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ABSTRACT: Pyruvate decarboxylase (PDC) catalyzes the nonoxidative decarboxylation of pyruvate into
acetaldehyde and carbon dioxide and requires thiamin diphosphate (ThDP) and a divalent cation as
cofactors. Recent studies have permitted the assignment of functional roles of active site residues; however,
the underlying reaction mechanisms of elementary steps have remained hypothetical. Here, a kinetic and
thermodynamic single-step analysis in conjunction with X-ray crystallographic studies of PDC from
Zymomonas mobilis implicates active site residue Glu473 (located on the re-face of the ThDP thiazolium
nucleus) in facilitating both decarboxylation of 2-lactyl-ThDP and protonation of the 2-hydroxyethyl-ThDP
carbanion/enamine intermediate. Variants carrying either an isofunctional (Glud473Asp) or isosteric
(Glu473GlIn) substitution exhibit a residual catalytic activity of less than 0.1% but accumulate different
intermediates at the steady state. Whereas the predecarboxylation intermediate 2-lactyl-ThDP is accumulated
in Glud473Asp because of a 3000-fold slower decarboxylation compared to that of the wild-type enzyme,
Glu473Gln is not impaired in decarboxylation but generates a long-lived 2-hydroxyethyl-ThDP carbanion/
enamine postdecarboxylation intermediate. CD spectroscopic analysis of the protonic and tautomeric
equilibria of the cocatalytic aminopyrimidine part of ThDP indicates that an acidic residue is required at
position 473 for proper substrate binding. Wild-type PDC and the Glu473Asp variant bind the substrate
analogue acetylphosphinate with the same affinity, implying a similar stabilization of the predecarboxylation
intermediate analogue on the enzyme, whereas Glu473Gln fails to bind the analogue. The X-ray crystallo-
graphic structure of 2-lactyl-ThDP trapped in the decarboxylation-deficient variant Glu473Asp reveals a
common stereochemistry of the intermediate C2a stereocenter; however, the scissile C2a—C(carboxylate)
bond deviates by ~25—30° from the perpendicular “maximum overlap” orientation relative to the thiazolium
ring plane as commonly observed in ThDP enzymes. Because a reactant-state stabilization of the
predecarboxylation intermediate can be excluded to account for the slower decarboxylation, the data suggest
a strong stereoelectronic effect for the transition state of decarboxylation as supported by additional DFT
studies on models. To the best of our knowledge, this is a very rare example in which the magnitude of a
stereoelectronic effect could be experimentally estimated for an enzymatic system. Given that variant
Glu473Gln is not decarboxylation-deficient, electrostatic stress can be excluded as a driving force for
decarboxylation. The apparent dual function of Glu473 further suggests that decarboxylation and
protonation of the incipient carbanion are committed and presumably proceed in the same transition state.

Pyruvate decarboxylase (PDC,! EC 4.1.1.1) is a thiamin
diphosphate-dependent enzyme that carries out the nonoxidative
decarboxylation of pyruvate yielding acetaldehyde and carbon
dioxide (eq 1) as a central reaction of alcoholic fermentation in
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yeast, germinating seeds, and some microorganisms such as
Zymomonas mobilis or Acetobacter pasteurianus (1, 2).

CH;~ CO—CO,~ +H,0 — CH;—~ CHO+CO, +OH ™ (1)

! Abbreviations: PDC, pyruvate decarboxylase; ZmPDC, pyruvate
decarboxylase from Zymomonas mobilis, ScPDC, pyuvate decarboxy-
lase from Saccharomyces cerevisiae; BFDC, benzoylformate decarboxy-
lase; POX, pyruvate oxidase; ThDP, thiamin diphosphate; ThDP™,
carbanion form of ThDP; LThDP, 2-lactyl-ThDP; HEThDP,
2-(1-hydroxyethyl)-ThDP; HEThDP™, carbanion/enamine form of
HEThDP; AcP, acetylphosphinate; MAP, methyl acetylphosphonate;
PDB, Protein Data Bank; rmsd, root-mean-square deviation.
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FiGure 1: Catalytic cycle of ZmPDC with intermediates and elementary catalytic steps identified.

As opposed to PDCs from yeasts and plants, the bacterial
enzymes such as PDC from Z. mobilis (ZmPDC) are constituti-
vely activated and not subject to homotropic substrate activation.
In that way, they are kinetically well-suited model systems for
studying the molecular reaction mechanism in the absence of
additional complex conformational equilibria.

The catalytic sequence of PDC can be subdivided into several
elementary steps and involves numerous reaction intermediates
(Figure 1). After formation of the cofactor reactive ylide form
(step 0) and of the substrate Michaelis complex (step 1), the
ThDP C2 carbanion attacks the substrate carbonyl in a nucleo-
philic manner to yield the tetrahedral predecarboxylation inter-
mediate 2-lactyl-ThDP (LThDP) (step 2). Decarboxylation of
LThDP gives the resonant carbanion/enamine forms of the post-
decarboxylation intermediate 2-hydroxyethyl-ThDP (HEThDP ")
(step 3). Protonation at C2a of HEThDP™ (step 4a) yields its
conjugate acid HEThDP. Finally, ionization of the C2a-OH
group of HEThDP and cleavage of its C2—C2a bond lead to
the liberation of the product acetaldehyde (step 4b).

The occurrence and quantitative distribution of these on-
pathway intermediates in PDC catalysis could be demonstrated
by NMR and circular dichroism (CD) spectroscopy (3—35). In
agreement with '°C kinetic isotope effect studies (6, 7), this
analysis revealed decarboxylation of LThDP and acetaldehyde
liberation to be partially rate-determining for catalysis, whereas
cofactor activation and carbonyl addition of bound pyruvate to
ThDP proceed at least 1 order of magnitude faster. CD spectro-
scopic studies on PDC from Saccharomyces cerevisiae (ScPDC)
and other ThDP-dependent enzymes indicated that the cocataly-
tic aminopyrimidine moiety of enzyme-bound ThDP exists in
different protonic and tautomeric states (Figure 1), all of which
are catalytically important and thermodynamically accessible at
the pH optimum of a given ThDP enzyme (8§). Whereas tetra-

hedral intermediates (LThDP and HEThDP in PDC) predomi-
nantly stabilize the 1’,4’-iminotautomeric form (IP) of the amino-
pyrimidine ring, the 4-amino (AP) and 1’,4'-aminopyrimidinium
(APH™) forms are supposed to be stabilized in the resting state, in
the substrate Michaelis complex, and in the carbanion/enamine
intermediate (HEThDP™ in PDC) (4, 9).

The structures of ZmPDC and ScPDC in the resting state were
determined by X-ray crystallography in the 1990s (10, 11), but to
date, there is no direct structural information available concern-
ing covalent reaction intermediates in PDC catalysis. However,
recent crystallographic studies on substrate/ ThDP intermediates
in the related enzyme pyruvate oxidase (POX) shed light on the
stereochemical course of substrate binding and processing in
ThDP-dependent enzymes, which appears to be a conserved
feature in this enzyme superfamily (/2—74). Modeling of the
(S)-LThDP and (E)-HEThDP enamine intermediates observed
in POX into the active site of ZmPDC suggests a three-center
substrate binding motif that consists of a “carboxylate subsite”
(Glud73, Asp27, His113, and Tyr290 in ZmPDC), a “carbonyl/
a-hydroxyl subsite” (His114, Gly413, and 4-NH, of ThDP), and
a “methyl substituent subsite” (Thr388 and Ile472) (Figure 2).
Consistent with the structural model, earlier kinetic and muta-
genesis studies on both ScPDC and ZmPDC identified residues
of the carboxylate subsite to be essential for decarboxylation and
product release (Glud73, Asp27, and Hisl13 in ZmPDC),
whereas functional groups of the carbonyl/a-hydroxyl subsite
(4-NH, of ThDP and Glu50) were found to be involved in
carbonyl addition and/or elimination of pyruvate and acetalde-
hyde, with the aminopyrimidine portion of ThDP presumably
acting as a general acid/base catalyst (3, /5—17). The modeled
intermediate structures suggest a crucial role for Glu473 for both
decarboxylation of LThDP and protonation of the HEThDP
enamine. In the predecarboxylation state (Figure 2A), the y-carboxyl
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FIGURE 2: Structural model of predecarboxylation intermediate LThDP (A) and of postdecarboxylation intermediate HEThDP carbanion/
enamine (B) at the active center of ZmPDC in stereoview. Dotted lines indicate hydrogen bonding interactions ( < 3.2 A contacts). The X-ray
structures of LThDP and HEThDP carbanion/enamine intermediates both independently trapped in the related enzyme pyruvate oxidase (/2)
were modeled into the active site of wild-type ZmPDC (PDB entry 1ZPD) by superposing the cofactor atoms.

group of Glud73 would be positioned face to face with the
carboxylate moiety of LThDP. When ionized, Glu473 could
facilitate decarboxylation of LThDP by imposing “electro-
static stress” on the carboxylate leaving group. Alternatively,
Glu473 may be uncharged and thus serve to orient the
carboxylate leaving group of LThDP via a hydrogen bonding
interaction such that the scissile C2a—C(carboxylate) bond
would be directed perpendicular to the thiazolium ring plane.
Such a conformation would ensure a maximum overlap
between the incipient electron pair at C20 and the -electrons
of the thiazolium ring. In the postdecarboxylation state, Glu473
could act as a general acid to protonate the carbanion/enamine
intermediate (provided it is protonated at this reaction state),
presumably involving a bridging water molecule observed as a
placeholder in the resting state of ZmPDC (Figure 2B), and other
side chains such as Asp27 and His1 13, which were already shown
to form, jointly with Glu473, a functional triad for acetaldehyde
liberation.

