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A review of the mechanism of action of thiamine pyrophosphate is presented in brief detail
along with a new proposal for the role of the sulfur atom of the thiazolium ring of the
coenzyme. Evidence is presented to support the idea that sulfur plays a catalytic role in
stabilizing negative charge developing in the transition states of the biological reactions.

INTRODUCTION

Thiamine pyrophosphate (1), abbreviated hereafter as TPP, is the active
coenzyme for a number of single enzyme and multienzyme systems which
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catalyze the cleavage of a carbon—carbon bond adjacent to a carbonyl group. (/-
4) Among the enzymes for which TPP is a coenzyme are pyruvic decarboxylase,
acetolactate synthetase, and glyoxalate carboligase. These enzymes are involved
in nonoxidative decarboxylations to yield aldehydes, as shown in Eq. [1] for
conversion of pyruvate to acetaldehyde, or their condensation products, as shown
in Eq. [2] for the synthesis of acetolactate from pyruvate. This is followed by a
decarboxylation to acetoin. Glyoxalate carboligase catalyzes the condensation-
decarboxylation reaction of glyoxalate shown in Eq. [3]. In an oxidative sense,
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(b) Oxidative Decarboxylations

CoASH

]
CH3C0C0; —?—> CH4COSCoA  + €O, (4)
o 2¢° o
CH3COC0; —————> CHyC0; + €O, (5)
SCHEME |

TPP is involved along with electron acceptor molecules in the conversion of
pyruvate to acetyl-CoA, Eq. [4], or to acetate ion, Eq. [5]. These equations
represent the reactions catalyzed by the multienzyme complex, pyruvate dehy-
drogenase, and the single enzyme, pyruvate oxidase, respectively, and are
representative of the enzyme or enzymatic systems catalyzing such reactions.
TPP is also involved in ketol transfers, where it serves much the same function as
in the previous examples given. The enzymes transketolase and phosphoketolase
are representative of this process.

Many of the reactions catalyzed by TPP-requiring enzymes or enzyme com-
plexes are catalyzed to some extent by TPP in the absence of the enzyme, and
many model systems have been developed to probe the catalytic mechanism. The
historical development of the mode of TPP catalysis has been well documented
(1). Recent efforts have been directed at investigating the role of the thiazolium
ring in these catalytic mechanisms (5-/7). Carbanion formation at C-2 of the
thiazolium ring has been shown to be a key step in these mechanisms, and
considerable controversy has arisen over the exact nature of the ‘‘carbanion.”
The necessity of having a thiazolium ring (2a) as opposed to an oxazolium ring (2b)
or an imidazolium ring (2¢) has been demonstrated in many studies (6, 7, 18, 19).

T

2 X-
2 X=0
2 X=NH
The role of the sulfur of the thiazolium ring of TPP has been probed by a variety
of methods, but there is still no general agreement on the subject. A proposal is
put forth in this paper which, in light of data available in the literature, suggests a
new and potentially very important catalytic role for the sulfur atom of the
coenzyme TPP. It is suggested that sulfur, through the use of its 3d-orbitals, can
stabilize negative charges built up in the transition state structures of the reactions
catalyzed by TPP. A brief review of the previous roles considered for the sulfur
atom will be followed by a discussion of this potential new catalytic role.
Evidence gleaned from the literature will be offered in support of this theory.

BACKGROUND AND PROPOSAL

There has been a great deal of speculation concerning the role of the sulfur atom
of the thiazolium ring of TPP and of the relative importance of the resonance
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structures (Fig. 1) in stabilizing the ylid formed by loss of a proton from C-2 of
TPP (9, /7). Early model studies had shown that 2a-c (R; = R, = CHj; R; = H)
underwent deuterium exchange at C-2 (5,7, 9, 19). Haake and co-workers
determined the relative rates of deuterium exchange to be 10, 103, and 1 for the
oxazolium, thiazolium, and imidazolium compounds, respectively (9). The oxazo-
lium compound which underwent C-2 deuterium exchange most readily failed,
however, to catalyze the benzion condensation and similar reactions catalyzed by
the thiazolium and imidazolium compounds. It was subsequently shown that the
oxazolium compounds underwent a ring-opening reaction which accounted for
their lack of catalytic activity (/0, 20, 21). Thus, attention again centered on the
stabilization of the ylid (Fig. 1) via participation of the 3d orbitals of sulfur. It
appears that although stabilization of the ylid by any mechanism is certainly
important, not enough attention has been focused on stabilization of the transition
states for reactions catalyzed by TPP.

