2.
In addition, a second molecule of glycolaldehyde acts as the
acceptor substrate in a one-substrate reaction in which L-
erythrulose is formed on DXPS (25 °C, 5 μM DXPS).43,44 CD
analysis to detect the enzyme-bound intermediate in the
presence of glycolaldehyde (4 °C, 40 μM DXPS) reveals a
semistable signal with small changes upon addition of
glycolaldehyde, which could be due to the reversibility of
intermediate formation or glycolaldehyde turnover to form L-
erythrulose. Previous work on TK supports the hypothesis that
the lack of inversion of the CD signal is due to the reversibility
of the reaction. When D-xylulose 5-phosphate (a reversible
donor) was visualized on TK by CD, disappearance of the AP
form of the cofactor was observed to produce a semistable
signal without inversion of the signal to indicate DHEThDP
buildup; however, when HPA (an irreversible donor due to
CO2 release) was visualized on TK, an inverted, stable CD
signal was observed, indicative of DHEThDP buildup.62 An
equilibrium between DHEThDP (A) and the carbanion (B)
that prevents inversion of the CD signal (as only A would be
visualized by CD) cannot be ruled out; among ThDP-
dependent enzymes, it is thought that some can stabilize the
carbanion/enamine intermediate.63 Finally, while the small
changes in CD signal upon addition of glycolaldehyde may be
explained by turnover of glycolaldehyde to form L-erythrulose,
formation of this product is challenging to detect under the
conditions used to observe DXPS-bound intermediates. Given
this one-substrate reaction is minimized at 4 °C, and taking
into account the increased background in the L-erythrulose
signal region (278 nm) from the high DXPS concentration (40
μM) required to observe enzyme-bound intermediates, it is not
surprising that L-erythrulose formation by CD is not observed
under these conditions. The conversion of glycolaldehyde to L-
erythrulose on DXPS is also unlikely to be physiologically
relevant, given the high concentrations of glycolaldehyde
required.
HPA appears to be unique among DXPS donor substrates in

that, even under anaerobic conditions, its predecarboxylation
intermediate (A) is unstable and does not accumulate on
DXPS. Previous work by the Copley group has shown that
DXPS can use HPA and H+ to form glycolaldehyde under
aerobic conditions, where O2 is also present (Km

HPA of 50 μM,
compared to Km

pyruvate in DXP formation of 96 μM).36 Here,
we determined that this glycolaldehyde-forming activity occurs
even in the absence of O2, suggesting that this reaction does
not require ternary complex formation and/or use of a known
trigger for decarboxylation to proceed on DXPS. Intriguingly,
this suggests that DXPS controls the chemistry of HPA
turnover by a mechanism different from pyruvate turnover,
perhaps similar to that of TK which is also known to process
HPA to DHEThDP in the absence of an acceptor
substrate.47,64

CD and NMR analyses indicate the chiral product formed
under conditions of high HPA concentrations is distinct from
L-erythrulose.11,13 It is plausible that the tautomeric forms of
HPA and its instability65 contribute to its reactivity on DXPS
at high concentration and are unlikely to be physiologically
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relevant. In contrast to DXPS, TK catalyzes formation of L-
erythrulose from HPA, a reaction in which HPA is proposed to
undergo conversion to glycolaldehyde, which remains in the
active site and acts as the acceptor substrate for a second HPA
donor substrate.48 Aside from the distinct HPA-dependent
reaction we observed here, DXPS appears to process HPA in a
manner that is similar to that of transketolase, including
conversion of HPA to glycolaldehyde and prevention of the
abortive side reaction to form acetyl-ThDP. Time-dependent
inactivation by HPA via acetyl-ThDP formation is observed on
other ThDP-dependent enzymes, including pyruvate decar-
boxylase (PDC), acetohydroxyacid synthase (AHAS), and
pyruvate:ferredoxin oxidoreductase (PFOR).49−51 Pyruvate
dehydrogenase (PDH) is not inhibited by HPA, consistent
with the observation that HPA is also not a substrate for PDH
and likely has a low affinity for the PDH active site.49,50,66 Like
DXPS, TK does not appear to catalyze elimination of water
from β-OH-LThDP [intermediate C (Figure 5)] to form
acetyl-ThDP. It has been hypothesized that this abortive
acetyl-ThDP formation does not occur on TK as this would
waste the physiologically important intermediate DHEThDP
carbanion/enamine [intermediate B (Figure 5)] formed from
both D-xylulose 5-phosphate and D-sedoheptulose 7-phos-
phate.43,50,67 Conversely, other ThDP enzymes that do catalyze
this dehydration reaction in the presence of HPA have not
been shown to catalyze reactions involving the DHEThDP
carbanion/enamine intermediate in physiologically relevant
reactions in vivo. On the basis of these previously reported
trends, it is conceivable that DXPS prevents unproductive
formation of acetyl-ThDP from HPA because the DHEThDP
carbanion/enamine intermediate may be a naturally occurring
intermediate on DXPS under some physiological conditions.
Further studies are required to test this hypothesis.
This work offers a new tool for studying donor substrate