To elucidate the functional role of Glu473 for PDC catalysis
and, in a broader sense, to gather information about the chemical
reaction mechanism and potential driving forces of LThDP
decarboxylation and protonation of the subsequently formed
carbanion/enamine intermediate, we have functionally and
structurally examined single-site variants of ZmPDC with iso-
functional (Glu473Asp) and isosteric (Glu473Gln) substitutions,
including a detailed kinetic and thermodynamic analysis of

elementary reaction steps in conjunction with X-ray crystallo-
graphic studies on reaction intermediates.

MATERIALS AND METHODS

Chemicals and Reagents. Alcohol dehydrogenase from
S. cereviseae, D,O (99.9%), ThDP, sodium pyruvate, and
NADH were purchased from Sigma-Aldrich Chemie GmbH. All
other chemicals were obtained from VWR International GmbH,
Sigma-Aldrich Chemie GmbH, Carl Roth GmbH, and Appli-
Chem GmbH. Quartz doubly distilled water was used through-
out the experiments.

Synthesis of Pyruvate Analogues Acetylphosphinate and
Methyl Acetylphosphonate. Chemical synthesis of substrate
analogue acetylphosphinate (APh) was conducted according to
the procedure given in ref /8. Methyl phosphonousdichloride was
purchased from Aldrich and was used without further purifica-
tion. Nal was dried at 70 °C under 0.1 mm/Hg overnight. Dry
acetone was prepared with dry Nal according to literature
procedures. Methyl acetylphosphonate (MAP) was synthesized
using trimethylphosphite and acetylchloride as reagents accord-
ing to the method described in ref /9. The purity and correct
synthesis of both compounds were confirmed by NMR spectros-
copy and mass spectrometry.

Expression and Purification of PDC from Z. mobilis.
Escherichia coli SG13009 cells carrying plasmid pZY134b that
encodes wild-type PDC from Z. mobilis were cultivated at 30 °C
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in 2YT medium supplemented with 100 ug/mL ampicillin and
50 ug/mL kanamycin. Gene expression was induced at an ODg
of ~0.5—0.8 by addition of | mM IPTG, and cells were grown for
an additional 14—17 h at 30 °C. Cells were then harvested by
centrifugation (20 min at 4000g and 4 °C), shock-frozen in liquid
nitrogen, and stored at —80 °C. For enzyme purification, cells
were thawed on ice and resuspended in low-salt buffer [0.01 M
MES (pH 6.5), 0.1 mM ThDP, and | mM MgSO,]. Thereafter,
cells were disrupted by repeated passages in a French press
(Gaulin, APV Homogenizer GmbH). Cell debris was separated
from the soluble fraction by centrifugation (30 min at 4 °C and
59000g). DNA in the supernatant was removed by precipitation
with 0.8% (w/v) streptomycin or by DNase I digestion (5 ug/mL
DNase and 1 mM MgCl, for 45 min at § °C). PDC was initially
enriched by fractional ammonium sulfate precipitation [20 and
43% (w/v)]. The pellet of the second precipitation step was gently
dissolved in ~10 mL of low-salt buffer (see above) and exhausti-
vely dialyzed against the same buffer overnight. After dialysis, the
protein solution was applied to an anion exchange column
[Fractogel EMD TMAE (S), Merck, 30 mL batch volume]
previously equilibrated with low-salt buffer. ZmPDC was eluted
from the column using a linear gradient from 0 to 40% high-salt
buffer [0.01 M MES (pH 6.5), 0.1 mM ThDP, 1 mM MgSOy,, and
100 mM (NH4),SOy4] over a total volume of 150 mL. The
fractions containing ZmPDC were pooled and concentrated by
ultrafiltration in centrifugal concentrators with a molecular mass
cutoff of 30 kDa (VIVASPIN 15R, 2600g and 4 °C). For final
purification and concomitant buffer exchange, the protein solu-
tion was applied to a gel filtration column (Superdex 200 16/60,
GE Healthcare, 120 mL batch volume) equilibrated with 50 mM
MES/NaOH (pH 6.0), 100 xM ThDP, and 1 mM Mg>".

ZmPDC variants Glu473Asp and Glu473GlIn were expressed
in E. coli IM109 cells using plasmid pPLZM as a vector that
contains a heat-inducible promoter (/5). Cells were cultivated in
2YT medium containing 100 ug/mL ampicillin at 30 °C, and
expression was induced via a rapid increase in temperature to
42 °C. Cells were grown for 3—4 h at 42 °C and then harvested
by centrifugation (20 min at 4000g and 4 °C). All remaining
purification steps were conducted as detailed above for wild-type
ZmPDC.

Steady-State Kinetic Analysis. The enzymatic activity of
ZmPDC was determined spectrophotometrically at 366 nm in a
coupled optical test employing NADH (e35 = 3400 M~ cm ™"
and alcohol dehydrogenase as an auxiliary enzyme. Activity
measurements were conducted in 50 mM MES buffer (pH 6.0)
supplemented with | mM MgSO, and 100 uM ThDP at 30 °C
and further containing 0.3 mM NADH and 0.15 unit/mL alcohol
dehydrogenase. The catalytic constants were calculated by fitting
the experimental data to the Michaelis—Menten equation. The
pH dependence of catalytic activity was analyzed as previously
described (20).

Analysis of Protonic— Tautomeric Equilibria of Enzyme-
Bound ThDP and Acetylphosphinate Binding to ZmPDC
Using Circular Dichroism Spectroscopy. Earlier work at
Rutgers University had established that the aminopyrimidine
ring of enzyme-bound ThDP gives rise to CD signals as selective
probes for the different chemical states: the 4'-amino form (AP),
the 1,4-imino form (IP), and the aminopyrimidinium form
(APH™) (see Figure 1) (8). The IP form of the enzyme-bound
cofactor gives rise to a positive CD band at 300—310 nm, while a
negative band at 320—330 nm was suggested to pertain to the
AP form (an intramolecular charge transfer complex between the
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aminopyrimidine as the donor and the thiazolium as the
acceptor). The APH" form could not be unambigously
identified by CD spectroscopy, although a UV band is expected
at ~260 nm.

To study the pH dependence of the internal protonic equilibria
of enzyme-bound ThDP in ZmPDC, the pH of the protein
solution [2 mg/mL in two-component buffer consisting of
20 mM MES and 20 mM phosphate (pH 6.0) supplemented
with 100 «M ThDP and 1 mM Mg>*] was adjusted via gentle
addition of Tris base (pH 11) using a sympHony pH electrode
(VWR). Circular dichroism spectra were recorded on a Chirascan
CD spectrometer from Applied Photophysics (Leatherhead,
U.K.) in a 10 mm path length cell in the near-UV wavelength
region (250—500 nm) at 20 °C. The pK, was estimated by fitting
the log of the buffer-corrected CD signal at 300 nm versus pH
according to eq 2 that accounts for a single ionizing group

log O30 = log ©300™" — log(1+ 10°%~) (2)

where x is the pH. When negative CD signals were observed,
difference spectra were used for quantitative analysis with the
signal at the lowest pH as a reference.

To selectively analyze substrate binding, we employed acetyl-
phosphinate (AcP) and methyl acetylphosphonate (MAP) as
electrostatic analogues of pyruvate (19, 21). It was demonstrated
for numerous ThDP enzymes that these compounds add to C2 of
enzyme-bound ThDP in a manner analogous to that of pyruvate,
yielding stable tetrahedral predecarboxylation intermediate ana-
logues, which are not further processed (/4). Because initial
experiments indicated that neither wild-type ZmPDC nor its
variants bind MAP even after prolonged reaction times (several
hours), AcP was used for quantitative analysis. AcP was sequen-
tially titrated to 2 mg/mL ZmPDC (two-component buffer as
used for pH studies adjusted to pH 6.0) over a concentration
range from 0 to 12 mM (final concentration). After each titration
step, the binding equilibrium was allowed to be established for
10 min. Subsequently, CD spectra (Chirascan CD spectrometer)
were recorded in the wavelength range of 295—400 nm at 20 °C
using an optical path length of 1 cm. All spectra were corrected
for buffer contributions and concomitant dilution in the titration
series.

For quantitative analysis, the CD signal intensities of the IP
and AP bands were plotted versus AcP concentration. Apparent
dissociation constants (Kp**P) were calculated by fitting the data
to a hyperbolic function using SigmaPlot and KaleidaGraph.

O™ [AcP]

e\
=607+ Kp* + [AcP]

(3)
where © is the observed CD signal at a given wavelength, ©° the
CD signal of the protein at this wavelength in the absence of
the substrate analogue, @™ the maximum CD signal at sub-
strate analogue saturation, and [AcP] the total concentration of
the substrate analogue.

Spectroscopic Analysis of Cofactor Reaction Intermedi-
ates under Multiple-Turnover and Single- Turnover Condi-
tions. To monitor changes in the protonation and/or ionization
state of the cofactor aminopyrimidine part in the course of
substrate turnover, UV—vis spectra were recorded in the 300—
600 nm range after ZmPDC had been mixed with substrate
pyruvate using a SX20 stopped-flow spectrophotometer equi-
pped with diode array acquisition (Applied Photophysics).



Article

Typically, ~10 mg/mL wild type or variant ZmPDC (cor-
responding to 164 uM active sites) in 50 mM MES (pH 6.0),
100 xM ThDP, and I mM Mg*" was mixed with 20 mM pyruvate
(in the same buffer) in a 1:1 mixing ratio at 30 °C using an optical
path length of 10 mm. In the case of the wild-type enzyme,
200 spectra were recorded over a reaction time of 10.1 s
(100 spectra in the first 100 ms; 100 spectra from 0.1 to 10.1 s).
For the variants, a total of 200 spectra were collected at equal
time intervals over 200 s. Spectra at steady state (wild type, 10 ms;
variants, 10 s) were corrected for contributions of buffer, enzyme
in the resting state (i.e., in the absence of pyruvate), and pyruvate.
For spectroscopic analysis, pyruvate depletion is neglible because
only ~100 uM pyruvate (wild type) or <75 uM pyruvate
(variants) is consumed after reaction for 10 ms or 10 s, respec-
tively. This concentration change translates into a Aabsorbance
of only ~0.002 at 320 nm, where pyruvate exhibits an n — 7*
transition (¢ = 20 M ™" s71).

