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Abstract

The feasibility of a model regarding the �rst step of the interaction between the

antiepileptic VGB (
-vinyl GABA) and the prosthetic group PLP (pyridoxal phosphate)

is studied. In this model, C
H in VGB is oriented towards the center of the PLP ring

previous to a Schi� base formation between them. Hydration is mimicked through molec-

ular mechanics �rst and molecular dynamics afterwards, both with the Amber force �eld.

The �rst hydration shell of six water molecules is shown to play a crucial role. Hydrogen

bonds are formed between them and a) the carboxyl VGB group; b) the phosphate PLP

group. The corresponding 3-center MO bond indices have, accordingly, signi�cant values.
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Introduction

Severe adverse e�ects are veri�ed in epileptic patients treated with usual anticonvul-

sionants. The need therefore arises for the study of new antiepileptic drugs. The last

decade has witnessed the proposal of several new drugs.

The increase in brain concentration of the major inhibitory neurotransmitter, 
-amino-

butyric acid (GABA) seems to have an anticonvulsionant e�ect1. The 4-amino-5-hexenoic

acid, 
-vinyl GABA, Vigabatrin (VGB) acts by increasing GABA levels in the presynaptic

nerve terminal, through inhibition of the GABA transaminase (GABA-T) activity2. This

irreversible mechanism results in a two-to-three fold GABA elevation3; despite its indirect

mechanism of action, nuclear magnetic resonance spectroscopy (NMRS) measurements

have allowed the setting up of a correlation between the VGB e�ects and the GABA

levels, reaching a maximum of three times the normal one4.

However, severe micro-vaculation was found in brains of rats treated with VGB5;6

and recently, advice has been raised against the clinical use of VGB, as disturbances in

the visual �eld are found, possibly due to vacuolations in the optical nerve7. To our

knowledge, it is not clear whether this adverse e�ect is related or not to the inactivation

process8;9.

VGB exists as a racemic mixture of R(�) and S(+) isomers, only enantiomer S being

associated with its activity6. Several di�erent experimental schemes have been proposed

in order to explain the inactivation of pig brain GABA-T molecular mechanism, involving

interactions between VGB and the prosthetic group pyridoxal phosphate (PLP)10;11. It

has been shown11a that the inactivation mechanism of GABA aminotransferase by VGB

functioned by following two separate pathways, one leading to covalent attachment to the

protein and the other leading to covalent attachment to the active site PLP. This study

was later extended to VGB analogues containing 
uorine11b;c.

We study in this work, from the quantum chemistry viewpoint, the feasibility of a
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model where the C
H bond in VGB is oriented towards the PLP ring previous to a Schi�

base formation between them, along the lines of Ref.12. Within this approach, we want

to explore which the role of hydration and, consequently, of the hydrogen bond formation

regarding VGB-PLP interaction is. We give quantitative estimates for the hydrogen

bonds, through a multicenter index13 which has been successfully applied to biological

systems14 and, particularly, to another antiepileptic, lamotrigine15.

Methodology

In the �rst step of our study, the geometries of the Schi� base formed by PLP and

an enzymatic lysine residue, and VGB have been separately optimized using the AM1

Hamiltonian of the MOPAC quantum package16 (see Fig. 1). After this optimization,

di�erent calculations were performed so as to obtain the experimentally proposed interac-

tion scheme. The quantum AM1 approximation was tried, as well as molecular mechanics

(MM) using the Amber force �eld. Neither of them yielded any VGB-PLP interaction

pro�le; we were hence led to explore if the medium could play a basic role in the problem.

Let us underline that in this work we do not attempt an exhaustive discussion of the

features involved in the problem, regarding the solvent e�ect or the presence of salts in

the solution, on the VGB-prosthetic group interaction. The adopted procedure is actually

a simple calculation protocol with the purpose of setting a scheme with water molecules

taking part in the interaction between both molecular systems.