usage on DXPS by exploiting its promiscuous oxygenase
activity. Overall, our studies of three different donors detected
by this method offer an important biochemical basis for the
capacity of DXPS to display alternative reactivities and
mechanisms and enhance our understanding of DXPS
promiscuity; it is now clear that DXPS can use multiple
donor, trigger, and acceptor substrates. The physiological
relevance of alternative activities of DXPS is not yet
understood. However, the ability to catalyze multiple reactions,
using distinct donor−acceptor pairs and processing by distinct
mechanisms, could support a hypothesis of DXPS multi-
functionality.30−33 Studying the mechanism by which DXPS
controls its alternative chemistries is of interest, as is further
investigation of the potential physiological relevance of
alternative activities. The conformational flexibility, substrate
and catalytic promiscuity, and the capacity of DXPS to tune its
chemistry are potentially significant, as these characteristics of
DXPS could imply alternative functions of this enzyme in
bacterial metabolism.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00019.

General methods, controls to assess inhibition of IspC
NMR analysis of glyoxylate as an acceptor substrate for
DXPS NMR analysis of L-erythrulose formation, aeration
of enzyme-bound intermediates (CD), apparent KD

determination, summary of donor substrate reactivity
on DXPS (Table S1), inhibition of IspC by potential
alternative donors (Figure S1), NMR analysis of
glyoxylate as an acceptor substrate for DXPS (Figure
S2), glycolaldehyde reactivity on DXPS (Figure S3),
characterization of DXPS oxygenase activity in the
presence of pyruvate (Figure S4), HPA reactivity on
DXPS (Figure S5), ADH substrate specificity and
detection of aldehyde formation on DXPS (Figure S6),
assessing time-dependent inactivation by HPA (Figure
S7), and characterization of ketobutyrate as a donor
substrate on DXPS (Figure S8) (PDF)

Accession Codes
E. coli DXP synthase, Uniprot P77488; NCBI, Q0TKM1; E.
coli MEP synthase, Uniprot P45568; NCBI, ATZ31749.

■ AUTHOR INFORMATION

Corresponding Author
Caren L. Freel Meyers − Department of Pharmacology and
Molecular Sciences, Johns Hopkins University School of
Medicine, Baltimore, Maryland 21205, United States;
orcid.org/0000-0003-1458-0897; Email: cmeyers@

jhmi.edu

Author
Melanie L. Johnston − Department of Pharmacology and
Molecular Sciences, Johns Hopkins University School of
Medicine, Baltimore, Maryland 21205, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.biochem.1c00019

Author Contributions
C.L.F.M. and M.L.J. conceived and designed the study,
interpreted results, and prepared the manuscript. M.L.J.
designed and conducted all experiments and data analysis.

Funding
This work was supported by National Institutes of Health
Grants GM084998 and AI150221 to C.L.F.M. and M.L.J. and
JHU BCMB T32 GM007445 for M.L.J. The authors
acknowledge support from the Johns Hopkins University
School of Medicine Institute for Basic Biomedical Sciences.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The authors thank Dr. Katie Tripp and the Johns Hopkins
University Center for Molecular Biophysics for access to CD
spectrometers and technical assistance. The authors also thank
Dr. Shridhar Baht for technical assistance with NMR analyses.

■ ABBREVIATIONS

DXPS, 1-deoxy-D-xylulose 5-phosphate synthase; D-GAP, D-
glyceraldehyde 3-phosphate; ThDP, thiamin diphosphate;
IDP, isopentenyl diphosphate; DMADP, dimethylallyl diphos-
phate; TK, transketolase; LThDP, C2α-lactylthiamin diphos-
phate; HPA, hydroxypyruvate; DHEThDP, α,β-dihydroxye-
thylThDP; AP, 4′-aminopyrimidine tautomer of ThDP; IP,
1′,4′-iminopyrimidine tautomer of ThDP; β-OH-LThDP, β-
hydroxyactylThDP; ADH, alcohol dehydrogenase.