In addition, single-turnover experiments were conducted in
which 5 mg/mL protein (82 uM active sites) was mixed with an
equimolar concentration of pyruvate in a 1:1 mixing ratio at
30 °C using the same buffer described above. Transients were
recorded at specific wavelengths for each protein based on the
band signature observed in the rapid-scan experiments.

Analysis of the Intermediate Distribution at Steady State
and H—D Exchange Kinetics at C2 of ThDP by '"H NMR
after Acid Quench Isolation. To estimate unimolecular net rate
constants of elementary catalytic steps (see Figure 1), the quanti-
tative distribution of covalent reaction intermediates (LThDP
and HEThDP) and of C2-unsubstituted ThDP under steady-
state turnover conditions was analyzed by one-dimensional (1D)
'H NMR spectroscopy after acid quench isolation as detailed
in ref 3.

In a typical experiment, 15 mg/mL ZmPDC in 50 mM
potassium phosphate buffer (pH 6.0) was reacted with 100 mM
sodium pyruvate (in the same buffer as protein) in a 1:1 mixing
ratio (200 uL each) using a thermostated chemical quench-
flow apparatus (RQF-3, Kintek Corp., Austin, TX). After a
defined reaction time, ensuring that the steady state was
established, the reaction was stopped (35 ms for the wild type
and 60 s for the variants) by addition of an acidic quench
solution [12.5% (w/v) trichloroacetic acid and 1 M DCI in
D,0]. Denatured protein was discarded after centrifuga-
tion. The clear supernatant containing pyruvate, products
(acetaldehyde, acetoin, and acetate), and reaction intermedi-
ates in buffer was filtered (0.45 um pore size) and further
analyzed by 1D "H NMR spectroscopy at 300 K (Bruker
Avance 400 NMR spectrometer). In the case of variant
Glu473Gln, the experiments were also conducted at a protein
concentration of 60 mg/mL to allow detection of low-population
intermediates.

For the assignment and quantitative analysis of ThDP and
covalent ThDP adducts, the C6'-H singlets of ThDP (8.01 ppm),
LThDP (7.27 ppm), and HEThDP (7.33 ppm) were used.

The net rate constants of carbonyl addition of enzyme-bound
pyruvate to ThDP [k, (see Figure 1)], decarboxylation of LThDP
(k'3), and acetaldehyde liberation (k'y) were estimated on the
basis of the relative concentrations of the intermediates. It must
be noted that the chemical quench—NMR method does not allow
discrimination between HEThDP and its carbanion/enamine
form because the latter will be instantaneously protonated in
the course of acid quench isolation. Therefore, k4 is a composite
rate constant and reflects both protonation of the carbanion/
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enamine intermediate (step 4a in Figure 1) and liberation of
acetaldehyde (step 4b):

1 1 1
AR “
4 4a 4b

Because formation of the reactive cofactor ylide form (k¢ in
Figure 1) was shown previously not to be rate-limiting for
ZmPDC catalysis (22), kea relates to the forward net rate
constants at saturating substrate concentrations (substrate bind-
ing is not rate-determining under these conditions) as follows:

1 1 1 1
o BTETR ®)

At steady state and [S] > Ky, providing that the formation
and decomposition of all reaction intermediates are balanced,
i.e., d[intermediate]/ds ~ 0, the relative intermediate concentra-
tions can be directly correlated with the unimolecular net rate
constants of their interconversion.

E-LThDF| _ & _ 6
[E-ThDP] — &,

[E-HEThDP| _ K, _ 0
[E-LThDP] ~ X,

The fraction of isolated cofactor as C2-unsubstituted ThDP
was corrected for fractional saturation of the enzyme with sub-
strate according to the Michaelis—Menten equation. Using the
experimentally determined steady-state intermediate distribu-
tion, kca, and eqs 5—7, the forward rate constants of single steps
can be derived as follows:

Ky = ken(14a+ab) (8)
l1+a+ab

K, :kcmT 9)
l+a+ab

Ky :kcatT (10)

The deprotonation rate constant of enzyme-bound ThDP in
the Glu473Gln variant was determined using an H—D exchange
technique as described in ref 22.

Protein Crystallization, Data Collection, and Structure
Determination of Predecarboxylation Intermediate LThDP
Trapped in ZmPDC Variant Glu473Asp. ZmPDC variant
Glud73Asp was adjusted to a protein concentration of 5 mg/mL
in 10 mM citrate buffer (pH 6.0) supplemented with 1 mM
ThDP and 1 mM MgSO, and subsequently crystallized using the
hanging vapor drop diffusion method against a reservoir solution
of 100 mM MES buffer (pH 6.0), I mM ThDP, 5 mM MgSO,,
and 20—24% (w/v) polyethylene glycol 1500 as the precipitant.
We deliberately omitted dithioerythritol from the crystallization
mixture as reported in the published procedure (70) because we
wished to minimize redox reactions and eventual destruction of
the cofactor in the course of crystallization and data acquisition
(the thiazolium portion of ThDP was found to be destroyed in the
X-ray structure of wild-type ZmPDC). Crystals were grown at room
temperature after mixing 2 uL of protein solution (5 mg/mL)
with 2 uL of reservoir solution. Within 2 weeks, large but thin
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platelike crystals of variant Glu473Asp with similar dimen-
sions as previously reported were obtained. In view of the high
occupancy of the LThDP intermediate in the Glu473Asp variant
(>90%) in the liquid state (see the NMR studies in Results), we
attempted to trap this intermediate in the crystalline state.
Therefore, we soaked crystals of the Glu473Asp variant with
100 mM sodium pyruvate in the reservoir solution that was
further supplemented with 20% (v/v) glycerol for approximately
5 min followed by flash-cooling of the crystals in liquid nitrogen.
Initial processing of data sets collected in-house indeed revealed
the LThDP intermediate to be formed in one crystal that
diffracted up to a resolution of ~2.6 A (most crystals tested
exhibited a high mosaicity and were not suitable for X-ray
structural analysis).

An X-ray data set of ZmPDC variant Glu473Asp in complex
with predecarboxylation intermediate LThDP was then collected
from a single crystal under cryoconditions (in a 100 K nitrogen
stream) at BESSY beamline 14.2 (Berlin, Germany) using a 165 mm
single-chip CCD detector from MARRESEACH (SX-165). A
total of 675 images were collected over an angular range of 270°
with a ¢ slicing of 0.4°. The diffraction data extended to a
resolution of 1.98 A. Initial processing of the entire data set in
80 image portions (1—80, 6—86, 11—91, etc.) using Xps revealed
higher mosaicity and therefore larger amounts of overlapped
reflections for some crystal orientations indicated also by
high Rieree values (the highest Ry,ero values were observed for
portions of images collected when the longest crystal dimension
was parallel or close to parallel to the incoming X-ray beam). We
therefore included only 360 images for the final data processing
which resulted in a reflection file of reasonable completeness and
redundancy which was used for refinement of the structure.
Including more images resulted in much higher Ry,ery. values of
the data set and crystallographic R-factors calculated for the
model. Oscillation images were integrated, merged, and scaled
using Xps (23). The structure of ZmPDC variant Glu473Asp was
determined by molecular replacement with PHASER using the
structure of wild-type ZmPDC as a search model (PDB entry
1ZPD) (24). The variant crystallized in monoclinic space group
P21 and comprises a functional tetramer in the asymmetric unit.
Notably, the wild-type enzyme crystallized in primitive triclinic
spacegroup P1 and also contains a tetramer in the asymmetric
unit. Refinement of the structure was performed in Cns and
PHENIX (both programs were using the same test set for calculat-
ing Rywe), applying both overall anisotropic B-factor and bulk
solvent corrections (25, 26). Model rebuilding against difference
as well as simulated annealing (SA) electron density omit maps
has been conducted in Coot (27). The analysis of atomic
displacements parameters of the refined structure revealed that
the B-factors generally increase with the distance from the center
of each domain forming one monomer (Pyr domain, R domain,
PP domain), implying a rigid body libration of those domains. To
model anisotropic displacements of these domains, the final refine-
ment was conducted with PHENIX implementing 16 TLS groups
(four groups per monomer: the three main domains and a flexible
linker between the R and PP domains). The experimental as well
as simulated annealing omit maps generated by CNS unambi-
guously showed the presence of Asp473 in the structure. In
addition, simulated annealing omit maps were calculated for
LThDP or for the pyruvate-derived lactyl moiety of LThDP.
These maps clearly revealed that formation of the covalent bond
between C2 of ThDP and the carbonyl carbon of pyruvate had
taken place in the crystal as indicated by the strong continuous
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Table 1: Crystallographic Statistics for Variant Glu473Asp in a Complex
with LThDP

Data Collection

wavelength (A) 0.91841

space group P2(1)

cell dimensions a = 6749 A, b = 16536 A,
¢ =9587A, 8 = 108.93°

resolution range (A) 20.00—1.99 (2.10—1.99)

no. of observations 389596
no. of unique reflections 128527
completeness (%) 93.2(83.3)
(I/o(D)) 16.6 (5.8)
Rinere’ (%) 4.9 (17.9)
redundancy 3.03 (2.47)
B-factor from the Wilson plot (Az) 22.7
Refinement

resolution range (A) 19.58—1.99
no. of reflections (working/test) 128524/6426
Rerysts’ Rivee? (%) 19.4/24.6
mean B-factor (Az) 26.4
B-factor of the cofactor (AZ) 26.1/26.2/30.4/25.4
no. of non-hydrogen atoms 18378
no. of water molecules 1256
rmsd for bond lengths (A) 0.004
rmsd for bond angles (deg) 0.924
Ramachandran analysis (%)

most favored 97.6

allowed 2.4

”V:tlues in parentheses correspond to those for the highest-resolution
shell. Rmerge = Z‘I - <I>‘/Z<I> chryst = ZHFnbs‘ - ‘Fcuch/Z‘Fobs“
9Ryyee is calculated as Ry but for a test set comprising reflections not used
in the refinement (5.0%).