Stabilization of transition states for enzymatic reactions is generally recognized
as an important factor in catalysis (22). Evidence will be presented to support a
new proposal: the sulfur atom of thiamine pyrophosphate utilizes its 3d orbitals to
stabilize negative charge which develops on the carbonyl oxygen in the transition
state for formation of the active aldehyde intermediate, and the stabilization of
the tetrahedral species shifts the equilibrium between it and the active aldehyde in
favor of the tetrahedral species (Fig. 2). It is reasonable to expect that the
transition state for attack of the C-2 carbanion on a substrate molecule carbonyl
group would involve formation of a tetrahedral species localizing considerable
negative charge on the former carbonyl oxygen, as suggested in Fig. 2. The
available evidence suggests that the thiazolium sulfur atom of TPP can offer
significant stabilization of such a transition state. The influence of the tautomeric
prototropic equilibrium between the suggested transition state and active alde-
hyde will be considered below. ‘

SUPPORTING EVIDENCE

There have been several reviews of the ability of bivalent sulfur to utilize its 3d
orbitals for bonding (23-28). Bivalent sulfur has been shown to stabilize a
negative charge on an « carbon, although the mechanism by which it does this is

R oy Ry \ Hs R @ ‘ He
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Transition-state Active Ry= variable depending
leading to active aldehyde on substrate
aldehyde

FIGURE 2
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(PhS),CHCOH (PhOLCHCOH
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not agreed on (23-28). For example, a-mercaptocarboxylic acids, of which 3 is an
example, undergo decarboxylation as much as 8.8 x 10° times faster than the
corresponding oxygen analogs (e.g., 4) at 160°C in 50% aqueous ethanol
(25, 29, 30). Oae and co-workers attributed this kinetic acceleration to 3d-orbital
resonance stabilization of the incipient carbanion formed in the rate-determining
step of the reaction as shown in

slow

v ¥
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Recognizing an electron-withdrawing inductive effect for the heteratoms, one
would have predicted a faster rate for the oxygen analogs, since the electronega-
tivities of oxygen and sulfur are 3.5 and 2.5, respectively (31). A significant
amount of data is presented by Oae and co-workers in support of their idea.

Ionization constants and hydrolysis data can also be used to support 3d-orbital
stabilization of negative charge by sulfur. In Table 1 are collected some data for
the ionization of a-mercapto- and a-alkoxyacetic acids in two different solvent
systems (32). In water the pk, of the sulfur derivatives is lower than that of the
methylene analog (i.e., 4.11 vs 4.84). Thus, in spite of the fact that carbon and
sulfur have the same electronegativity (3/), the a-mercaptoacetic acid is a
stronger acid than the methylene analog. Presumably, the carboxylate anions can
be stabilized as in § or 6 as previously suggested (32).

In water the a-alkoxy acids are stronger acids than the sulfur analogs. As the
solvent is changed to a less polar one a reversal of relative acidities between the
oxygen and sulfur analogs is now seen. This could be due to an increased
importance of structures like 5 and 6 in solvents where the carboxylate anion is
not as readily stabilized by solvent interactions. It is noted here that the sulfur
atom and oxygen anion bear a 1,4 relationship in these structures. This is the same
as would be found in many of the TPP-catalyzed reactions (e.g., the transition
state structure proposed in Fig. 2).

Some pertinent hydrolysis data have been collected in Table 2. Initial inspection
reveals that in all cases the oxygen analogs hydrolyze approximately twice as fast
as the sulfur analogs. Since oxygen is more electronegative than sulfur the
inductive effect alone would tend to favor the hydrolysis of the oxygen com-
pounds even in the presence of 3d-orbital stabilization of the transition state for
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TABLE 1

IoN1ZATION CONSTANTS AT 25°C

Carboxylic acid pK, in water® pK, in 50% EtOH-H,0°
EtOCH,CO,H 3.84 £ 0.03 4,92 = 0.03
EtSCH;CO.H 4.11 = 0.05 475 = 0.02
EtCH,CH,CO,H 4.84° —
(Et0),CHCO.H — 4.82 + 0.06
(EtS),CHCO,H — 4.52 = 0.05

% From Ref. (32) unless otherwise specified.
b Ref. (33).

hydrolysis. Although not originally considered in the interpretation of these data,
a case can be made for 3d-orbital stabilization along the following lines. Since the
electronegativities of sulfur and carbon are the same, a comparison of the sulfur
and methylene analogs should allow an estimate of the importance of 3d-orbital
stabilization.