We have introduced the solvent around the two above mentioned systems by employing

periodic boundary conditions in a cubic cell with 9�A sides. MM calculations were carried

out, in order to minimize the interaction energy of the systems lysine residue-PLP and

VGB in the presence of 182 water molecules. MM uses only force �elds, not involving

temperature or time dependence either. Simulations were performed using MM from

the Hyperchem package17. The force �eld used was the Amber all-atom force �eld18a;b,

adapted by introducing the appropriate parameters for the present atomic interactions.
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Our energy minimizations employ successively steepest descents, conjugated gradient

and quasi Newton-Raphson techniques. The initial set of atomic coordinates was freely

minimized until the maximum gradient for all atoms was less than 0.01 kcal.mol�1.�A�1.

The �nal energy value was �3691.80 kcal.mol�1. No signi�cant complexation between

the solvent and the PLP-VGB system was observed at the end of this stage.

In the second step we have applied Molecular Dynamics (MD) with the same force

�elds. The optimized system previously obtained was used as a starting point for the MD

simulation. The system was submitted to a run of 20 ps, at a temperature range of 0�300

K. The temperature step was 30 K, the heating time 0.5 ps and the time step of 0.5 fs

was used in the integration algorithm. In this stage a signi�cant interaction between the

PLP-VGB system and water was not observed either. The total energy was �3565.80

kcal.mol�1.

In order to obtain a lower energy minimum, the system was cooled down to a run

of 10 ps from 300 K to 0 K, in time steps of 1.0 ps and temperature steps of 10 K.

The total energy lowers to �3846.20 kcal.mol�1, i. e. more stable by 154 kcal.mol�1

relative to that obtained through MM only. In this stage, it was possible to obtain an

interaction scheme where the water molecules form a hydrogen-bounded structure with

systems lysine-PLP and VGB. Fig. 2b shows only the relevant solvent structure belonging

to the �rst hydration shell, namelly a set of six water molecules. This system is now

subjected to a new MOPAC calculation, as explained in the next section.

Results and discussion

The MM minimization of the systems enzymatic lysine residue-PLP and VGB, carried

out with the Amber force �eld prior to hydration, gives the conformation of Fig. 2a.

After hydration, the C
-H bond of the S(+) isomer of VGB turns out to be oriented

perpendicular to the coenzyme ring center (Fig. 2b), while previously it was away o� this

orientation by 62o. That is, the allowance of interaction between the mentioned systems
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and water as described in the previous section, makes the model orientation possible as

in Fig. 2b. Moreover, the corresponding C
-ring distance is then 4.4�A, within the range

of distances which have been estimated in complexes between heavy atoms (bonded to

H) and the center of an acceptor benzene ring12. For the bond indices calculation we

have used the PM3 MOPAC Hamiltonian, which is known to perform better than other

semi-empirical ones for hydrogen bonded systems19. The PM3 atomic charges predict a

charge transfer of � 0.13 electrons from VGB towards PLP and the �rst hydration shell

water molecules; most of this charge (0.10) goes to the hydration shell; we shall return to

this subject further on in this section.

Let us remark that, prior to hydration (Fig. 2a), a H bond is found between O1 in

VGB and N1-H of PLP. Hydration causes a rotation of the carboxylic COO� group; since

the O1-H distance above mentioned becomes 3.92�A, the previous H bond is no longer

possible. Instead, the other COO� oxygen (O2) joins a H bond with a water molecule.

The N��H bond in VGB entered a H-bond with O20 of PLP (Fig. 2a); after hydration,

it is replaced by another one with the O50 phosphate (N�-H-O50) (Fig. 2b), favouring the

desired C
-H orientation.

The phosphate group plays an essential role in the hydration process. Each of its three

oxygen atoms (O40, O50, O60) are involved respectively in three, two and one H bonds. The

energy balance and charge density distributions for the interactions between water and

the oxygen atoms in the phosphate and dimethyl phosphate anions have been extensively

analyzed in the literature20�22. The predominating attraction su�ered by the six water

molecules of the �rst hydration shell is, as seen in Fig. 2b, the one towards the phosphate

oxygens and the above mentioned O2 of VGB; outside from the corresponding H bonds,

we �nd only one bond between two water molecules (W5 and W6). This agrees with the

conclusion of Langlet et al., pointing out that the water molecules in the �rst hydration

shell are bound to DMP� rather than between themselves21.

