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Abstract 

The  substrate-binding sites of the triacyl glyceride lipases from Rhizomucor miehei, Humicola Ianuginosa, and 
Candida rugosa were studied by means of computer modeling methods. The space around the active  site  was mapped 
by different  probes. These calculations suggested 2 separate regions within the binding site. One region showed 
high affinity for aliphatic groups, whereas the  other region was hydrophilic. The  aliphatic site should be a  bind- 
ing cavity for fatty acid chains. Water molecules are required for the hydrolysis of the acyl enzyme, but are prob- 
ably not readily accessible in the hydrophobic  interface, in which lipases are acting. Therefore,  the hydrophilic 
site should be important  for the hydrolytic activity of the enzyme. 

Lipases from R. miehei and H. lanuginosa are excellent catalysts for enantioselective resolutions of many sec- 
ondary alcohols. We used molecular mechanics and dynamics calculations of enzyme-substrate transition-state 
complexes, which provided information about molecular interactions important for the enantioselectivities of these 
reactions. 
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Lipases are enzymes that hydrolyze triacyl glycerides, thus lib- 
erating fatty acids. These enzymes are commercially important 
as constituents  of washing detergents and  as catalysts in indus- 
trial transesterifications of fats. The objective of this study was 
to increase our understanding of the enzyme-substrate interac- 
tions of the 2 homologous lipases from Rhizomucor miehei 
and Humicola lanuginosa by means of molecular modeling 
techniques. Lipases are able to catalyze a  number  of  mutually 
related nucleophilic substitutions and  are widely  used  in prepar- 
ative  biotransformations of organic molecules. Lipase from R. 
miehei shows high activity in various  organic solvents (Sonnet 
& Moore, 1988) and is therefore  a useful biocatalyst in bioor- 
ganic synthesis. The molecular structure of the R. miehei lipase 
has been thoroughly investigated by means of X-ray crystallog- 
raphy (U. Derewenda et al., 1992; Z.S. Derewenda et al., 1992). 
However, our knowledge of the molecular details of its substrate 
binding is poor. At the time of this writing, only 1 detailed struc- 
ture of a lipase-inhibitor complex (Brzozowski et al., 1991; U. 
Derewenda et al., 1992) is currently available (Kinemage 1). In 
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addition, we investigated the binding regions in the active site 
of the lipase from Candida rugosa. This  lipase is structurally dif- 
ferent from the 2 fungal lipases, although the dfl-hydrolase fold 
(Ollis  et al., 1992) of all 3 lipases studied is conserved. Recently, 
it has been shown for  the C. rugosa lipase that a  tunnel, which 
is unique  among lipases studied to this date, is involved in the 
binding of the scissile fatty acid chain (Grochulski et al., 1994a). 
The modeled binding regions  of this lipase in this work are com- 
pared with those of the 2 fungal lipases. 

The active sites of the lipases were mapped by means of a 
method called GRID  (Goodford, 1985). This method has re- 
cently been used to design inhibitors of influenza virus replica- 
tion (von Itzstein et al., 1993) and  to elucidate the catalytic 
mechanism of phospholipase C (Byberg et al., 1992). A cubic 
lattice is placed in the space to be studied. At each grid  point 
of the  lattice, the interactions of a probe with the target mol- 
ecule are calculated by an energy function.  The resulting po- 
tential  maps are analyzed by means of a molecular graphics 
program to visualize interesting binding regions. 

