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ABSTRACT. We have performed long-term molecular dynamics simulations of pyruvate decarboxylase
from Zymomonas mobilidNine structures were modeled to investigate mechanistic questions related to
binding of the cofactor, thiamin diphosphate (ThDP), and the substrate in the active site. The simulations
reveal that the proposed three ThDP-tautomers all can bind in the active site and indicate that the equilibrium
is shifted toward 4aminopyrimidine ThDP in the absence of substrateAminopyrimidinium ThDP is

found to be a likely intermediate in the equilibrium. Mutations of important active site residues, Glu473Ala
and Glu50Ala, were modeled to further elucidate their catalytic role. Formation of the catalytic important
ylide by deprotonation of ThDP(C2) is investigated. Only the less favored tautofy#eininopyrimidine

ThDP (imino-ThDP), could be deprotonated. The two other tautomers of ThDP could not be activated at
the C2-position, thus, explaining the mechanistic importance of the less stable imino-ThDP. Finally, binding
of pyruvate in the active site with the cofactor modeled as the nucleophilic ylide (ylide-ThDP) is studied.
The carbonyl group of the substrate forms a hydrogen bond to Tyr290(OH). No hydrogen bond could be
identified between ThDP(NXand the substrate. The geometry of the substrate binding is well-suited for

a nucleophilic attack by ylide-ThDP(C2). We propose that a proton relay from His113 via Asp27 and
Tyr290 to the carbonyl oxygen atom of the substrate may be involved in the mechanism.

Thiamin diphosphate (ThDP)the biological active form rings, a pyrimidine and a thiazolium ring, bridged by a
of vitamin B1, is an essential cofactor for a number of methylene group; see Scheme 1. It was demonstrated in the
enzymes in the carbohydrate metabolism, where it is involved 1950s that thiamin itself can catalyze reactions such as those
in the decarboxylation afi-keto acids. Pyruvate decarboxy- catalyzed by PDC4). Breslow showed that the catalytic
lase (PDC) catalyzes the first step in ethanol fermentation, active form of ThDP is an ylide (ylide-ThDP), produced by
converting pyruvate to acetaldehyde (eq 1) ( deprotonation of ThDP(C2) of the thiazolium ring (see

Scheme 1 for atom numberind)(Ylide-ThDP then attacks

Ve O Dechrrtl;:al; w Me the carbonyl group of pyruvate Ie_ading to fprmation obe2
H i },H ) lactyl-ThDP (lactyl-ThDP). The thiazolium ring of ThDP acts
g @r\' o after decarboxylation as an electron sink leading to the

H™ €O, formation of a resonance-stabilized enamine. Addition of a

proton gives Ca-hydroxyethyl-ThDP (hydroxyethyl-ThDP),

Vitamin B1 was discovered in the 1930 §); however,  followed by regeneration of the ylide-ThDP by release of
its physiological function was almost unknown at that time. acetaldehyde6). The originally proposed mechanism left
ThDP consists of a diphosphate group and two aromatic much uncertainty about formation of the catalytic active ylide
and the role of the pyrimidine ringB( 7).

ThDP-dependent enzymes have recently attracted attention
in organic synthetic chemistry. They have been used as
catalysts in chemoenzymatic syntheses performing regio- and
enantioselective reaction§,(9). PDC has been shown to
function as a carboligase in the synthesis of chirdlydroxy
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ketones. The reverse reaction of PDC, incorporation of CO
into acetaldehyde, has also been demonstrated (

In the 1990s, several high-resolution X-ray structures
provided additional insight into the machinery of ThDP-
dependent enzyme$1—13). ThDP is bound to the enzyme
through three conserved hydrogen bonds (Figure 1). Mg(ll)
ions also assist in anchoring ThDP to the protein by forming
n octahedral coordination sphere.

In the active site of all ThDP-dependent enzymes, ThDP
is bound in av-conformation {1—13) with the consequence
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Reaction Mechanism of Pyruvate Decarboxylase

Scheme 1: Reaction Mechanism of ThDP-Dependent
Enzymes
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that the N4-nitrogen and C2-carbon atoms of ThDP are in
close proximity. Experimental findings support that both the
N1'-nitrogen atom and the exocyclic Ndmino group of

Biochemistry, Vol. 44, No. 45, 20094793

rate constant for deprotonation of C2 by either mutation of
Glu50 or by elimination of the N1 or N4'-nitrogen atom

of ThDP (14h). On the other hand, Washabaugh et al. have
proposed that a general base in the active site can be
responsible for deprotonation of ThDP(C2) and that neither
the N4-amino group nor the interaction between Glu50 and
ThDP(NZ2) contributes significantly to the activation of ThDP
(19).

Tautomerization and proton-transfer reactions play very
crucial roles in many chemical and biochemical reaction
mechanisms1(6). Due to the physical nature of the interac-
tion of X-rays with molecules, hydrogen atoms are hard to
identify correctly from X-ray diffraction experiments. There-
fore, experimental methods of choice have often been from
more indirect spectroscopic evidendg)(with NMR emerg-
ing as a strong alternativd §). Focus has been on under-
standing the environmental effects on tautomeric equilibria,
steric factors, electronic factors, as well as geometric
constraints 19). For ThDP-dependent enzymes, it has been
proposed that a tautomeric equilibrium betweé&a@inopy-
rimidine (amino-ThDP) and 'M'-iminopyrimidine ThDP
(imino-ThDP) is important for the reaction. The tautomeric
equlibrium has been proposed to be catalyzed by an
interaction between Glu50 and ThDP(IN&nd possibly to
proceed through an intermediateatninopyrimidinium tau-
tomer (pyrimidinium-ThDP); see Scheme 24). Experi-
mental studies led Jordan et al. to propose that the function
of the conserved residue Glu473 might be to deprotonate
pyrimidinium-ThDP(N4), forming the rare imino-ThDP, and

the pyrimidine ring are essential for activation of the cofactor that the catalytic active ylide is generated from imino-ThDP

(14). NI'-Methylthiamin model studies by Jordan et al.

(12, 144). This proposal has received further support by

revealed that the catalytic active ylide is generated by an experimental results from circular dichroism (CD) spectros-

intramolecular proton transfer from C2 to N@.3a, 14b).

copy of imino-ThDP 20). The positive charge imposed on

Kern et al. have shown that the interaction between the the pyrimidine ring in pyrimidinium-ThDP is supposed to

conserved Glu50 and the Niitrogen atom of ThDP
activates the N4amino group for functioning as a proton

initiate the conversion of the Namino group, which is a
very weak acid, into an Ndmino group, being a weak base.