Biochemistry pubs.acs.org/biochemistry Article

https://dx.doi.org/10.1021/acs.biochem.1c00019
Biochemistry 2021, 60, 929−939

937

https://pubs.acs.org/doi/10.1021/acs.biochem.1c00019?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.1c00019/suppl_file/bi1c00019_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Caren+L.+Freel+Meyers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-1458-0897
http://orcid.org/0000-0003-1458-0897
mailto:cmeyers@jhmi.edu
mailto:cmeyers@jhmi.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Melanie+L.+Johnston"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00019?ref=pdf
pubs.acs.org/biochemistry?ref=pdf
https://dx.doi.org/10.1021/acs.biochem.1c00019?ref=pdf


■ REFERENCES
(1) Lois, L. M., Campos, N., Putra, S. R., Danielsen, K., Rohmer, M.,
and Boronat, A. (1998) Cloning and Characterization of a Gene from
Escherichia Coli Encoding a Transketolase-like Enzyme That
Catalyzes the Synthesis of D-1-Deoxyxylulose 5-Phosphate, a
Common Precursor for Isoprenoid, Thiamin, and Pyridoxol Biosyn-
thesis. Proc. Natl. Acad. Sci. U. S. A. 95, 2105−2110.
(2) Sprenger, G. A., Schorken, U., Wiegert, T., Grolle, S., de Graaf,
A. A., Taylor, S. V., Begley, T. P., Bringer-Meyer, S., and Sahm, H.
(1997) Identification of a Thiamin-Dependent Synthase in Escher-
ichia Coli Required for the Formation of the 1-Deoxy-D-Xylulose 5-
Phosphate Precursor to Isoprenoids, Thiamin, and Pyridoxol. Proc.
Natl. Acad. Sci. U. S. A. 94, 12857−12862.
(3) Gierse, R. M., Redeem, E., Diamanti, E., Wrenger, C., Groves, M.
R., and Hirsch, A. K. (2017) DXS as a Target for Structure-Based
Drug Design. Future Med. Chem. 9 (11), 1277−1294.
(4) Masini, T., Kroezen, B. S., and Hirsch, A. K. H. (2013)
Druggability of the Enzymes of the Non-Mevalonate-Pathway. Drug
Discovery Today 18 (23−24), 1256−1262.
(5) Wang, X., and Dowd, C. S. (2018) The Methylerythritol
Phosphate Pathway: Promising Drug Targets in the Fight against
Tuberculosis. ACS Infect. Dis. 4 (3), 278−290.
(6) Rodríguez-Concepción, M. (2004) The MEP Pathway: A New
Target for the Development of Herbicides, Antibiotics and
Antimalarial Drugs. Curr. Pharm. Des. 10 (19), 2391−2400.
(7) DeColli, A. A., Johnston, M. L., and Freel Meyers, C. L. (2020)
Recent Insights Into Mechanism and Structure of MEP Pathway
Enzymes and Implications for Inhibition Strategies. In Comprehensive
Natural Products III (Liu, H.-W., and Begley, T. P., Eds.) Vol. 4, pp
287−322, Elsevier.
(8) Smith, J. M., Warrington, N. V., Vierling, R. J., Kuhn, M. L.,
Anderson, W. F., Koppisch, A. T., and Freel Meyers, C. L. (2014)
Targeting DXP Synthase in Human Pathogens: Enzyme Inhibition
and Antimicrobial Activity of Butylacetylphosphonate. J. Antibiot. 67,
77−83.
(9) Brammer, L. A., Smith, J. M., Wade, H., and Meyers, C. F.
(2011) 1-Deoxy-D-Xylulose 5-Phosphate Synthase Catalyzes a Novel
