
Transketolase (TK, EC 2.2.1.1) is a thiamine diphos�

phate (ThDP)�dependent enzyme of the pentose phos�

phate pathway of carbohydrate metabolism. In contrast to

other ThDP�dependent enzymes, this enzyme exhibits

activity with the methylated analog of its native cofactor

(4′�methylamino�ThDP). Previously it was shown that

transketolase in complex with the methylated analog of

the cofactor is capable of catalyzing the carboligation

reaction of β�hydroxypyruvate (donor substrate) and gly�

colaldehyde (acceptor substrate) yielding erythrulose, as

well as the ferricyanide reaction, where the central inter�

mediate of the transketolase reaction (α�carbanion/

enamine of dihydroxyethyl�ThDP) oxidizes yielding gly�

colic acid [1, 2].

Transketolase catalyzes one of the key reactions of

the pentose phosphate pathway of carbohydrate metabo�

lism, cleaving ketosugars (donor substrates) at the C–C

bond adjacent to the ketogroup with subsequent transfer

of the two�carbon fragment to an aldose (acceptor sub�

strate). The cofactors of TK are bivalent metal ions and

ThDP. The enzyme exhibits broad substrate specificity.

Donor substrates are ketoses containing hydroxyl groups

at C3 and C4 positions in the trans�conformation: xylu�

lose�5�phosphate, fructose�6�phosphate, sedoheptulose�

7�phosphate, erythrulose, etc. Exceptions are three�car�

bon donor substrates (β�hydroxypyruvate (HP) and

dioxyacetone) that have no asymmetric carbon atoms.

Acceptor substrates for TK are ribose�5�phosphate, ery�

throse�4�phosphate, glyceraldehyde phosphate, glycol�

aldehyde (GA), etc. The enzyme exhibits little specificity
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Abstract—In this work, we investigated the rate of formation of the central intermediate of the transketolase reaction with

thiamine diphosphate (ThDP) or 4′�methylamino�ThDP as cofactors and its stability using stopped�flow spectroscopy and

circular dichroism (CD) spectroscopy. The intermediates of the transketolase reaction were analyzed by NMR spectroscopy.

The kinetic stability of the intermediate was shown to be dependent on the state of the amino group of the coenzyme. The

rates of the intermediate formation were the same in the case of the native and methylated ThDP, but the rates of the pro�

tonation or oxidation of the complex in the ferricyanide reaction were significantly higher in the complex with methylated

ThDP. A new negative band was detected in the CD spectrum of the complex transketolase–4′�methylamino�ThDP corre�

sponding to the protonated dihydroxyethyl�4′�methylamino�ThDP released from the active sites of the enzyme. These data

suggest that transketolase in the complex with the NH2�methylated ThDP exhibits dihydroxyethyl�4′�methylamino�ThDP�

synthase activity. Thus, the 4′�amino group of the coenzyme provides kinetic stability of the central intermediate of the

transketolase reaction, dihydroxyethyl�ThDP.
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towards the length of the carbon chain, but the presence

of the phosphate group in the substrate molecule signifi�

cantly increases the affinity of the substrate to the enzyme

[3]. The reaction catalyzed by TK is reversible except for

the case when HP is used as the donor substrate. In this

case, HP is subjected to decarboxylation, and the process

becomes irreversible.

The TK reaction can be divided into two steps

(Scheme 1). The first step includes binding of the donor

substrate to ThDP to yield covalent enzyme–substrate

complex, cleavage of the donor substrate, and the forma�

tion of the central intermediate product, α�carbanion/

enamine of dihydroxyethyl�ThDP (DHEThDP), and the

first reaction product. In the second step, the formed

intermediate interacts with the acceptor substrate yield�

ing the second reaction product, a new ketose. Thus, TK

is a typical transferase that requires two substrates: a

donor and an acceptor of the two�carbon fragment.

In the absence of the acceptor substrate (one�sub�

strate transketolase reaction), the α�carbanion form of

DHEThDP can be protonated at the C2α position with

subsequent release of the glycolaldehyde or DHEThDP.