acceptor toward the C2-proton, as they observed a reducedPotential general bases nearby ThDPJ4at could abstract
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Ficure 1: Active site in the X-ray crystal structure of PDC frafgmomonas mobiliZmPDC) (L1). ThDP from yeast PDC1Q) (YPDC)

has been substituted for the cofactor analogue found in ZmPDC (see Modeling of the Cofactor and Pyruvate). Residues from the C-terminal
of one monomer are marked by a star; no star denotes residues from the N-terminal of the other monomer in the tight dimer. The stars are

omitted in the figures throughout the rest of the paper. Crystal waters are shown as redyduisaionas mobilisumbering is used

throughout the paper.
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Scheme 2: Tautomeric Equilibrium and Ylide Generation in ThDP-Dependent Enzymes
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the N4-proton from pyrimidinium-ThDP are Asp27, Glu473, active site, is analyzed, and a reaction pathway for the
His114, and His113. Site-directed mutagenesis studies onnucleophilic attack is proposed.
YPDC have shown that the mutant Asp27Ala is 7-fold less
active than the wild-type and that the YPDC mutant MATERIALS AND METHODS
Glu473Asp shows less than 2% activiBl. A mutagenesis
study on the ZmPDC mutant His113GIn shows complete loss
?rl:eascétl\rnetgiéii)é.These results imply a catalytic function of (27). All other pyruvate decar_boxylases show a sigmoid_al
A few modeling studies of ThDP-dependent enzymes have _deper_1dence of reaction v_eIOC|ty on substraj[e concentration,
appeared. Lobell and Crout studied the proposed mechanisn{T'P!YIng substrate activation for the allosteric enzyr28)(
for YPDC with focus on the decarboxylation step23) Ther.efore, to be certain to use an active structure as the
Simple minimizations of each intermediate of the mechanism starting structl_Jre for the S|mulat|ons, the crystal structure
were reported, allowing adducts of ThDP (excluding the oM ZmPDC is used1(). Stochastic boundary molecular
diphosphate), substrate, water molecules, and three activélynamics (SBMD) simulations2() were performed on
side residues to move. Friedemann et al. have performedZmPDC with cofactor ThD.P in the active sites using the
molecular dynamics (MD) simulations on YPD@4). They program CHARMM 80), version 27b4, and t.he CHARMMZ7
studied the isolated cofactor and a few analogues, as well2/l-atom force field parameter81). Force field parameters
as the cofactor bound in the protein. However, their short fOF IMino-type nitrogen atom in the ThDP tautomers were
0.5 ns simulations did only include a limited fraction of the 9enerated from similar tautomers of nucleic acigiz)(
protein. Focus was on the conformational behavior of ThDP A total of nine active sites are modeled (Table 1). The
and on the presence of a hydrogen bond between Glu50 andirst three models contain the three tautomers of the pyri-
ThDP(NZ1). Thus, these studies investigated neither activation midine ring of ThDP. The next three models are included
of ThDP nor substrate binding. Friedemann et al. have alsofor studying the effect of mutations of important amino acids
performed DFT studies of some later steps in ThDP- in the active site {4a 14h 21). Models7 and 8 examine
dependent catalysi€%), but never including solvent effects, the protonation states of active site residues Asp27 and
apo_enzymatic effects, or the imino tautomer of Tha( Glu473. Two water molecules are placed at the substrate
In this paper, we present |ong_term MD simulations of blndlng site in modeld—8. To investigate the orientation
ZmPDC that include a very large part of the enzymatic Of pyruvate in the active site and the first step in the catalytic
environment and all three tautomers of ThDP. The results cycle, model9 contains ylide-ThDP at the ThDP binding
help disentangle the activation of ThDP by examing the Site and pyruvate at the substrate binding site.
stability of the three ThDP tautomers. MD simulations have  Modeling of the Cofactor and Pyrate. The X-ray crystal
recently proven to be a useful tool in studying hydrogen structure of ZmPDC (pdb code 1ZPD) was downloaded from
transfer reactions2g) and is a well-suited method for the Protein Data Bank3@) and was used as starting structure
studying the tautomeric equilibria of ThDP in the enzymatic for all simulations {1). The structure contains 4 565
active site as well as the formation of ylide-ThDP. Finally, amino acids, four partially degraded analogues of ThDP
binding and orientation of the substrate, pyruvate, in the instead of the intact cofactor, four Mg(ll) ions, four citrate

General SetupTo the best of our knowledge, ZmPDC is
the only PDC that shows simple Michaelidenten kinetics
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Table 1: The Nine Active Site Models Simulated in the Present MD Study

active site substrate
model ThDP tautomer Glu50 Glu473 Asp27 binding site

1 amino-ThDP protonated deprotonated protonated two waters
2 pyrimidinium-ThDP deprotonated deprotonated protonated two waters
3 imino-ThDP deprotonated protonated protonated two waters
4 amino-ThDP mutated to Ala and two waters deprotonated protonated two waters
5 pyrimidinium-ThDP deprotonated mutated to Ala and two waters protonated two waters
6 pyrimidinium-ThDP deprotonated mutated to Ala and two waters deprotonated two waters
7 amino-ThDP protonated protonated deprotonated two waters
8 pyrimidinium-ThDP deprotonated protonated deprotonated two waters
9 ylide-ThDP deprotonated protonated protonated pyruvate

a Protonation states of catalytic important residues and molecules occupying the substrate binding site are listed.

molecules, and 2569 water molecules. For construction of models and are further described in the Supporting Informa-
the catalytic active enzyme complex, the four cocrystallized tion. All other aspartate, glutamate, arginine, and lysine

chemically incomplete cofactors found in 1ZPD were deleted. residues were modeled charged, and all tyrosine residues
Four cofactors, from the crystal structure of YPDI2)(PDB were kept neutral.

code 1PVD), were docked into the active sites by matching  Minimization. The resulting structures have overall sizes
four atoms using MidasPlus4) (Figure S2 in Supporting  of approximately 85x 100 x 120 A3 and contain ap-
Information). proximately 42 000 atoms, including 2569 crystal water
ThDP has several titratable groups and can therefore existmolecules. The potential energy of each system was mini-
as different tautomers, amino-, imino- and pyrimidinium- mized using a combination of two minimization steps: 500
ThDP (Scheme 2). These tautomers differ in the number andsteps of steepest descent (SD) followed by 10 000 steps (or
distribution of protons on the nitrogen atoms'Nthd N4. until convergence has been met) of adopted-basis Newton
ThDP, as found in the X-ray crystal structure 1PVI®) Raphson (ABNR). The crystal coordinates were initially
has been used as a scaffold for modeling all ThDP deriva- subjected to this two-step minimization with all non-
tives. In model9, pyruvate was docked into the active site hydrogen atoms fixed. The minimized structures were then
by matching the position of the oxygen atoms in the two subjected to a second round of the two-step minimization
cocrystallized water molecules found at the substrate binding with all non-hydrogen atoms constrained by weak harmonic
site in 1ZPD with pyruvate(O1) and pyruvate(O2) (see constraints (1 kcal/(meh?)).
Scheme 1 for numbering), respectively, as proposed by Stochastic Boundary Molecular Dynamics Simulatidts.
Dobritzsch et al.11). The partial atomic charges of the ThDP  SBMD, each system was divided into a reaction region, a
tautomers were obtained by quantum chemical calculationsbuffer region, and a reservoir regio29). As the atom
using Gaussian9836). The electrostatic potentials were Leu51(CB) of chain F is closest to the midpoint between
calculated using the MerzSingh—Kollman procedure36) the most distal atoms of the two cofactors in one of the tight
by fitting atomic point charges to the electrostatic potential dimers, it was used as the reference point for partitioning of
derived from the electron density, calculated at the HF/6-31 the system. The reaction region is a sphere with a radius of
+G(d) level of theory 87). To fit the charges to the 33 A centered at the reference point, and it includes two
electrostatic potential and to give equivalent atoms identical active sites. The spherical buffer regian2 A thick, and
charges, the restrained electrostatic potential method (RESPhbccupies the space between 33 and 35 A from the reference
was then used3g). The same procedure was used to obtain point. The reservoir region corresponds to distances larger
the partial atomic charges of ylide-ThDP, citrate ion, and than 35 A from the reference point. The shortest distance
pyruvate. As there are no standard parameters in thefrom a cofactor atom to the reservoir region~45 A in
CHARMMZ27 force field describing neither the cofactor as this setup, which is adequate for modeling the interactions
either of the tautomers, nor ylide-ThDP, citrate ion, nor in the system. The system was solvated in an equilibrated
pyruvate, Accelrys-CHARMm parameters, as included in the TIP3P @0) water sphere of 37 A radius using the defined
program Quanta 200039), were used to model these origo. Any solvent molecule within 2.8 A of a heavy atom
structures accordingly, together with parameters developedof the enzyme or crystallographic water molecule was
for similar nucleic acids tautomer83). The computed partial ~ deleted. A re-solvation procedure was then performed four
charges, the added values for force constants, and van detimes to avoid cavities in the solvation sphere.
Waals terms are tabulated in the Supporting Information. To speed up the computational process, all atoms further
Amino Acid Protonation Statesdydrogen atoms were away than 50 A from the reference point were deleted after
added to the X-ray coordinates of the enzyme and crystalthe minimization. The resulting systems consisted of ap-
water molecules using the H-build facility in CHARMM.  proximately 31 000 atoms, including2800 water molecules.
The protonation state of all histidines were evaluated basedTo prevent water from evaporating from the solvent surface,
on the availability of proximal hydrogen bond donors and a spherical boundary potential was appliet®)( During
acceptors and are listed in the Supporting Information. On dynamics, the atoms in the reservoir region were frozen. All
the basis of experimental evidence, His113 and His114 areatoms in the reaction region were treated by the ordinary
modeled protonated and unprotonated, respectitdly The equations of motion, using Verlet leapfrog dynamidg)(
protonation states of the catalytic important residues Asp27, A gradual change in forces was inserted by use of the buffer
Glu50, and Glu473 are listed in Table 1 for each of the region. All buffer region atoms were treated as interacting
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Langevin atomsZ49, 42). The heavy atoms of the enzyme

