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ABSTRACT:. Enzymic catalysis proceeds via intermediates formed in the course of substrate conversion.
Here, we directly detect key intermediates in thiamin diphosphate (ThDP)-dependent enzymes during
catalysis usingH NMR spectroscopy. The guantitative analysis of the relative intermediate concentrations
allows the determination of the microscopic rate constants of individual catalytic steps. As demonstrated
for pyruvate decarboxylase (PDC), this method, in combination with site-directed mutagenesis, enables
the assignment of individual side chains to single steps in catalysis. In PDC, two independent proton
relay systems and the stereochemical control of the enzymic environment account for proficient catalysis
proceeding via intermediates at carbon 2 of the enzyme-bound cofactor. The application of this method
to other ThDP-dependent enzymes provides insight into their specific chemical pathways.

Thiamin diphosphate (ThDPEigure 1A), the biologically via covalent adducts at C2 of the thiazolium ring of ThDP,
active form of vitamin B, is an essential cofactor in have not been observed directly and in a time-resolved
biocatalysis being involved in numerous metabolic pathways, manner. The intermediate distribution was calculated either
such as the oxidative and nonoxidative decarboxylation of from carbon isotope effect studied, &) or from classical
o-keto acids (pyruvate dehydrogenase, pyruvate decarboxy-kinetics 6—8). Although the X-ray structures of many ThDP-
lase), the formation of amino acid precursors (acetohydroxy- dependent enzymes have been solved and provide insights
acid synthase), electron-transfer reactions (pyruvate oxidasejnto the spatial arrangement of the active site¢s14), the
pyruvate:ferredoxin oxidoreductase), and ketol transfer be- molecular mechanism of single catalytic steps remains
tween sugars (transketolasd) @). Recent studies on the obscure or hypothetical. The rational design of active site
mechanism of activation of enzyme-bound ThDP have variants with dramatically impaired catalytic constants and
revealed that the'4amino group of ThDP and a highly altered Michaelis constants provided evidence for the general
conserved interaction between a glutamate and theoN1 catalytic involvement of individual side chains. However,
the cofactor are integral components of a proton relay no convincing conclusions could be drawn with respect to
catalyzing a fast deprotonation of carbon 2 in ThO8). ( their specific contributions to single steps during catalysis.
However, all subsequent steps in catalysis, which proceed In the studies presented here, we demonstratéihisMR
is an ideal tool for analyzing the distribution of covalent

;Ttﬁisgvmlé Wa’vls SClJrr])pottedhby tlh% D?utscxe TORSCh%gSgemﬁigschafﬁintermediates in ThDP-dependent enzymes and their active
R e, A Researel Copnclit variants. Since tis distibution correlates with the rates
Research Council, and a seed grant from the Research and Developmean individual steps of the interconversion of the intermediates,
Authority of Ben-Gurion University. this new method enables the kinetic and mechanistic elucida-
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MATERIALS AND METHODS
Chemical and Enzymatic Synthesis ofv@lent ThDP

o State University of New York at Buffalo. AdductsThe presumed key intermediates in enzymic ThDP-
“Rutgers State University. catalysis, 2-lactyl-ThDP (LThDP), 2-(1-hydroxyethyl)-ThDP
- Ben-Gurion University of the Negev. (HEThDP), 2-(1,2-dihydroxyethyl)-ThDP (DHEThDP), and

O The University of Queensland. - .
! Abbreviations: ThDP, thiamin diphosphate; HEThDP, 2-(1-hy- 2-acetyl-ThDP (AcThDP) were chemically synthesized ac-

droxyethyl)-ThDP; LThDP, 2-lactyl-ThDP; DHEThDP, 2-(1,2-dihy- cording to refs15—18. The purity and stability of all

droxyethyl)-ThDP; AcThDP, 2-acetyl-ThDP; ALThDP, 2-[(1,2- compounds were examined By NMR spectroscopy. The
dihydroxy-2-carboxy-1,2-dimethyl)-ethyl]-ThDPZmPDC, pyruvate H NMR chemical shifts of the CE&H singlets of the
decarboxylase frol@ymomonas mobilisS®PDC, pyruvate decarboxy- . L . .

lase fromSaccharomyces ceniseae AHAS, acetohydroxyacid syn-  aminopyrimidinium moiety (Figure 1A) can be used for the

thase; POX, pyruvate oxidase; TK, transketolase. discrimination of all covalent ThDP adducts. From the
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HEThDP 7.33, DHEThDP 7.31, and AcThDP 7.36, 7.37,
8.6 (AcThDP is in equilibrium with its hydrated form and
an internal carbinolamine under these conditiods).(

