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Abstract: Semiempirical potential energy maps were constructed for the definition of the relative disposition of the thiazo
lium and 4-aminopyrimidine rings in 2-(a-hydroxyethyl)thiamine, a model for the enzymatically decarboxylated intermedi
ate of pyruvate. A comparison of the conformational maps with and without the substituent on the C(2) position of the thia
zolium ring indicates that the C(2) substituent greatly decreases the conformational flexibility of the two aromatic rings. 
Furthermore, the side chain on C(2) has a substantial barrier to rotation around the C(2)-Ca bond, and the conformational 
region found for this molecule by x-ray crystallography is preferred energetically. Theoretical (extended Hiickel and Gauss
ian STO-3G ab initio) charge densities indicate the thiazolium ring sulfur atom to be positive and the nitrogen neutral or 
slightly negative (in spite of the formal positive charge on this position). 

The isolation of covalently bound stable coenzyme-prod-
uct or coenzyme-substrate intermediates affords a unique 
opportunity for observing the changes in coenzyme struc
ture with bound substrate or product. 

The thiamine pyrophosphate catalyzed enzymic decar
boxylation of pyruvate proceeds according to Scheme I.2 2-

Scheme I. Mechanism of Pyruvate Decarboxylation 
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(a-Hydroxyethyl)thiamine (2-a-HETHC) can be prepared 
in the laboratory.3 Its solid-state structure has been deter
mined by x-ray crystallography.4 

The comparison of the x-ray results on THC,5 TPP,6 and 
2-a-HETHC allows one to draw some conclusions con

cerning changes in the coenzyme conformation upon cova
lently binding the product. 

Theoretical studies can add some insight to the problem 
of enzymatic reactions. Recently I reported on aspects of 
the electronic structure of THC and TPP7 and semiempiri
cal conformational maps for the disposition of the two aro
matic rings (4-aminopyrimidine and thiazolium) with re
spect to each other. 

In this report results on the conformational maps of 2-a-
HETHC will be discussed and compared with maps on 
THC with respect to the conformational problem discussed 
above, and the electronic structure of 2-a-HETHC will be 
presented. 

Theoretical Approaches. The results to be discussed were 
obtained employing a variety of theoretical approaches, this 
variety being necessitated by the size of the problem. The 
electronic charges on 2-a-HETHC were first determined 
employing the extended Hiickel (EH) theory8 with parame
ters described in the previous calculation.7 

The conformational maps were generated using a func
tion7-9 

£ total — ^Lennard-Jones "** -̂ Coulombic ( i ) 

where the Lennard-Jones (6-12) potential was employed 
for nonbonding interaction calculations supplemented by 
the Coulombic interaction energy. The latter was based on 
net atomic charges, £couiombic = kqiq^rij, where k is 332 
kcal/mol, q,- and qj are net atomic charges, and r,y is the 
distance separating the atoms. For lack of any better num
bers a dielectric constant, e, of unity was assumed. This 
would lead to a maximal electrostatic interaction term. In 
any real situation with a larger dielectric constant, the Cou
lombic contribution would be smaller. 

The torsional energy contribution was neglected. It was 
reasoned before7 that such contribution to the rotation of 
aromatic rings around the -CH2- group should be less than 
1 kcal/mol. Considering the uncertainty inherent in the use 
of the potential function in eq 1, the uncertainty of 1 kcal/ 
mol is probably unimportant. 

