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A combination of ab initio molecular orbital and molecular mechanics calculations has been used 
to estimate the energetics of the formation of the tetrahedral intermediate involved in the catalytic 
ester hydrolysis by the enzyme PLA2. A number of models have been studied which differ in the 
extent to which the environment of the enzyme is included. The calculations provide support for the 
mechanism of catalysis involving nucleophilic attack of water activated by proton transfer to His- 
48. A single, rather than a double, proton-transfer mechanism, involving His-48, is favoured. 

Phospholipase A, (PLA2) is a ubiquitous enzyme which 
hydrolyses phospholipids, the components of cell membranes, 
to release fatty acids such as arachidonic acid, thus initiating the 
production of a wide range of cellular mediators such as the 
prostaglandins.' An understanding of the mechanism of the 
catalysis by PLA2 is of practical importance in view of the 
current search for medically useful inhibitors of the enzyme. 

Such a mechanism has been proposed by Verheij et a/., based 
on the X-ray crystal structure of PLA2,3 which shows 
similarities to that of other hydrolytic enzymes such as the 
serine proteases. However, this mechanism has yet to be proven 
experimentally so that theoretical investigations of the various 
aspects of it are potentially useful. 

In this paper we study this mechanism by means of ab initio 
molecular orbital (MO) calculations on models of a substrate 
[ 1,2-dilauroyl-~~-phosphatidyl ethanolamine, (l)] within the 
active site of the enzyme and determine the role of the local 
environment of the active site on the energetics of the hydrolysis 
reaction. 
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In any model of enzyme catalysis some form of molecular 
orbital calculation is essential to quantify the energies involved 
in the breaking and formation of bonds, and such techniques 
have been applied to a number of enzymes to various degrees of 
sophistication. All realistic M O  calculations are severely limited 
as to the number of atoms which can be included in the model, 
and hence several studies have simplified the complex environ- 
ment of the active site by modelling a small number of molecules 
in 0 a c u 0 . ~ - ~  However, in general an active site can be 
represented accurately only by the inclusion of a substantial 
number of residues positioned according to the known enzyme 
structure. For such a model, the number of atomic basis 
functions needed for a MO calculation will usually exceed the 
available computational resources. However, it is possible to 
represent much of the active site solely as point charges (integral 
or partial), which are incorporated into the one-electron 
Hamiltonian, and which simulate the electrostatic influence of 
the environment on the electronic wavefunction of the reacting 

system. The importance of this effect in the activation of a 
substrate or stabilisation of a transition state has been 
demonstrated in studies of carboxypeptida~e,'-~ papain," and 
trypsin. ' ' * ' 

A purely quantum mechanical model cannot, due to com- 
putational restrictions, allow for the optimisation of the 
changing conformational environment of the active site during 
the catalytic reaction. This can, however, be achieved by the use 
of molecular mechanics, with which structures of minimum 
conformational/steric energy can be found readily for systems as 
large as proteins. Such minimisations are valuable in the 
refinement of X-ray crystal structures and for the modelling of 
enzyme-substrate complexes. ' 3,'4 The techniques of molecular 
mechanics and quantum mechanics are thus complementary, as 
demonstrated by recent work on catalysis in lysozyme," 
papain,' triosephosphate isomerase,' and trypsin.' 

In the work presented herein we adopt the strategy of using 
computer graphics and molecular mechanics minimisations to 
model the initial PLA2-substrate complex, for which no crystal 
structure is available, in order to obtain intermolecular 
geometries to be used in subsequent ab initio MO calculations. 
In these latter calculations up to 24 atoms have been treated 
explicitly to represent the substrate and the catalytically 
important residues. A further 27 atoms in the immediate 
environment have been incorporated into the model solely as 
point charges. 