Besides, DHEThDP can be oxidized in the presence of a

suitable electron acceptor, for example ferricyanide,

yielding glycolic acid [3, 4]. It was shown that native TK

(in the complex with ThDP) catalyzes the carboligase

reaction in the presence of only the donor substrate. The

product of this reaction is erythrulose forming as a result

of the condensation of two GA residues (the products of

the cleavage of two molecules of the donor substrate) [5,

6]. Thus, the presence of the acceptor substrate deter�

mines the direction of the transketolase reaction.

It should be noted that the rate of the reactions pro�

ceeding in the absence of the acceptor substrate is very

low. The intermediate product DHEThDP is stabilized in

the active site of the enzyme. Figure 1 demonstrates the

net of hydrogen bonds involved in the stabilization of the

intermediate and the planar enamine structure with sp2�

hybridization [7]. Based on these data, we assumed that

the amino group of ThDP stabilizes the enamine form of

the intermediate, while any modification (for example,

methylation) causes the opposite effect. To test this

assumption, in the present work we used 4′�methyl�

amino�ThDP, a ThDP analog with modified amino group

(Scheme 2).

The goal of the investigation was to compare the

transketolase reaction with the native coenzyme and with

its methylated analog to characterize the rates of forma�

Catalytic cycle of the transketolase reaction with hydroxypyruvate as the donor substrate

Scheme 1

covalent complex
ThDP–HP

HP

enamine      DHEThDP C2α�carbanion

acceptor
substrate

GA

ThDP
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tion of the key intermediate products DHEThDP and

DHE�4′�methylamino�ThDP and their stability. The sta�

bility of the intermediates can be estimated by the rate of

their oxidation in the presence of ferricyanide and by the

rate of their protonation. In both cases, the α�carbanion

form of the intermediate takes part in the reaction. An

increase in the rate of these reactions while using DHE�

4′�methylamino�ThDP as the coenzyme instead of the

native coenzyme must indicate a decrease in stability of

the enamine form of the intermediate.

MATERIALS AND METHODS

Chemicals. NAD+, glyceraldehyde�3�phosphate

dehydrogenase (GAPD) from rabbit muscles, ThDP,

CaCl2, lithium salt of β�hydroxypyruvate, xylulose�5�

phosphate, and ribose�5�phosphate were from Sigma–

Aldrich Chemie GmbH (Germany), glycolaldehyde from

ICN Biomedicals Incorporation (USA), and dithiothre�

itol and CaCl2 from Fluka (Germany). The 4′�methyl�

amino�ThDP was synthesized as described earlier [8, 9].

The purity of the chemically synthesized analog was test�

ed by 1H�NMR and mass�spectrometric analyses before

and after phosphorylation: the absence of ThDP in the

preparation was confirmed.

Isolation of transketolase. Recombinant TK with

specific activity of 37 U/mg was isolated as described pre�

viously [10] with minor modifications [11]. The enzyme

was homogeneous according to the results of SDS�

PAGE. Concentration of TK was determined spec�

trophotometrically at 280 nm using A1%
1cm = 14.5 [12]. To

obtain holoTK, the enzyme solution was supplemented

with 2.5 mM CaCl2, 60 µM ThDP, or 200�250 µM 4′�
methylamino�ThDP.

Determination of ThDP and its analog. The concen�

tration of ThDP and 4′�methylamino�ThDP was deter�

mined spectrophotometrically using molar absorption

coefficients ε = 7500 M–1·cm–1 at 273.5 nm for ThDP

and ε = 11,900 M–1·cm–1 at 265 nm for 4′�methylamino�

ThDP [13, 14].