Random Sequential Mechanism. J. Biol. Chem. 286 (42), 36522−
36531.
(10) Brammer Basta, L. A., Patel, H., Kakalis, L., Jordan, F., and
Freel Meyers, C. L. (2014) Defining Critical Residues for Substrate
Binding to 1-Deoxy-d-Xylulose 5-Phosphate Synthase - Active Site
Substitutions Stabilize the Predecarboxylation Intermediate C2α-
Lactylthiamin Diphosphate. FEBS J. 281, 2820−2837.
(11) Brammer, L. A., and Meyers, C. F. (2009) Revealing Substrate
Promiscuity of 1-Deoxy-D-Xylulose 5-Phosphate Synthase. Org. Lett.
11 (20), 4748−4751.
(12) Morris, F., Vierling, R., Boucher, L., Bosch, J., and Freel Meyers,
C. L. (2013) DXP Synthase-Catalyzed C-N Bond Formation: Nitroso
Substrate Specificity Studies Guide Selective Inhibitor Design.
ChemBioChem 14 (11), 1309−1315.
(13) Patel, H., Nemeria, N. S., Brammer, L. A., Freel Meyers, C. L.,
and Jordan, F. (2012) Observation of Thiamin-Bound Intermediates
and Microscopic Rate Constants for Their Interconversion on 1-
Deoxy-D-Xylulose 5-Phosphate Synthase: 600-Fold Rate Acceleration
of Pyruvate Decarboxylation by D-Glyceraldehyde-3-Phosphate. J.
Am. Chem. Soc. 134 (44), 18374−18379.
(14) Eubanks, L. M., and Poulter, C. D. (2003) Rhodobacter
Capsulatus 1-Deoxy-D-Xylulose 5-Phosphate Synthase: Steady-State
Kinetics and Substrate Binding. Biochemistry 42 (4), 1140−1149.
(15) Xiang, S., Usunow, G., Lange, G., Busch, M., and Tong, L.
(2007) Crystal Structure of 1-Deoxy-D-Xylulose 5-Phosphate
Synthase, a Crucial Enzyme for Isoprenoids Biosynthesis. J. Biol.
Chem. 282 (4), 2676−2682.
(16) Mitschke, L., Parthier, C., Schröder-Tittmann, K., Coy, J.,
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(28) Schürmann, M., Schürmann, M., and Sprenger, G. A. (2002)
Fructose 6-Phosphate Aldolase and 1-Deoxy-d-Xylulose 5-Phosphate
Synthase from Escherichia Coli as Tools in Enzymatic Synthesis of 1-
Deoxysugars. J. Mol. Catal. B: Enzym. 19−20, 247−252.
(29) Kuzuyama, T., Takagi, M., Takahashi, S., and Seto, H. (2000)
Cloning and Characterization of 1-Deoxy-d-Xylulose 5-Phosphate
Synthase FromStreptomyces Sp. Strain CL190, Which Uses Both the
Mevalonate and Nonmevalonate Pathways for Isopentenyl Diphos-
phate Biosynthesis. J. Bacteriol. 182, 891−897.
(30) Copley, S. D. (2017) Shining a Light on Enzyme Promiscuity.
Curr. Opin. Struct. Biol. 47, 167−175.
(31) James, L. C., and Tawfik, D. S. (2003) Conformational
Diversity and Protein Evolution−a 60-Year-Old Hypothesis Revisited.
Trends Biochem. Sci. 28 (7), 361−368.
(32) Jeffery, C. J. (1999) Moonlighting Proteins. Trends Biochem. Sci.
24 (1), 8−11.
(33) Jeffery, C. J. (2003) Moonlighting Proteins: Old Proteins
Learning New Tricks. Trends Genet. 19 (8), 415−417.
(34) Ouzounis, C. A., Kunin, V., Darzentas, N., and Goldovsky, L.
(2006) A Minimal Estimate for the Gene Content of the Last