Lie et al.

to the positions in the minimized structure. The picture is

in the buffer region were constrained using force constantsthe same for all simulations: after an initial increase during

mQ;?2 = 3kgT/IAr?[] where the average root-mean square
fluctuations were calculated from their average Debye
Waller B-factors (1): [Ar?¥? = (3B/87?)2 (43). Addition-

the equilibration period for the first 500 ps, a plateau of
~0.75 A is reached, thus, indicating a stable and equilibrated
protein complex. Figures are included in the Supporting

ally, the buffer region atoms were coupled to a heat bath of Information.

300 K with a frictional coefficient of 250 p3 on the heavy-
protein atomsZ9). The frictional coefficient of buffer region
water oxygen atoms was assigned to 124'pall force and

The positional fluctuations of thedzatoms in the reaction
region were calculated from the full 2.0 ns MD trajectories
and compared to those calculated from the Debialler

friction coefficients were scaled throughout the buffer region B-factors of the crystal structure by use of the equation
so that they are zero at the boundary between the reactionlAr?[¥? = (3B/87%)Y? (43, 51). Plots of the positional
region and the buffer region and scaled by 0.5 at the buffer fluctuations are included in the Supporting Information. The
region reservoir region boundary. The SBMD simulations positional fluctuations from the simulation show very good
were thus carried out as outlined by Brooks et 29)( with consistency with the positional fluctuations derived from the
the exception that the force coefficients on the water oxygen experimental B-factors (1). Some residues give higher
atoms were scaled throughout the buffer region, similarly fluctuations in the simulation than found in the crystal. These
to the protein atoms. To reduce computation time, the residues are all found to be solvent-exposed in the simula-
Coulombic terms were cutoff at 13 A by use of a force- tions and are therefore expected to show more motion than
shifting function, and a switching function was used for the in the crystal where they can be constrained due to packing
van der Waals energy between 10 and 11 49( An effects. Overall, based on the calculated rmsd values as a
integration step of 1 fs was used. The nonbonded list was function of simulation time and on the positional fluctuations
updated every 20 time steps, and coordinates were savedor the sampled structures for all simulations, we believe
every 100 time steps. The SHAKE algorithm was applied that the local motions sampled in the MD trajectories are
to all covalent bonds involving hydrogen atoms, by con- reasonable and thus that the nine 2.0 ns simulations for PDC
straining to the equilibrium distances (tolerance®@45). represent a realistic picture of the dynamics of the enzyme
All simulations were carried out to 2 ns. when complexed to the cofactor ThDP.

Structural AnalysisTrajectories of reaction region residues Binding of ThDP.Hydrogen bonds to all three of the
after the initial 500 ps of equilibration were considered for nitrogen atoms of the pyrimidine ring, Figure 1, have been
analysis; thus, 15 000 MD structures, collected during the proposed from all X-ray structures reportdd {13, 28). A
time period of 500-2000 ps, were averaged for analysis for realistic and reliable MD simulation will be in agreement
each of the nine models. Positional fluctuations around the with the experimentally determined X-ray structures by
average structure were calculated for the backbopat@ms revealing conserved hydrogen bonds throughout the simula-
and compared to those obtained from the crystal structuretion. Table 2 lists the distances of these hydrogen bonds,
B-factors. The trajectories from each of the MD simulations averaged for the four active sites in the crystal structure of
were analyzed using the concept of Near Attack Conforma- ZmPDC (1) in the first row, averaged for the two active
tions (NAC) @6). All transformations studied involve proton  sites from the crystal structure of YPDQ2) in the second
transfers. The geometric criterion for NAC formation in a row, and, for model4—9, averaged during the production
proton relay is based on ideal conditions for hydrogen bonds. dynamics, in the remaining rows. From Table 2, it appears
The transition of making bonds begins upon entering van that the heteroatomic doneacceptor distances measured
der Waals interaction, so a NAC is a ground-state conforma- from the X-ray crystal structures are in nice quantitative
tion where overlap of the van der Waals spheres has justagreement with those obtained from the MD simulations and
begun. The distance criteria in the present MD simulations that all hydrogen bonds are computed to be close to linear.
have been chosen such that the distances between bond- The distance between ThDP(NZand lle415(N) varies
forming atoms must be equal to or less than the sdi&a)( from 3.19 to 3.78 A in modeld—9 and is thereby loose, in
of their van der Waals radi4({). For simplicity, no lower agreement with X-ray structuredi—13). The hydrogen
limits for the distances have been used. Angles correspondingoonds to N1 and N4 appear to be stronger, with hetero-
to a proton transfer, as defined by the hydrogen donor, theatomic distances of approximately 2.7 and 2.8 A, respec-
hydrogen atom, and the hydrogen acceptor, must be closetively. The existence of these highly conserved hydrogen
to linear. A deviation of 30is accepted in this studyg). bonds throughout the simulation is yet another indication of
Structural visualization of the enzyme complexes was carried the reliability of the sampled MD trajectories. The diphos-
out using the program gOpenMel9). The molecular figures  phate side chains interact throughout the simulations with
were drawn using Chimer&Q) or MidasPlus 84). the protein: directly through hydrogen bonds, indirectly

through water mediated hydrogen bonds, and through
RESULTS AND DISCUSSION coordination to the second cofactor, the Mg(ll) ion. In each