electron density between the two atoms. The crystallographic
B-factors of the lactyl moiety of LThDP are comparable to those
of the cofactor’s thiazolium ring and thus suggest full occupancy
of the intermediate. The final model of the Glu473Asp variant
consisting of residues 2—566 of every monomer has been refined
to a resolution of 1.99 A, giving final Ry and Ry, values of
0.1942 and 0.2456, respectively. For two monomers, a fragment
of the linker between the R and PP domains could not be
localized in electron density maps, suggesting local disorder of
those regions (chain B, residues 351—355; chain D, residues
350—359). The model has good geometry as judged by MOL-
PROBITY (28), with 97.6% of the residues in the most favored
regions of the Ramachandran plot and no residues marked as
outliers. The final statistics of data collection and refinement are
detailed in Table 1. Crystallographic figures were prepared with
Pymol (DeLano Scientific, San Carlos, CA).

Density Functional Theory Studies on the Decarboxyla-
tion of LThDP. The reaction coordinates for the decarboxyla-
tion reaction of LThDP in different conformations were investi-
gated by the density functional theory (DFT) method at the
B3LYP/6-31G(d) level using GAUSSIANO3 (29). Recent DFT
studies on thiamin models including more sophisticated basis sets
have indicated that the 6-31G(d) standard is sufficient for a
reliable analysis of such systems (30).

The aim of our studies here was to compare the reaction
barriers for LThDP decarboxylation with either a perpendicular
“maximum overlap” orientation of the scissile C20.—C(carboxylate)
bond as previously observed for related tetrahedral substrate—
ThDP adducts in other ThDP enzymes or a twisted (nonperpendi-
cular) orientation of this bond as experimentally determined here
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Table 2: Steady-State Kinetic Constants of Wild-Type ZmPDC and Its Variants®

wild type
Keear (s~ 150 £ 5 (100%)
Ky (mM) 0.31 £0.03
Kea/ Kna (M1 s71) 4.84 % 10° (100%)
PKn (kcat/KM) 6.23 + 007b
pKa (kcal) NAL

Glud73Asp Glu473GIn
0.10 = 0.003 (0.06%) 0.15 £ 0.004 (0.1%)
0.15 4 0.03 0.40 £ 0.05
6.66 x 107 (0.14%) 3.75 x 107 (0.08%)
6.28 + 0.06 6.72 £ 0.02"
NA® NA®

“Standard activity measurements were taken at 30 °C in 50 mM MES buffer (pH 6.0) containing 1 mM MgSO, and 100 xuM ThDP. *From ref 20.

“Not applicable (k. not dependent on pH).

for LThDP in ZmPDC variant Glu473Asp. Because the de-
carboxylation of LThDP is severely impaired in the isofunctional
variant (3—4 orders of magnitude slower than in wild-type
ZmPDC), it is tempting to speculate that the decarboxylation
is stereoelectronically affected.

The structural and functional characterization of ThDP
enzymes provided clear evidence that the cofactor diphosphate
moiety is required to provide tight binding to the target enzyme
but is not involved in catalysis. Therefore, we have restricted our
model calculations to the corresponding 2-lactylthiamin systems
to reduce the computational error.

We have modeled the influence of the apoenzyme environment
in a straightforward way by fixing the cofactor in the experimen-
tally observed V conformation (torsion angles @1 = 105° and
®p=—61°) by constraints in the optimization procedure. More-
over, the alternative orientations of the lactyl moiety were
simulated by constraints for the S1-C2—C20—COO ™ torsion
angle with —91° and —114° for the perpendicular (modeled) and
twisted forms (taken from the experimentally determined X-ray
structure), respectively. Moreover, we considered both the 1',4'-
imino and 4’-amino forms of LThDP in our calculations to test
the possible influence of the aminopyrimidine’s tautomeric state
on decarboxylation.

In all calculations of the decarboxylation reaction, the
C2a—COO™ distances (150—330 pm) were increased in 10 pm
increments. The computations were performed on the SMP
cluster of the computational center of the Martin-Luther Uni-
versity Halle-Wittenberg.

RESULTS

Steady-State Kinetics. The steady-state kinetic constants of
wild-type ZmPDC and its variants (Glu473Asp and Glu473Gln)
are summarized in Table 2. Both an isofunctional substitution
and an isosteric substitution of Glu473 with Asp or Gln almost
completely abolish catalytic activity (data not shown). The two
variants exhibit a residual activity of 0.1% (Glu473GlIn) or
0.06% (Glud73Asp), highlighting the central role of Glu473 for
catalytic activity. The Ky value for substrate pyruvate is virtually
unchanged in Glu473Gln (0.40 + 0.05 mM) compared to that
of the wild-type enzyme (0.31 & 0.03 mM), whereas it is 2-fold
smaller in the case of Glud73Asp (0.15 + 0.03). The k¢
values of all three proteins are independent of pH over a
range from 5 to 8. However, in all cases studied, the Ky
constant for pyruvate increases at alkaline pH. In previous
studies (20), quantitative analysis of pH versus ke, /Km
revealed a pK, of 6.23 £+ 0.07 for wild-type ZmPDC when
considering a single ionizable group to account for the
observed pH dependence. A similar value can be estimated
for variant Glu473Asp (pK, = 6.28 £ 0.06), whereas it is
slightly increased for Glu473GlIn (pK, = 6.72 £ 0.02).
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FIGURE 3: Near-UV CD spectra of 2 mg/mL (33 uM active sites)
wild-type ZmPDC and its variants (Glu473Asp and Glu473Gln) in
the resting state at different pH values. Experimental details are given
in Materials and Methods. Insets shows the pH dependence of 1P
formation monitored at 300 nm. The pK, was estimated using eq 2.

Analysis of Protonic and Tautomeric Equilibria of
Enzyme-Bound ThDP by CD Spectroscopy. Near-UV CD
spectra were recorded for wild-type ZmPDC and its two variants,
Glu473Asp and Glud473GlIn, at different pH values between
5.5 and 8.5.

The wild-type enzyme exhibits a negative band at ~320 nm
and a positive band at ~300 nm indicating the coexistence of the
amino form (AP, 320 nm) and the 1’ ,4'-imino tautomer (IP, 300 nm)
of the cofactor aminopyrimidine in the resting state (Figure 3).
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The amplitude of both signals increases with pH and reaches a
limiting value at pH ~8. However, the change in signal intensity is
more pronounced for the IP form, suggesting that it has a higher
molar ellipticity than the AP band. Fitting the data toeq 2 yields a
pK, of 6.25 & 0.08. The estimated pK, pertains to the protonic
equilibrium between the IP and AP tautomers and the amino-
pyrimidinium (APH™) form, for which no CD signal assignment
exists. The tautomeric IP < AP equilibrium appears to be pH-
independent. Remarkably, the estimated pK, of the cofactor
[APH' < H" + (IP/AP)] in the resting state is identical to that
determined for the pH dependence of k.,/Kn under steady-state
turnover conditions.

A similar outcome is observed for the Glu473Asp variant. The
pK, for the APH" = H" + (IP/AP) equilibrium was estimated to
be 5.98 & 0.12 and is close to the single-site pK, (kca/Ky) under
steady-state turnover conditions. The change in the AP signal is
less pronounced than that of the IP form, analogous to the wild-
type enzyme.

The results for variant Glu473Gln are somewhat different.
Although the CD signal amplitudes of both the AP and IP forms
are pH-dependent, they linearly increase with an increase in pH.
As no signal saturation is observed, a pK, cannot be reliably
estimated. Moreover, the absolute CD signal intensity for both
the IP and AP band is much higher than for wild-type and variant
Glud73Asp, suggesting residue 473 critically determines the pK,
of the aminopyrimidine and the molar ellipticity of the ThDP
signals.

Thermodynamic Analysis of Acetylphosphinate Binding
by CD Spectroscopy. Acylphosphonates and acylphosphinates
have turned out to be suitable substrate analogues for ThDP-
dependent enzymes acting on 2-keto acids. When using such
analogues, stable covalent predecarboxylation intermediate ana-
logues are formed on the enzymes’ active sites. In this way,
substrate binding (encompassing formation of the substrate
Michaelis complex and of the tetrahedral substrate—ThDP
adduct) can be singled out for a detailed kinetic, thermodynamic,
or even structural analysis (/4). Binding of the pyruvate analogue
methyl acetylphosphonate (MAP) did not result in a detectable
change in the near-UV CD spectrum in any of the three ZmPDC
proteins tested (data not shown). However, upon addition of the
less bulky analogue acetylphosphinate (AcP) to wild-type
ZmPDC, the signal intensity of both the IP band at ~300 nm
and that of the AP band at ~320 nm increased in a concentration-
dependent manner (Figure 4). Quantitative analysis according to
eq 3 yielded similar dissociation constants (K,,,) When using the
IP band (450 + 37 uM) and the AP band (317 + 49 uM). It was
previously suggested for related ThDP enzymes that the IP band
indicates formation of the covalent AcP—ThDP adduct in half of
the active sites, whereas the AP band is a reporter for the non-
covalent substrate Michaelis complex (4). However, we consider
such a half-of-the-sites mechanism unlikely in the case of
ZmPDC because microscopic kinetic analysis of ZmPDC by
NMR is not compatible with such a mechanism (3). Further-
more, our X-ray analysis indicates the presence of LThDP in all
active sites of ZmPDC in the crystalline state (see Results), thus
relegating an alternating sites mechanism to minor probability.
Instead, we suggest that the IP and AP tautomers of predecar-
boxylation intermediates are both stabilized on the enzyme with
an equilibrium constant close to unity.