Assaying transketolase activity. Transketolase activity

was determined by two methods: (i) by measuring the rate

of NAD+ reduction using GAPD as the coupling enzyme

[3] and xylulose�5�phosphate and ribose�5�phosphate as

the substrates. The reaction mixture (1 ml) contained

50 mM glycylglycine�HCl, pH 7.6, 10 mM sodium arse�

nate, 0.37 mM NAD+, 3 U of GAPD, 3.2 mM dithio�

threitol, 2.5 mM CaCl2, 0.2 mM ThDP, 0.25 µg TK,

0.5 mM D�xylulose�5�phosphate, and 1.5 mM D�ribose�

5�phosphate. The reaction was initiated by the addition of

the substrates. The measurements were made in 1�cm

cuvettes at 340 nm using a DW 2000 Aminco spectropho�

tometer (USA); (ii) by the rate of oxidation of the α�carb�

anion intermediate in the presence of ferricyanide. The

intermediate DHEThDP is oxidized by ferricyanide

yielding glycolic acid [4] according to the equation:

TK
DHEThDP + 2Fe(CN)6

3– + H2O → ThDP + 

+ CH2OH–COOH + 2Fe(CN)6
4– + 2H+.

The measurements were made in 1�cm cuvettes using

a Uvicon�941 spectrophotometer (Kontron, Germany) in

double�beam mode. The initial rate of the reaction was

constant during the first 30 sec. Decrease in absorption at

420 nm due to the reduction of ferricyanide was monitored.

The reaction mixture (2 ml) contained 50 mM Mops�

NaOH, pH 7.6, 2.5 mM MgCl2, 0.1 mM ThDP, 1.25 mM

K3[Fe(CN)6], 0.5 mM HP, and 50�60 µg TK. For the

apoTK–4′�methylamino�ThDP complex, the mixture

contained 0.5 mM 4′�methylamino�ThDP and 20 mM HP.

The reaction was initiated by the addition of the enzyme.

Differential absorption spectra of transketolase. The

spectrum of apoTK (3.6 µM) was recorded using an

Structure of 4′�methylamino�ThDP

Scheme 2

DHEThDP

HisA263

Ca

HisA69

HisA103

AspB477

HisA30

PheB445

GlyA116
HisB481

Fig. 1. Environment of the key intermediate of the transketolase

reaction DHEThDP in the active site of the enzyme. Hydrogen

bonds between the intermediate and the nearby residues (within

3.1 Å) are shown by the dashed line. A and B, relative designation

of two different subunits [7].
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Aminco DW�2000 spectrophotometer in 1�cm cuvette

containing 50 mM glycylglycine buffer, pH 7.6, and

2.5 mM CaCl2. Then the same cuvette was supplemented

with ThDP to achieve the saturated concentration and

the spectrum was recorded repeatedly. To record the spec�

trum of holoTK in the presence of HP, the solution of

holoTK was supplemented with 2.5 mM HP. The spectra

of ThDP and HP were recorded separately under the

same conditions. The differential spectra were obtained

by the subtraction of the apoTK and ThDP spectra from

the holoTK spectrum, or by the subtraction of the

apoTK, ThDP, and HP spectra from the spectrum of

holoTK in the presence of the substrate.

Monitoring of intermediate formation using stopped�
flow spectroscopy. It was shown previously that the kinet�

ics of the substrate (HP) transformation by native TK

could be monitored by measuring the absorption change

at 300 nm [15]. Similarly, HP transformation by TK in

the complex with 4′�methylamino�ThDP can be moni�

tored by the absorption change at 320 nm. Measurements

were made in a 1�cm quartz cuvette using an SX.18MV

spectrophotometer (Applied Photophysics, England) at

25°C. The reaction was started by mixing equal volumes

of solutions using two syringes. The first syringe con�

tained the enzyme in 25 mM glycylglycine buffer, pH 7.6,

2.5 mM CaCl2, and 50 µM ThDP (or 250 µM 4′�methyl�

amino�ThDP), and the second syringe contained differ�

ent concentrations of the substrate (HP) in the same

buffer. The final concentration of TK active sites was

13.4 µM for native holoTK and 37 µM for the complex of

TK with 4′�methylamino�ThDP.

CD spectra. CD spectra were recorded in 1�cm

cuvettes at 20°C using a Jasco J810 or Mark V (Jobin

Ivon, France) dichrograph interfaced with a computer.