Stability of the MD SimulationsThe root-mean-square of the models, the octahedral coordination of Mg(ll) is
fluctuation of the temperature for each of the simulations unaltered during the simulation.
was less than 5 K; thus, the differences observed in the The relative orientation of the pyrimidine and thiazolium
dynamics cannot be ascribed to instabilities in the simulation rings can be described by the torsional angles= C2—
protocol. As a measure of structural stability, the root-mean- N3—C,—C5 and ®p = N3—C,—C5-C4 (Cy is the
square deviation (rmsd) as a function of simulation time was bridging methylene carbon atom) as defined by Pletcher and
calculated. The rmsd values were calculated by least-squareSax 62). V-conformations, which are defined bgg, ®1)
fitting of the positions of the @-atoms in the reaction region = (£90°, F¥90°), are formed exclusively for all nine models
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Table 2: Nonbonded Distances (A) and Hydrogen Bond Angles (deg) for the Three Conserved Hydrogen Bonds to the Pyrimidine Ring of
X-ray Structures and the MD Averaged Structures (52000 psj

OThDP(N1I)- OThDP(N3)-- OThDP(N4)-
ThDP(NZ1):-- ThDP(H1}-- lle415(HN)- ThDP(N4):-- ThDP(H2):-- improper
active site tautomer GIu50(0OE2) GIu50(OE2) ThDP(N3)--- 1le415(N) Gly413(0) Gly413(0O) dihedral of
model of ThDP A (deg) lle415(N) (A) (deg) A (deg) N4’ (deg)
ZmPDC (1)® 2.58 NA 3.19 NA 2.80 NA NA
YPDC (12 2.67 NA 3.13 NA 2.70 NA NA
1 amino-ThDP 2.74-0.10 162.0+85  3.19+0.18 160.6-8.1 2.77+£0.11 156.5£9.8 26.7£9.4
2 pyrimidinium-ThDP ~ 2.7A4 0.12 166.2-7.4 3.78+ 0.24 158.%+11.0 2.79£0.12 162.8-81 0.7£3.3
3 imino-ThDP 2.72+0.11 159.0+ 11.5 3.55+0.27 160.2:8.2 2.85+0.13 157.4:94 NA
4 amino-ThDP NA NA 3.31+0.21 160.14+ 8.0 2.76£0.10 160.9-9.2 28.7£9.0
5 pyrimidinium-ThDP®  2.76+0.12 165.5-8.0  3.52+0.26  158.749.9 2.76+0.11 159.1+9.4 0.9+34
6 pyrimidinium-ThDP  2.73+0.10  160.7+ 9.0 3.21+ 0.19 161.5+ 8.7 2.83+£0.13 154.1+10.1 1.0+3.3
7 amino-ThDP 2.77+0.13 163.7+7.8 3.27+£0.18 158.5+ 9.7 2.78+£0.11 156.A49.3 29.7£9.0
8 pyrimidinium-ThDP  2.76+ 0.02 162.5+-8.0 3.37+ 0.20 160.3+ 8.3 277+ 0.11 160590 1.4+34
9 ylide-ThDP 2.77+0.14 159.0+11.6 3.34+0.20 159.3+ 8.0 2.79+0.11 164.2£8.3 0.3+3.3

a Standard deviations are included. Some properties are not available {®@grage of four active sites.Average of two active site$.Mutant
apoenzyme: Glu50Al& Mutant apoenzyme: Glu473Ala; Asp27-COOHutant apoenzyme: Glu473Ala; Asp27-COQ Reversed protonation:
Asp27-COQO, Glu473-COOH.

simulated, as can be seen from thelrs(®1)-plots in the
Supporting Information. The findings &-conformations as ‘ amino-ThDP
Glu473

being the stable conformation in the MD simulations are in
accordance with X-ray crystal structural dafd13) and

Glu50

the short time MD simulations by Friedemann et (@4). pasz_ﬂ..-y N1’
The improper dihedral angle for ThDP(N4an be used as '

a measure of the planarity of the ThDP(INdmino group, pom,\’ s

with a value of O denoting a planar arrangement around WH2

the N4-nitrogen atom. Values for this improper dihedral are FiGurRe 2: Shapshot of a NAC for the proton relays from the
included in the last column in Table 2. The observed planarity gg?ﬁ:rgggsgxgg gﬁgg?jggggzg”nds;g?migmiﬂg'ft)':razp\i’rﬁo

of the N4-amino group in mod_eIZ |n(_:i|C_at_e_s a fz_ivorable imino-ThDP directly. Water molecules are ingluded at posl and
resonance between the aromatic pyrimidinium ring and the po52 Only polar hydrogens are shown for clarity.

N4'-nitrogen lone pair in pyrimidinium-ThDP. This is in

agreement with experimental NMR studies by Jordan et al. simulation, and as a consequence, no bond making or
(14b, 14d). Planarity of the N4amino group is not observed breaking event can be simulated directly. However, through
for amino-ThDP in either modd|, 4, or 7, indicating limited a careful comparative analysis of the MD trajectories
resonance between the aromatic ring and the amino groupobtained by studying the different tautomers, it is possible
in this tautomer. However, throughout the MD simulation, to gain knowledge of the most likely active site topology.

no rotation is observed around the ThDP(c4rhDP(N4) To do this, we analyzed the conformations sampled during
bond in the amino-ThDP models, although a free pyramidal production dynamics for formation of ground state structures
N4'-amino group is expected to rotateé4@). In that way, that geometrically must be formed prior to reaching the

the proton ThDP(H3) (see Scheme 1) keeps pointing toward transition state of the reaction studied, for example, for NACs
the thiazolium ring, and ThDP(H2) is consistently hydrogen- (46).
bonded to the backbone oxygen atom of Gly413 with an  Generation of imino-ThDP from amino-ThDP involves
average distance of 1.840.13 A. This conserved hydrogen two proton relays: one from Glu50(OE2) to ThDP(INand
bond is likely to be the reason for the observed restricted another from ThDP(N3 to a base in the active site.
rotation of the exocyclic '4amino group, when ThDP is  According to recent CD experiments, this has been suggested
enzyme-bound. Thus, to the extent experimental data existsto be Glu473(OE2)X4a 20); see Scheme 2. Modélis a
the MD results reproduce the experiments, which makes usproper setup for addressing this proposed transformation. The
further believe that the force field-based models are adequateheteroatomic distance between ThDP(Nvhd Glu473(OE2)
for studying the finer details of the binding of ThDP in PDC. is 5.90 A in the crystal structure of ZmPDQ1); thus, the
Furthermore, the MD findings of a planar Ngroup in primary role of the conserved residue Glu473 will not be to
pyrimidinium-ThDP and the observed deviation from planar- deprotonate the N4amino group by adirect transfer. A
ity in amino-ThDP are in agreement with a DFT study by proton relay pathway from ThDP(Ndto Glu473 with the
Friedemann et al.26a). intermediacy of two water molecules seems possible based
Tautomeric Equilibrium: Formation of Imino-ThDX- on a detailed inspection of the sampled MD trajectories. The
ray diffraction methods are not ideal for locating hydrogen proton relay from ThDP(N2 to Glu473(OEZ2) is expected
atoms. Therefore, the high-resolution structures of PDC do to be a concerted transfer of three protons, as indicated in
not provide definite evidence as of which tautomer of ThDP Figure 2: the first from ThDP(NJ to a water molecule
is present. MD simulations have shown to be a suitable tool located at the position labeled posl, the second from the
for studying tautomers and proton transfe?§)( Because  water molecule at posl to another water molecule located
MD uses a classical description of the atoms in a system, at position 2, pos2, and the third transfer from this water
the topology of the system is unchanged throughout an MD molecule at pos2 to Glu473(OE2). On the basis of acidity
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Scheme 3: Numbers of NACs Identified for the Tautomeric
Conversions of ThDP
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Ficure 3: Time-dependent variation of separations of the amino- )\\ H 30
ThDP(N4) and the oxygen atoms of different crystal water N™ N R = CH,CH,P,0;
molecules in model. The distance from ThDP(N@to xwat603- ,'.,
(O) is displayed in black, to xwat226(0O) in red, and to xwat274-
(O) in green. relatively high NAC numbers, it can be concluded that the