Multicenter bond indices have been shown to give valuable information23. In the
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three-center case, it is particularly suitable as a measure of hydrogen bonds13. Let us

give brie
y the necessary formulation. In non-orthogonal bases, the idempotency of the

� matrix (2� is the �rst-order density matrix) leads to the de�nition of a bond index IAB

for the bond between atoms A and B in the closed-shells case24;25:

IAB = 4
X

a2A;b2B

�b
a�

a
b (1)

which is the generalization of the Wiberg bond index26 to non-orthogonal bases. As the

idempotency of � holds for any power, it is possible to write for three-center bonds (see

Refs.13;23 for multicenter bonds in general)

IABC = 8
X

a2A;b2B;c2C

�b
a�

c
b�

a
c (2)

We have shown that the PM3 approximation16 gives quite meaningful results for IXHY in

systems of biological interest14;15.

Table 1 shows the IABC values, together with IBC and the corresponding distances

and angles, for the H bonds of Fig. 2b. The �rst row reports the values for the only

VGB-water bridge, while the last one corresponds to the only water-water bridge. The

�rst one is the weakest, for it is the farthest from linearity, almost a bent bond; this is

consistent with a similar case we have met with14.

To our knowledge, there are very few IABC values for hydrogen bonds in the literature;

we have shown its appropriateness, since the three-center index makes a clear distinction

between strong and normal H bonds13. The values for systems involved in biological

problems are even fewer13�15. These quantities, we believe, could play a leading role in

the description of hydrated clusters in biomolecules; the increasing growth of this new

link between chemistry and biophysics has been surveyed in a very recent review27.

All our H-bonds IXHY values are negative, both for strong and normal H bonds. We

have shown that no a priori distinction between positive and negative values is to be

expected in this case28. The quantities reported in Table 1 are not enough to allow a
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sound conclusion about the relative in
uence of H bond distances and angles on IXHY

indices. Nevertheless, at �rst glance, it would seem that the clearly highest value for the

(O(W3)-H-O50) bond is due mostly to the short distance. Leaving aside the �rst row, the

deviation from linearity falls within a range of 8o; the distance range is more appreciable

instead. All IXHY values (0.01�0.03) save one characterize normal H bonds. There is

only one NHO bond, that correspond to the longest XY distance, linking VGB to PLP;

the average IOHO value is �0.021.It is also seen in the table that the IHY indices match

well the behaviour of the IXHY indices.

Let us look for cooperative e�ects29 on the IXHY indices. The H bond \chain" [(O40�H-

O(W5))(O(W5)-H-O(W6))(O(W6)-H-O2)] does not manifest mutual reinforcement when

compared with the only bond not involved neither in a chain, nor in a sharing scheme,

(O60-H-O(W2)); on the contrary, they decrease. We would therefore not conclude in favour

of cooperativity.

The six water molecules of course re
ect on their IOH values (not reported in the

tables) the e�ect of H bonding. The �ve OH bonds not involved in H bonds keep their

IOH values within the narrow range (0.95-0.97). IOH in W3 falls to 0.82, while the six

other indices of the OH bonds taking part in a bridge decrease to the range (0.88-0.93).

Table 2 shows the IAB values for e�ective and secondary (i.e. formal) bonds for

the �O�PO3 group in PLP and for the CO�

2 group in VGB, before and after joining the

VGB-PLP-water system. It is well known13;25 that oxygen usually takes part in secondary

bonds; i.e. OO' \bonds" are particularly signi�cant in most cases. We have thus shown

in the table not only the IOO0 values for the PO3 moiety, but also the values involving

O20. After joining the complex, the bond charges (the bond indices are the electronic

charges along the bonds, see Refs.24;25) become altered and those corresponding to the

formal bonds more than those of e�ective bonds. As there is a great reorganization, and

O40 and O50 take part in three and two H bonds respectively, it is not possible to follow

its details. The three IOO0 values in PO3 decrease, I4050 most strikingly. Of the IPO values,
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two of them decrease, one increases and I3050 increases slightly. The relative variations of

the formal bonds are much greater. We have mentioned that there is an overall charge

transfer from PLP to water; to our knowledge, it has not been remarked before that

charge transfer may be in some cases mostly ascribed to the bond charges.

As to the (CO�

2
) group in VGB, the OO' index remains almost unchanged. The ICO

values, instead, become more similar under interaction, i.e. they depict a more conjugated

system.