Since all chemical attempts to synthesize the covalent
acetolactyl-ThDP (ALThDP, 2-[(1,2-dihydroxy-2-carboxy-
1,2-dimethyl)-ethyl]-ThDP) intermediate de novo failed to
date, we investigated the intermediate distribution of the
Asp?®Ala variant of pyruvate decarboxylase fro&accha-
romyces cergseae(SADC) that preferentially forms ace-
tolactate instead of any other produd9). NMR-based

4 2:(1,2-dihydroxyethyl)-ThDP (DHEThDP), R = HO—(H: investigation of the intermediate distribution of this variant
HC HO—(— at steady-state revealed the predominant presence of an acid
5t 2-lactyl-ThDP (LThDP), R = “°_¢f i stable covalent ThDP adduct (Figure 4A). Thé NMR
€02 spectrum of this intermediate is composed of all resonances
1 2345 typical of a covalent ThDP adduct with slightly altered
L chemical shifts and two additional methyl singlets. This is
- k consistent with the structure of ALThDP.
A ! - v Protein Expression and PurificatiorAll proteins were
i b purified to homogeneity using established protocols, and the
ThDP HEThDP: enzymatic activity was determined according to réfand

20—23. In addition, enzyme-catalyzed substrate turnover and
product formation were monitored directly 4 NMR

1 buffer/TCA LThDP
B Pttt Yl s

A . spectroscopy.
wildtype | i Rapid Mixing Techniques and NMR Spectroscdpya
N J\ I typical experiment, 15 mg/mL pyruvate decarboxylase from
wildtypeianOv I M Zymomonas mobiliZmPDC) in 50 mM sodium phosphate,
2 pH 6.0 was mixed with 50 mM pyruvate (in the same buffer)
A A ' A at 30°C using a RQF 3 chemical quenched-flow machine
Gl Asp | ! (Kintek Corp., Austin, Texas and Althouse). The reaction
! L ’\ was stopped by the addition of 12.5% (w/v) TCA/1 M DCI
e : (in D2O). To ensure true steady-state conditions and substrate
AspGlu : saturation of the enzyme, a set of experiments was conducted
! i J\ at varied reaction times (wild-type enzyme—000 ms;
A o~ enzyme variants: 0300 s) and different pyruvate concen-
His'"Lys | b trations (0-100 mM). After separation of the precipitated
. J _JL ' protein by centrifugation, the ThDP intermediate distribution
PO : was analyzed by 1-BH NMR spectroscopy using a Bruker

E Avance ARX 400 NMR spectrometer. For suppression of
' the water signal, a presaturation technique was used. A total
of 32 000 data points were collected per scan over a spectral
width of 12 ppm. Depending on the active site concentration

) .

control: wildtype without pyruvate
L L L L | L L L L L

| T |

ppm 3.0 78 76 74 72 of the protein, 10063000 scans were accumulated with an
interscan delay of 2.5 s. Since the ratio of the integrated
'"H NMR chemical shift resolved peak areas of the intermediates is independent of

Ficure 1: Covalent intermediates in ThDP-catalysis. (A) Chemical the scan number, possible different relaxation properties of
structures and CéH *H NMR fingerprint region of ThDP 1] and the intermediates do not effect the integral ratio. The
chemically synthesized intermediates occurring in nonoxidaBy# [ baselines of the NMR spectra were corrected with a

and oxidative enzymic decarboxylation of pyruva?e[5] as well : - . .
as in enzymic Sﬁgar transketo)gatio ] [ar%y shower31[. ]The wo  Polynomial function. The peak integrals were determined

interfering signals of ] represent the keto and hydrated form, with the program Xwinnmr. If peaks were not fully'resolve'd,
respectively 18). Spectra were recorded at pH 0.75 and°g5 a software implemented deconvolution and integration
(B) Quantification of covalent intermediates in the nonoxidative routine was applied.

decarboxylation of pyruvate by mPDC and selected enzyme P : . T
variants under steady-state conditions and at substrate saturation In a similiar way, the intermediate distributions of all other

(50 mM pyruvate). The intermediates were isolated by acid quench €nzymes in this study were analyzed. The deprotonation rate
after a reaction time of 35 ms (wild-type) or 60 s (variants) and constants at C2 of enzyme-bound ThDP were determined

analyzed by'*H NMR at pH 0.75 using the characteristic 'G6 using a H/D exchange technique as described irBref
chemical shifts. Their relative concentrations were determined from

the relative integrals of the corresponding signals and used to RESULTS AND DISCUSSION

calculate all microscopic rate constants of the catalytic cycle (Table

1. On the basis of the excellent pioneering work of Holzer,
integrated resolved peak areas of these signals, the intermeKrampitz, Kluger, and Frey in the field of chemical synthesis
diate distribution can be analyzed quantitativély. NMR and characterization of C2-ThDP adducts, the presumed key
chemical shiftso ppm C8-H: ThDP 8.01, LThDP 7.26, intermediates 2-lactyl-ThDP (LThDP), 2-(1-hydroxyethyl)-
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Table 1: Microscopic Rate Constants of Elementary Catalytic Steps (Figure ZBJRIDC Wild-Type (wt),ZmPDC Variants, and