cofactor binding site in the enzyme is set up to accommodate
arguments, we do not believe the proton relay to happenthe studied tautomeric equlibr[um very efficiently..Further—
stepwise, but rather as a concerted process. For carboni¢hore, we expect that the equilibrium between amino-ThDP
anhydrase, similar computations have revealed that at protor@nd pyrimidinium-ThDP is fast, as the enzyme keeps GIuS0-
transfer via a similar “proton wire” with two water molecules (OE2) and ThDP(N} at hydrogen-bond distance in 91%
is indeed concerteds). and 97% of the samp_led structu_res_, respectively. The results
We now want to address whether the water molecules &S0 indicate that imino-ThDP is likely to be formed by a
occupying pos1 and posz2 are correctly oriented for relaying WO-Step process with pyrimidinium-ThDP as a reactive
the proton from ThDP(N3 to Glu473(OE2). It appears from |nte'rm.eQ|ate becausg higher NAC frequgnugs are compgted.
Figure 3 that the water molecule xwat603 is positioned in PYrimidinium-ThDP is thus an intermediate in the equilib-
hydrogen-bond distance to ThDP(4t the beginning of rium between amino-ThDP and |m_|no-ThDP, and one might
the simulation and until approximately 190 ps. At that time, therefore expect an easy conversion to both of these forms.
xwat603 leaves the active site and water molecule xwat226 This is in agreement with the computed high NAC frequen-
enters the active site. During the time period from 370 to Cies for transformation of pyrimidinium-ThDP to amino-

490 ps, water molecule xwat274 replaces water xwat226, 1NDP (97%) and imino-ThDP (44%). The MD simulations
and in the time period from 1920 to 1970 ps, no water S€em to indicate that amino-ThDP is the more stable of the

molecule could be identified in hydrogen-bond distance to W0 when no substrate is bound, based on the computed NAC

ThDP(N4). As production dynamics corresponds to the time frequencies. This is in agreement with experimental results,

period of 506-2000 ps, water molecule xwat226 occupies because the CD band indicative of the formation of imino-
pos1 of Figure 2 for most of the simulation. ThDP is only found in the presence of substrdtéa 20).

The water molecule located at pos2 in Figure 2 is identified It iS noteworthy that the computed NAC frequencies cannot
as crystal water molecule xwat384 throughout the simulation. Pe related directly to reaction rates, because the activation
The heteroatomic distances between ThDP(Nwhd the ~ €nergies are ignored. _
waters occupying pos1 and pos2 are almost unaltered during  Mutation StudiesWe now turn our focus to the function
the simulation. Also, it appears from Figure 3 that pos1 Of GIuSO, which has been proposed to be the catalyst for
constitutes a mobile water environment, which can be the tautomeric equilibration. Glu50 is mutated to alanine and
speculated as being where the substrate initially enters theWO water molecules (dwatl and dwat2) in model
active site by first exchanging with this water molecule. A EXperimental studies report that this mutation reduces
proton relay from ThDP(NZ to Glu473 is thus present with ~ réactivity of the enzymelia, 14h. In the course of the 2.0
respect to the heteroatomic distances. However, to do theNS Simulation, three different water molecules are in turn
NAC calculation, the protons must be taken into account. located at position 3, labeled pos3, in Figure 4. Hydrogen
Figure 2 shows a NAC for this proton relay with a bondingof the water molecule at pos3 to ThDP(Ndfound
simultaneous protonation of Nxhereby converting amino-  throughout the simulation, with an average heteroatomic
ThDP to imino-ThDP in a single step. A NAC for this distance of 2.89+ 0.13 A. Most of the time, this water

transformation is defined by the four indicated distances in
Figure 2 and the corresponding four angles; 2219 out of the
15 000 sampled structures in modedre identified as NACs, GIU473

corresponding to 15%, indicating that the direct transition

from amino-ThDP to imino-ThDP is not unlikely to happen pos2sff
in the enzymatic environment. 9
Setting up similar criteria for NAC formation for all pos1” H3

transformations in the putative tautomeric equlibrium resulted FIGURE 4: Snapshot of a NAC structure for the direct generation
in the NAC frequencies shown in Scheme 3. The simulations of imino-ThDP from amino-ThDP in mutant Glu50Ala in model

clearly show that the enzyme is able to bind all three 4 water positions are labeled posl, pos2, and pos3. Nonpolar
tautomers of the cofactor. On the basis of the computed hydrogens are omitted for clarity.
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molecule is also hydrogen-bonded to Ala50(HN) as shown likely to be the primary proton acceptor for the studied
in Figure 4. A NAC for formation of pyrimidinium-ThDP  deprotonation; however, Asp27 can function as such also.
is defined by one distance and the corresponding angle, Protonation States of Glu473 and AspZbme papersi(,
analogous to the wild-type case (modeFigure 2), except 54, 55) report different protonation states of the two acidic
that in the Glu50Ala mutant, the hydrogen-bonding partner residues Glu473 and Asp27, as compared to motiels
is not a glutamate residue but a water molecule. The NAC and 3 discussed above. To investigate the most likely
criteria are fulfilled in 76% of the sampled conformations protonation states of these residues, two simulations with
in model4. In the wild-type (model), 91% of the sampled  reversed protonation of Glu473 and Asp27 were carried out
conformations were identified as NACs for the GIUS0(HE2) with the cofactor modeled as amino-ThDP in mod@deind
to ThDP(NZI) transfer. Comparison of these NAC numbers as pyrimidinium-ThDP in mode8. The proton relay from
indicates that reactive conformers are present for proton ThDP(N4) to Glu473 is now completely blocked. In model
transfer to ThDP(N? in both simulations. A NAC for the 7, a proton relay could be identified from ThDP(\4o
concerted one-step formation of imino-ThDP directly from Asp27(0OD2) with the intermediacy of two water molecules,
amino-ThDP in the Glu50Ala mutant is illustrated in Figure simultaneously with protonation of ThDP(Nby GIlu50 in
4. Twelve percent of the sampled structures during produc- only 0.08% of the structures sampled during production
tion dynamics are identified as NACs. Again, the Glu50Ala dynamics. The NAC number for a direct generation of imino-
mutant displays a NAC number that is comparable to the ThDP from amino-ThDP in a wild-type apoenzyme in model
computed 15% NACs in the wild-type (mod#). 1 was 15% and thus-200 times more likely.