The medium contained 50 mM glycylglycine buffer,

pH 7.6, 2.5 mM CaCl2, 5.5 µM TK (active site concen�

tration), and 40 µM ThDP or 250 µM 4′�methylamino�

ThDP. Substrate concentrations constituted 3.5 mM for

HP and 10 mM for GA. After the addition of the sub�

strates, the samples were incubated for 5 min.

Identification of product of one�substrate TK reaction
with 4′′�methylamino�ThDP as coenzyme by NMR spec�
troscopy. ApoTK (20.3 µM active sites) was incubated in

50 mM glycylglycine buffer, pH 7.6, containing Ca2+,

120 µM 4′�methylamino�ThDP, and 20 mM HP for

60 min. To separate the protein, the solution was concen�

trated using a 0.5�ml Vivaspin (Sartorius, Germany) cen�

trifugal filter. The sample was analyzed by 1H�NMR

spectroscopy at 300 K using a BrukerTM Avance 400

NMR spectrometer at 400.13 MHz. Before the experi�

ment, the sample was supplemented with 10% (v/v) D2O

(99.9%). Data were analyzed as described previously [16].

RESULTS AND DISCUSSION

Kinetic parameters of transketolase with ThDP and
4′′�methylamino�ThDP. Catalytic activity of TK with the

native coenzyme and its analog was determined by two

methods: by the rate of the formation of glyceraldehyde�

3�phosphate in the system with the coupling enzyme and

in the oxidative ferricyanide reaction using HP as the

donor substrate without acceptor substrate.

As seen from the data presented in table, methylation

of the amino group of the coenzyme significantly

decreases its affinity to apoTK: dissociation constants for

ThDP and its analog in the presence of Ca2+ differ more

than 10�fold. The specific activity in the standard system

containing xylulose�5�phosphate and ribose�5�phosphate

as the substrates and GAPD as the coupling enzyme

decreases 70�fold in the presence of the ThDP analog.

However, the enzyme activity in the complex with 4′�
methylamino�ThDP in the one�substrate reaction with

ferricyanide (under saturating concentration of HP) 8�

fold exceeds the activity with ThDP. It should be noted

that the affinity of the TK–ThDP and TK–4′�methyl�

amino�ThDP complexes to the substrate (HP) signifi�

cantly differs. In the presence of 4′�methylamino�ThDP,

the Km value for HP was found to be 7 mM, this exceed�

ing 100�fold the analogous parameter determined for the

native holoTK (70 µM).

CD spectra of transketolase reconstituted with ThDP
and 4′′�methylamino�ThDP. Binding of ThDP to apoTK

results in the appearance of a new band in the CD spec�

trum of the enzyme with maximum at 320 nm that is

absent in the original spectra of the original components.

Coenzyme

ThDP

4′�Methylamino�ThDP

Km for HP**, µM

70

7000

Kinetic parameters of the transketolase reaction with ThDP and 4′�methylamino�ThDP as the coenzymes (in pres�

ence of 2.5 mM Ca2+)

Activity**, U/mg

0.75

6

Activity*, U/mg

37

0.52

Kd, µM

0.03 [17]
0.25 [17]

14 [1, 2]

* The transketolase activity determined in the two�substrate reaction.

** The activity and Km value for HP determined in the one�substrate reaction with ferricyanide.
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This band (spectrum 2 in Fig. 2) characterizes the forma�

tion of the catalytically active holoenzyme. The addition

of HP (donor substrate) results in the inversion of the

band (spectrum 3 in Fig. 2) due to the cleavage of the sub�

strate and formation of the intermediate of the transketo�

lase reaction, DHEThDP. The subsequent addition of the

acceptor substrate results in the virtually complete

restoration of the band intensity (spectrum 4 in Fig. 2).

Thus, CD spectra allow separation of different steps of

the transketolase reaction: the binding and cleavage of the

donor substrate yielding the intermediate DHEThDP

and the transfer of the two�carbon fragment to the accep�

tor substrate.