The  catalytic mechanisms of lipases are most probably simi- 
lar  to those of serine proteases.  A catalytic triad, Ser-His-Asp/ 
Glu, is involved in an acid-base-catalyzed cleavage of ester 
bonds. Also important is the stabilization of a charged oxygen 
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atom in the transition state of the hydrolytic reaction.  The 
charged oxygen atom is  believed to be stabilized by hydrogen 
bonds in an “oxyanion hole.” The stereochemistry of the oxy- 
anion hole of the R.  miehei lipase is not clear (Derewenda & 
Sharp, 1993). Lipases are activated at hydrophobic  surfaces 
(Sarda & Desnuelle, 1958) through movements of 1 or a few sur- 
face loops that bury the active site in the inactive conformation 
(Winkler et al., 1990; Brzozowski et al., 1991; U. Derewenda 
et al., 1992,  1994; van Tilbeurgh et al., 1992,  1993; Grochulski 
et al., 1993). The lipase from R. miehei has 1 helix, covering the 
active site like a lid, which opens during activation (Brady et al., 
1990; Brzozowski et al., 1991; U. Derewenda et al., 1992; Z.S. 
Derewenda et al., 1992). It has been proposed,  on the basis of 
X-ray crystallographic studies, that the oxyanion hole  of  lipases 
from R .  miehei and human  pancreas can exist only in the open 
active conformation (Brzozowski et al., 1991; Derewenda & 
Sharp, 1993; van Tilbeurgh et al., 1993). In contrast,  the oxy- 
anion hole appears to be preformed in the closed inactive form 
of the C. rugosa lipase (Grochulski et al., 1994b). We used mo- 
lecular dynamics simulations of transition-state complexes to 
study  the hydrogen bonding networks of the catalytic machin- 
eries of the R .  miehei and  the H .  lanuginosa lipases. From  the 
simulation result, we propose a somewhat different stereochem- 
istry of the oxyanion hole than previously  suggested  (Brzozowski 
et al., 1991; Derewenda & Sharp, 1993). 

The enantioselectivities of reactions catalyzed by the R .  mie- 
hei lipase and other closely related lipases from filamentous 
fungi make these reactions suitable for resolving chiral second- 
ary  alcohols  (Sonnet, 1987; Sonnet & Baillargeon, 1987; Son- 
net & Moore, 1988; Janssen et al., 1991). We combined energy 
minimization and molecular dynamics simulations for investi- 
gating the stereospecific properties of these  lipases.  Recently, we 
applied  this  method for calculating enantioselectivities of reac- 
tions catalyzed by chymotrypsin (Norin et al., 1993). We have, 
in the work presented here, investigated 2 chiral  substrates, 
which are shown in Figure 1 .  GRID calculations and X-ray crys- 
tal structures  of lipase-inhibitor complexes were  used as mod- 
els for docking the substrates with the enzyme. 

0’ 
R’ (Leaving  group) 

T 

Ser 

Transition  state model 

1-Phenylethyl  hexanoate 1 -0ctyl hexanoate 

Fig. 1. The  transition-state  model  used in the  calculations  and  the  struc- 
tures of the chiral  substrates investigated. 

Results 

Assumed  enzymatic reaction mechanism 

Lipases catalyze the hydrolysis and  the interesterifications of  es- 
ter groups. The reaction mechanism is assumed to be analogous 
to  that of serine proteases. Crucial in the reaction mechanism 
is a catalytic triad consisting of the amino acid  residues Asp, His, 
and Ser (Fig. 2). A charged oxygen atom in the  transition  state 
is stabilized in the “oxyanion hole.” The substrates consist of an 
acyl moiety and a leaving alcohol group. The  substrate  forms 
a Michaelis-Menten complex  in a substrate-binding pocket. The 
reactive carbonyl  carbon  atom is then attacked by the hydroxyl 
group of the active-site serine residue to  form a  tetrahedral in- 
termediate (Figs. 1 ,  2). This  intermediate is considered to be 
close to the  transition  state of the reaction. The hydrogen atom 
of the hydroxyl group of the serine is transferred to the histi- 
dine of the  catalytic  triad  during the  attack. The  carbonyl oxy- 
gen atom  forms  a negatively charged single-bonded oxyanion. 
The tetrahedral intermediate subsequently breaks down to form 
an acyl  enzyme. The protonated imidazole ring donates a proton 
to the leaving alcohol group. The acyl  enzyme is then hydrolyzed 
by water or cleaved  by a competing nucleophile through an anal- 
ogous  pathway in which I proton is transferred from the nu- 
cleophile through  the imidazole group  to  the active-site serine 
residue. 

Binding sites calculated by GRID 

The natural substrates for lipases are triacyl glycerides, which 
partly consist of long-chain aliphatic fatty acid residues. The re- 
sult of the  GRID calculation of the R .  miehei lipase using an al- 
iphatic group as the  probe is shown in Figure 3A. The most 
favorable region for the aliphatic  probe was the hydrophobic 
groove in the active site. In the crystal structure of the lipase, 
this site is partly occupied by a short aliphatic  chain of the in- 
hibitor, which mimics the acyl group of the substrate. 