On the basis of detailed studies of intramolecular reactions, In model8, pyrimidinium-ThDP is placed at the cofactor
it has been suggested that the more NACs formed in-8n E  binding site. Eighteen percent of the NACs are identified
complex, the higher efficacy of the enzymd6), and for a proton relay from ThDP(N% to the deprotonated
therefore, the reported NAC numbers might indicate that Asp27(0OD2), via only one water molecule. A second proton
formation of pyrimidinium-ThDP and imino-ThDP are relay was identified from ThDP(N¥passing through a water
almost as likely in the Glu50Ala mutant as in the wild-type. molecule and Tyr290(OH) terminating at Asp27(0OD2) in
However, since the otherwise powerful NAC concept does 9.0% of the sampled conformations. Last, a third proton relay
not take the activation energies and different equilibrium was identified from ThDP(N3 to His114(N:) with the
constants into account, further calculations are needed tointermediacy of one water molecule in 8.1% of the confor-
address this issue quantitatively. On the basis of acidities,mations. In summary, approximately 35% of NACs are
we assume that the activation energy for dissociation of a identified in model for a proton relay from pyrimidinium-
proton from Glu-COOH is much lower than from®, also ThDP(N4), and out of these, 27% constitute a proton relay
in the interior of the enzyme, and this fact is strongly favoring to Asp27(0OD2). For comparison, modggives 44% NACs
formation of pyrimidinium-ThDP or imino-ThDP in the wild- ~ for converting pyrimidinium-ThDP to imino-ThDP. There-
type (modell) as compared to the mutant (modgl We fore, based on models and8, we believe that protonated
therefore believe that the reduced reactivity of the Glu50Ala Asp27 and deprotonated Glu473 are more likely in a wild-
mutant is a transition state effect amdt a ground-state  type apoenzyme. The reversed protonation cannot be com-
effect, because the simulations indicate that the binding of pletely excluded; however, the results with a deprotonated
the cofactor is not destroyed by the Glu50Ala mutation as Asp27 lead to a situation where proton flow in the active
the cofactor binding in the Michaelis complexes of motel  site is not controlled due to the different parallel relays, and
and modeM are indeed very similar. we expect this is a less desirable situation. Overall, the

Glu473 is replaced by an alanine and two water molecules simulations reveal that the relay of one of the two protons
in active site model5 and6 (see Table 1). These simulations originally on ThDP(N4) is not dependent on one residue
therefore address the question whether Glu473 is a uniqueonly, Glu473; when this residue cannot function as a proton
proton acceptor in the proton relay for initial formation of acceptor, either if it is protonated, Glu473(COOH), or
imino-ThDP by deprotonation of ThDP(N4The intermedi- mutated, Glu473Ala, other basic residues in the binding
ate in the tautomeric equilibrium, pyrimidinium-ThDP, is pocket can accept the proton being relayed from ThDB(N4
placed at the cofactor binding site. The conserved Asp27 is Generation of the Catalytic Acte Ylide.The proposed
protonated and unprotonated in modgeknd6, respectively, mechanism for generation of the catalytic active ylide
to determine whether other general bases can be identifiedinvolves a direct intramolecular proton abstraction of ThDP-
in the active site. In active site modg| with a protonated  (H4) by the lone pair of imino-ThDP(N} (14a 14Hh).
Asp27, several hydrogen-bonding pathways originating at Searching for NAC structures for this abstraction, one
ThDP(N4) proceed through the network of water molecules. distance criteria, for example, the distance between ThDP-
However, all are found to terminate at backbone carbonyl (N4') and ThDP(H4), must be equal to or less than 2.5 A,
oxygen or amide nitrogen atoms that may function as and two angle criteria, linearity about the angle’' NdH4—
hydrogen bond acceptors, but not as terminal proton accep-C2 and 120 about the angle C4N4'---H4, must be
tors. Therefore, no alternative proton relay pathway is fulfilled. For imino-ThDP (model3) 1.8% of NACs were
identified in model5. For active site modeb, with a identified among the sampled structures. In the initial system
deprotonated Asp27, a proton relay is identified from ThDP- (11, 12), a water molecule is located in hydrogen-bond
(N4') via a water molecule and Tyr290(OH) to Asp27(0OD2) distance to both ThDP(NYand ThDP(C2) (Figure S2 in
in 9.4% of the sampled structures. From these models, it is Supporting Information). On the basis of this observation,
concluded that only a deprotonated Asp27 is able to function we analyzed the 15 000 sampled conformations in m8del
as a proton acceptor, beside Glu473. On the basis of thefor NACs for generation of the ylide, through the interme-
computed NAC frequencies, we find that Glu473 is most diacy of this water molecule, and 5.9% are identified as such
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to learn how the substrate binds in the active site. This is a
difficult task to address experimentally; however, MD
simulations can be very helpful for getting further informa-
tion about substrate binding. The papers by Lobell and Crout
(23) and by Tittmann et al.58) include figures proposing
binding modes of pyruvate in the active site. These substrate
H4 bindings are based on indirect evidence, as they, for example,
%POS‘ are deduced from observed changes in the distribution of
) ) isolatedproducts and covalently bonded ThDP intermediates
FiGure 5:_Snapshot of a NAC for generation of ylide-ThDP from ¢  jtated enzymes as measured by NMR in the absence of
imino-ThDP (model3) by water-mediated proton transfer. The AP
direct transfer pathway is also marked on the figure. Nonpolar € €nzyme8a). The variation in distribution of products
hydrogens are omitted for clarity. and intermediates led the investigators, in a very elegant way,
to deduce at what stage of the reaction the various mutated
(Figure 5). The NAC number for the water-mediated proton amino acid residues play important rolés8§). From this
transfer for generation of the catalytic active ylide (5.9%) is observation, the mode of interaction between the enzyme
thus approximately 3 times the NAC number for the direct and the reacting species was constructued. For example,
proton transfer (1.8%), indicating that ylide generation with Glu473 was found to be important for the—C bond
the intermediacy of a water molecule may be a more likely formation; thus, it was logically concluded that Glu473 must
pathway. However, the direct proton transfer might have the interact with the substrate in the Michaelis complex. Exactly
lowest activation barrier. Calculations of the activation how this interaction takes place cannot be extracted from
energies are currently in progress in our group. It is this type of experiment.
noteworthy that none of the sampled structures represent a In Figure 6, the average structure for the binding of
NAC for both direct and water-mediated generation of the pyruvate in the active site is displayed based on the trajectory
catalytic active ylide from the imino-ThDP structure. Friede- from model 9. The identified hydrogen bonds between
mann et al. studied formation of the catalytic ylide by DFT substrate and active site amino acid residues are indicated.
methods from a N'ideprotonated imino-type anionic ThDP  The simulation reveals that pyruvate is placed under the
species 25a). A similar DFT study of ylide formation from  thiazolium ring of ThDP. The substrate is oriented such that
imino-ThDP is currently in progress. the pyruvate carboxyl group resides near the positively
Similarly, direct generation of ylide-ThDP was investigated charged ylide-ThDP(N3) (3.8% 0.19 A) and the methyl
from amino-ThDP (model). A NAC for formation of the group near ylide-ThDP(S) (3.98 0.33 A). Three conserved
catalytic active ylide by direct intramolecular proton transfer hydrogen bonds between pyruvate and active site residues
within amino-ThDP also concerns the angle spanned by C2 are identified. The carboxylate group of pyruvate forms one
H4---N4', which must be close to linear. However, the angle, hydrogen bond to Glu473(OE2) with a distance of 2459
measured to be 115:8 8.0° and such a large deviation from  0.08 A and an angle around the hydrogen of 168.8.2°.
linearity for the proton transfer, is obviously the reason for Another hydrogen bond to Asp27(HN) with a distance of
the lack of NAC formation in model. Ylide formation 2.81 + 0.13 A and an angle measuring 15498.7 is
within amino-ThDP in model by a water-mediated proton identified. The third hydrogen bond is found between the
transfer mechanism is not likely to proceed because the watercarbonyl oxygen of the substrate and Tyr290(OH) with an
molecule is oriented with the hydrogen atoms pointing in average distance of 2.74 0.16 A and an angle of 14&
the wrong directions throughout the simulation, as seen in 11°. Tittmann et al. suggested, based on their NMR experi-
Figure 2. These findings are in agreement with acidity values ments of isolated products and covalent-ThDP intermediates
in water, where an exocyclic amino group haska pf ~9 (58a), that pyruvate could form hydrogen bonds to Glu473
(56), and an exocyclic ammonium ion hask,pf 3—5 (57). and ThDP(N4); the latter should then transfer a proton upon
It is a matter of removing pyrimidinium-ThDP(H4) to  the nucleophilic attack to the substrate. The hydrogen bond
generate the catalytic important ylide directly from pyrimi- proposed by Tittmann et al. between Glu473 and the
dinium-ThDP. With regard to heteroatomic distances, a carboxylate group of the substrate is indeed conserved
proton relay pathway is present from ThDP(H4) to Glu473- throughout the MD simulation. Even though we started the
(OE2) with the intermediate of two water molecules in 27% simulation with a docked pyruvate substrate in a position
of the time in modeR. However, taking protons into account, where it is able to form a hydrogen bond to ThDP()\the
this pathway is completely inhibited, because the first water substrate immediately rotated slightly away from this position
molecule in that relay is oriented incorrectly for hydrogen during equilibration, thereby inhibiting a direct interaction
bonding to ThDP(H4). The simulations indicate that no other between pyruvate(O1) and ylide-ThDP(INAVe are not able
general base lining the substrate binding pocket (Asp27, to identify a hydrogen bond between the substrate and ylide-
His113, and His114) is able to activate the thiazolium ring ThDP(N4) at any time throughout production dynamics. The
directly, as no such proton-transfer pathways can be identifieddistance from pyruvate(O1) to ylide-ThDP(N4vas mea-
from the MD trajectories. Washabaugh et al. suggested asured to 3.8 0.33 A, which, even in the lower limit, is
base in the active site as being responsible for a directnot a hydrogen bond, and the angle was far from linear. The
deprotonation of the thiazolium ring, forming the catalytic binding of pyruvate, as revealed from this MD simulation,
active ylide-ThDP 15), but this could not be found in any is very similar to the experimentally reported binding of the
of our simulations. substrate analogue, pyruvamide, in YPPC where the shortest
Substrate BindinglTo understand in detail the mechanism possible hydrogen bond distance between ThDPB(KAd
of the reaction catalyzed by PDC, it is of vital importance pyruvamide is 3.85 A13e). From inspection of the average