Variant Glu473Asp binds acetylphosphinate with a compar-
able affinity and also displays a concentration-dependent in-
crease in the magnitudes of both the IP and AP signals at 300 and
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Ficure 4: Near-UV CD spectra of 2 mg/mL (33 uM active sites)
wild-type ZmPDC and its variants (Glu473Asp and Glu473Gln) at
pH 6.0 titrated with the substrate analogue acetylphosphinate.
Experimental details are given in Materials and Methods. Insets
shows the concentration dependence of the IP and AP signals.
Apparent dissociation constants were estimated using eq 3.

320 nm, respectively. The apparent dissociation constant of
acetylphosphinate was estimated to be 366 & 25 uM (IP signal)
and 443 £ 22 uM (AP signal), indicating a minor change in K,
between the [P and AP forms. Variant Glu473Gln was not able to
bind the phosphinate analogue even when high concentrations
were employed. Addition of the physiological substrate pyruvate,
however, did lead to a change in the near-UV CD spectrum of the
variant. After a 10 min reaction time, a negative CD band was
formed at ~350 nm and a positive band at ~290—300 nm. While
the former signal appears to pertain to a reaction intermediate in
the AP form, the signal at 290 nm could originate either from an
intermediate in the IP form or from products of off-pathway
carboligation reactions. After prolonged reaction times (100 min),
a negative CD signal pertaining to (R)-acetoin is observed.
"H NMR analysis indeed confirms formation of acetoin apart
from acetaldehyde and acetate, whereas acetolactate could not be
detected (data not shown). Irrespective of this carboligation side
reaction (product acetaldehyde reacts with HEThDP ™), the CD
spectra clearly suggest the coexistence of the IP and AP forms at
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Table 3: Microscopic Rate Constants for Elementary Steps in the Reactions of Wild-Type ZmPDC and Its Variants Glu473Asp and Glu473GIn“
k5P (s for K5 (s7") for K (57" for

ko (s for cofactor

keat 571 activation LThDP formation decarboxylation acetaldehyde liberation
wild-type ZmPDC 150 110+ 19 2650 397 265
Glud73Asp ZmPDC 0.10(1500) 104 £20(~1) 0.60 (4400) 0.13 (3000) 1.2(220)
Glu473GIn ZmPDC 0.15(1000) 53+£20(~2) 5.4(500) >15 (nd)* 0.15(1800)

“Rate constants of cofactor activation k, were estimated by kinetic analysis of H—D exchange at C2 of enzyme-bound ThDP at 5 °C, and net rate constants
(see Figure 1) for formation of LThDP from bound pyruvate (k’,), decarboxylation of LThDP (k’3), and liberation of product acetaldehyde (k'4) at saturating
pyruvate concentrations of 50 mM were calculated using eqs 6—10, from k., and the distribution of ThDP-bound intermediates, determined by the acid
quench—NMR method at 30 °C in 0.05 M potassium phosphate (pH 6.0). The major source of error in the analysis of the distribution of intermediates is the
error in the integration of the individual signals of the intermediate species, and it is therefore dependent on the signal-to-noise ratio of the respective signals.
Typically, the error varies between approximately 10 and 20%, the latter value being relevant for poorly resolved signals. Some of the data were reported
inref3. ? Numbers in parentheses refer to the ratio of the rate constant calculated for wild-type ZmPDC divided by that of the respective variant (i.e., kcac =
kea™ [k *™™). “LThDP could not be detected by the acid quench—NMR analysis even at a concentration of 60 mg/mL. Therefore, a lower limit is calculated

on the basis of a signal-to-noise ratio of 3 as a detection limit.

steady state in ZmPDC Glu473Gln. It is noteworthy that both
bands exhibit a bathochromic shift of 10—20 nm relative to the
corresponding forms in the resting state.

Analysis of the Intermediate Distribution at Steady State
and H—D Exchange Kinetics at C2 of ThDP by '"H NMR
after Acid Quench Isolation. Our previous studies of cofactor
activation in ZmPDC employing a H—D exchange technique
had revealed that deprotonation of C2 of enzyme-bound ThDP
cannot be kinetically resolved at 30 °C by rapid mixing because
the reaction is completed within the dead time of mixing (~2 ms),
thus giving a ks lower limit of >600s~" (22). Kinetic analysis at
5°C yielded a first-oder rate constant kqp, of ~110 s~ for wild-
type ZmPDC (Table 3). A similar rate constant was estimated
for variant Glu473Asp (104 £ 20 s~"). In variant Glu473Gln,
cofactor activation is slightly impaired as evidenced by a 2-fold
decreased rate constant of H—D exchange (53 + 20 s ). In
neither protein is cofactor activation (kq in Figure 1) rate-limiting
for catalysis.

The quantitative distribution of reaction intermediates (C2-
unsubstituted ThDP, LThDP, and HEThDP) in ZmPDC work-
ing at the steady state can be analyzed by 1D "H NMR spectro-
scopy after acid quench isolation. Our previous studies of
wild-type ZmPDC showed that decarboxylation of LThDP (k'3 ~
397 s~ ') and acetaldehyde liberation (k'y ~ 265 s~') are both
partially rate-determining for overall catalysis (keo = 150 s~ ' at
30 °C) at saturating substrate concentrations (50 mM), whereas
the unimolecular carbonyl addition of bound pyruvate to C2 of
ThDP (k'5 ~ 2650 s~ ') proceeds at least 1 order of magnitude
faster (3). A different outcome is observed for the two variants
(Figure 5). In Glu473Asp, the reaction stalls at the LThDP state
under steady-state turnover conditions, indicating decarboxyla-
tion of this intermediate (ks =0.13 s~ ') is rate-determining for
overall catalysis (ke = 0.1 s~ at 30 °C). Thus, decarboxylation
of LThDP in Glu473Asp proceeds 3000-fold slower than in the
wild-type enzyme. Although not rate-limiting, both formation of
LThDP and acetaldehyde liberation are also compromised by
several orders of magnitude in the variant, pointing to a global
role of Glu473 in ZmPDC catalysis. Contrary to the isofunc-
tional substitution of Glu473 with Asp, an isosteric Glu — Gln
substitution has no measurable effect on decarboxylation as no
LThDP is detected at steady state even at a protein concentra-
tions as high as 60 mg/mL for the chemical quench—NMR experi-
ments. Instead, the variant accumulates HEThDP to almost full
occupancy, implying acetaldehyde liberation to be severely im-
paired (k'y=0.15s~") when compared to the wild-type situation
(K'4 ~ 265 s~"). Because the quench—NMR methodology does

m— —— HE-ThDP
\ ' L-ThDH|
5 J |
| | A
L
Glud73GIn 0
. J «_JL_

Glud73Asp

wild-type
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FIGURE 5: Steady-state intermediate distribution of reaction inter-
mediates in the nonoxidative decarboxylation of pyruvate by wild-
type ZmPDC and its variants (Glu473Asp and Glu473Gln) at
substrate saturation (50 mM). The intermediates were isolated by
acid quench after a reaction time of either 35 ms (wild type) or 60 s
(variants) in 50 mM potassium phosphate buffer (pH 6.0) at 30 °C
and analyzed by 1D "H NMR at pH 0.75 using the chemical shifts of
the C6'-H singlets of C2-unsubstituted ThDP (8.01 ppm), HEThDP
(7.33 ppm), and LThDP (7.27 ppm) for quantitation.

not permit discrimination between the carbanion/enamine inter-
mediate and the C2a-protonated forms of HEThDP, at this
point no distinction between which of the two HEThDP forms
(carbanion/enamine or conjugate acid) is accumulated in the
variant can be made.

Spectroscopic Analysis of Cofactor Reaction Intermedi-
ates under Multiple-Turnover and Single- Turnover Condi-
tions Using a Stopped-Flow Method. To analyze possible
changes in the protonic and/or tautomeric states of enzyme-
bound ThDP in the course of substrate turnover, time-resolved
spectra were recorded after wild-type ZmPDC or its variants had
been mixed with a saturating concentration of pyruvate (10 mM
after mixing) at 30 °C. Difference spectra between the steady state
(wild type at 10 ms and variants at 10 s) and resting state (prior to
mixing) were calculated (Figure 6). In wild-type ZmPDC, the
buildup of a spectroscopic band at ~310 nm accompanies the
establishment of the steady state indicating the presence of
reaction intermediates in the IP form. In variant Glu473Asp,
which accumulates LThDP at the steady state, a similar absor-
bance band pertaining to the imino tautomer is formed upon
mixing with pyruvate, although it is approximately 5-fold more
intense than that of the wild type and further exhibits a slight
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FIGURE 6: Spectroscopic detection of cofactor reaction intermediates
on wild-type ZmPDC and variants (Glu473Asp and Glu473Gln). The
top panel shows difference absorbance spectra between the steady
state and the resting state. Enzyme (10 mg/mL) in 50 mM MES
(pH 6.0), 100 uM ThDP, and 1 mM Mg>" was mixed with either
20 mM pyruvate or bufferina 1:1 mixing ratio at 30 °C. Absorbance
spectra obtained after protein and buffer (resting state) had been
mixed were subtracted from spectra at the steady state (10 ms for the
wild type and 10 s for the variants) recorded after protein and
substrate had been mixed. The bottom panel shows single-turnover
kinetics for variants Glud73Asp and Glu473GlIn. Stopped-flow
transients were recorded at either 300 nm (Glu473Asp) or 350 nm
(Glu473Gln) after 5 mg/mL enzyme (82 uM active sites) had been
mixed with an equimolar concentration of pyruvate in a 1:1 mixing
ratio at 30 °C using the same buffer described above. Transients
were fitted to a double-exponential function and yielded (pseudo)-
first-order rate constants for buildup and depletion of either
LThDP (on Glu473Asp) or HEThDP carbanion/enamine (on
Glu473Gln). Rate constants are given in the text.

