
Thiamine (vitamin B1), or its pyrophosphorylated

form, acts as the coenzyme in the reactions catalyzed by

transketolase, pyruvate decarboxylase, pyruvate� and

ketoglutarate dehydrogenase complexes, and many other

enzymes. Interaction of thiamine diphosphate�depend�

ent enzymes with the coenzyme results in specific

changes in their optical properties: appearance of a posi�

tive absorption band in the absorption spectrum at 300�

310 nm and a negative absorption band in the CD spec�

trum at 315�320 nm (the original components, thiamine

diphosphate [1] and the apoenzyme, do not exhibit

absorption bands in the indicated spectral regions). The

new bands were originally revealed in the CD [2�4] and

absorption [5, 6] spectra of yeast transketolase, and then

in the CD [7�12] and absorption [10, 11] spectra of other

thiamine diphosphate�dependent enzymes. The reason

for the appearance of these bands was unknown for a long

time. However, it was clear from the very beginning that

they were directly connected with the catalytic activity of

the enzyme. For example, it was shown that on the inter�

action of apo�transketolase with thiamine diphosphate,

the intensity of the abovementioned induced bands in the

absorption and CD spectra depended on the amount of

the coenzyme bound to the protein and correlated strict�

ly with the amount of the produced catalytically active

holoenzyme [13�17]. Modification of thiamine diphos�

phate resulted in disappearance of the induced bands and

in the loss of the catalytic activity of the enzyme [18].

Binding and cleavage of the donor substrate (the first step

of the transketolase reaction) and the subsequent transfer

of the glycol aldehyde residue on the acceptor substrate

(the second step of the reaction) also resulted in corre�

sponding changes in the induced absorption bands [5, 17,

19, 20]. Unclear nature of the discovered optical effects

did not hamper their application, this yielding much

valuable information in studies of the interaction of the

coenzyme and the substrates with the apoenzyme (see

review [21] and also [12, 17, 22�25]). The results obtained

in model systems with thiamine and its derivatives have

played an important role in elucidation of the nature of

the induced absorption bands, which is discussed below.

OPTICAL CHARACTERISTICS OF THIAMINE

IN MODEL SYSTEMS

The spectrum of thiamine1 in neutral aqueous medi�

um is the sum of the spectra of its thiazole and aminopy�

rimidine components (peaks with maxima at 265�267 and
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1 The absorption spectra of thiamine and thiamine diphosphate

are the same, so we do not specify the coenzyme form.
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233�235 nm, respectively). In media less polar than

water, a new band with maximum at 310 nm appears in

the absorption spectrum (Fig. 1, curve 1) that is absent in

the aqueous environment. A similar band was also

observed when thiamine was dissolved in dioxane [27].

The induced absorption band with maximum at 310 nm is

due to the imino form of the aminopyrimidine ring. In

aqueous solutions, the amino form of thiamine (Fig. 2,

1.1) and its imino form with the quinoid structure of the

aromatic core (Fig. 2, 1.2) are in equilibrium [28�30].

The equilibrium is virtually completely shifted towards

the amino form (this being normally characteristic for

aminopyrimidines [31]) that has no absorption bands in

the near UV region [1]. In hydrophobic surrounding, the

equilibrium is shifted towards the imino form [29] that

exhibits a positive peak in the absorption spectrum in the

near UV region (Fig. 1, curve 1). It is also known that the

imino form of aminopyrimidine compounds is character�

ized by absorption in the region of ≥300 nm that increas�

es in hydrophobic environments [27, 32].

The intensity of the absorption band of the imino

form of the aminopyrimidine ring of thiamine depends on

pH, decreasing with decreasing pH value [26]. This is due

to the fact, that the increase in concentration of hydrogen

ions results in the protonation of the unshared electron

pair of the aminopyrimidine ring, this breaking the cou�

pling. As a result, form 1.2 (Fig. 2) transforms into form 2

that has no absorption bands in the near UV region.

In alkaline aqueous solutions, 4�aminopyrimidine

methylated at N1 exhibits near UV spectra (Fig. 3) simi�

lar to those of thiamine in a hydrophobic medium [27] or

in a medium less polar than water (Fig. 1, 1). NMR stud�

ies demonstrated that N1�methylaminopyrimidine [10]

as well as N1�methylated thiamine [33] has quinoid

structure similar to that presented in Fig. 2 (form 1.2).