imino-ThDP
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Ficure 6: Stereoplot of the average structure for binding of pyruvate in the active site calculated from9mioggbrtant hydrogen bonds
between substrate and active site residues are shown along with the nucleophilic attacking distance from ylide-ThDP(C2) to pyruvate(C2).
All distances are heteroatomic distances and are displayed in angstroms (A). Important polar hydrogen atoms are included for clarity.

structure of the Michaelis complex, it is plausible that the
hydrogen bond between ThDP(Ndnd pyruvate(O2) cannot
form at this stage of the reaction. To carry out the
nucleophilic attack, the geometric orientation of the 2-oxo
functionality of the substrate is not pointing toward ThDP-
(N4'). However, the structure in Figure 6 does not rule out
that this hydrogen bond may be found in the tetrahedral
intermediate, lactyl-ThDP. The re-hybridization of pyruvate-
(C2) from sp to sp on formation of lactyl-ThDP will push
the oxygen atom in question further away from ThDP,
whereas the decrease in separation between ThDP and 22 26 28 350 32 34 36 38 40 42 44
pyruvate upon bond formation will work in the opposite Distance THOP(C2) - Fynwate(C2) (A)
direction. Further ca!culatlohg_on IactyI-T_hDP are thus FiGURe 7: The nucleophilic attacking distance, ylide-ThDP-
needed to address this possibility quantitatively. (C2)+-pyruvate(C2), is plotted against the attack angle, ylide-ThDP-
Nucleophilic AttackExpecting that the nucleophilic lone-  (C2)---pyruvate(C2)-pyruvate(O1). Area with NACs is enclosed
pair of ylide-ThDP(C2) lies in the plane of the thiazolium by red lines.
ring, we have to make sure that pyruvate(C2) is also placed
close to this plane. An indication of correct positioning of Asp27(OD2). The proposed reaction mechanism is displayed
the reacting groups can be found by measuring the dihedralin Scheme 4. The heteroatomic distance between the two
angle ThDP(&)—ThDP(N3)-ThDP(C2)--pyruvate(C2). To oxygen atoms in question is measured to be 2:8831 A
be properly oriented, this dihedral angle mustdym A with the corresponding hydrogen bond angle spanned by
dihedral of 52.04 8.9 is measured, showing that the two Tyr290(OH)--Asp27(HD2)-Asp27(0OD2) measuring 146
reacting substrates are in a good intermolecular arrangement24°. If this proposed proton relay is functioning in the active
The nucleophilic attacking distance, ylide-ThDP(€2) enzyme, the MD simulation must reveal this in the computed
pyruvate(C2), and angle, ylide-ThDP(C2pyruvate(C2)- NAC frequency for such an attack. Upon inclusion of the
pyruvate(O1), are plotted in Figure 7. It can be seen that thetwo hydrogen bonds for a full proton relay, NACs are present
separation and orientation of the two reacting molecules arein 12.7% of all structures for this nucleophilic attack. The
fine; 41% of all sampled structures during reaction dynamics consequence of the hypothesized mechanism for stabilization
possess a separation between the nucleophile and thef the evolving negative charge is that Asp27 becomes
carbonyl carbon atom of less than 3.4 A and an attacking deprotonated as the lactyl-ThDP intermediate forms (see
angle within 18 of the Burgi—Dunitz angle of 107 (59). Scheme 1). This is in fine agreement with Jordan’s experi-
Ylide-ThDP is thus positioned correctly for a nucleophilic mental findings from kinetic observations kf: andkca/Kw
attack at the carbonyl group from teeside of the substrate  stating that Asp27 remains protonated until formation of
leading to formation ofSlactyl-ThDP, in agreement with  lactyl-ThDP (L48). Some reports suggest that Asp27 becomes
previous proposal2@, 55). The simulation also allows for  deprotonated after decarboxylation by transferring the proton
studies of other potentially stabilizing interactions to the to the anionic/enamine-ThDP intermediad8§). According
evolving intermediate apart from the hydrogen bond betweento a very recent study by Tittmann et al., the exact place
pyruvate(O1) and ThDP(N# along the reaction coordinate for deprotonation of Asp27
On the basis of our findings, we want to propose an remains unclear58b). Our simulations can accommodate
alternative way for stabilization of the evolving negative both possibilities, as His113 is placed in hydrogen-bonding
charge when the nucleophilic ylide-ThDP(C2) attacks the distance to Asp27 throghout the simulation (data not shown),
substrate, namely, via the protons on Tyr290(OH) and and it is therefore possible to transfer a proton from His113

Pyruvale{C2]

- Pyruvate(Q1) (%)

Angle ThDP(CZ)
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Scheme 4: Proposed Reaction Mechanism for the Nucleophilic Attack of Ylide-ThDP on Pyruvate
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to Asp27 upon the nucleophilic attack. This possibility is the Glu50Ala mutated enzyme show very similar binding

included in Scheme 4. with no indications of ground-state destabilization of the
Michaelis complex §0).