In order to compare other multicenter bond indices (the parenthesis indicating the

values previous to the interaction), let us report:

ICOO0(V GB) = �0:2046(�0:2037); IPOO0O00(PLP ) = �0:0149(�0:0600);

Iring(PLP ) = 0:0260(0:0288)

The three-center CO�

2 index of VGB is maintained; the four-center PO3 index decreases,

in agreement with the above discussion. As to the ring in PLP, it indicates a moderate,

non-negligible conjugation30; much more signi�cant, for instance, than the one for the

(S3N3)� system23.

Two separate pathways have been proposed for the inactivation mechanism of GABA

aminotransferase by VGB11a. The present study, which intends to be an approximation

to a much more complicated problem involving features not considered here, concerns

only one of them: namely, the one related to the covalent attachment to the active site

PLP11a;b. The proposed 
uorinated analogues of VGB11b are likely to have an in
uence on

the obtained hydration scheme; we propose to approach this problem in the near future.

We hope that the appealing results obtained with our model shall prompt other the-

oretical and experimental work about the VGB interactions mechanisms.

Conclusion

Hydration of the enzymatic lysine residue-PLP and VGB systems gives rise to hydro-
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gen bonds between the �rst hydration shell of six water molecules as well as, on one side,

the carboxyl group of VGB and on the other side, most heavily, the phosphate group

of PLP. The proposed model, with the C
-H of VGB perpendicular to the PLP ring,

becomes thus feasible.
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Figure Captions

Fig. 1. Labelling of a) vigabatrin (VGB) and of b) the Schi� base formed by pyridoxal-

5'-phosphate (PLP) with the "-amino group of a speci�c lysine residue at the active

site; in the calculations that follow, we replace the enzyme by a hydrogen atom.

Fig. 2a). The systems lysine residue-PLP and VGB prior to hydration. The two H-

bonds formed before hydration are shown. The C
-H bond of VGB is not oriented

towards the PLP ring. The enzymatic fragment attached to the PLP ring is replaced

by a hydrogen atom.

Fig. 2b). The system lysine residue PLP-VGB after hydration, together with the six

water molecules W of the �rst hydration shell. The phosphate O50 has replaced O20

in the H-bond formed by N�-H. The N1-H-O1 bond, which prevented the orientation

of the C�-H bond towards the PLP ring, has disappeared. It is thus possible to obtain

the required orientation. All the H-bonds formed by the water molecules are shown

in the Figure.
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Fig. 1
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Fig. 2a
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Fig. 2b
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Table 1. Hydrogen bonds of Fig. 3b. Three-center bond indices IXHY , IAB for the

HY bond and geometrical features.

Labelling XH� � �Y �IXHY IHY rHY (�A) rXY (�A) < XHY (o)

O(W6)HO2 OH� � �O 0.0073 0.0127 2.02 2.85 144.3

O(W5)HO40 OH� � �O 0.0132 0.0182 2.06 2.99 164.2

O(W4)HO40 OH� � �O 0.0283 0.0533 1.69 2.62 162.4

O(W1)HO40 OH� � �O 0.0198 0.0283 1.89 2.83 167.0

N�HO50 NH� � �O 0.0125 0.0153 2.12 3.09 161.8

O(W3)HO50 OH� � �O 0.0339 0.1136 1.45 2.39 167.3

O(W2)HO60 OH� � �O 0.0283 0.0607 1.64 2.59 169.8

O(W6)HO(W5) OH� � �O 0.0208 0.0373 1.71 2.66 169.8
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Table 2. IAB values, for e�ective and secondary bonds, before (IAB) and after (I 0AB)

joining the VGB-PLP-water system. The values refer to the O-PO3 fragment in PLP and

to the CO2 group in VGB.

A B IAB I 0AB

P30 O40 0.8785 0.9238

P30 O50 0.8376 0.8491

P30 O60 1.0400 0.9782

P30 O20 0.6441 0.5907

O20 O40 0.0437 0.0545

O20 O50 0.0662 0.0353

O20 O60 0.0808 0.0683

O40 O50 0.2133 0.0495

O40 O60 0.3829 0.2023

O50 O60 0.3280 0.1331

C O2 1.3615 1.4089

C O1 1.6081 1.5548

O1 O2 0.1699 0.1678
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