In the crystal structure of the open  form of H .  lanuginosa li- 
pase, the transition-state inhibitor contains a long-chain aliphatic 
group of 12 carbon  atoms. We repeated the  GRID calculations 
on the H. lanuginosa lipase and observed very similar results to 

Fig. 2. Schematic picture of the transition-state model in  the  reaction 
center of the lipases. Important  distances  are  marked  with  dashed lines. 
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Fig. 3. Contour maps in the active sites calculated by GRID. Contours  at -3.0 kcal/mol for  a methyl probe are shown in gray. 
Contours  at -6.5 kca lho l  for  a water probe  are shown in black. Neighboring parts of the  backbone of the enzyme are indi- 
cated by ribbons. The arrows indicate the reaction center of the enzymes. The catalytic triads are indicated using ball and stick 
models. A: The R.  rniehei lipase. A hexyl phosphonate  transition-state  inhibitor in the  5TGL  structure is indicated using ball 
and stick models. The helix to the right of the catalytic center is the lid. B: The C. rugosa lipase. The position of the lid  is labeled. 

those  of the R. miehei lipase. The aliphatic  site was somewhat 
longer and spanned over the 12 carbon  atoms of the aliphatic 
chain  of the inhibitor. 

No strong  additional binding sites for aliphatic carbon or car- 
bonyl oxygen atoms could be found in the active sites of  any of 
the lipases. Thus, we could not find any specific binding sites 
for a leaving diacyl glyceride group. 

Lipases require water to hydrolyze the acyl enzyme. However, 
the access to water in the  hydrophobic interface around  the ac- 
tive site may be limited. The low water activity may be compen- 
sated by a trap  for water molecules  in the active site. Such a trap 
has been briefly mentioned in a report of an X-ray crystallog- 
raphy  study  of the Geotrichum  candidum lipase (Schrag & Cy- 

gler, 1993). We investigated the binding of water molecules to 
the active site of the R. miehei lipase. The  GRID program was 
used and  the result is shown in Figure 3A. A favorable binding 
site for water was found  at  the  bottom of the groove of the ac- 
tive site. This  site was positioned opposite to  the aliphatic site 
described above. The water site spanned about 14 A from  a hy- 
drophilic part of the protein surface  into  the active site and 
ended up  at  the reaction center of the enzyme. GRID calcula- 
tions  of  the H. lanuginosa lipase again gave similar results. Cal- 
culations of water-binding sites in the modeled acyl enzymes 
showed that  the hydrophilic site may accommodate a water mol- 
ecule in a position that is favorable for  an in-plane nucleophilic 
attack  on  the carbonyl carbon  atom of the acyl group (Fig. 4). 
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Furthermore, in this position,  the water molecule may donate 
1 hydrogen bond to the imidazole of the catalytic triad, which 
is proposed to act as  a base in the catalytic reaction. 

Comparison with C. rugosa  lipase 

GRID calculations of lipase from C. rugosa were performed 
using water and aliphatic  probes (Fig. 3B). In the lipase from 
C. rugosa, there is long tunnel extending from  the active Ser- 
209 into the center of the protein (Grochulski et al., 1994b). The 
end of the tunnel is blocked by the C-terminal residues. GRID 
highlighted an aliphatic binding site in this tunnel. During the 
preparation of this paper, an X-ray crystallography study of the 
C. rugosa lipase complexed with inhibitors was published. This 
study revealed that  the tunnel is involved in the binding of the 
scissile fatty acid chain. A structural alignment (Kinemage 2) of 
the d/3-hydrolase folds (Ollis et al., 1992) of the R. miehei and 
the C. rugosa lipases reveals that  the  inhibitor of the R. miehei 
lipase is remarkably well oriented in the tunnel (Grochulski 
et al., 1994b). The  GRID calculations indicated favorable af- 
finities for water at  the reaction center of the C. rugosa lipase 
and between the lid and  the core of the enzyme. 