The proposed mechanism, of catalysis can be briefly 
described. The X-ray crystal structure of PLA2 reveals a 
hydrogen-bonded histidine-aspartate couple in the active site 
(His-48 and Asp-99 of bovine pancreatic PLA2), which is a 
feature common to other hydrolytic enzymes such as the serine- 
histidine-aspartate charge relay triad of the serine proteases. In 
PLA2 there is no serine available locally, so that it is probable 
that a water molecule in the active site becomes the active 
nucleophile upon proton transfer to histidine (Figure 1). The 
attack by water on the C-2 carbonyl of the phospholipid leads to 
the formation of a tetrahedral oxyanion intermediate, which is 
stabilised electrostatically by a calcium ion and by hydrogen- 
bonding to the backbone -NH of Gly-30. The oxyanion breaks 
down, on proton transfer from His-48, to release the C-2 fatty 
acid. In the original description of the charge relay triad l 9  it was 
suggested that the system was stabilised by a concerted second 
proton transfer from N - ~ 2  of histidine to aspartate, such that the 
histidine cation-aspartate anion couple becomes a neutral 
histidine-aspartic acid couple. However, recent experimental 2o 

and computational 6 , 1  ' 9 '  work suggest that the second proton 
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Figure 1. Proposed mechanism of catalysis in PLA2. 

transfer does not occur in the serine proteases, since the ionic 
couple is more stable in the environment of the active site than is 
the neutral couple. By analogy, it is possible that only a single 
proton transfer occurs in PLA2. 

We present herein preliminary calculations on the potential 
energy surface for catalysis by PLA2, and investigate the 
influence of the active site on the energetics of formation of the 
oxyanion intermediate. The energetics of the single and double 
proton transfer mechanisms are also studied, since they 
emphasise the dependence of the model on the choice of basis set 
and on the adequate simulation of the local environment. 

Computational Details.-The molecular mechanics facility 
within the program  AMBER,^^ together with the computer 
graphics model building facility within the Chem-X system 2 2  

were used to  build and energy-minimise models of a phospho- 
lipid substrate (1,2-dilauroyl-~~-phosphatidylethanolamine, 
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Figure 2. Supermolecule models treated explicitly in M.O. calculations: 
(a)  reactants; (h) intermediates (single proton transfer); and (c) 
intermediates (double proton transfer). 

I ) 2 3  within the active site of PLA2. The calculations were 
facilitated by use of an interface between AMBER and Chem-X 
written by us. The structure of PLA2 was taken from the 
X-ray crystal co-ordinates of bovine pancreatic PLA2.3 The 
phospholipid fits into the active site with minimal distortion of 
dihedral angles. The C-2 carbonyl and the C-3 phosphate 
become ligands of the calcium ion, so that the carbonyl group is 
found to be tightly held in a position adjacent to the attacking 
water molecule, already present in the crystal structure, and 
His-48. The substrate’s long parallel acyl chains extend from the 
active site into the solvent. 

The final model used consisted of a complete PLA2 molecule 
(123 amino acids, with each C-H group treated as a united 
atom), the phospholipid substrate and solvent ( 1  06 water 
molecules from the X-ray structure, plus a further 640 water 
molecules added by AMBER to fully solvate the system). In all, 
this model contained close to 3 500 atoms, and was energy 
minimised to provide intermolecular geometries which were 
used in the subsequent MO calculations. The structure of the 
minimised enzyme-substrate system is shown in Plate 1 .  
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Plate I .  The structure of the PLA2-substrate model after AMHEK minimisation. For clarity the enzyme is shown as the peptidc backbone (yellow, with 
rhc calcium ion represented by a red dot surface) and with water omitted. The phospholipid substrate (green. hydrogens omitted) is bound to thc 
calcium ion such that thc C-2 carbonyl is adjacent to the attacking water molecule and to the side-chains of His-48 and Asp-99 (all highlighted in 
pu r ple 1. 