The reconstitution of TK with the methylated coen�

zyme analog 4′�methylamino�ThDP shifts the maximum

of the band corresponding to the holoenzyme by 20 nm to

longer wavelength, decreasing its amplitude compared to

the native holoenzyme (spectrum 2 in Fig. 3). Neverthe�

less, the changes in the spectrum corresponding to both

steps of the transketolase reaction that are characteristic

for the native holoenzyme (Fig. 2) were also detected with

the methylated analog: cleavage of the donor substrate

with the formation of the intermediate (spectrum 3 in

Fig. 3) and the transfer of the two�carbon fragment onto

the acceptor substrate (spectrum 4 in Fig. 3).

Registration of formation and breakdown of interme�
diate of the transketolase reaction using stopped�flow
spectroscopy. The changes observed in the CD spectra are

accompanied by corresponding changes in the absorption

spectra of the protein [15]. Figure 4 presents the differen�

tial absorption spectrum of holoTK in the absence (curve

1) and in the presence of HP (curve 2). The broad absorp�

tion band in the presence of HP is due to the formation of

DHEThDP. This fact allows registration of the binding

and cleavage of the donor substrate yielding the interme�

diate DHEThDP (or DHE�4′�methylamino�ThDP) by

the changes in the absorption spectrum.

The rate of the formation and stability of DHEThDP

and DHE�4′�methylamino�ThDP were investigated by

stopped�flow spectroscopy assay by measuring the

absorption change at 300 nm in the case of ThDP and at

320 nm in the case of 4′�methylamino�ThDP. The wave�

lengths were chosen experimentally as corresponding to

the maximal absorption changes during the formation of

the intermediate of the transketolase reaction in the first

and the second cases, respectively.

Fig. 2. CD spectra of apoTK (1), holoTK (2), holoTK + HP (3),

and holoTK + HP + GA (4).
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Fig. 3. CD spectra of apoTK (1), apoTK–4′�methylamino�ThDP

(2), apoTK–4′�methylamino�ThDP + HP (3), and apoTK–4′�
methylamino�ThDP + HP + GA (4).
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Fig. 4. Differential absorption spectra of holoTK in the absence

(1) and in the presence (2) of 2.5 mM hydroxypyruvate: 50 mM

glycylglycine, pH 7.6, 2.5 mM CaCl2, 0.13 mM ThDP, 3.61 µM

TK.
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Fast kinetics of the intermediate formation after the

addition of HP to the complexes of apoTK with ThDP

and apoTK with ThDP analog is presented in Figs. 5a and

5b, respectively. The formation of the intermediate in the

case of the native holoenzyme was investigated in the

presence of equimolar concentrations of TK active sites

and the substrate (Fig. 5a) and under saturating concen�

tration (4 mM) of the substrate (data not shown). It is

seen that the absorption curve exhibits two�phase charac�

ter: first the absorption grows (first phase), reaching the

maximal value in 8 sec, and then decreases (second

phase). The apparent rate constant for the first phase

depends on HP concentration and reaches its maximal

value (45 sec–1) at 4 mM HP (data not shown). The rate

constant for the second phase does not depend on the

substrate concentration and constitutes 0.02 sec–1.

Transformation of HP in the presence of the

apoTK–4′�methylamino�ThDP complex (Fig. 5b) was

investigated by measuring the absorption changes at

320 nm. In these experiments, HP concentration varied

from 2 to 20 mM. Figure 5b presents the data of the exper�

iment where HP concentration was 5 mM. As in the case

of the native holoenzyme, the curve has two�phase charac�

ter. After the initial increase in the absorption (first phase),

the absorption decreases (second phase). The subsequent

repeated increase in the absorption is due to the formation

of the reaction product (see below). The rate constant of

the first phase depends on the substrate concentration and

reaches maximal value (45 sec–1) at saturating HP concen�

tration (data not shown). The rate constant of the second

phase does not depend on the substrate concentration and

constitutes 6 sec–1. Comparison of the two�phase kinetics

of the substrate transformation by the native holoenzyme

and by the complex of apoTK with ThDP analog indicates

that the rate constants of the first phase are equal, but the

rate constants of the second phase significantly differ.