The imino form of thiamine with the quinoid struc�

ture of the aromatic core is prone to interaction with aro�

matic rings, this resulting in an increase in the intensity of

the absorption at 300�320 nm. This can be illustrated by

the change in the absorption spectrum of the imino form

of thiamine on its interaction with phenylalanine (Fig. 1,

curves 1 and 2). A peak with maximum at 310 nm is also

observed on the interaction of thiamine with indolyl�pro�

pionic acid in 20% ethanol solution (pH 7.8) [34]. Based

on the results of X�ray analysis of crystals of thiamine�

indolyl�propionic acid, the authors demonstrated the

presence of stacking interaction between the indolyl ring

of the tryptophan and the pyrimidine ring of the thi�

amine. However, based on the analysis of the absorption

spectra, they do not exclude the presence of a charge�

transfer complex between the indolyl ring of the trypto�

phan and the pyrimidine and/or the thiazole ring of the

thiamine.

NMR studies demonstrated the formation of a

molecular complex between tryptophan and its deriva�

tives and thiamine in aqueous solutions [35, 36]. The pos�

itively charged thiazole ring of thiamine and the benzene

ring of tryptophan play a central role in this interaction.

Analogs of thiamine with N3 of the thiazole ring lacking

positive charge were incapable of interacting with trypto�

phan. The aminopyrimidine ring of thiamine at pH 3.0

has positively charged N1 atom and thus is also capable of

interacting with tryptophan; however, at pH 6.5 the main

contribution is made into this interaction by the thiazole

ring. The pyrophosphate residue influences the interac�

tion of thiamine with tryptophan. The negatively charged

pyrophosphate group partially masks the positive charge

of the tetravalent nitrogen atom of thiamine diphosphate,

this reducing its acceptor characteristics [36].

The interaction of thiamine with tryptophan and its

derivatives is accompanied by the appearance of a new

absorption band that is absent in the spectra of the origi�

nal components. The substitution of other amino acids

(tyrosine, phenylalanine, or histidine) at different con�

centrations instead of tryptophan did not result in any

changes in the absorption spectra [36, 37].

The induced absorption band of the complex of thi�

amine with tryptophan has diffuse character, indistinct

maximum, and a long tail extended in the visible region of

the spectrum. Such a spectrum is a characteristic feature

for charge transfer complexes. In this case, the compo�

nents of the complex are the benzene ring of the indolyl

group of the tryptophan (donor) and the positively

charged thiazole ring of the thiamine (acceptor).

However, the experimental results of NMR spectroscopy

suggested the equivalent interaction of the individual thi�

Fig. 1. Difference absorption spectrum of thiamine diphosphate

in 50% ethanol solution in the absence (1) and in the presence (2)

of phenylalanine [26].
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amine rings with tryptophan [35, 38]. According to this

assumption, both rings must be equidistant from the

plane of the indolyl ring of the tryptophan molecule.

Conformational mobility of the complex between thi�

amine and the indolyl ring of tryptophan results in oscil�

lation between the interactions indole ring–pyrimidine

ring and indolyl ring–thiazole ring.

The functional groups of thiamine diphosphate

when functioning as a coenzyme are C2 of the thiazole

ring and the amino group of the aminopyrimidine ring.

The first stages of the catalysis are the same for all thi�

amine diphosphate�dependent enzymes. It is considered

that the amino group of the aminopyrimidine ring takes

part in deprotonation of C2 of the thiazole ring, which is

necessary for the addition of the substrate (Fig. 4). A glu�

tamate residue of the apoenzyme takes part in protona�

tion of N1′ of the aminopyrimidine ring yielding the

1′,4′�imino tautomeric form of thiamine diphosphate.

Fig. 2. Equilibrium forms of thiamine diphosphate.
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Such a residue located at the distance of a hydrogen bond

from N1′ of the aminopyrimidine ring has been identified

in many thiamine diphosphate�dependent enzymes. For

example, for transketolase it is Glu418, and for pyruvate

decarboxylase it is Glu50. As a result of the protonation of

N1′ of the coenzyme, the mobility of the proton of its

amino group increases and the aminopyrimidine ring

acquires the ability to function both as the donor and the

acceptor of a proton. The possible participation of the

aminopyrimidine ring of thiamine diphosphate (its 1′,4′�
imino tautomeric form) in the catalysis has been dis�

cussed at various times [33, 40�44]; however, this is still

not confirmed experimentally.

SPECTRAL CHARACTERISTICS

OF THIAMINE DIPHOSPHATE IN HOLOENZYME

Figure 5 (spectrum 1) presents the differential

absorption spectrum of holo�transketolase. The negative

peak with the extremum at 269�272 nm is probably due to

hypochromism in the absorption region of the thiazole

ring of the thiamine diphosphate bound to the holoen�

zyme [5]. As concerns the induced positive absorption

band in the long�wavelength region of the spectrum, orig�

inally, based on the similarities of the absorption spectra

in the systems thiamine diphosphate–tryptophan and thi�

amine diphosphate–apo�transketolase in aqueous solu�

tions, it was considered to be connected with the forma�

tion of a charge transfer complex between the coenzyme

and the tryptophan residue of the apoenzyme [3, 20].