hypsochromic shift. A totally different outcome is observed for the
Glu473GIn variant, which gives rise to an absorbance increase at
~350—360 nm and to a lesser degree at ~310 nm paralleling the CD
spectroscopic results (see Figure 4). Because our NMR-based
intermediate analysis at the steady state revealed accumulation of
HEThDP to full occupancy in this variant, the long-wavelength
band at 350—360 nm should pertain to either the carbanion/
enamine form of HEThDP or, alternatively, its conjugate acid
(protonated at C2a). Previous studies of ScPDC and other ThDP-
dependent enzymes suggested tetrahedral ThDP intermediates such
as HEThDP (C2o-protonated) to preferentially stabilize the TP
form that exhibits CD and absorbance bands at 300—310 nm (4). In
light of these precedents, we tentatively assign the long-wavelength
band in Glu473Gln to the carbanion/enamine form of HEThDP.
Because model studies of thiazolium-based enamines suggest these
compounds have absorption bands at <300 nm (3/), the observed
band in Glu473GIn presumably originates from an intramolecular
charge-transfer complex between the aminopyrimidine (AP form,
presumed donor) and the hydroxyethylidene—thiazolium moiety of
HEThDP (presumed acceptor).
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FIGURE 7: Superposition of wild-type ZmPDC and variant Glu473Asp
tetramers in cartoon representation. The individual subunits of the wild-
type protein are highlighted by a different color code, and the tetramer of
the variant is colored gray.

To gather additional kinetic information about the lifetime
of covalent intermediates, we conducted single-turnover experi-
ments in which ZmPDC was reacted with an equimolar amount
of pyruvate. Transients were recorded at 310 nm (wild type),
300 nm (Glud473Asp), and 350 nm (Glu473GlIn) to selectively
monitor the buildup and depletion of reaction intermediates
relying on the signals of the different forms of the cofactor
aminopyrimidine.

The reaction of wild-type ZmPDC and pyruvate could not be
kinetically resolved because pyruvate was depleted within the
dead time of the stopped-flow instrument (2 ms) (data not
shown). However, the formation and decay of reaction inter-
mediates could be analyzed in the two Glu473 variants using
stopped-flow kinetics. In variant Glu473Asp, transient formation
of LThDP was monitored at 300 nm where the IP form of this
intermediate gives rise to an absorbance signal. The stopped-flow
transient could be fitted to a double-exponential function.
LThDP is formed with a pseudo-first-order rate constant of
3.78 + 0.02 s~ and decays with a first-order rate constant of
(346 + 0.01) x 107% s~ ", In variant Glu473Gln, the transient
formation of the HEThDP carbanion/enamine intermediate was
monitored at 350 nm where its AP form absorbs. Here, buildup of
the intermediate takes place with a pseudo-first-order rate
constant of (1.09 + 0.01) x 10" s™', and it is depleted with a
k of (5.14 + 0.01) x 107 s~ '. Hence, substrate binding and
processing until the LThDP (Glu473Asp) or HEThDP
(Glu473Gln) state are severely impaired in the two variants,
supporting the results of the NMR-based intermediate analysis at
the steady state. Further, the rate constant of decarboxylation in
the stopped-flow single-turnover experiments (~0.04 s ') is very
similar to that estimated by NMR analysis (~0.1s~"). However,
the lifetime of the HEThDP carbanion/enamine intermediate in
variant Glu473GIn is markedly longer under single-turnover
conditions than under steady-state turnover conditions.

X-ray Structure of LThD P Trapped in Variant Glu473Asp.
The high occupancy of single intermediates in variants Glu473Asp
(LThDP) and Glu473GIn (HEThDP carbanion/enamine) under


http://pubs.acs.org/action/showImage?doi=10.1021/bi100828r&iName=master.img-005.jpg&w=206&h=278
http://pubs.acs.org/action/showImage?doi=10.1021/bi100828r&iName=master.img-006.jpg&w=199&h=221

Article

Biochemistry, Vol. 49, No. 37, 2010 8207

FIGURE 8: X-ray structure of predecarboxylation intermediate LThDP at the active center of ZmPDC variant Glu473Asp in stereoview,
exemplified for two active sites. A 2F, — F, map of the final model (blue, contoured at 1) and a simulated annealing F, — F. omit map
(red, contoured at 30) are shown. For calculation of the simulated annealing omit maps, atoms of the lactyl moiety were omitted from the final
model. Simulated annealing omit maps were calculated with CNS using a slow cooling protocol (1000 K start temperature, 25 K cooling per cycle,

0.004 ps time steps, and six steps per cycle) with torsion angle dynamics.

HIS-114

HIS-113

HIS-114

HIS-113

FIGURE 9: Superposition of the active site of wild-type ZmPDC in the resting state (gray) and variant Glu473Asp in complex with reaction
intermediate LThDP (yellow). Hydrogen bonding interactions (< 3.3 A contacts) are indicated by dotted lines.

steady-state turnover conditions renders possible a structural
characterization of these intermediates in the enzyme-bound state
by means of X-ray crystallography. Although crystals of both
variants could be grown, only crystals of variant Glu473Asp were
suitable for crystallographic analysis, while all crystals of the GIn
variant did not diffract below 5 A resolution. Even in the case of
variant Glu473Asp, only one of 10 crystals diffracted below 3 A
resolution. After a single crystal of variant Glu473Asp had been
soaked with pyruvate for a couple of minutes, it was subsequently
flash-cooled in liquid nitrogen, and a data set was recorded at
BESSY. The crystal structure of the variant in complex with
reaction intermediate LThDP has been determined by molecular
replacement phasing using the structure of wild-type ZmPDC as
a search model (PDB entry 1ZPD) and refined to Repyg and Ryyee
values of 0.194 and 0.246, respectively, against data to 1.99 A
resolution. The variant crystallized in space group P2; with a
tetramer in the crystallographic asymmetric unit. The structure of
the variant is almost identical to that of the wild type (Figure 7);
least-squares alignment of the two structures gave an rmsd of
0.32 A for a monomer and 0.56 A for the functional tetramer,
corresponding to small shifts in the relative organization of

domains, which form the intact subunits, and in the tetrameric
assembly. Initial omit as well as simulated annealing omit maps
indicated that the covalent predecarboxylation intermediate
LThDP had been formed in all four active centers in the tetramer,
arguing against the half-of-the-sites reactivity of ZmPDC (Figure 8).
The electron density maps suggest the intermediate to be formed
as the S-enantiomer in all active sites in analogy to the apparently
conserved stereochemical course of substrate binding observed in
other ThDP enzymes. The C2a atom of the intermediate is
slightly out of the aromatic ring plane of the thiazolium portion
(1—2°) even against opposing in-plane restraints in the refine-
ment procedure, although the resolution precludes any definite
statement about whether there is angular strain in the intermedi-
ate. However, a marked difference between LThDP in ZmPDC
variant Glu473Asp and any other structurally characterized
tetrahedral substrate—ThDP adduct relates to the orientation
of the scissile C2o.—C(carboxylate) bond. Whereas the scissile
bonds of tetrahedral intermediates in all precedents were almost
perfectly directed perpendicular to the thiazolium ring plane in a
so-called “maximum overlap conformation” (12, 32—36), the
corresponding bond of LThDP in variant Glu473Asp deviates
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FiGure 10: DFT studies of decarboxylation of lactylthiamin models. The top panels show the reaction coordinate for decarboxylation of
lactylthiamin with either a perpendicular (S1—C2—C20—COQO torsion angle of —91°) or nonperpendicular orientation (S1—C2—C2a—COO ™
torsion angle of —114° as experimentally observed in variant Glu473Asp) of the C2a—C(carboxylate) bond relative to the thiazolium ring plane.
Reaction coordinates were calculated for both the IP and AP forms of the cofactor aminopyrimidine portion. The cofactor was fixed in the

105° and ®p

V conformation (torsion angles ®

—61°) by constraints in the optimization procedure. The bottom panel shows the

dependence of the O—C—0 angle (carboxylate group of LThDP) and of the C2—C2a bond length on the interatomic distance between C2a and

C(carboxylate).

from this optimal perpendicular orientation by ~20—30°, with
small differences in the four active sites (Figure 8).

The geometry of all active site residues is virtually unchanged
in the variant compared to that in the wild-type structure,
indicating that neither the substitution nor formation of the
reaction intermediate is accompanied by a structural reorganiza-
tion of the active site (Figure 9). The substituted Asp473 residue
adopts an extended conformation such that one oxygen atom of
the f-carboxyl(ate) occupies a position similar to that of the
corresponding oxygen of the y-carboxyl(ate) of Glu473 in wild-
type ZmPDC, whereas the other O-carboxyl(ate) atom is dis-
placed by approximately 1.5 A. As a consequence of the twisted
(nonperpendicular) conformation of the C2a—C(carboxylate)
bond, the carboxyl(ate) groups of LThDP and of side chain 473
do not pair up as presumably realized in the wild-type enzyme
(compare Figure 2A). The carboxylate of LThDP in variant
Glud73Asp forms multiple hydrogen bonds with active site side
chains and the main chain. One carboxylate oxygen interacts with
Asp473 and the backbone amide of Asp27, and the second O
atom is held in place by hydrogen bonding interactions with
Tyr290 and Asp27.