Plate 2. The active site residues which were modelled in the M O  calculations, as they appear in the PLAZ-substrate model after AMBER minimisation. 
The calcium ion (yellow dot surface) binds the C-2 carbonyl and the phosphate of the substrate (depicted as a small fragment for clarity) as well as the 
backbone carbonyls of Tyr-28, Gly- 30, and Gly-32, and the carboxylate of Asp-49 (all oxygens highlighted in red). The imidazole ring of His-48 is 
proposed to be hydrogen-bonded to two water molecules (the water labelled 2 is the active nucleophile) and to the carboxylate of Asp-99; the latter is 
also hydrogen-bonded to two further water molecules and to the phenolic hydroxyls of Tyr-52 and Tyr-73. 
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The MO calculations were carried out for two points on the 
potential energy surface of the hydrolysis reaction in order to 
characterise the size of the energy difference between the 
reactants and the oxyanion intermediate. The following systems 
were used to model the actual reaction. The first [Figure 2(a)] 
was a model of the reactants only, as positioned in the active site. 
Here methyl formate models the substrate, imidazole models 
His-48, and the formate anion models Asp-99. The second 
system represents the formation of the oxyanion intermediate by 
both the single and the double proton transfer mechanisms 
[Figures 2(b) and 2(c), respectively]. The formic acid in Figure 
2(c) was modelled in the two conformations, (2) and (3). 

The geometries of the various molecules in Figure 2 were 
obtained by optimising each species using an STO-3G basis. 
Full geometry optimisation was performed using analytic 
gradient methods as implemented in the program GAMESS.24 We 
assume that the oxyanion is not a transition state, but an 
intermediate which occupies a minimum on the potential energy 
surface. (According to the proposed mechanism, two transition 
states will be involved, one leading to the formation of the 
intermediate and one leading to its breakdown). Such 
tetrahedral intermediates have been isolated for other 
hydrolytic enzymes,20 and are generally assumed to be similar 
to the transition state in structure and energy.">l2 For our 
purposes, we are proposing that the effect of the active site 
residues in reducing the potential energy barrier of the overall 
reaction can be estimated by observing their effect on the energy 
of the intermediate. 

The optimal molecular geometries were then used, in 
conjunction with intermolecular geometries obtained from 
molecular mechanics energy minimisations of PLA2, to build a 
series of supermolecule models of the reaction. Single-point 
energy calculations were performed on these supermolecules 
using both STO-3G and 4-31G basis sets. The intermolecular 
geometries used for the model of the reactants were kept 
constant, as far as possible, for the model of the intermediates. 
Although this assumes that there are no conformational 
changes to the active site on formation of the oxyanion, it allows 
a direct comparison to be made of the energies of each model, 
which might otherwise be obscured by perhaps significant 
changes in intermolecular geometry. 

The supermolecule models that we have examined are 
summarised in Table 1. Model 1 represents the ester plus water 
plus imidazole forming the oxyanion plus imidazolium. In 
Model 2 the role of the formate anion is considered, together 
with the relative preference for the single or double proton 
transfer mechanisms [Models (2a) and 2(b), respectively]. In 
further models, additional regions of the active site are 
represented by point partial charges. These are based on the 
AMBER database charges, though simplified, and are positioned 
according to the nuclear co-ordinates of polar functional groups 
in close proximity to the catalytically important residues. Model 
3 includes the calcium ion as a + 2  point charge. This is 
an unrealistic simulation of calcium in its immediate en- 
vironment and thus Model 4 includes the following ligands of 
calcium: three carbonyl groups (Tyr-28, Gly-30, Gly-32), each 
simplified to point charges of + 0.5 (carbon) and -0.5 (oxygen); 
a carboxylate, Asp-49 (+0.5 [carbon]) and 2 x -0.75 
[oxygen]); a single phosphoryl oxygen (+ 0.5 [phosphorus] and 
-0.5 [oxygen]) (Figure 3). Model 5 includes the environment of 
Asp-99, in order to assess whether the relative stabilities of 
formate and formic acid are influenced by their hydrogen- 
bonded environments. Within hydrogen-bonding distance of 
the carboxylate of Asp-99 are two phenolic hydroxyls (Tyr-52 
and Tyr-73, represented by charges of +0.3 [hydrogen] and 
-0.3 [oxygen]) and two water molecules ( + 0.3 [hydrogens], 
-0.6 [oxygens]) (Figure 4). There is a bad steric contact be- 
tween the acidic proton of formic acid in conformation (2) and 
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Figure 3. Ligands of CaZ + ion. 
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Figure 4. Hydrogen-bonded environment of His-48, Asp-99, and the 
substrate C-2 carbonyl. 