One should preface the discussion of the conformational 
maps with some very important qualifications. In this study, 
as the rotations were performed, all interactions between 
nonbonded atoms (atoms separated by two bonds or more) 
were summed up and only energy differences from the most 
stable conformer are quoted. Thus those interactions that 
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Figure 1. Extended Hiickel population analysis on 2-a-HETHC: net charges (XlOOO) and bond overlap populations. 

remain unchanged cancel. The other point which needs 
clarification is that in the Lennard-Jones (LJ) calculations 
this study employed contact distances which are usually 
considered "normal".10 Depending on the atomic van der 
Waals radii assumed, the shape of the contours may well 
change and, in addition, the importance of the Coulombic 
contribution may change. All this adds up to the conclusion 
that such conformational maps are helpful in pinpointing 
very high-energy and relatively low-energy regions. The ab
solute energy differences, for example, between two low-
energy regions should not be taken as proven. This qualifi
cation is particularly relevant to the uncertainty regarding 
contact distances to hydrogen atoms.10 

In order to check some extended Hiickel results on charg
es and some relative conformational preferences of the 2-
(a-hydroxyethyl) side chain, some ab initio results will also 
be discussed on ion A indicated below 

H OH 

(the smallest structural unit incorporating this problem). 
These calculations were performed in the Gaussian-70 
scheme1 ' with the STO-3G minimal basis set.12 

Electronic Structure of 2-(a-Hydroxyethyl)thiamine and 
of 2-(a-Hydroxyethyl)-3-methylthiazolium Ion. Figure 1 
presents the extended Hiickel population analysis (net 
atomic populations and bond overlap populations in the 
Mulliken scheme13) on the 2-a-HETHC ion. 

The results can be compared to those on the C(2)-unsub-
stituted THC and TPP systems (Figures 5 and 8, respec
tively, in ref 7). Quite clearly there is no difference in the 
charge of the C(2)-H in THC (or TPP) and the total 
charge on the a-hydroxyethyl side chain of the present 
study. Yet there is substantial change in the thiazolium ring 
net charges. Attaching the a-hydroxyethyl group makes S 
less positive (+0.24 from +0.30), C(2) more positive 
(+0.30 from +0.15), N less positive (+0.005 from + 
-0.050) , C(4) unchanged, and C(5) negative (-0.034 from 
—0.000). Thus the a-hydroxyethyl group clearly polarizes 
the thiazolium ring charges. Comparison of chemical shifts 
of the appropriate carbons in 2-a-HETHC and THC (or 

TPP) confirms these results. The chemical shift of C(2) is 
155 ppm (Me4Si) in THC and TPP1 4 and 179 ppm in 2-a-
HETHC.1 5 

Of very great interest are the charges at N and S in the 
thiazolium ring. There is very little evidence from x-ray 
data indicating chelation of negatively charged species to 
N, 1 6 but there is abundant evidence that negative ions elec
trostatically interact wtih the S atoms.4 '16 

Since any calculated results may be subject to criticism 
on account of the results being parameter dependent, ab ini
tio calculations were also performed on the smallest model 
compound incorporating the most structural features of the 
2-a-HETHC system (see structure A). 

2-(a-Hydroxyethyl)-3-methylthiazolium (2-a-HEMTHZ). 
The geometry assumed was identical with the one found in 
2-a-HETHC with the third hydrogen on the TV-methyl 
group, the hydrogens at C(4) and C(5) constructed at 
1.09-A bond length along the Cb r-C(5') , C(4)-Cm , C(5)-
C(6) directions, respectively (see Figure 1 for the number
ing system). 

The population analysis on this structure is indicated in 
Figure 2. While the extended Hiickel results on the net 
atomic charges in 2-a-HETHC are quantitatively different 
from the ab initio values on 2-a-HEMTHZ, the trends in 
charges are the same according to the two methods. The 
ring nitrogen is nearly neutral in 2-a-HETHC (EH) and 
—0.19 charged in 2-a-HEMTHZ (ab initio). In neither 
case is it positively charged. In this connection one may 
note that in a number of other ions in which N carries a for
mal + charge (/V-methylpyridinium17 and CH3-
C H = N + H 2 , C H 3 N H = C H 2

+ 18), the nitrogen is also 
found to be slightly negative according to the ab initio re
sults. It should be emphasized that the quoted values in 
each case are net atomic populations including overlap pop
ulations.13 The sulfur atom is calculated to have a substan
tial fractional positive charge in both systems. While the 
EH method employs d orbitals, the STO-3G ab initio 
scheme does not; yet the qualitative agreement is present. 
The positive character of S in numerous x-ray studies has 
been suggested by various groups.4-16 The calculations sup
port this conclusion. 