Pyruvamide-ActivateddDC Wild-Type

Keat (S_l) Kobs (5_1)a ko (S_l)b ks (S_l)b Ky (S_l)b
H/D exchange acetaldehyde
at C2 C—C bonding CO; release release

ZmPDC wt 150+ 5 110+ 19 2650+ 210 397+ 20 265+ 13
ZmPDC wt (D,O) 100+ 4 685+ 70 530+ 45 150+ 14
ZmPDC GIU"3Asp 0.10+ 0.004 104+ 20 0.60+ 0.08 0.13+ 0.01 1.2+0.2
ZmPDC Asp’Glu 0.05+ 0.002 117+ 13 >5 >5 0.051+ 0.002
ZmPDC Hig®Lys 0.24+0.03 96+ 24 >25 >25 0.25+0.03
ZmPDC GI#°GIn 0.04+ 0.003 25+7 0.07+0.01 >7 0.09+ 0.01
SPDC wt 45+ 2 >600 294+ 20 105+ 6 105+ 6

aH/D exchange rate constants of the enzyme-bound THRE gtep 1 in

Figure 2B) were determined according td3raf 5°C. P Rate constants

of covalent pyruvate binding to ThDR,f, decarboxylation of LThDPkg), and acetaldehyde release from HEThBE (ere calculated from the
intermediate distribution (Figure 1B) aridy (eqs 2-7) measured at 30C in 50 mM sodium phosphate, pH 6.0. The steady-state intermediate

distribution was corrected for the fraction of dissociated ThDP determined from the differences in activity in the presence and absence of excess

ThDP (wt, GIU™Asp, Asp’Glu: <1%; His'dys, GILP%GIn: ~ 5%). Rate-limiting steps are indicated in bold type. Lower limits of the rate
constantsk, andks reflect a limit of resolvability of theH NMR spectra (signal-to-noise ratie 3).

ThDP (HEThDP), 2-acetyl-ThDP (AcThDP), and 2-(1,2-
dihydroxyethyl)-ThDP (DHEThDP) (Figure 1A) have been
synthesized¥5—18). None of these compounds undergoes
decomposition below pH 1, and all of them can be
discriminated unequivocally usingH NMR under these
conditions. The'H NMR chemical shifts of the CeH
singlets of the aminopyrimidinium moiety can be used as a
fingerprint region for the discrimination of all C2-derived
covalent ThDP adducts (Figure 1A). These properties allow
the determination of the distribution of all covalent ThDP
intermediates formed at steady-state in enzymic ThDP-
catalysis by acid quench of the enzymic reaction and the

of wild-type ZmPDC, working with pyruvate at saturating
concentrations in the steady-state, showed directly the
existence of LThDP and HEThDP as intermediates and the
appearance of ThDP (Figure 1B). In an enzymic reaction,
all intermediates reach a constant level at steady-state
characterized by equal rates of formation and decomposition.
Therefore, based on the measured steady-state distribution
of all intermediates anl,, the microscopic rate constants

of the entire catalytic cycle (Table 1) can be calculated
according to the following equations:

subsequent simultaneous, quantitative, and direct detection

of the isolated intermediates on the basis of differences in
their'H NMR spectra. Since the distribution correlates with
the rates of individual steps of their interconversion during
catalysis, this new method enables the elucidation of enzymic
catalysis at a detailed molecular level.

To test the feasibility of this NMR approach, both the
bacterial pyruvate decarboxylase (PDC, EC 4.1.1.1) ffom
mobilis (ZmPDC) and the allosterically regulated enzyme
from S. cereisiae (SA®DC) were investigated under steady-

state conditions. These enzymes catalyze the nonoxidative

decarboxylation of pyruvate yielding acetaldehyde and
carbon dioxide. The minimal catalytic scheme comprises the
reversible, noncovalent binding of the substrate (Michaelis
complex,K;), carbor-carbon bond formation between the
C2 of ThDP and the carbonyl-carbon of pyruvate to yield
enzyme-bound LThDFKg), the subsequent decarboxylation
to thea-carbanion of HEThDPIKg), and finally, the liberation

of acetaldehydekg). Although covalent binding of pyruvate

to ThDP can be assumed to be reversible, the rate constan

ko, calculated from the intermediate distribution in steady-
state, mainly reflects the forward reaction of this microscopic
step because of the large forward commitment factor of
LThDP decompositionk(, < k3) (5).