the hydroxyl hydrogen of Tyr-52, but no bad contact for formate 
or formic acid in conformation (3). Formic acid (2) was used in 
previous models because it is appreciably more stable than (3) 
due to intramolecular hydrogen-bonding. In Model 5 both 
conformations are evaluated [Models 5(b) and 5(c)] and in one 
further calculation [Model 5(d)] the environment is modified to 
accommodate formic acid in conformation (2), by rotation of 
the hydroxyl of Tyr-52 through 180" to relieve the bad contact. 
The final calculation, Model 6, incorporates the -NH group of 
Gly-30 (point charges of + 0.3 [hydrogen], -0.3 [nitrogen]), 
which, with calcium, stabilises the negative charge of the 
oxyanion. The model also includes a further water molecule 
which lies in the active site, hydrogen-bonded to N-1 of His-48. 
This water molecule hinders the formation of the oxyanion and 
was therefore repositioned by means of a molecular mechanics 
minimisation within a fixed model of the active site. 

All calculations were carried out on the FPS M64/60 of the 
Computational Chemistry Group of Manchester University. 

Computational Results and Discussion.-Figures 2-4 present 
relevant intermolecular distances in order to give some indi- 
cation of the geometry of the models used in the MO 
calculations (full Cartesian co-ordinates are available on 
request to B.W.). Plate 2 shows the spatial arrangement of these 
residues in the active site. Total energies for the reactants are 
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Table 1. Supermolecular models used in single point MO calculations. 

Model 

1 2 
Ester + imidazole + Ester + imidazole + 
HOH - HOH + HCOO- 
oxyanion + - (a)  oxyanion + 
imidazolium imidazolium + 

HCOO- 
(6) oxyanion + 
imidazole + 
HCOOH(2) 

3 4 5 6 
(a), (b): as for 2(a) 
and 2(b), with Ca2+ 3(h), with calcium (b), and (c), with (c), i.e. HCOOH (3), 
as point charge ligands as point environment of Asp-99 with environment of 

charges. (c): as for (point charges) substrate and His-48 
4(b) with (d) :  as for 5(b), i.e. (as point charges) 
HCOOH(3) HCOOH (3), but with 

repositioned point 
charges 

(a), (b): as for 3(a) and (a), (b), (c): as for 4(a), (a), (b): as for 5(a) and 

Table 2. Total energies (a.u.) for models of reactants. 

Model STO-3G 4-31G 
1 -521.758 583 -527.819 956 
2 - 707.275 038 - 715.770 429 
3 -707.466 657 -716.010 799 
4 -708.624 418 -717.144 251 
5 - -717.635 448 
6 - -717.878 196 

Table 3. Energy difference (AE)  to the formation of intermediates (kcal 
mol-'). 

Model a STO-3G 4-31G 
1 +95.1 +52.0 

2(a) (SPT) +65.3 +30.9 
2(b) (DPT) (2) +9.8 +47.2 

3 ( 4  (SPT) t-3.1 -15.6 
3(h) (DPT) (2) -74.1 -19.5 

4(a) (SPT) + 20.6 -3.1 
4(b) (DPT) (2) - 42.0 + 6.3 
4(c) (DPT) (3) -37.8 + 13.7 

5 ( 4  (SPT) + 9.5 
5(b) (DPT) (2) + 49.2 
5(c) (DPT) (3) +31.1 
5(4 (DPT) (2) * + 28.6 

6(b) (DPT) (3) + 33.2 
6 ( 4  (SPT) + 9.7 

a SPT, DPT-single, double proton transfers; (2), (3)-conformations 
of HCOOH; *-modified environment. 