The hydroxide-promoted hydrolysis of the sulfur analog is significantly en-
hanced (note the temperature difference) relative to the methylene analog.
Stabilization by sulfur of the negative charge building up on the carbonyl oxygen
in a tetrahedral intermediate could account for this rate difference. One could
speculate that the sulfur analog reacts slightly more slowly than the oxygen analog
because the sulfur stabilizes the tetrahedral intermediate to such an extent that
breakdown of the intermediate now becomes partially rate determining for this
compound. This stabilization of a full tetrahedral intermediate could actually shift
the tautomeric prototropic equilibrium between the tetrahedral structure pro-
posed in Fig. 2 and the active aldehyde. This conceivably impedes subsequent
condensation reactions of the active aldehyde to some extent but should favor loss
of aldehyde due to the equilibrium effect.

TABLE 2

RATES OF ESTER HYDROL YSIS

Ester Catalyst Solvent Temperature (°C) k
(M min-1)°
EtOCH;CO,Et OH~ 80% EtOH-H,0O 10.0° 2.56
EtSCH,CO,Et OH- 80% EtOH-H.O 10.0° 1.4
EtCH,CH,CO,Et OH- 80% EtOH-H,O 25° 0.115%
x10% (M~ sec™)®
EtOCH,CO,FEt H* 70% Acetone-H,0O 25° 2.57
EtSCH,CO,Et H* 70% Acetone-H,O 25° 1.42
EtCH,CH,COQ,Et H* 70% Acetone-H,0 25° 1.79¢

¢ From Ref. (32) unless otherwise specified.
> Ref. (34).
¢ Ref. (35).
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The acidic hydrolysis data are also consistent with this proposal. The sulfur and
methylene analogs hydrolyze at almost exactly the same rate under acid-catalyzed
conditions. This is to be expected since the acid-catalyzed hydrolysis probably
involves prior protonation of the carbonyl oxygen. Thus, no significant amount of
negative charge builds up, and stabilization by sulfur does not play a large role.
One could again speculate that the tetrahedral intermediate is stabilized to an
extent by sulfur that makes breakdown at least partially rate limiting. The
interaction of interest is again a 1,4 interaction in the hydrolysis reactions. Oae
and co-workers have also shown that favorable 3d-orbital interactions are
enhanced in certain cyclic compounds due to conformational restraints (3.).

X-RAY STRUCTURAL SUPPORT

In the past several years the X-ray crystal structures of several thiamine
derivatives and model compounds have been determined. These structures add
further, convincing support to a theory that the sulfur atom of a thiazolium ring
could significantly interact with developing negative charge on a carbonyl oxygen
atom in TPP-catalyzed reactions. The crystal structures of 2-(a-hydroxyethyl)-
3,4-dimethylthiazolium bromide (7) and 2-(a-hydroxyethyl)thiamine chloride hy-
drochloride (8) were determined by Sax and co-workers (36). In both structures
there is a significant interaction between the sulfur atom and the hydroxyethyl
oxygen atom of the C-2 side chain. The sum of the van der Waals radii is 3.25 A
but the S . . . O distance is only 2.852 A in 7 and 2.901 A in 8. Thus, there is a

Hac\?1 CHg\ CHy
[[ )\ I 29
CH, c HC CHCH,0POPO

S ¥

l 8

considerable shortening of the S . . . O distance in these molecules. This
attraction, which has been attributed to an electrostatic interaction between
a partial positive charge on sulfur with the unshared electrons on oxygen, has a
great deal of influence on the conformation of the side chain. The O-C-C-S
torsion angles agree to within 2.2° and are 20.60° and 18.42° for 7 and 8
respectively (Fig. 3). Compound 8 represents the isolable protonated form of the
intermediate in reactions catalyzed by TPP, so this interaction is very important
(3, 37-39). Deprotonation of 8 at the hydroxyl group has been proposed as the first

FIGURE 3
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step in the elimination of acetaldehyde. The resultant oxygen anion should be
significantly stabilized by a similar S . . . O interaction. In fact, this stabilization
has been used to explain the relatively low pk, (11.4 at 25° and 0.5 M ionic
strength) for this hydroxyl proton (37). The exact same interaction should be
important in stabilizing the oxygen anion resulting from attack of the C-2
carbanion on the carbonyl carbon in the transition state for the reaction in the
forward direction. Thus, the most important role of the proposed stabilization
may be in a-decarboxylation reactions where sulfur can stabilize the transition
states leading to tetrahedral oxyanion intermediates and exert its influence of the
tautomeric prototropic equilibrium between this intermediate and the a-carbanion
or active aldehyde to assist in loss of aldehyde.