K
E-ThDP+ CH,COCOO =
— k2 _ k3
E-ThDP*CH,COCOO — E-LThDP™ —~
k
E-HEThDP + H' — E-ThDP+ CH,CHO (1)

IH NMR spectroscopic analysis of the covalent intermediates

[ThDPJ/[LThDP] = kg/k, = a 2
[ThDPJ/[HEThDP]= Kk/k, = b 3
_ Koksk,

Koar = Koks + Kok, + Ksk, ()
_k{a+b+ab)

k=" (5)
a+b+ab

o= k2 D) ©
k..(a+ b+ ab)

ky= % @)

The resulting rate constants show that both decarboxylation
(ks = 397 & 20 s%) and acetaldehyde releade € 2654
13 sY) are partially rate-limiting and the formation of

nzyme-bound LThDP to be very fas (= 2650 4+ 210
~1). The steady-state intermediate distribution was also
determined for the pyruvamide-activat&d®”DC (data not
shown) resulting in comparable rate constants for both
decarboxylation and acetaldehyde reledsgkg = 105+ 6
s1) (Table 1). The rate constants for baimPDC as well
as SPDC estimated from carbon isotope effect studies
(ZmPDC: ks ~ 300 s, ks =~ 200 st; S®PDC: k3 ~ 160
s1, ks ~ 160 s!) (4, 5) are in good agreement with our
NMR results.

The method opens up the possibility for a detailed
mechanistic elucidation of single steps of ThDP catalysis
by using rationally designed enzyme variants. We determined
the steady-state intermediate distribution and the H/D
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The mutation Glé"3Asp severely slows down carben
carbon bond formation between the C2 of ThDP and the C
of pyruvate as well as the decarboxylation of LThDP
resulting in an accumulation of LThDP in the steady-state.
In contrast, the rate constant of C2-H ionization is not
affected by this mutation (Table 1). For the A%plu variant,
only HEThDP can be detected under steady-state conditions
suggesting that the product release from HEThDP is com-
pletely rate-limiting. A similiar deficiency in catalyzing
acetaldehyde elimination from HEThDP is observed in the
His''dys variant. Since H#&® is in hydrogen bonding
distance to Asfl, this pair of residues apparently forms a
functional dyad to assist acetaldehyde release. Perturbation
of this proton relay system in either geometric or thermo-
dynamic ApK,) terms disturbs the product elimination from
HEThDP by several orders of magnitude (Table 1). Previous
experiments suggested that the interaction betweet? &ial
N1' of the enzyme-bound ThDP acts as a chemical trigger
for the reactivity of the 4amino group of the cofactog].

The C2-H ionization rate constant in the &@8In variant is
decreased in comparison to the wild-type enzyme, albeit to
a lesser extent than found in homologous variants of other
ThDP-dependent enzymes, and is not rate-limiting. The
steady-state distribution of ThDP-derived intermediates in
this enzyme variant consists of ThDP and HEThDP, de-
monstrating the involvement of the'-dmino group in
substrate binding as well as in the cleavage of HEThDP. In
summary, effects are observed in C2-H ionization f&lu
GlIn), covalent addition of pyruvate (GRGIn, Glu*73Asp),
decarboxylation of LThDP (GRiAsp), and acetaldehyde
elimination from HEThDP (GI#GIn, Asp’Glu, His'*3Lys).
Finally, primary isotope effects were determined for indi-
vidual steps by comparing the relative intermediate distribu-
tion in HO and DO at steady-state. When catalysis is
allowed to proceed in D, the binding of pyruvate and
product release, both requiring proton transfer steps, show
primary isotope effects, whereas decarboxylation of LThDP
is nearly unaffected (Table 1, Figure 1B).

On the basis of the steady-state intermediate distribution
and the C2 (ThDP) deprotonation rate constants of the wild-

FIGURE 2: Active site ofZmPDC and suggested model of catalysis. YP€ enzyme and the active site variants with defined
(A) The crystal structure of active site residueszofPDC with deficiencies (Table 1), we propose a chemical mechanism

the enzyme-bound cofactor ThDP in its typical V conformation is  of the catalytic cycle that is consistent with the obtained data

oo ek o et She seues s it tops of 19U 28)-The st microscopi sep, the C2 depraontin,
catalysis are consistent with the intermediate distribution during is catalyzed by the "4mino group of ThDP since a

enzymic decarboxylation of pyruvate by PDC and its variants. This Perturbation of the proton relay between &land N1 of
mechanism includes the action of two independent proton relay ThDP as well as removing thé-dmino group of the cofactor

systems catalyzing the activation of ThDP (BIt1'-4-NH,, step results in decreased deprotonation rates in PRQ4). In
1), substrate binding (GH¥N1-4-NH,, step 2), and acetaldehyde  ¢qnirast, alterations of all other potential acid/base catalysts

release (GIB-N1'-4'-NH, and His*Asp?’, step 4) as well as the . - . . : . ;
stereochemical control of decarboxylation by glutamate 473 induc- !N the active site do not impair C2 anion formation (Table

ing a perpendicular orientation of the substrate carboxylate to the 1). The next step in catalysis, the carbararbon bond
thiazolium ring of the enzyme-bound ThDP (&Y steps 2 and  formation between the C2 carbanion of ThDP and the