Identification of product of hydroxypyruvate transfor�
mation by holotransketolase. The 1H�NMR spectroscopy

assay detected only one intermediate of the equimolar HP

transformation by native holotransketolase, DHEThDP

(Fig. 6). Thus, the first phase of the reaction that is

accompanied by an increase in the absorption at 300 nm

(Fig. 5a) reflects the formation of the covalent

enzyme–substrate complex with its subsequent decar�

boxylation yielding the key intermediate of the transketo�

lase reaction, DHEThDP. The fact that the same amount

of DHEThDP was revealed in the second phase suggests

that the second (slow) phase of the reaction reflects the

protonation of DHEThDP, but not its breakdown with

the yield of free ThDP and glycolaldehyde. The 1H�NMR

spectroscopic analysis does not discriminate α�carban�

ion/enamine from the protonated form, since after the

acidification of the medium (to stop the reaction) only

the protonated form of DHEThDP can be revealed. The

data of time�resolved X�ray study are in agreement with

the presented results (Fig. 5a), detecting DHEThDP in

the active site of holoTK in the presence of HP [6].

The presented data indicate that the rate constants of

the intermediate formation by native holoTK and by the

complex of the apoenzyme with 4′�methylamino�ThDP

are identical (45 sec–1), but the rate of the intermediate

protonation is significantly faster in the complex with 4′�
methylamino�ThDP (6 sec–1 compared with 0.02 sec–1).

Thus, it can be assumed that the different rate of proto�

Fig. 5. Monitoring of HP transformation during one�substrate reaction using stopped�flow spectroscopy. a) Native holoTK: the reaction mixture

contained equal concentrations (13.4 µM) of the enzyme active sites and HP (single�turnover conditions), 25 mM glycylglycine buffer, pH 7.6,

2 mM CaCl2, and 50 µM ThDP. b) Complex apoTK–4′�methylamino�ThDP: the reaction mixture contained 37 µM enzyme active sites, 5 mM

HP, 25 mM glycylglycine buffer, pH 7.6, 2 mM CaCl2, and 200 µM 4′�methylamino�ThDP. The temperature was 25°C, optical path length 1 cm.
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nation is due to the different resonance stabilization of

the α�carbanion/enamine intermediate. It is known that

the 4′�NH2�group of ThDP is involved in stabilization of

the intermediate of the transketolase reaction, forming a

hydrogen bond with the oxygen of the α�hydroxyl�group

of DHEThDP (Fig. 1) [7]. The methylation of the 4′�
amino group of ThDP is likely to prevent this stabiliza�

tion, increasing the rate of protonation and oxidation in

the presence of ferricyanide.

Investigation of intermediate stability by CD spec�
troscopy. To test the assumption that the ThDP amino

group is involved in stabilization of the enamine form of

the intermediate and therefore any modification (for

example, methylation) causes the opposite effect, we

investigated the stability of the intermediate DHE�4′�
methylamino�ThDP by CD spectroscopy. As mentioned

above, CD spectra of the TK complexes allow monitoring

of two stages of the two�substrate transketolase reaction

both with the native holoenzyme and with the holoen�

zyme containing in the active site the methylated ThDP

analog, 4′�methylamino�ThDP (Figs. 2 and 3). A signifi�

cant difference in the spectra is observed in the case of the

transketolase one�substrate reaction, when the reaction

proceeds in the presence of the donor substrate without

acceptor substrate. A prolonged incubation of the

TK–4′�methylamino�ThDP complex with the donor

substrate leads to the appearance of a negative band with

maximum at 310�312 nm, whose amplitude grows with

time (spectra 3�8 in Fig. 7). The removal of the protein

does not affect the intensity of the band. This indicates

that the band is due to the formation of the chiral product

of the one�substrate transketolase reaction that is released

into the medium, but not to the intermediate bound to

the protein. In control experiments in the absence of TK

no changes were observed in the indicated region of the

CD spectrum, indicating that the chiral product that was

identified by the characteristic changes in the CD spec�

trum was formed enzymatically.