Unpublished work of Gallo and Sable indicates that the 
C(2) has an unusually large chemical shift value reminis
cent of a carbonyl carbon in its carbon magnetic resonance 
spectrum.15 This would tend to imply the C-N bond polari
ty as 6 + C-N 5 ~, i.e., the N much less positive (or more nega-
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Figure 2. STO-3G population analysis on 2-(a-hydroxyethyl)-3-meth-
ylthiazolium ion: net charges (XlOOO) and bond overlap populations. 
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Figure 3. Definition of 0 T and 0p dihedral angles. 

tive) than C(2). While the EH and ab initio results would 
go along with this, the previously reported C N D O / 2 results 
(Figure 3, ref 7) are not in accord with this observation. 

Clearly, the results here presented would allow for an 
electrostatic stabilization of that 2-(a-hydroxyethyl) side-
chain conformation which places the OH group such that O 
and S are as close as possible to each other (since the O is 
strongly negative and S is positive). However, the overlap 
population is very near zero according to ab initio and 
—0.006 according to EH so that the long-range bonding in
teraction is not indicated according to this criterion. On the 
other hand, even in the C(2) deprotonated ylide (Figures 4 
and 7 in ref 7) the sulfur is positive [and C(2) is negative]. 
The ^~C(2)-S a + bond polarity may be important in align
ing the 6 + C = 0 6 ~ dipole of the reactant for nucleophilic at
tack by C(2) on the substrate carbonyl carbon atom in 
Scheme I. 

Conformational Maps for the Disposition of the Two Aro
matic Rings in a-HETHC. In the following discussion the 
definitions proposed by Sax et al.4 and also adopted by 
Richardson et al16 will be employed. 

As illustrated in Figure 3 two dihedral angles can be de
fined by two sets of four atoms, $ T [C(5')-Cbr —* N(3) -
C(2)] and 4>P [N(3)-Cb r — C(5')-C(4 ')] , such that rota-

-44 -84 -124 -164 156 11S 7S 

Figure 4. LJ potential map for 0 j and 0 P rotations in THC. 

tion around the single bond connecting atoms 2 and 3 is 
performed. Positive values of the dihedral angles are those 
which require clockwise rotation of atom 1 (and its environ
ment) to totally eclipse atom 1 with atom 4 (the eclipsed ar
rangement of atoms 1 and 4 in either group is </>T = <j>p = 
0). 

In this laboratory counterclockwise, 10° incremental 
rotations were performed around the N —• Ct,r bond and 
then around the Cbr —*• C(5') bond, always rotating the 
groups attached to the latter atom. 

The potential maps are presented for THC in Figure 4 
(same as Figure 10 in ref 7) with the convention of 4>j and 
4>p incorporated into the Lennard-Jones (LJ) map for di
rect comparison with data on 2-a-HETHC (Figures 5 and 
6). The conformational angles defining TPP and 2-a-
HETHC are also shown. It appears that in the crystal 
structures of THC, TPP, and a-HETHC both mirror image 
structures are present. The conformational angles found 
were THC,5 </>T = - 9 . 0 ° , cj>P = -76 .1° (or +9.0, 76.1); 
TPP,6 4>T = 2.7°, 0p = 93.2 (or - 2 . 7 , -93.2) ; and 2-a-
HETHC,4 0 T = -100 .3 , 0p = -145.6 (or +100.3, 
+ 145.6). 

LJ map on THC (Figure 4) shows that all six angle com
binations are located in relatively low-energy regions (3 
kcal or less from the minimum) of the map and, in addition, 
interconversion of any of these conformations should pro
ceed with very little rotational barrier. 