3), shown in the Newman projection. carbonyl carbon of the substrate, requires a protonation of
the carbonyl oxygen of the substrate and its steric orientation.
exchange rate constant at C2 (ThDP) of various active site on one hand, the proton relay between %liN1’, and the
variants ofZmPDC (Figure 1B) displaying impaired overall  4'-amino group of ThDP as well as the @léAsp mutation
activity. Variants of GId" (which is in a perpendicular  strongly influence the carbercarbon bond formation. On
orientation to the thiazolium moiety of ThDP), of A@nd  the other hand, G#is in a favorable position (Figure 2B)
His*3 (which are in hydrogen bonding distance to each other for an interaction with the carboxylate of LThDP. Therefore,
in the active site cleft), and of Giti(which interacts with we conclude that the proton relay protonates the carbonyl
the NI of the enzyme-bound ThDP) were investigated oxygen, whereas GHF plays an important role in the
(Figure 2A). orientation of the substrate in the course of covalent substrate
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Ficure 3: Key intermediates in the catalytic cycles of AHAS and POX.

binding and in the stereochemical control of the decarboxy- identical to that of PDC (Figure 2B), but all subsequent steps
lation by causing a perpendicular orientation of the carboxy- are divergent.
late of LThDP with respect to the thiazolium ring. This AHAS catalyzes the covalent addition of a second pyruvate
conformation leads to a maximum resonance stabilization to the HEThDP intermediate yielding acetolactate (Figure
of the built a-carbanion as already proposed as a least 3). Apparently, the catalytic cycle of AHAS comprises an
motion, maximum overlap mechanism for the nonenzymic additional covalent ThDP adduct, which can be described
system and in theoretical studie&5¢-28). The last step in  as active acetolactate (ALThDP, see Materials and Methods).
catalysis, the elimination of acetaldehyde, comprises both The most populated species in AHAS Il catalysis using
the protonation of ther-carbanion and the deprotonation of pyruvate as the only substrate is ThDP, whereas only small
the a-hydroxyl group of HEThDP. The HI$YAsp?” dyad is amounts of the intermediates LThDP, HEThDP, and AL-
likely involved in the protonation of the-carbanion since  ThDP are detectable (Figure 4A). These observations concur
a mutation of either of those functional groups slows down with the detection of only~0.01 HEThDP/mol enzyme using
acetaldehyde release. This suggested function of the dyad i§'“C]-pyruvate 80). Consequently, the addition of pyruvate
further buttressed by the ability of ASpvariants to catalyze  to the C2 of ThDP must be rate-limiting, while all other
acetolactate formation, a product formed by the electrophilic catalytic steps are comparatively fast (Table 2). AHAS I
attack by a second pyruvate on the populated carbanion incatalysis usingo-ketobutyrate as an alternative second
this variant 29), hence clearly pointing to an accumulation substrate (Figure 3) proceeds with a simiaras the reaction
of the a-carbanion/enamine of HEThDP in these variants with pyruvate despite the fact thatketobutyrate is preferred
and implying a perturbation of the protonation reaction. The over pyruvate 60-fold31). To understand this phenomenon,
ligation reaction is usually catalyzed by acetohydroxyacid an intermediate analysis of AHAS Il catalysis was performed
synthase (AHAS), another ThDP-dependent enzyme (Figurein the presence of equimolar amounts of pyruvate and
3). Strikingly, the His/Asp dyad is missing in this enzyme. a-ketobutyrate (data not shown). The same rate constants
A mutation of GI§° drastically decreases the rate of for initial pyruvate binding and decarboxylation of LThDP
acetaldehyde release and therefore favors 'timiho group were measured, whereas the bindingrefetobutyrate and
of the cofactor as the only other remaining acid/base catalystthe release of the reaction product acetohydroxybutyrate are
assisting acetaldehyde release as the promoter of deprotofaster than the corresponding reactions with pyruvate as the
nation of theo-hydroxyl group of HEThDP. second substrate (Table 2).