Biochemistry pubs.acs.org/biochemistry Article

https://dx.doi.org/10.1021/acs.biochem.1c00019
Biochemistry 2021, 60, 929−939

938

https://dx.doi.org/10.1073/pnas.95.5.2105
https://dx.doi.org/10.1073/pnas.95.5.2105
https://dx.doi.org/10.1073/pnas.95.5.2105
https://dx.doi.org/10.1073/pnas.95.5.2105
https://dx.doi.org/10.1073/pnas.95.5.2105
https://dx.doi.org/10.1073/pnas.94.24.12857
https://dx.doi.org/10.1073/pnas.94.24.12857
https://dx.doi.org/10.1073/pnas.94.24.12857
https://dx.doi.org/10.4155/fmc-2016-0239
https://dx.doi.org/10.4155/fmc-2016-0239
https://dx.doi.org/10.1016/j.drudis.2013.07.003
https://dx.doi.org/10.1021/acsinfecdis.7b00176
https://dx.doi.org/10.1021/acsinfecdis.7b00176
https://dx.doi.org/10.1021/acsinfecdis.7b00176
https://dx.doi.org/10.2174/1381612043384006
https://dx.doi.org/10.2174/1381612043384006
https://dx.doi.org/10.2174/1381612043384006
https://dx.doi.org/10.1038/ja.2013.105
https://dx.doi.org/10.1038/ja.2013.105
https://dx.doi.org/10.1074/jbc.M111.259747
https://dx.doi.org/10.1074/jbc.M111.259747
https://dx.doi.org/10.1111/febs.12823
https://dx.doi.org/10.1111/febs.12823
https://dx.doi.org/10.1111/febs.12823
https://dx.doi.org/10.1111/febs.12823
https://dx.doi.org/10.1021/ol901961q
https://dx.doi.org/10.1021/ol901961q
https://dx.doi.org/10.1002/cbic.201300187
https://dx.doi.org/10.1002/cbic.201300187
https://dx.doi.org/10.1021/ja307315u
https://dx.doi.org/10.1021/ja307315u
https://dx.doi.org/10.1021/ja307315u
https://dx.doi.org/10.1021/ja307315u
https://dx.doi.org/10.1021/bi0205303
https://dx.doi.org/10.1021/bi0205303
https://dx.doi.org/10.1021/bi0205303
https://dx.doi.org/10.1074/jbc.M610235200
https://dx.doi.org/10.1074/jbc.M610235200
https://dx.doi.org/10.1074/jbc.M110.149955
https://dx.doi.org/10.1074/jbc.M110.149955
https://dx.doi.org/10.1074/jbc.M300339200
https://dx.doi.org/10.1074/jbc.M300339200
https://dx.doi.org/10.1074/jbc.M300339200
https://dx.doi.org/10.21767/2471-8084.100051
https://dx.doi.org/10.21767/2471-8084.100051
https://dx.doi.org/10.1016/j.pep.2015.12.003
https://dx.doi.org/10.1016/j.pep.2015.12.003
https://dx.doi.org/10.1016/j.pep.2015.12.003
https://dx.doi.org/10.1016/j.pep.2015.12.003
https://dx.doi.org/10.1074/jbc.RA118.001980
https://dx.doi.org/10.1074/jbc.RA118.001980
https://dx.doi.org/10.1074/jbc.RA118.001980
https://dx.doi.org/10.1039/C1MD00233C
https://dx.doi.org/10.1039/C1MD00233C
https://dx.doi.org/10.1039/C1MD00233C
https://dx.doi.org/10.1021/acsinfecdis.6b00168
https://dx.doi.org/10.1021/acsinfecdis.6b00168
https://dx.doi.org/10.1021/acs.accounts.8b00321
https://dx.doi.org/10.1021/acs.accounts.8b00321
https://dx.doi.org/10.1021/acs.accounts.8b00321
https://dx.doi.org/10.1021/acs.accounts.8b00321
https://dx.doi.org/10.1073/pnas.1619981114
https://dx.doi.org/10.1073/pnas.1619981114
https://dx.doi.org/10.1073/pnas.1619981114
https://dx.doi.org/10.1074/jbc.RA119.009321
https://dx.doi.org/10.1074/jbc.RA119.009321
https://dx.doi.org/10.1074/jbc.RA119.009321
https://dx.doi.org/10.1093/glycob/cwf100
https://dx.doi.org/10.1093/glycob/cwf100
https://dx.doi.org/10.1093/glycob/cwf100
https://dx.doi.org/10.1016/S0040-4039(02)02018-X
https://dx.doi.org/10.1016/S0040-4039(02)02018-X
https://dx.doi.org/10.1016/S1381-1177(02)00174-1
https://dx.doi.org/10.1016/S1381-1177(02)00174-1
https://dx.doi.org/10.1016/S1381-1177(02)00174-1
https://dx.doi.org/10.1128/JB.182.4.891-897.2000
https://dx.doi.org/10.1128/JB.182.4.891-897.2000
https://dx.doi.org/10.1128/JB.182.4.891-897.2000
https://dx.doi.org/10.1128/JB.182.4.891-897.2000
https://dx.doi.org/10.1016/j.sbi.2017.11.001
https://dx.doi.org/10.1016/S0968-0004(03)00135-X
https://dx.doi.org/10.1016/S0968-0004(03)00135-X
https://dx.doi.org/10.1016/S0968-0004(98)01335-8
https://dx.doi.org/10.1016/S0168-9525(03)00167-7
https://dx.doi.org/10.1016/S0168-9525(03)00167-7
https://dx.doi.org/10.1016/j.resmic.2005.06.015
pubs.acs.org/biochemistry?ref=pdf
https://dx.doi.org/10.1021/acs.biochem.1c00019?ref=pdf