The map for 2-a-HETHC was constructed starting from 
the crystallographic coordinates.4 The 2-(a-hydroxyethyl) 
side chain was assumed to be fixed and the <J>T and 0p rota
tions were performed with only the crystallographic ar
rangement of the a-hydroxyethyl side chain. The maps 
were constructed both with and without inclusion of the 
Coulombic (qq) interaction term. Figures 5 and 6 present 
the maps without (LJ only) and with inclusion of the Cou
lombic interaction, respectively. The two enantiomeric sets 
of cj>r and <£p angles found in the crystal structure of 2-a-
HETHC are shown to again lie in relatively low-energy re
gions, but the conformational parameters characteristic of 
unsubstituted THC and TPP this time fall into high-energy 
regions (regions at least 18 kcal/mol above the minimum 
energy conformers). 

The clear implication is that the coenzyme conformation, 
upon binding pyruvate or acetaldehyde at C(2) of the thia-
zolium ring, is much more restricted than the unsubstituted 
one. 

(—)-2-(a-Hydroxyethyl)-TPP can be trapped and isolat
ed in the enzymic decarboxylation process.19 The conver-
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Figure 5. LJ potential map for <j>j and ^p rotations in 2-a-HETHC. 

sion of this (—)-a-HETPP to acetaldehyde and TPP by 
apoenzyme is much slower than the conversion of pyruvate 
by holoenzyme saturated with TPP; i.e., a-HETPP com
bines only very poorly with apoenzyme.19 This may imply 
that the enzyme accepts the coenzyme TPP in a conforma
tion different from the one found in (—)a-HETPP. The 
x-ray studies and results here reported suggest that before 
(or perhaps concurrently with) binding of pyruvate (or ac
etaldehyde) to TPP there is a conformational change occur
ring in the coenzyme as well as in the enzyme, in the latter 
if only to accommodate such changes in the coenzyme. 

Inclusion of the Coulombic interactions does not change 
the maps significantly; their exact role is difficult to assess 
on account of the uncertainty with respect to the dielectric 
constant. In any case as a comparison of Figures 5 and 6 
suggest, the inclusion of the Coulombic monopole-mono-
pole interactions in the conformational map does not quali
tatively change the appearance of the map. 

While most thiamine derivatives studied to date fall into 
the range of conformations similar to that of THC and 
TPP, the THC-CdCl4 complex16 has a THC conformation 
(<t> = 137, 0T = 110) very similar to that of 2-a-HETHC. 
As Figure 4 indicates this complex is still in a low-energy 
region. 

Conformation of the 2-(a-Hydroxyethyl) Side Chain. The 
calculations were performed on 2-(a-hydroxyethyl)-3-
methylthiazolium ion (2-a-HEMTHZ). First the TV-methyl 
group was rotated with 10° rotational increments in a coun
terclockwise sense. The results (inspection of closest con
tacts) indicate that the nearest interactions occur between 
the TV-methyl and /3-methyl hydrogens but the distances 
never get smaller than about 2.1 A for nonbonded hydro
gens. Because of the uncertainty associated with the defini
tion of the hydrogen van der Waals radius in various envi
ronments, these contact distances imply no serious H-H re
pulsions. Since one need not vary the TV-methyl and 2-(a-
hydroxyethyl) conformations simultaneously, the TV-methyl 
group was assumed to be fixed in the arrangement of the 
Cbridge environment found in 2-a-HETHC.4 

Next, with this crystallographic arrangement of the TV-
methyl group (derived from 2-a-HETHC), the a-hydroxy-
ethyl group was rotated counterclockwise around the 
C(2)-C(a) bond in the R absolute configuration of the 
molecule (see Figure 7). In order to see if any rotational 
barriers are due to unfavorable repulsions with hydrogens, 
both 1.0 and 1.2 A were used for van der Waals radii of hy
drogen in the LJ type calculation (Figures 8 and 9). The ab 

120 !• 

Figure 6. Total energy (LJ + Coulombic) map for 2-a-HETHC; 0T 
and (j>p angles identical with those in Figure 5. 
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Figure 7. Conformation and configurations of the 2-(a-hydroxyethyl) 
side chain. 

initio charges obtained on the crystallographic conforma
tion of the 2-(a-hydroxyethyl) group were employed in cal
culating Coulombic interactions with a dielectric constant 
of one. 