To investigate whether this fingerprint NMR approach is  POX transfers two electrons from HEThDP to the adjacent
suitable for the determination of the intermediate distribution FAD yielding AcThDP, which is cleaved phosphorolytically
in other ThDP-dependent enzymes that act on pyruvate, weto acetyl phosphate and ThDP (Figure 3). If electron transfer
applied this method to acetohydroxyacid synthase fEam  between HEThDP and FAD is blocked by reducing the
coli (ECAHAS I, EC 4.1.3.18), pyruvate oxidase from enzyme-bound FAD prior to or in the course of catalysis,
Lactobacillus plantarum(LpPOX, EC 1.2.3.3), and mam- all active sites in POX are occupied by HEThDP (Figure
malian pyruvate dehydrogenase (PDH, EC 1.2.4.1). A 4B). Furthermore, the accumulation of AcThDP in the
detailed comparison of all microscopic steps in a series of absence of the substrate phosphate, which was indirectly
ThDP-dependent enzymes, which catalyze different chemicalinferred by earlier kinetic studie21), could now be directly
reactions using the same cofactor and the same substratajetected. In contrast, LThDP and a minor fraction of
would reveal common chemical characteristics as well as HEThDP are detectable at steady-state in the presence of
unique features among this enzyme class. The first half phosphate (Figure 4B).
reaction of catalysis of all these enzymes, culminating in  Pyruvate dehydrogenase (PDH, EC 1.2.4.1) complex is a
the build-up of theo-carbanionic form of HEThDP, is  multienzyme complex consisting of three components (E1,
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Ficure 4: Detection of covalent intermediates in the superfamily of ThDP-dependent enzymes including acetohydroxyacid synthase (AHAS),
pyruvate oxidase (POX), and transketolase (TK). (A) Covalent intermediates at steady-state and substrate saturation (50 mM pyruvate) of
AHAS Il (in 50 mM potassium phosphate, pH 7.6 at &) and of Asp®Ala PDC (in 50 mM potassium phosphate, pH 6.0 af@) from

S. cereiseaethat produces acetolactate exclusivelg)(are shown. (B) Covalent intermediates at steady-state and substrate saturation (50
mM pyruvate, 200 mM phosphate) of POX in (a) the presence of pyruvate and phosphate (50 ms reaction time in 0.2 M potassium phosphate,
pH 6.0 at 25°C), (b) with pyruvate and in the absence of phosphate (100 s reaction time in 0.1 M MES/NaOH, pH 6 ataad (c)

after complete reduction of the enzyme-bound FAD (10 s reaction time in 0.2 M potassium phosphate, pH 60)ar2sshown. (C)

Covalent intermediates during conversion of different donor substrates (0.2B-mMroxy-pyruvate, 25 mM xylulose 5-phosphate and
fructose 6-phosphate in 0.02 M sodium phosphate, pH 7.6 &30y TK are shown. The intermediates |11 and 12 can be attributed to the
2-[2-(1,2,3,4,5-pentahydroxy)-pentyl]-ThDP and 2-[2-(1,2,3,4,5,6-hexahydroxy)-hexyl]-ThDP derivatives based on the chemical pathway.

Table 2: Microscopic Rate Constants of Elementary Catalytic Steps of AHAS Il Wild Type in the Presence of Pyruta®e FPoduct
Acetolactate) or Pyruvate ardKetobutyrate (P+ KB, Product Acetohydroxybutyrate) (Figure?3)

Keat (S79) ke (s™) ks (s™) ka (s7) ks (s™)
C—C bonding C—C bonding
ThDP+ CO, HEThDP+ product
pyruvate release 2nd substrate release
AHAS Il (P + P) 20+ 0.2 24+ 4 530+ 70 1060+ 175 176+ 36
AHAS Il (P + KB) 20+0.2 21+4 399+ 54 >2000 >2000
S®DC AspeAla (P + P) 0.052+ 0.001 >1 >1 0.36+ 0.05 0.073+ 0.007

@ Rate constants of covalent pyruvate binding to ThR, decarboxylation of LThDPkg), covalent binding of the second substrate molecule
(ks), and product releaséds] were calculated from the intermediate distribution (Figure 4A) kg determined at 37C in 50 mM potassium
phosphate, pH 7.6 (AHAS) and in 50 mM potassium phosphate, pH 6.0 4 3BDC), respectively. The steady-state intermediate distribution
was corrected for the fraction of dissociated ThDP determined from the differences in activity in the presence and absence of excess ThDP. Rate-
limiting steps are indicated in bold type. Lower limits of the rate constants reflect a limit of resolvability 8fitNéR spectra (signal-to-noise
ratio = 3).