Universal Common AncestorExobiology from a Terrestrial
Perspective. Res. Microbiol. 157 (1), 57−68.
(35) Brammer, L. A. (2012) Toward Investigating 1-Deoxy-D-
Xylulose 5-Phosphate Synthase as a New Anti-Infective Target. Ph.D
Thesis, Johns Hopkins University, Baltimore.
(36) Kim, J., Kershner, J. P., Novikov, Y., Shoemaker, R. K., and
Copley, S. D. (2010) Three Serendipitous Pathways in E. Coli Can
Bypass a Block in Pyridoxal-5′-Phosphate Synthesis. Mol. Syst. Biol. 6
(1), 436.
(37) Abell, L. M., and Schloss, J. V. (1991) Oxygenase Side
Reactions of Acetolactate Synthase and Other Carbanion-Forming
Enzymes. Biochemistry 30 (32), 7883−7887.
(38) Hoffarth, E. R., Rothchild, K. W., and Ryan, K. S. (2020)
Emergence of Oxygen- and Pyridoxal Phosphate-dependent Reac-
tions. FEBS J. 287, 1403−1428.
(39) Tse, M. T., and Schloss, J. V. (1993) The Oxygenase Reaction
of Acetolactate Synthase. Biochemistry 32 (39), 10398−10403.
(40) Schloss, J. V., Hixon, M. S., Chu, F., Chang, S., and Duggleby,
R. G. (1996) Products Formed in the Oxygen-Consuming Reactions
of Acetolactate Synthase and Pyruvate Decarboxylase. Biochemistry
and physiology of thiamin diphosphate enzymes, pp 580−585, Intemann,
Prien, Germany.
(41) DeColli, A. A., Zhang, X., Heflin, K. L., Jordan, F., and Freel
Meyers, C. L. (2019) Active Site Histidines Link Conformational
Dynamics with Catalysis on Anti-Infective Target 1-Deoxy-d-Xylulose
5-Phosphate Synthase. Biochemistry 58, 4970−4982.
(42) Bartee, D., and Freel Meyers, C. L. (2018) Targeting the
Unique Mechanism of Bacterial 1-Deoxy-d-Xylulose-5-Phosphate
Synthase. Biochemistry 57 (29), 4349−4356.
(43) Sevostyanova, I. A., Solovjeva, O. N., and Kochetov, G. A.
(2004) A Hitherto Unknown TransketolaseCatalyzed Reaction.
Biochem. Biophys. Res. Commun. 313 (3), 771−774.
(44) Marsden, S. R., Gjonaj, L., Eustace, S. J., and Hanefeld, U.
(2017) Separating Thermodynamics from Kinetics-A New Under-
standing of the Transketolase Reaction. ChemCatChem 9 (10), 1808−
1814.
(45) Kochetov, G. A., Usmanov, R. A., and Mevkh, A. T. (1978) A
New Method of Determination of Transketolase Activity by
Asymmetric Synthesis Reaction. Anal. Biochem. 88 (1), 296−301.
(46) Heinrich, C. P., Noack, K., and Wiss, O. (1971) A Circular
Dichroism Study of Transketolase from Baker’s Yeast. Biochem.
Biophys. Res. Commun. 44 (2), 275−279.
(47) Fiedler, E., Thorell, S., Sandalova, T., Golbik, R., König, S., and
Schneider, G. (2002) Snapshot of a Key Intermediate in Enzymatic
Thiamin Catalysis: Crystal Structure of the α-Carbanion of (α, β-
Dihydroxyethyl)-Thiamin Diphosphate in the Active Site of Trans-
ketolase from Saccharomyces Cerevisiae. Proc. Natl. Acad. Sci. U. S. A.
99 (2), 591−595.
(48) Solovjeva, O. N., Kovina, M. V., Zavialova, M. G., Zgoda, V. G.,
Shcherbinin, D. S., and Kochetov, G. A. (2020) The Mechanism of a
One-Substrate Transketolase Reaction. Bioscience Reports 40,
BSR20180246.
(49) Williams, K. P., Leadlay, P. F., and Lowe, P. N. (1990)
Inhibition of Pyruvate:Ferredoxin Oxidoreductase from Trichomonas
Vaginalis by Pyruvate and Its Analogues. Comparison with the
Pyruvate Decarboxylase Component of the Pyruvate Dehydrogenase
Complex. Biochem. J. 268 (1), 69−75.
(50) Duggleby, R. G. (2005) Suicide Inhibition of Acetohydroxyacid
Synthase by Hydroxypyruvate. J. Enzyme Inhib. Med. Chem. 20 (1), 1−
4.
(51) Thomas, G., Diefenbach, R., and Duggleby, R. G. (1990)
Inactivation of Pyruvate Decarboxylase by 3-Hydroxypyruvate.
Biochem. J. 266 (1), 305−308.
(52) Flournoy, D. S., and Frey, P. A. (1986) Pyruvate Dehydrogen-
ase and 3-Fluoropyruvate: Chemical Competence of 2-Acetylthiamin
Pyrophosphate as an Acetyl Group Donor to Dihydrolipoamide.
Biochemistry 25 (20), 6036−6043.