There are two major barriers for rotating the 2-(a-hy-
droxyethyl) group and two nearly equal energy minima. 
However, the minimum near the crystallographic confor
mation is considerably broader than the other one. Statisti
cally, the distribution of conformations in the broader mini
mum range should be very much greater than in the steep 
valley at rotation angle 150° counterclockwise from the 
crystallographic one. In addition, however, the barrier to 
conformational interconversion appears to be very high even 
with the lower (1 A) hydrogen van der Waals radius. 

The calculations thus predict that such side chains should 
in general be found to have a conformation near that found 
in 2-a-HETHC.4 

Ab initio calculations were performed on the unrotated 
and 150° rotated 2-(a-hydroxyethyl) ions to see if the LJ 
potential predictions hold up. The unrotated conformer was 
calculated to be 0.4 kcal/mol more stable than the 150° ro
tated one. It would be attractive to associate this excess sta
bility with the favorable 6~0-S 5 + interaction and the Cou
lombic (qq) contribution appears to be favoring the zero-
rotated conformer also (Figure 8). Yet this author is hesi
tant to assign overwhelming significance to such electrostat
ic factors on account of the lack of positive finite overlap 
population between the two atoms. 

Summary and Critical Evaluation of Results 
Although molecular orbital and semiempirical calcula

tions have been performed on a number of conformational 
problems relevant to biochemical structure and function-, it 
is well worth considering the objections one may raise to 
such studies. 

Jordan / 2-(a-Hydroxyethyl)thiamine 
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Figure 8. Conformational map for rotation of the 2-(a-hydroxyethyl) 
side chain in 2-a-HEMTHZ; hydrogen van der Waals radius equals 
1.2 A; LJ and qq contribution and total energy map as shown. 

Until quite recently, the principal problem facing those 
interested in both experimental and theoretical approaches 
to conformational problems has been the gap between ex
perimental (solution of greatest interest) data and theoreti
cal "free state" results. A few attempts have appeared in 
the literature which explicitly incorporated solvent effects 
into the calculations; yet, it will be at least several more 
years before such efforts can provide "chemical quality" 
data, that is, data of accuracy equal to the experimental 
one. 

It is necessary then to identify those theoretical results 
which should be subject to relatively little solvent effect and 
those which could easily change upon solvation or upon 
changes in the dielectric constant of the medium being con
sidered. 

This study presents theoretical results of two types: con
formational and electron density (the latter derived from 
wave functions). In a conformational problem there are two 
basic quantities of interest: the relative energies of the con-
formers and the barrier height separating them. While both 
of these quantities are subject to solvent effects without a 
doubt, the relative conformer stabilities in general will be 
very much more difficult to predict. This has been evident 
in the literature from calculations on rather small ions even 
with extended basis sets. The existence of major barriers to 
rotation can, on the other hand, be safely predicted and 
while the barrier heights are solvent dependent and difficult 
to define, their existence is certainly not a function of medi
um polarity. After all, the regions of high energy predicted 
simply by adding up van der Waals radii of nonbonded 
atoms, using a more complete calculation here employed or 
relying on molecular orbital studies, should all be qualita
tively the same. The intervention of solvent is unlikely to re
duce nonbonded repulsions. 

Based on this premise and the figures presented one can 
conclude that a-HETHC is much less flexible (has many 
fewer conformational regions accessible to it) than the un-
substituted THC or TPP with respect to the relative dispo
sition of the thiazolium and 2-methyl-4-aminopyrimidine 
rings. The suggestion (speculation) is that perhaps the en
zyme can accommodate a large range of TPP conforma
tions but before the substrate is attached, TPP has to as
sume one of the low-energy conformational regions present
ed in the Figure 5. Similarly, the a-hydroxyethyl side chain 
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Figure 9. Conformational map for rotation of the 2-(a-hydroxyethyl) 
side chain in 2-a-HEMTHZ; hydrogen van der Waals radius equals 
1.0 A; LJ and total energy maps shown; Coulombic contribution same 
as in Figure 8. 

has only two regions of relative stability for rotating it with 
respect to the thiazolium ring. Again, the barrier to rotation 
appears to be high enough to make such rotations prohibi
tive at room temperature. 