E2, E3) catalyzing the oxidative decarboxylation of pyruvate transient formation of LThDP (data not shown) at substrate
with NAD™ and coenzyme A as cosubstrates and yielding saturation was fitted to a consecutive reaction mechanism
the essential metabolite acetyl-CoA. The ThDP-dependent(eq 8) showing that the covalent pyruvate binding at C2 of
E1l (decarboxylase) component binds and decarboxylatesThDP is clearly slower in the isolated E1 component as
pyruvate resulting in the formation of the carbanion/enamine compared to the PDH complex. This process is composed
of HEThDP. We investigated the time-resolved distribution of two phases with rate constarks(E1) of 2 and 0.01 &
of ThDP, LThDP, and HEThDP for the mammalian E1 in Comparison to the PDH Comp|ex2((comp|ex)= 102
component as well as for the whole PDH complex under s-1) The decarboxylation of LThDP proceeds with compa-
single-turnover conditions using pyruvate as the sole sub-gpje rate constant&y(E1) = 2 s, ks (complex)= 6 s1).
strate. The ability to directly observe covalent intermediates and
Ky to time-resolve their interconversions on E1 in the complex
E-ThDP+ CH,COCOO or alone is the prerequisite for investigating the mechanism
k, kg of catalytic steps and the principles of the regulation of this
- * —_ - — -
E-ThDP*CHCOCOO — E-LThDP E-HEThDP important enzyme at a molecular level.
n addition to the studies on pyruvate-converting enzymes,
(8) In addition to the studi |
The time-resolved conversion of ThDP to HEThDP with the this NMR approach was applied to transketolase ft®m
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cerevisiae (TK, EC 2.2.1.1), which catalyzes the ketol 2.
transfer of a 2-carbon fragment between ketose phosphates
(donor substrate) and aldose phosphates (acceptor substrate). 3
The addition of the native donor substrategylulose 5-P

or p-fructose 6-P to TK leads to the transient formation of
acid-stable, covalent ThDP intermediates (11 and 12, respec-
tively), both of which decompose to DHEThDP (Figure 4C).
In the further reaction, DHEThDP is converted to ThDP (data
not shown). ThéH NMR signals of the sugar moieties of

I1 and 12 interfere with the resonances of the donor sugar
substrates and cannot be assigned unequivocally. However, 7
the chemical reaction suggests that 11 and 2 must be
the 2-[2-(1,2,3,4,5-pentahydroxy)-pentyl]-ThDP and 2-[2-
(1,2,3,4,5,6-hexahydroxy)-hexyl]-ThDP derivatives, respec-
tively. In accordance with recent X-ray crystallography data
(32), the conversion of the artificial donor substrgiédy-
droxy-pyruvate leads also to the accumulation of DHEThDP
in the course of TK catalysis (Figure 4C). Our data clearly
demonstrate that th#H NMR-based intermediate analysis
can be applied successfully not only to pyruvate-converting
enzymes but also to a prominent enzyme in sugar metabo-
lism.

4.

5.

8

9.

11.
12.
13.
CONCLUSION 14.

The possibility of freezing an enzyme in action and

analyzing the distribution of all intermediates directly is rare  1°:
in enzymology. One of the few other described cases is wild- 16
type dTDP-glucose 4,6-dehydratase, a NAD-dependent en- =
zyme @3J). In this enzyme, the formation of intermediates 17,

under single turnover conditions was observed by mass 1g.
spectrometry after rapid mix-quench. The data presented here
demonstrate the feasibility of a chemical quench/NMR
technique for the determination of the quantitative distribu-
tion of intermediates in an enzymic reaction not only under
single turnover conditions but also at steady-state. From the
steady-state intermediate distribution, the microscopic rate »q
constants can be determined independently of their magnitude
and of instrumental limitations (dead time). Therefore, rate 22.
constants are measurable that may range up to thousands
per second. This new method described here, in combination 23-
with site-directed mutagenesis, enables a functional assign-
ment of side chains in enzymic mechanisms. The analysis 54
of the reaction mechanism of PDC confirmed the proposed
least motion, maximum overlap mechanism of decarboxy-
lation, and unraveled the coaction of two independent proton
relay systems in the course of proton-transfer processes.

19.

25.

26.

ACKNOWLEDGMENT 27.

We gratefully acknowledge helpful discussions with P.
Frey, D. Kern, and S. Ghisla. We thank J. Brauer, C. Simm,
and B. Seliger for excellent technical assistance. We thank
M. Vyazmensky and A. Bar-llan for preparation of the
plasmid used to expre€scAHAS Il and A. Chang, C.-Y.
Huang, and Y.-G. Wu for providing the variol&&mPDC
mutant plasmids.