(53) Gruys, K. J., Halkides, C. J., and Frey, P. A. (1987) Synthesis
and Properties of 2-Acetylthiamin Pyrophosphate: An Enzymatic
Reaction Intermediate. Biochemistry 26 (24), 7575−7585.
(54) CaJacob, C. A., Gavino, G. R., and Frey, P. A. (1985) Pyruvate
Dehydrogenase Complex of Escherichia Coli. Thiamin Pyrophos-
phate and NADH-Dependent Hydrolysis of Acetyl-CoA. J. Biol.
Chem. 260 (27), 14610−14615.
(55) Leung, L. S., and Frey, P. A. (1978) Fluoropyruvate: An
Unusual Substrate for Escherichia Coli Pyruvate Dehydrogenase.
Biochem. Biophys. Res. Commun. 81 (2), 274−279.
(56) Gish, G., Smyth, T., and Kluger, R. (1988) Thiamin
Diphosphate Catalysis. Mechanistic Divergence as a Probe of
Substrate Activation of Pyruvate Decarboxylase. J. Am. Chem. Soc.
110 (18), 6230−6234.
(57) Gyamerah, M., and Willetts, A. J. (1997) Kinetics of
Overexpressed Transketolase from Escherichia Coli JM 107/PQR
700. Enzyme Microb. Technol. 20 (2), 127−134.
(58) Chen, B. H., Hibbert, E. G., Dalby, P. A., and Woodley, J. M.
(2008) A New Approach to Bioconversion Reaction Kinetic
Parameter Identification. AIChE J. 54 (8), 2155−2163.
(59) Wilkinson, H. C., and Dalby, P. A. (2020) The Two-Species
Model of Transketolase Explains Donor Substrate-Binding, Inhibition
and Heat-Activation. Sci. Rep. 10 (1), 4148.
(60) Tittmann, K. (2014) Sweet Siblings with Different Faces: The
Mechanisms of FBP and F6P Aldolase, Transaldolase, Transketolase
and Phosphoketolase Revisited in Light of Recent Structural Data.
Bioorg. Chem. 57, 263−280.
(61) Jordan, F., and Nemeria, N. S. (2014) Progress in the
Experimental Observation of Thiamin Diphosphate-Bound Inter-
mediates on Enzymes and Mechanistic Information Derived from
These Observations. Bioorg. Chem. 57, 251−262.
(62) Solov’eva, O. N., Bykova, I. A., Meshalkina, L. E., Kovina, M. V.,
and Kochetov, G. A. (2001) Cleaving of Ketosubstrates by
Transketolase and the Nature of the Products Formed. Biochemistry
(Moscow) 66 (8), 932−936.
(63) Chakraborty, S., Nemeria, N. S., Balakrishnan, A., Brandt, G. S.,
Kneen, M. M., Yep, A., McLeish, M. J., Kenyon, G. L., Petsko, G. A.,
Ringe, D., et al. (2009) Detection and Time Course of Formation of
Major Thiamin Diphosphate-Bound Covalent Intermediates Derived
from a Chromophoric Substrate Analogue on Benzoylformate
Decarboxylase†. Biochemistry 48, 981−994.
(64) Fiedler, E., Golbik, R., Schneider, G., Tittmann, K., Neef, H.,
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