It is noteworthy that in the experiments with the

holoenzyme containing the native coenzyme, reaction

product with maximum at 310�312 nm is not formed.

Analysis of product of HP transformation by TK–4′′�
methylamino�ThDP complex. ApoTK was incubated in

50 mM glycylglycine buffer, pH 7.6, containing 2.5 mM

Ca2+, 120 µM 4′�methylamino�ThDP, and 20 mM HP for

60 min. After the removal of the protein, the reaction

mixture was analyzed by 1H�NMR spectroscopy. It was

shown that approximately 60% of the added methylated

analog of ThDP was transformed into DHE�4′�methyl�

amino�ThDP (Fig. 8). No other possible products of the

one�substrate transketolase reaction were detected in the

reaction mixture. The presented data indicate that TK in

the complex with 4′�methylamino�ThDP possesses

DHE�4′�methylamino�ThDP�synthase activity. The rate

of this reaction (monitored by absorption change at

310 nm) depends on both TK concentration (in the range

of 0.5�1.75 mg/ml) and the substrate (HP) concentration

(6�36 mM) (data not shown).

Fig. 6. Identification of intermediate of transketolase one�sub�

strate reaction with HP as substrate under single�turnover condi�

tions. To obtain holoenzyme, apoTK (219 µM active sites) was

incubated with 3 mM Mg2+ and 219 µM ThDP in 20 mM potassi�

um�phosphate buffer, pH 7.6, for 5 min. Then the donor substrate

(HP) was added to final concentration of 110 µM. According to

the data presented in Fig. 5a, after 8 (a) or 40 sec (b), the reaction

was stopped by the addition of trichloroacetic acid. The samples

were prepared and analyzed as indicated in “Materials and

Methods” according to [16].
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ТhDР

1H�NMR chemical shift, ppm

b

DHEThDPbuffer

Fig. 7. CD spectra of apoTK (1), apoTK–4′�methylamino�

ThDP (2), and apoTK–4′�methylamino�ThDP + HP (3); 4�8)

same as (3) after 5, 10, 15, 20, and 25 min of incubation, respec�

tively.
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The experimental data presented above demonstrate

that modification of the amino group of ThDP (in this

case, methylation) destabilizes the central intermediate

of the transketolase reaction, α�carbanion/enamine of

DHEThDP. Due to this fact, the use of 4′�methylamino�

ThDP as the coenzyme significantly increases the rate of

the one�substrate transketolase reaction in the presence

of ferricyanide, where the α�carbanion intermediate is

subjected to oxidation (table). Besides, the rate of proto�

nation of the formed intermediate increases (see Figs. 5a

and 5b). As a result, optically active DHE�4′�methyl�

amino�ThDP is formed that can be detected by CD spec�

troscopy (Fig. 7) and 1H�NMR analysis (Fig. 8). The

protonated form of DHE�4′�methylamino�ThDP is

released from the active sites of TK and accumulated in

the medium on preparative scale. Thus, we revealed

DHE�4′�methylamino�ThDP�synthase activity of TK

that is not observed while using native ThDP as the coen�

zyme.

Therefore, the 4′�amino group of the coenzyme not

only promotes deprotonation of the second carbon atom

of the thiazole ring [13, 14, 18�20], this providing the thi�

amine catalysis, but also stabilizes the intermediate of the

transketolase reaction, dihydroxyethyl�thiamine diphos�

phate.

This work was supported by the Russian Foundation
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Fig. 8. Analysis of reaction products by 1H�NMR spectroscopy.

ApoTK was incubated in 50 mM glycylglycine buffer, pH 7.6, in

the presence of 2.5 mM Ca2+, 120 µM 4′�methylamino�ThDP,

and 20 mM HP for 60 min. After the removal of the protein, the

reaction mixture was analyzed by 1H�NMR spectroscopy.
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