REFERENCES

1. Schellenberger, A. (1998iochim. Biophys. Acta 1383.77—
186.

Biochemistry, Vol. 42, No. 26, 2003891

Schowen, R. L. (1998) i€omprehensie Biological Catalysis
(Sinnot, M., Ed.) Vol. 2, pp 217266, Academic Press, London.
Kern, D., Kern, G., Neef, H., Tittmann, K., Killenberg-Jabs, M.,
Wikner, C., Schneider, G., and Hoer, G. (1997Science 275
67—70.

Alvarez, F. J., Ermer, J., ‘Humer, G., Schellenberger, A., and
Schowen, R. L. (1991). Am. Chem. Soc. 118402-8409.

Sun, S., Duggleby, R. G., and Schowen, R. L. (1993)m. Chem.
Soc. 1177317 7322.

6. Sergienko, E. A., Wang, J., Polovnikova, L., Hasson, M. S.,

McLeish, M. J., Kenyon, G. L., and Jordan, F. (20B@)chemistry
39, 13862-13869.

Huang, C.-Y., Chang, A. K., Nixon, P. F., and Duggleby, R. G.
(2001) Eur. J. Biochem268, 3558-3565.

. Sergienko, E. A., and Jordan, F. (20@ipchemistry 407382~

7403.
Muller, Y. A., and Schulz, G. E. (1993cience 259965-967.

10. Arjunan, P., Umland, T., Dyda, F., Swaminathan, S., Furey, W.,

Sax, M., Farrenkopf, B., Gao, Y., Zhang, D., and Jordan, F. (1996)
J. Mol. Biol. 256, 590-600.

Dobritzsch, D., Knoig, S., Schneider, G., and Lu, G. (1998)
Biol. Chem 273 20196-20204.

Lindqvist, Y., Schneider, G., Ermler, U., and Sundstrom, M. (1992)
EMBO J 11, 2373-2379.

Pang, S. S., Duggleby, R. G., and Guddat, L. W. (2Q02)ol.
Biol. 317, 249-262.

Arjunan, P., Nemeria, N., Brunskill, A., Chandrasekhar, K., Sax,
M., Yan, Y., Jordan, F. Guest, J. R., and Furey, W. (2002)
Biochemistry 415213-5221.

Kluger, R., and Smyth, T. (1981) Am. Chem. Soc. 10884~
888.

Krampitz, L., Greull, G., Miller, C. S., Bicking, J. B., Skeggs, H.
R., and Sprague, J. M. (1958) Am. Chem. Soc. 86893-5894.
Holzer, H., and Beaucamp, K. (1958hgew Chem. 24 776.
Gruys, K. J., Halkides, C. J., and Frey, P. A. (19Biochemistry

26, 7575-7585.

Sergienko, E. A., and Jordan, F. (20&i9chemistry 407369~
7381.

20. Bar-llan, A., Balan, V., Tittmann, K., Golbik, R., Vyazmensky,

M., Hubner, G., Barak, Z., and Chipman, D. (20®ipchemistry
40, 11946-11954.

. Tittmann, K., Golbik, R., Ghisla, S., and bler, G. (2000)

Biochemistry 3910747 10754.

Korotchkina, L. G., and Patel, M. S. (2001)Biol. Chem. 276
37223-37229.

Wikner, C., Meshalkina, L., Nilsson, U., Nikkola, M., Lindgvist,
Y., Sundstion, M., and Schneider, G. (1994) Biol. Chem269,
32144-32150.

. Liu, M., Sergienko, E. A., Guo, F., Wang, J., Tittmann, K:pHer,

G., Furey, W., and Jordan, F. (200B)ochemistry 40 7355~
7368.

Lobell, M., and Crout, D. H. G. (199€). Am. Chem. Soc. 118
1867-1873.

Kluger, R. (1987Chem. Re. 87, 863-876.

Turano, A., Furey, W., Pletcher, J., Sax, M., Pike, D., and Kluger,
R. (1982)J. Am. Chem. Soc. 103089-3095.

. Friedemann, R., and Breitkopf, C. (1996). J. Quantum Chem.

57, 943-948.

.Wu, Y.-G., Chang, A. K., Nixon, P. F., Li, W., and Duggleby, R.

G. (2000)Eur. J. Biochem267, 6493-6500.

. Ciskanik, L. M., and Schloss, J. V. (19&ipchemistry 243357.
. Chipman, D., Barak, Z., and Schloss, J. V. (1988chim.

Biophys. Acta 1385401-419.

. Fiedler, E., Thorell, S., Sandalova, T., Golbik, R'nikpn S., and

Schneider, G. (200 roc. Natl. Acad. SciU.S.A. 99591-595.

. Gross, J. W., Hegeman, A. D., Vestling, M. M., and Frey, P. A.

(2000) Biochemistry 3913633-13640.
BI10344650