Density Functional Theory Studies of the Decarboxyla-
tion of LThDP. The reaction coordinate for decarboxylation of
LThDP to the HEThDP carbanion/enamine intermediate and
CO, was analyzed by DFT studies. Our CD spectroscopic
experiments using AcP as a substrate analogue had revealed that
predecarboxylation intermediates are stabilized both in the IP
form and in the AP form of the cofactor aminopyrimidine.

Therefore, the decarboxylation of both tautomers of LThDP was
studied. In this context, we have only considered the cofactor
intermediate without including neighboring amino acid side
chains. Because the scissile C2o—C(carboxylate) bond of LThDP
in the ZmPDC variant is not oriented perpendicular to the
thiazolium ring plane as commonly observed in ThDP inter-
mediates, we analyzed both the experimentally observed twisted
conformation and the perpendicular orientation, which is ex-
pected to be formed in the wild-type enzyme.

The DFT analysis clearly reveals (Figure 10) that decarboxy-
lation of lactylthiamin proceeds barrierless, when the C2a—
C(carboxylate) bond is oriented perpendicular to the thiazolium
ring. This finding holds true for both the IP form and the AP
form of LThDP. In the twisted conformation, however, an
activation barrier for decarboxylation is detectable that is slightly
different for the IP (10 kJ/mol) and AP (18 kJ/mol) forms. These
findings demonstrate that decarboxylation of LThDP is indeed
stereoelectronically affected and thus supports the proposed
maximum-overlap mechanism of decarboxylation. The energies
of the perpendicular and twisted forms of LThDP were similar
when the IP form was considered (Figure 10). In contrast, the
twisted conformation was found to be more than 80 kJ/mol more
stable than the perpendicular one in the case of the AP form
(Figure 10). Irrespective of which cofactor form (AP or IP) is
subjected to the DFT analysis, decarboxylation is an exergonic
process. In our model studies, a planar enamine-type HEThDP
intermediate is formed upon decarboxylation with a double bond
between C2 and C2a (Figure 10, bottom). It is questionable,
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however, whether such a low-energy intermediate is being formed
on the enzyme. Previous X-ray crystallographic studies on several
ThDP enzymes revealed that the C2a atom of postelimination
intermediates is out of the aromatic ring plane of the thiazolium
nucleus already, indicating that ThDP enzymes might avoid the
formation of (overly) stable intermediates (13).

DISCUSSION

PDC belongs to a family of enzymes that utilize ThDP as the
biologically active form of vitamin B, as a bioorganic cofactor.
Despite a remarkably conserved cofactor binding mode, ThDP
enzymes catalyze a wide variety of different multistep reactions
even though the reaction patterns are similar or analogous. In
recent years, structural and functional evidence that suggests that
the stereochemical course of substrate binding and processing is
also a conserved feature in this enzyme family has been de-
scribed (/4). ThDP enzymes have apparently evolved a common
and stereospecific three-center binding mode, according to which
(1) the substrate leaving group (CO, ™ in the case of pyruvate),
(i) the substrate carbonyl, and (iii) the substrate substituent (CH3
in the case of pyruvate) are each accommodated in shape-
complementary pockets with specific interactions. In all prece-
dents reported so far, the absolute configuration of the inter-
mediate C2a stereocenter is identical, with the S-enantiomer of
LThDP trapped in POX serving as a prototype (/4). The scissile
bond of tetrahedral substrate—ThDP adducts is directed perpen-
dicular relative to the thiazolium ring plane such that the leaving
group is positioned at the re-side of C2. The substrate carbonyl
points toward the 4’-amino group of the aminopyrimidine, and
consistent with these structural observations, functional analysis
implicates the aminopyrimidine to act as an intramolecular acid/
base catalyst in the course of carbonyl addition of substrate (proto-
nation of the carbonyl O) and substrate liberation (deproto-
nation of C2a-OH) involving delicately balanced protonic and
tautomeric equilibria among the three different forms of the
cofactor aminopyrimidine (AP, APH™, and IP).

Here, we have analyzed the functional role of residue Glu473
for ZmPDC catalysis in molecular detail. This side chain is
located directly above the re-face of the thiazolium ring of ThDP
and has been suggested to be part of the carboxylate pocket, to
which the pyruvate-derived carboxylate of the LThDP intermedi-
ate will bind (Figure 2) (3). In our studies, we have considered
single-site variants with either isofunctional (Glu — Asp) or
isosteric (Glu — Gln) substitution to discriminate between effects
related to size or chemical function. Steady-state kinetic analysis
revealed that either substitution is detrimental for catalysis as
evidenced by residual activities of 0.1% (Glu473Gln) or 0.06%
(Glud73Asp). The Ky value for pyruvate is barely affected in both
variants (Table 2).

Glu473 Modulates the Intrinsic Protonic and Tauto-
meric Equilibria of the Cofactor. The catalytic activity of
ZmPDC is affected by pH. However, k,, is virtually unchanged
between pH 5 and 8, and the observed effect almost entirely
results from changes in ke, /Ky, i.€., substrate binding. The
dependence of k.,/Ky on pH can be described well by a model
taking into account a single ionizable group. The pK, of this
group was estimated to be 6.23 £ 0.07 in wild-type ZmPDC, and
a similar value was determined here for variant Glu473Asp
(6.28 £ 0.06); on the other hand, the pK, is slightly increased
in variant Glu473GIn (6.72 £ 0.02). In accordance with a
previous suggestion (20), CD spectroscopic analysis of the
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protonic and tautomeric equilibria of the bound cofactor in the
resting state of ZmPDC identifies this “ionizable group” as the
cofactor aminopyrimidine. In wild-type ZmPDC, the near-UV
CD spectra suggest the coexistence of the AP (negative band at
~320 nm) and IP forms (positive band at ~300 nm) in the
enzyme’s resting state. At the expense of APH ™, the magnitude of
the signal of both forms increases with pH and reaches a plateau
at pH ~8. However, the molar ellipticity of IP is markedly higher
than that of AP. Our results indicate that the IP and AP forms are
in a pH-independent equilibrium, whereas both tautomers are in
a pH-dependent equilibrium with the APH" form. This observa-
tion is consistent with results obtained for other ThDP enzymes,
which revealed that the IP/AP tautomer couple is in a pH-dependent
equilibrium with APH" (37). The pK, for the APH" = H" +
IP/AP equilibrium in ZmPDC was estimated to be 6.25 & 0.08
and thus matches the pK, estimated from the pH dependence of
kear/ Ky under steady-state turnover conditions. A similar coin-
cidence of the two pK, values is observed for variant Glu473Asp,
whereas the intrinsic cofactor equilibria are clearly perturbed in
variant Glu473Gln, suggesting that an acidic residue is required
at position 473 for a fully functional aminopyrimidine. In
line with this suggestion, both wild-type ZmPDC and variant
Glud73Asp bind the substrate analogue acetylphosphinate with
similar affinity, whereas variant Glu473GlIn fails to bind the
analogue. As also observed for the resting state, the predecarboxy-
lation intermediate (the covalent acetylphosphinate—ThDP ad-
duct) stabilizes the IP and AP forms. This indicates a different
protonation-state requirement for ZmPDC catalysis compared
to other ThDP enzymes, where predecarboxylation intermediates
were shown to be almost exclusively stabilized in the IP form (4).
We cannot ultimately exclude the possibility that the IP and AP
bands report formation of different catalytic states as suggested
for other ThDP enzymes in an alternating sites mechanism (4);
however, both microscopic kinetic analysis in the liquid state and
structural analysis by X-ray crystallography are inconsistent with
half-of-the-sites reactivity in ZmPDC.

Although our CD spectroscopic studies could identify the
cofactor aminopyrimidine as the ionizing group responsible for
the pH dependence of k,/Kyr, it is still unclear which catalytic
step is reflected by this dependence. The cofactor aminopyrimi-
dine is supposed to be involved as an acid/base catalyst in
cofactor activation (step 0 in Figure 1, deprotonation of C2 by IP),
carbonyl addition of bound pyruvate to ThDP (step 2,
protonation of carbonyl O by APH™), and elimination of
acetaldehyde (step 4b, deprotonation of C2a-OH by IP). As
keaq 18 not affected by pH, cofactor activation and product
liberation can be excluded to account for the observed pH
dependence. Hence, it is highly likely that protonation of
C2a-07 (the alkoxidic form of LThDP) by APH™" accounts
for the pH dependence of kcq¢/ K.

Cofactor activation was found not to be rate-limiting in any of
the three proteins. The observed first-order rate constants of
H—D exchange at C2 of ThDP are very similar for the wild type
and variant Glu473Asp (Table 3), which is consistent with the
observation of similar intrinsic equilibria of the cofactor.
Although these equilibria are apparently thermodynamically
perturbed in variant Glu473Gln, the rate constant of H-D
exchange is only 2-fold smaller than in the wild-type enzyme.