CONCLUSIONS AND PERSPECTIVES The most likely protonation states of the conserved

Several proton transfer processes related to the activation'esidues Asp27 and Glu473 until formation of imino-ThDP
of ThDP in ZmPDC as well as substrate binding are are proposed to be protonated and deprotonated, respectively.
presented. We have used MD simulations to study the The mutant Glu473Ala enzyme with bound pyrimidinium-
dynamics and stability of the different tautomers in ThDP- ThDP showed no alternative proton relay pathway for
dependent reactions. The simulations show that the threegeneration of imino-ThDP when Asp27 is protonated.
tautomers of ThDP all bind at the cofactor binding site by Changing the protonation state of Asp27 to unprotonated for
forming very similar interactions with the amino acid residues the Glu473Ala mutant showed a possible proton relay from
lining the binding pocket. The possible involvement of a ThDP(N4) to Asp27, implying that when “knocking out”
tautomeric equilibrium between amino-ThDP and imino- the primary proton acceptor, Glu473, the conserved residue
ThDP was found likely because high frequencies for forma- Asp27 is able to function as a proton acceptor. Experimen-
tion of NACs were identified. The computed NAC frequen- tally, itis known that Glu473Asp mutated ZmPDC is almost
cies indicate that pyrimidinium-ThDP is a reactive intermediate Unaffected with respect to ylide formatiog). Within our
in the equilibrium. Therefore, the simulations support the model, this can be explained if Asp27 takes over the role in
proposal of the tautomeric equilibrium as being a two-step imino-ThDP generation. It would be very interesting to test
reaction. All simulated models that include the wild-type this hypothesis experimentally by studying the kinetic effects
holoenzyme identified a proton relay pathway from ThDP- of a double mutation, Asp27Ala and Glu473Ala.

(N4') to the conserved residue Glu473 with the intermediacy  On the basis of NAC numbers, we propose that generation
of two water molecules, indicating that a primary role of of the ylide can proceed either direct or via one water
Glu473 may be to act as a general base in the formation ofmolecule. The latter pathway represents a minor revision of
imino-ThDP. This finding is a slight modification of the the mechanism for ylide generation that has so far been
proposal by Jordan that in YPDC the primary function of suggested to proceed by a direct intramolecular proton
Glu473 may be to deprotonate N#ith the intermediacy of  transfer from C2 by the N4itrogen lone pairl2). Further
only one water moleculelég). Computed NAC frequencies  calculations of activation energies are needed to fully account
indicate that the tautomeric equilibrium may be shifted in for the reaction pathway for the proton transfer forming ylide-
favor of the amino-ThDP, in agreement with CD experiments ThDP. We found that generation of ylide-ThDP is only
in the absence of substrat2Q}, but also that the enzyme  possible from imino-ThDP. No proton relay pathway could
provides a very dynamic environment to support the tauto- be identified directly from the C2-carbon atom to a general
meric equilibrium of the cofactor. base in the active site. In that way, the data presented in this

The mutant Glu50Ala enzyme with bound amino-ThDP work provide a model for the activation of ThDP in ZmPDC
displays NAC numbers for generation of pyrimidinium- that is consistent with the proposals of Jordan etIdhy,
ThDP, as well as for direct generation of imino-ThDP, that Kern et al. (4i), and others14) stating that the two nitrogen
are comparable to those obtained from the models with theatoms, N1and N4, of the aminopyrimidine ring contribute
wild-type holoenzyme. As activation energies are ignored significantly to the activation. Also, the simulations explain
in the present study, the simulations dot conclude that why the otherwise less important imino-ThDP plays a
the rates of the transitions are comparable in the mutant andsignificant role in the reaction, as only this tautomer can be
wild-type apoenzymes. However, based on the similar NAC activated to form the catalytically important nucleophilic
frequencies in the wild-type and Glu50Ala mutated enzymes, ylide-ThDP. To further investigate the proton-transfer pro-
we conclude that the experimentally observed decrease incesses in the activation of ThDP, a QM/MM model will be
catalytic proficiency must be a transition state effect becauseconstructedl). This setup can answer the question whether
the two Michaelis complexes studied for the apoenzyme and the transfer occurs as a fast concerted or a stepwise event
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(53) and can take into account the activation barriers. Work Asp27, or, as proposed by Friedemann et al., theawdino
along these lines is in progress. group of the pyrimidine ring 25d). The reprotonation of
Finally, we examined the binding of the substrate. Even Asp27 may be possible to carry out via His113 or via the
though we initially docked pyruvate to form a hydrogen bond recently proposed “slinky cycle” where the two active sites
from pyruvate(O1) to ThDP(N3 the simulation revealed in the tight dimer of ThDP-dependent enzymes display ping-
that this indeed is not a preferred binding orientation in the pong catalysis with a proton moving back and forth between
Michaelis complex. During the initial equilibration, the the two active sites along the catalytic cyck&b), Further
substrate rotated to form a hydrogen bond between pyruvate-analyses are needed to elucidate these latter proposals.
(O1) and Tyr290(OH). We may speculate that this otherwise
attractive interaction between pyruvate(O1) and ThDP\N4 ACKNOWLEDGMENT

is not co_mpatible With_the geometric requirements for the Computations were made possible through allocations of
nucleophilic attack of ylide-ThDP(C2) on the substrate. From computer time at the SGI Origin 2000 at Aarhus University
the simulations, we cannot rule out that a concerted nucleo- nder the Danish Center for Scientific Computing.

philic attack and substrate rotation take place leading to the
formation of this hydrogen bond as the covalent bond SUPPORTING INFORMATION AVAILABLE
between ThDP(C2) and pyruvate(C2) forms. The carbonyl

carbon atom of the substrate will re-hybridize upon the 1 . . . . X
nucleophilic attack, from €pto s, which will make the histidine residues is provided (S1). Also included are residue

; ; topology descriptions and added force constants to model
forming hydroxyl gro oint away from the plane of the ) ) )
thiazlolge r>ilng X)(:u?th:rp Eallcula}[,ivorils on the plactyI—ThDP the three different ThDP tautomers, ylide-ThDP, citrate, and
intermediate are needed to fully judge on this aspect the substrate, pyruvate. Cofactor overlay (S2) is included

- : : .~ along with the SBMD-setup (S3). Figures illustrating the
quantitatively. At later stages during the catalytic cycle, like e :
the enamine-ThDP, where an X-ray structure for yeast MSd Of Gratoms (S4S8), positional fluctuations of the
transketolase exists, a weak hydrogen bond has beerCa@toms in the reaction region (S$13), and @ ®r)-
proposed between ThDP(N4ind the hydroxyl groupsg). p_lots_, for the cofactors (S14) are _also prO\_/lded. Cpmplete
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