given in Table 2 and the calculated value of AE for each model is 
given in Table 3. Here AE is the difference between the total 
energy of the reactants and of the tetrahedral intermediate. A 
positive value of AE represents an endothermic reaction. The 
STO-3G values are quoted for the first four models to 
emphasise the discrepancy between the minimal and extended 
basis set energetics. In particular, with the STO-3G basis set the 
value of AE for double proton transfer is much lower than that 
for single proton transfer (by up to 77 kcal mol-', for Model 3), 
whereas with the 4-31G basis set the two systems are of 
comparable stability, with the single proton transfer being 
favoured overall. This deficiency of minimal basis sets is well 
known. Thus, early computational studies on the charge relay 
triad in the serine proteases favoured the double proton transfer 
m e ~ h a n i s m , ~ ' - ~ ~  because their use of minimal basis sets and 
semi-empirical methods led to inaccuracies in the evaluation of 
proton affinities, whereas more recent calculations have stressed 

Table 4. 4-31G Mulliken populations for the carbonyl group of the 
reactant ester (R) and the oxyanion intermediate (1) (single proton- 
transfer mechanism). 

Model Carbon Oxygen 
+ 0.63 
+0.71 
+ 0.63 
+ 0.72 
+0.75 
+ 0.76 
+ 0.70 
+ 0.74 
+ 0.70 
+ 0.74 
+0.71 
+0.73 

- 0.56 
-0.83 
-0.57 
- 0.84 
- 0.89 
- 1.12 
-0.72 
- 0.96 
- 0.72 
- 0.96 
-0.75 
- 0.99 

the necessity of using larger basis sets to obtain meaningful 
energetics.6,",'2 Therefore, the remainder of this discussion will 
focus on the results obtained using a 4-31G basis, which in 
general accurately reproduces experimental proton affinities.6,26 
Although it is preferable to employ as large and as diffuse a basis 
set as is practicable for the size of system, at this stage of our 
calculations the 4-31G basis set is adequate in determining an 
approximate potential energy surface for this large system. 
More diffuse basis sets or calculations including correlation 
effects can be incorporated at a later stage when the active site 
model has been refined further. 

The value of AE for the formation of the oxyanion is initially 
large (+ 52 kcal mol-' for Model 1). The addition of the formate 
anion stabilises the oxyanion-imidazolium couple by 2 1 kcal 
mol-' for the single proton-transfer mechanism [Model 2(a)] 
but by only 5 kcal mo t '  for the double proton-transfer 
mechanism [Model 2(6)]. The simulation of the calcium ion as a 
bare + 2 charge (Model 3) is clearly unrealistic and results in a 
large negative AE value, and also obscures the preferential 
stabilisation of the single uerms the double proton-transfer 
mechanism. The value of AE has been reduced because while the 
calcium ion lowers the total energy of both the ester and the 
oxyanion, it has a greater electrostatic effect on the latter 
because of the greater electron density on the oxygen of the 
oxyanion (Table 4). 

Model 4 includes the carbonyl and carboxylate groups of the 
residues which form the calcium-binding loop. Although the 
sum of the point charges is still +2, the formal charge on the 
calcium has been reduced (the inclusion of the point charges in 
effect increases the dielectric of the system) and AE is now - 3.1 
kcal mol-' for single proton-transfer and +6.3 kcal mol-' for 
double proton-transfer. AE for the formation of formic acid in 
conformation (3) (with no internal hydrogen-bonding) is also 
presented to emphasise that, in the absence of the local 
environment of Asp-99, the loss of intramolecular hydrogen- 
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bonding is not compensated by hydrogen-bonding to imidazole, 
and hence for Model 4(c) [with (3)], AE is 7.4 kcal mol-' greater 
than for Model 4(b) [with (2)]. 

The relative stabilities of the single and double proton- 
transfer models are dependent on the immediate environment of 
the imidazole-formate couple. Thus, a polar environment would 
be expected to favour a charged couple (imidazolium-formate) 
rather than a neutral couple (imidazole-formic acid.'2,28 To 
investigate the effect of the environment, Model 5 includes the 
residues which are hydrogen-bonded to Asp-99. (Note that His- 
48 is hydrogen-bonded only to Asp-99, the attacking water 
molecule and one further water molecule, which is simulated in 
the final model.) The effective negative charge on the formate is 
now reduced leading to a reduction in the electrostatic inter- 
action between formate and imidazolium. AE for the single 
proton-transfer is now increased by 12.6 kcal mol-' and for the 
double proton transfer [formic acid (3)] by 17.4 kcal mol-', 
compared to Model 4. Hydrogen-bonding therefore favours 
formate over formic acid and hence further supports the single 
proton transfer mechanism. [The formation of formic acid in 
conformation (2) is sterically hindered by the hydroxyl of Tyr- 
52. If this hydroxyl is moved to relieve the bad contact e.g. 
Model 5(d), the energies for the formation of (2) and (3) 
become comparable]. Thus the role of formate in the catalytic 
mechanism is in the stabilisation of the imidazolium cation by 
an electrostatic interaction rather than by being the final proton 
acceptor in a charge relay system.29 