The reader should note that no claim is made to define 
which of the stable regions should be predominant since 
such preferences indeed could vary with changes in solvent. 
It is, however, a fortunate coincidence (and perhaps more) 
that the conformations found by x-ray crystallography al
ways fall into low-energy regions as calculated by the sim
ple Lennard-Jones (6-12) potential. 

Next a few thoughts concerning the calculation of charge 
densities and their relation to experiment are in order. 
While thermodynamic properties (equilibrium constants 
for, e.g., ionization, tautomerization, and molecular associ
ation) may be very strongly solvent dependent (as vividly 
demonstrated by recent comparison of gas phase and solu
tion basicities),20 it appears unlikely that the intrinsic elec
tronic structures of ions and molecules are. One knows that 
many functional groups undergo subtle electronic changes 
upon solvation such as the spectroscopic changes accompa
nying hydrogen bonding. Yet there is no evidence from 
theory that attaching a hydrogen bonded water molecule se
riously changes the electronic structure of a large molecule. 
Furthermore, theoretical "free state" calculations are capa
ble of reproducing solution spectral characteristics. For ex
ample, they accurately reflect changes as gross as covalent 
attachment of a proton to a nucleic base in water21—cer
tainly more significant a change than adding a neutral non-
covalently bound solvent molecule. It is then reasonable to 
assume that while the solvent may cause subtle changes in 
the electronic structure, it is highly unlikely and to this au
thor's knowledge unprecedented that the polarity of a bond 
would be reversed on account of a change in solvent alone. 
One should also note in a related context the many success
ful correlations of experimental magnetic resonance param
eters with simple charge or spin densities calculated for the 
"free state" of a system.22 

The electron density calculations in this study indicate 
the S atom to be positive as also deduced by x-ray crystal
lography,4-16 and the thiazolium N to be nearly neutral or 
even slightly negative. Attaching the a-hydroxyethyl side 
chain increases the positive charge at C(2) of thiazolium 
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and sets up a 5 + C(2) -N(3) 5 _ bond polarity. Carbon mag
netic resonance results show the C(2) to have a positive 
charge nearly that of carbon in a C = O bond with a polarity 
for the C(2)-N(3) bond reminiscent of C = O bonds.15 

Finally, the inflexible nature of the 2-a-HETHC ion 
suggests that knowledge of the absolute configuration at the 
C(2a) atom in the side chain produced in the enzymic reac
tion would give desirable detail concerning the stereochemi
cal pathway of the intermediate steps in the reaction. 
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ity change and have attributed it to the H-C transition 
from the dependence of the relaxation time on pH and poly
mer concentration. The assignment of the relaxation mech
anism, however, has not been conclusive enough to be con
firmed. 

The purpose of the present investigation is to confirm the 
assignment of the observed relaxation to an H-C transition 
and to obtain detailed information of the dynamic picture of 
the H-C transition. 
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Abstract: Relaxation phenomena were studied in aqueous solutions of poly(a-L-glutamic acid) under various conditions 
using the electric field pulse method with detection by conductivity change. The relaxation time has a maximum value at the 
midpoint of the helix-coil transition but does not depend on the polymer concentration, degree of polymerization, kind of 
counterion, or electric field density. Some possible mechanisms are discussed and the observed relaxation phenomenon is at
tributed to the helix-coil transition. Using Schwarz's theory the rate constants of the helix growth step are estimated. The 
activation parameters are also calculated from the temperature dependence of the rate constants. It is found that the helix 
growth process is not diffusion controlled but is limited by an accompanying large decrease of activation entropy. 
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