When the X�ray analysis did not revealed a tryptophan

residue in proximity to the thiamine diphosphate in the

active site of transketolase, another hypothesis was sug�

gested, the main idea of which is discussing below [26].

On binding with apo�transketolase, the thiamine

diphosphate enters the hydrophobic surrounding, this

resulting in the transition of the amino form of its amino

pyrimidine ring into the imino form (1.1 → 1.2 in Fig. 2).

The imino form is stabilized by the interaction of the

coenzyme with phenylalanine 445 and N1 of the

aminopyrimidine ring with the carboxyl group of Glu418

(Fig. 2). This hypothesis was confirmed experimentally.

Actually, on binding with apo�transketolase, the

aminopyrimidine ring of the thiamine diphosphate enters

the hydrophobic pocket of the active site [45]. As men�

tioned above, in a hydrophobic medium the equilibrium

1.1 ↔ 1.2 (Fig. 2) shifts towards form 1.2, i.e., towards

the imino form. The absorption spectra of thiamine (thi�

Fig. 3. Absorption spectrum of N1�methyl�4�aminopyrimidine

salt of trifluoromethylsulfonic acid before (1) and after (2) the

addition of NaOH (10 mM) [10].
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amine diphosphate) in a hydrophobic medium [27] or in

a medium less polar than water (Fig. 1, spectrum 1) are

similar to the absorption spectrum of holo�transketolase

(Fig. 5), exhibiting in the near�UV region the induced

absorption band with maximum at 300�315 nm.

The intensity of this band in the absorption spectrum

of holo�transketolase decreases at pH values below 6.0

(Fig. 6, 1), in the same way as the intensity of the analo�

gous band in the spectrum of thiamine decreases on acid�

ification in the model system [26], this corresponding

precisely to the scheme in Fig. 2 that was discussed above.

It should be noted that the pH dependence of the inten�

sity of the induced band in the CD spectrum (Fig. 6, 2) is

analogous to the pH dependence of the induced band in

the absorption spectrum of holo�transketolase (Fig. 6, 1).

The transketolase mutated at Glu418 has no induced

absorption band in the CD spectrum in the near�UV

region [46], so as the carboxyl group interacting with N1′
of the coenzyme and stabilizing its imino form is absent

(Figs. 2 (1.2) and 4). Stabilization of the imino tautomer�

ic form in the presence of a carboxyl group was also

demonstrated for 2�aminopyridine (Fig. 7). The N1′�
methyl derivative of thiamine diphosphate (analogous to

the N1′�protonated coenzyme in the active site) is char�

acterized, as mentioned above, by the imino form of its

aminopyrimidine ring [33] and has an absorption spec�

trum [10] analogous to that of transketolase in the near�

UV region (Fig. 5, spectrum 1).

The CD spectrum of the transketolase mutated at

Phe445 retains the induced absorption band, but its

intensity significantly decreases [9], this demonstrating

the role of the phenylalanine residue in stabilizing the

imino tautomeric form of thiamine diphosphate. An

analogous observation was obtained in a model system: in

a medium less polar than water, the intensity of the

absorption band that is characteristic of the imino form of

the aminopyrimidine ring increases in the presence of

phenylalanine (Fig. 1, 2).

In the presence of the donor substrate, the absorp�

tion spectrum of holo�transketolase changes both in the

region of the absorption of the thiazole ring (negative

peak with extremum at 270 nm) and in the long�wave�

length region (compare curves 1 and 2 in Fig. 5). These

changes gradually disappear and the original spectrum is

restored. If the acceptor substrate (in this case, glycol

aldehyde) is added after the addition of the donor sub�

Fig. 5. Difference absorption spectra of holo�transketolase in the

absence (1) and in the presence of the substrates—hydroxypyru�

vate alone (2) and hydroxypyruvate together with the acceptor

substrate (3) [5].
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strate, the original spectrum of holo�transketolase is

restored instantly (Fig. 5, curve 3).

It is still rather difficult to explain precisely the

changes observed in the spectrum of holo�transketolase

on the addition of the substrates. However, these changes

characterize definitely the processes of binding of the

donor substrate to C2 of the thiazole ring of the coen�

zyme, its transformation through the formation of the

intermediate products, release of the products into the

medium, and restoration of the original form of the coen�

zyme.

Figure 8 (curve 1) demonstrates the CD spectrum of

apo�transketolase. The induced band arising on the inter�

action of apo�transketolase with thiamine diphosphate is

due to the imino tautomeric form of the coenzyme (Fig.