AE is found to change little in the final Model 6. The 
additional stabilisation of the oxyanion by hydrogen-bonding 
to the -NH of Gly-30 is offset by the inclusion of a further water 
molecule, hydrogen-bonded to N-1 of imidazole, which will to a 
small degree destabilise the imidazolium-formate couple in a 
manner analogous to the addition of the environment around 
formate in the previous model. 

The final value of AE for the formation of the oxyanion is 
therefore + 9.7 kcal mol-', for single proton-transfer, which 
represents a significant decrease compared with the previous 
models. However, the final model needs to be further refined in 
several ways. The point charge model is over-simplified and 
should be extended to include more active site residues in the 
MO calculation. Secondly, we have used a static environment 
which assumes that the conformation of the active site is the 
same for both reactants and intermediates. Although this has 
enabled us to present a direct comparison of the energies of 
reactants and intermediates, it is clearly not the most realistic 
representation of the active site during catalysis. Thus, a full 
molecular mechanics minimisation of the active site should be 
carried out for the formation of the oxyanion, for both the single 
and double proton-transfer models, in order to account for the 
way in which the active site accommodates each species. 
However, it would seem unlikely that our calculated energies 
would be altered to any great extent. It is probably more 
important to obtain a better estimate of the structure of the 
oxyanion. Whereas we have modelled the tetrahedral inter- 
mediate formed by the addition of hydroxide to a small ester in 
vacuo, it is clearly preferable to attempt to model the inter- 
mediate obtained for a large phospholipid in situ, where the 
shape of the intermediate may be influenced by steric and 
electrostatic interactions with the active site. For PLA2 these 
interactions may be of particular importance since the 
phospholipid C-2 carbonyl is strongly polarised by the calcium 
ion, while the cramped interior of the active site may hinder the 
sp2 - sp3 rehybridization at the carbon. The structure of the 
intermediate may well differ significantly from the oxyanion 
modelled here, so that it is not considered worthwhile to 
develop too elaborate a model of the active site until this 
structure is known. 

In a similar way, it may be possible to investigate the 

structures of the transition states involved during the reaction. 
This is a difficult task because of the size of the molecules 
involved and the need to use a large basis set in order to 
reproduce accurately relative proton affinities. There is also the 
problem that the transition states are likely to be particularly 
unstable in any in U ~ C U O  model, where they are not constrained 
in space and stabilised electrostatically by the active site. 

Conclusions 
We have presented some initial calculations of the potential 
energy surface for hydrolysis of an ester in a simple model of the 
active site of PLA2. Although this model will benefit from 
further refinement, the results provide some theoretical evidence 
in favour of the proposed mechanism of catalysis via nucleo- 
philic attack by a water molecule (upon concerted proton 
transfer to His-48), in as much as they show quantitatively 
how an oxyanion intermediate can be stabilised by electro- 
static interaction with the surrounding environment (most 
importantly with the calcium ion and the histidine-aspartate 
couple). In agreement with recent computational and experi- 
mental work on the charge relay triad, the single proton-transfer 
mechanism is favoured, particularly when the environment of 
the His-Asp couple is included in the model. 

The accuracy of simulations of this type is clearly dependent 
both on the size of the system explicitly considered and on the 
level of the computational method employed. The calculations 
described herein show that for simulation of enzyme catalysis 
a combined molecular mechanics and quantum mechanics 
approach is preferable to either technique used alone, in that it 
can quantify enthalpies of bond breaking and formation, as well 
as describe macromolecular conformational changes. 
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