Intermediate Analysis by Optical and NMR Spectros-
copy Suggests Multiple Roles of Glu473 for Binding and
Catalysis. The quantitative distribution of reaction inter-
mediates in ZmPDC turning over pyruvate was analyzed by 1D
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"H NMR spectroscopy after acid quench isolation. In wild-type
ZmPDC, there is significant accumulation of both LThDP and
HEThDP at the steady state, indicating that both decarboxyla-
tion of LThDP and liberation of acetaldehyde from HEThDP are
partially rate-determining for overall catalysis (Figure 5). The
difference absorbance spectrum between the steady state and
resting state shows a slight increase in the intensity of the IP band
at 310 nm, whereas no change is detectable at longer wavelengths,
consistent with the predominant formation of tetrahedral inter-
mediates (Figure 6). In Glu473Asp, the reaction stalls at the
predecarboxylation LThDP state, demonstrating that the variant
is deficient in catalyzing decarboxylation of this intermediate
(Figure 5). Kinetic analysis shows that decarboxylation of
LThDP in Glu473Asp (k'5 ~ 0.13 s™") is 3000-fold slower than
in the wild-type enzyme (k'3 ~ 400 s~ '), which translates into an
increase in the activation barrier of ~20 kJ/mol (Table 3). The
UV—vis difference absorbance spectrum suggests LThDP to be
exclusively stabilized in the IP form. In contrast, the postdecar-
boxylation intermediate HEThDP™ is accumulated to almost full
occupancy at steady state in variant Glu473Gln, implying this
variant to be defective in product liberation (step 4a and/or step
4b in Figure 2). The microscopic net rate constant of acetalde-
hyde liberation in the variant (k's ~ 0.15 s~ ') is 2000-fold smaller
than that of the wild-type enzyme (k'y ~ 265 s~ ). The stopped-
flow rapid-scan experiments revealed that the establishment of
the steady state is accompanied by the buildup of a prominent
UV—vis band centered around 350—360 nm (Figure 6). A
negative band in this spectral region can also be detected by
near-UV CD spectroscopy (Figure 4). The signature of the CD
band suggests it to pertain to the AP form of HEThDP
(carbanion/enamine or conjugate acid). Because the cofactor
IP and AP forms in the resting state and in the tetrahedral
predecarboxylation state exhibit bands at ~300 and ~320 nm,
this long-wavelength band in Glu473Gln is unlikely to pertain to
a tetrahedral intermediate, i.c., the C2a-protonated form of
HEThDP. Conversely, we suggest this band pertains to the AP
form of the HEThDP carbanion/enamine intermediate. Provided
this tentative assignment is correct, this would have immediate
implications for defining the role of Glu473 in ZmPDC catalysis.
Because the Glu473Gln variant is deficient in protonation of the
HEThDP carbanion/enamine intermediate, Glu473 can be iden-
tified as the acid/base catalyst that protonates the carbanion/
enamine intermediate. The band assignment further invites us to
revisit the data obtained for wild-type ZmPDC and Glud73Asp.
These two proteins accumulate HEThDP at the steady state as
revealed by NMR, but there is no evidence of the appearance of
the long-wavelength band at 360 nm assigned to the HEThDP
carbanion/enamine intermediate. Hence, the HEThDP carba-
nion/enamine intermediate must be very short-lived in the two
proteins. The detailed kinetic analysis of variant Glu473Gln does
not indicate that decarboxylation of LThDP is affected in the
variant. This finding i3 not consistent with a mechanism that
would invoke electrostatic stress between residue 473 and the
carboxylate of LThDP as a driving force for decarboxylation.
Such a mechanism has been proposed for other decarboxy-
lating enzymes, e.g., OMDCase (38). Also, because variant
Glu473Gln is apparently defective in protonating the carbanion/
enamine intermediate but still efficiently catalyzes decarboxy-
lation of LThDP, it appears unlikely that carbanion proton-
ation by Glu473 drives decarboxylation of LThDP by pre-
venting an internal return of CO, as previously shown in
model reactions (39, 40).
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FiGure 11: Simplified scheme of the free energy as a function of
reaction progress in ZmPDC catalysis until the stage of the HEThDP
carbanion/enamine intermediate (black). In addition, different scenarios
that could account for a higher activation barrier of decarboxylation,
including reactant-state stabilization of the predecarboxylation state
(blue) and transition-state destabilization of the decarboxylation transi-
tion state (red), are shown.

Besides the functional importance of Glu473 for decarboxyla-
tion of LThDP and protonation of the incipient carbanion/
enamine intermediate, our NMR and single-turnover stopped-
flow kinetics further suggest a crucial role of this side chain in
substrate binding. While pyruvate is completely converted to
acetaldehyde by wild-type ZmPDC within the dead time of the
stopped-flow instrument (1—2 ms), substrate binding is clearly
affected in the two Glu473 variants. Here, substrate binding and
processing until the LThDP (Glu473Asp) or the HEThDP
carbanion/enamine intermediate (Glu473GlIn) state takes place
on a time scale of seconds (Figure 6).

X-ray Structural Analysis of Reaction Intermediates and
DFT Analysis Suggest Decarboxylation of LThDP Is Stereo-
electronically Controlled or Affected. The side chain of
Glu473 is located in the proximity of the thiazolium part of
ThDP and thus suitably positioned to interact with reaction
intermediates (Figure 2). While its catalytic role as a general acid
is conceivable, it is less clear how decarboxylation of LThDP is
facilitated by this residue when electrostatic stress or a chemical
coupling of decarboxylation and carbanion protonation as the
potential driving force can be relegated to minor probability (see
above). In principle, a higher activation barrier of the decarboxy-
lation reaction could result from a stronger reactant-state stabi-
lization of the predecarboxylation intermediate and/or from a
transition-state destabilization state relative to the wild-type
situation (Figure 11). It is important to note in this regard that
decarboxylation of LThDP in the isofunctional Glu473Asp
variant is dramatically slowed (3000-fold) compared to that in
the wild-type enzyme, corresponding to a AAG* of 20 kJ/mol,
although the intrinsic cofactor equilibria in the variant are not
perturbed and substrate analogue acetylphosphinate is bound
with virtually the same affinity as in the wild type. Consequently,
a stronger thermodynamic stabilization of the predecarboxyla-
tion intermediate state, i.e., reactant-state stabilization, cannot
account for the higher activation barrier of decarboxylation. To
gather structural information about the long-lived LThDP
intermediate in Glu473Asp, we determined the X-ray structure
of the variant in complex with LThDP at a resolution of 1.99 A.
Because a reference structure of wild-type ZmPDC with bound
LThDP could not be observed because LThDP is too short-lived
and does not accumulate to a measurable occupancy, we must
rely on structures of tetrahedral substrate/ThDP intermediates
in other enzymes (/2, 32—36). The LThDP intermediate in
Glud73Asp is formed as the S-enantiomer and is held in place
by numerous hydrogen bonding interactions (Figure 9).
Although the absolute configuration of the C2a. stereocenter is
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identical to that of related intermediates in other ThDP
enzymes (/2, 32—36), LThDP in variant Glu473Asp exhibits a
unique structural feature. The scissile C2o—C(carboxylate) bond
is not directed perpendicular to the thiazolium ring plane but
rather deviates from this maximum overlap orientation by
25-30°. In all precedents, leaving groups in ThDP intermediates
were found to be oriented perpendicular to the thiazolium.

To test whether the structurally observed, nonperpendicular
orientation of the carboxylate leaving group of LThDP in
Glud73Asp could account for the impaired decarboxylation in
this variant, we have conducted DFT studies on the decarboxy-
lation reaction in lactylthiamin models. This analysis revealed
that decarboxylation of (S)-lactylthiamin proceeds in a barrier-
less fashion when the carboxylate leaving group is oriented
perpendicular, consistent with experiments with the wild-type
enzyme. However, a substantial activation barrier of 10 kJ/mol
(lactylthiamin in the IP form) or 18 kJ/mol (lactylthiamin in the
AP form) exists for the twisted (nonperpendicular) conformation
as experimentally observed in variant Glu473Asp. In conclusion,
there is a strong stereoelectronic effect on the transition state of
decarboxylation. The estimated differences in the activation
barriers could account for the determined kinetic effects (AAG*
of 20 kJ/mol for LThDP decarboxylation in Glu473Asp relative
to that of the wild type). We have to admit, however, that the
DFT analysis of lactylthiamin models in the absence of protein
functional groups may have limitations. Our NMR studies on
ZmPDC had revealed that LThDP can be isolated as an inter-
mediate, and it is hence unlikely that decarboxylation proceeds in
barrierless fashion on the enzyme’s active site. Further DFT
analysis will be required to test the influence of the protein
environment on the reaction coordinate of decarboxylation.

Although many chemical reactions were demonstrated to be
stereoelectronically controlled or affected (4/7), much less is known
about how enzymes employ stereoelectronic effects for catalysis.
Dunathan proposed in the 1960s that pyridoxal phosphate-
dependent enzymes, which are able to act differently on a given
substrate (decarboxylation, transamination, and racemization),
employ stereoelectronic effects to control the reaction specificity
by aligning the incipient scissile bond perpendicular to the
aldimine s-system (42). Accordingly, an overlap of the developing
orbital and the extended cofactor orbitals accounts for lowering
the energy of the transition state. Studies on numerous PLP-
dependent enzymes have validated that reaction specificity in these
enzymes is indeed stereoelectronically controlled (43). Our own
studies on several ThDP enzymes could identify a similar modus
operandi (I3, 14). Although ThDP enzymes are not able to
catalyze an alternative elimination of different leaving groups of
a given substrate as do PLP enzymes, the bond to be broken in pre-
elimination intermediates is always aligned perpendicular to the
m-system of the aromatic thiazolium ring, consistent with a
maximum overlap mechanism. In our studies here, we could
structurally characterize for the very first time a long-lived pre-
elimination intermediate in which a 20—30° deviation from a
perfect perpendicular (maximum overlap) alignment is observed.
The elimination of CO, from this intermediate is kinetically
compromised by a factor of 3000 when compared to that of the
wild-type enzyme, for which perfect bond alignment is expected as
previously observed in many other ThDP enzymes. A stronger
stabilization of the nonperpendicular pre-elimination intermediate
on the enzyme could be ruled out as the source of the kinetic effect,
because a structurally related pre-elimination analogue is bound
with the same affinity as in the wild-type enzyme. Consequently,
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the kinetic effect should reflect a strong stereoelectronic effect of
the transition state of decarboxylation. To the best of our know-
ledge, this is one of the rare examples that allows estimation of
the magnitude of a stercoelectronic effect in enzyme catalysis
on the basis of structure—reactivity analysis of enzymic reaction
intermediates.
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