8, curve 2). This band has a maximum in the same region

as that in the absorption spectrum (Fig. 5, curve 1). To

some extent, the changes observed in the CD spectrum on

the addition of the substrates to holo�transketolase are

similar to those observed in the absorption spectra. The

reversibly cleaving substrate, fructose�6�phosphate, caus�

es disappearance of the induced band (Fig. 8, curve 3),

while hydroxypyruvate (irreversibly cleaving substrate)

causes its inversion (Fig. 8, curve 4). In both cases, the

changes in the spectrum are due to the formation of the

intermediate product of the transketolase reaction, dihy�

droxyethyl�thiamine diphosphate [5, 48], but in the case

of the reversibly cleaving substrate, only a part of the thi�

amine diphosphate is bound to the glycol aldehyde

residue, the other part being bound to the uncleaved sub�

strate. In the case of hydroxypyruvate, all the thiamine

diphosphate is converted into dihydroxyethyl�thiamine

diphosphate [48].

The difference CD spectrum of holo�transketolase

in the presence of glycol aldehyde [25] does not differ

from the difference CD spectrum of the transketo�

lase–dihydroxyethyl�thiamine diphosphate complex

(insert to Fig. 8). The difference between these two exper�

iments is that in the second case the complex is formed as

a result of the cleavage of the substrate by transketolase,

and in the first case it is formed due to the direct interac�

tion of free glycol aldehyde with the coenzyme within

holo�transketolase.

In the case of transketolase, the imino tautomeric

form of thiamine diphosphate is formed on the formation

of the holoenzyme, during the interaction of the coen�

zyme with the apoprotein, i.e., before the catalysis [26].

In the same work, we suggested that in the case of the thi�

amine diphosphate�dependent enzymes, whose spectral

characteristics on their binding to thiamine diphosphateFig. 8. a) CD spectra of transketolase in the presence of thiamine

diphosphate and the substrates: apo�transketolase (1), holo�

transketolase (2), holo�transketolase and fructose�6�phosphate

(3) or hydroxypyruvate (4) [43]. b) Difference CD spectrum:

holo�transketolase with hydroxypyruvate minus holo�transketo�

lase.
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differ from those for transketolase, the imino form of thi�

amine diphosphate is produced only during the catalysis.

The experiments with pyruvate decarboxylase and E1 of

the pyruvate decarboxylase complex (see below) con�

firmed our assumption.

The addition of pyruvate in the presence of pyru�

vamide (which activates the enzyme, binding to its regu�

latory site) results in the appearance of a peak with a max�

imum at 300�310 nm in the absorption spectrum of the

mutant E477Q yeast pyruvate decarboxylase (Fig. 9a).

The same peak appears in the CD spectrum of the

enzyme on the addition of acetaldehyde (Fig. 9b). A peak

with maximum at 300�310 nm also arises in the CD spec�

trum of the first component (E1) of the pyruvate dehy�

drogenase complex from E. coli on the addition of phos�

phonolactyl�thiamine diphosphate, a stable analog of the

lactyl�thiamine diphosphate (intermediate product of the

pyruvate dehydrogenase reaction) that is formed in the

course of the interaction of the substrate (pyruvate) with

thiamine diphosphate [11].

Based on the experimental data, the authors of the

works [10, 11, 49] concluded that the appearance of the

band with λmax of 300�310 nm in the absorption and CD

spectra of pyruvate decarboxylase and pyruvate dehydro�

genase is due to the formation of the 1′,4′�imino form of

thiamine diphosphate.

The addition of acetaldehyde to pyruvate decarboxy�

lase also induces a negative band with a maximum at 320�

330 nm in the CD spectrum of the enzyme [10]. The

authors do not make a concrete interpretation of this

phenomenon because of the absence of the corresponding

model system. However, they assumed that the negative

band is a characteristic of the coenzyme itself within the

holoenzyme [10, 49].

For the last decade, thiamine diphosphate�depend�

ent enzymes have been intensively studied using NMR

spectroscopy and mutagenesis. This has yielded a rather

complete picture of the active site structure that appears

to be common for all investigated representatives of the

given group of enzymes and allows for prediction of the

mechanism of its functioning. The knowledge and the use

of the optical characteristics of thiamine diphosphate�

dependent enzymes, free thiamine (thiamine diphos�

phate), and its derivatives played an important role in

experimental tests and was used to confirm suggested

hypotheses. This was illustrated by an example of identi�

fication of the catalytically active imino tautomeric form

of the coenzyme within the holoenzyme.

This work was supported by the Russian Foundation

for Basic Research (03�04�49025).
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