The crystal structures of DL-2-(a-hydroxybenzyl)thiamine chloride hydrochlo-
ride trihydrate (9) and DL-2-(a-hydroxybenzyl)oxythiamine chloride hydrochlo-
ride trihydrate (10) have also been determined (40, 4/). In both structures there is
again a significant S . . . O interaction. The S . . . O distances are 2.764 A and
2.749 A in 9 and 10, respectively, with the corresponding O—C-C~S torsion
angles being 8.4° and 11.7°.

Ph-CH

Hac)*u R )\s OH
\OH

I,\, g R = =NH,
10 R=—0OH

Oxythiamine, whose crystal structure has also been determined, is a thiamine
pyrophosphate antagonist as its pyrophosphate ester (42). It binds at the binding
site of pyruvate decarboxylase and reacts with pyruvate to form the C-2 adduct,
but the acetaldehyde product is not released (39). An earlier proposal attributed
this failure to release product to its inability to form an intramolecular hydrogen
bond between the 4’-amino group and the hydroxyl group proton. This hydrogen
bond was proposed to stabilize the adduct and assist in the proton removal. This
idea has not been supported by the crystal structures or any other evidence.
Perhaps, according to the theory being put forth in this paper, a significantly
enhanced S . . . O interaction stabilizes the C-2 adduct to such an extent that it
prevents release of the acetaldehyde product. Based on S . . . O distances in 10,
the strongest interaction is for oxythiamine. This factor, coupled with the other
conformational and electronic differences, may then be used to explain the
antagonist properties of the pyrophosphate ester of 10. The X-ray structures
indicate that the oxygen atom at the 4 position of the pyrimidine ring actually
exists in the keto form (42). It is difficult to predict which nitrogen the proton is
on. Conformational studies of 8 have been conducted by Mieyal et al. (2). Their
data indicate that it is the a-carbanion form of a C-2 adduct which is the active
aldehyde intermediate in TPP-catalyzed reactions. The molecular conformation of
2-(a-hydroxyethyl)thiamine determined in their studies is consistent with the X-
ray structure.
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Jordon’s theoretical calculations of the conformational and electronic proper-
ties of thiamine and 2-(a-hydroxyethyl)thiamine support the existence of a
significant S . . . O interaction in intermediates found in TPP-catalyzed reactions
(17, 43). His electron density calculations indicate the sulfur atom to be positive.
This is supported by the X-ray crystal structure data. His results appear to allow
for an electrostatic interaction between sulfur and oxygen but seem to rule out a
long-range bonding interaction in the stable molecules. The interaction to be
expected m a transition state is certainly open to question. He does suggest that

the C(2)—S bond polarity may be important in aligning the C_-O dipole of the
reactant for nucleophilic attack by the C-2 carbanion. An extension of this idea to
stabilization of negative charges developing in the transition state is a logical one.

This interaction between sulfur and oxygen has been noted several times (36~
43) and has been suggested to have some mechanistic significance (38, 40). Most
emphasis has been placed on the ability of the thiazolium sulfur to facilitate
sterically and electronically deprotonation of the hydroxyl group of the initial
adduct (40) and to provide a significant electrostatic coenzyme-substrate interac-
tion suggested as a binding force (38) in the nonpolar environment of the active
site of the enzyme (44, 45). Stabilization of transition state structures along with
supporting data has not been previously considered as a major role for the
thiazolium sulfur atom of TPP.

MECHANISM OF PYRUVATE DECARBOXYLATION

In scheme 2 is shown a reasonable mechanistic sequence for the reaction of TPP
with pyruvate (3). One can readily identify several reaction steps which might

Hy CHy
R Ny—F, RN Ny—h,

™ 8

PP CHacos

A £ i
= iy =t O

SCHEME 2
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have transition state structures that could benefit from 3d-orbital stabilization of
the type described above. The transition state for the formation of A from the C-2
carbanion probably involves the formation of an oxyanion which could certainly
benefit from sulfur stabilization. The decarboxylation step to give B could also
derive some stabilization of negative charge in the transition state leading to the
active aldehyde intermediate. All of the intermediates having a hydroxyl group of
the a carbon are presumably stabilized to some extent by this interaction. The
influence of this interaction on the tautomeric equilibrium between B and C in
Scheme 2 should be to favor formation of C and thus facilitate loss of aldehyde.

CONCLUSION

This potential catalytic role for the sulfur atom of TPP has not been previously
considered. However, evidence has been presented which suggests the potential
importance of 3d-orbital stabilization of negative charge on oxygen in a 1,4
relationship with sulfur. This source of catalytic power in thiamine pyrophosphate
should be sericusly considered in light of the available data. The data suggest a
possible new role in transition state stabilization for the sulfhydryl groups present
at the active site of other enzymes or coenzymes.
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