Calculations of chiral substrate-lipase 
transition-state complexes 

Lipases from R. miehei and H .  lanuginosa have proved to be 
excellent catalysts for enantiomeric resolutions of many second- 
ary alcohols (Sonnet, 1987; Sonnet & Baillargeon, 1987; Son- 
net & Moore, 1988; Macfarlane  et al., 1990; Janssen et al., 
1991). Transition-state models of 1-phenylethyl and 2-octyl  hex- 
anoate esters (Fig. 1) were modeled in the active sites of the li- 
pases. The same orientations for  the large groups, phenyl and 
hexyl, of both  enantiomers were used as starting  structures  for 
the calculations, i.e., only the positions of the methyl group at- 
tached to the  chiral  carbon atom of the substrate  differed. En- 
ergy minima of the substrate-enzyme complexes were found by 
using molecular dynamics simulations and energy minimiza- 
tions. The lowest energy minimum of each enzyme-substrate 
complex will be abbreviated as follows. The (R,S)-I-phenylethyl 
hexanoate and the (R,S)-ZoctyI hexanoate complexes with the 
R. miehei lipase are abbreviated  as  R-PHERM, S-PHERM, 

Fig. 4. Contours of a water probe at 
-6.5 kcal/mol around  the  acyl enzyme 
of the R. miehei lipase.  The Ser-0-CO-R 
acyl group is to the right of His-257. 
Carbon atoms are shown in black. The 
reactive carbonyl carbon atom is indi- 
cated  with  an  arrow.  Non-carbon atoms 
(oxygen and  nitrogen atoms) are shown 
in gray. 

R-OCTRM, and S-OCTRM for each enantiomer, respectively. 
The energy minima of the (R,S)-1-phenylethyl hexanoate com- 
plexes with the H .  lanuginosa lipase are abbreviated as 
R-PHEHL and S-PHEHL.  The calculated binding orientations 
of the substrates of the R-PHERM, R-OCTRM, and R-PHEHL 
structures were similar (Fig. 5A). The binding modes of the sub- 
strates of the fast-reacting R-enantiomers did not differ much 
from  the  starting  conformation. The phenyl and hexyl groups 
of the leaving alcohols pointed perpendicularly to the  bottom 
of the active site. The methyl groups occupied a small cavity in 
the active site. In the R. miehei lipase, this cavity is formed by 
the backbone atoms of Gly-266 and the side-chain atoms of Tyr- 
28, His-143, His-257 (involved in the catalytic triad), and Leu- 
258 (Fig. 6). The slow-reacting S-enantiomers bonded differently 
from the preferred R-enantiomers. The methyl groups of the 
S-enantiomers preferred to occupy positions similar to those of 
the phenyl and hexyl groups of the R-enantiomers (Fig.  5B). The 
phenyl and hexyl groups were oriented along the ditchlike cavity 
of the active site. The structures of R-PHERM and S-PHERM 
are shown in Kinemage 3. The potential energies of the lowest 
energy minima of the transition states of each pair of substrates 
are compared in Table 1. The energies of the slow-reacting 
S-enantiomers were higher, indicating that these structures were 
more  strained  than  those of the  R-enantiomers. 

Free  energy calculations 

The differences in free energies  between the enantiomers of the 
transition-state models were calculated by means of molecular 
dynamics simulations in  which the  substrates were  slowly per- 
turbed between the  2  enantiomeric states. The total simulation 
times for converting the models from one enantiomer to the 
other were 120 or 240  ps  using a stepsize, Ah, of 0.05 or 0.0025, 
respectively. The simulations were first performed in a forward 
direction (A going from 0 to 1). After equilibration during 10 ps, 
the  simulations were reversed (X going from 1 to 0). The free 
energy barriers in the transition pathway were  between 2 and 
6 kcal/mol. Large hystereses  of the free energy  values in the per- 
turbation pathway prevented us from estimating the free energy 
differences between the  enantiomeric states. An analysis of the 
trajectories showed that the errors were due  to both problems 
with fluctuations and the fact that  the  free energy derivatives 
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Fig. 5. The  structures at the energy minima of the  transition-state models. The backbone of the enzyme is indicated by ribbons. 
The lid is labeled.  A:  The  fast-reacting  R-enantiomers.  R-PHERM  and  R-OCTRM  are  in black and  R-PHEHL is gray. B: The 
slow-reacting S-enantiomers.  S-PHERM  and  S-OCTRM  are  shown in black and  S-PHEHL  in  gray. 

at each  step  did  not converge. The binding orientations of the 
substrates were similar to those calculated as presented in the 
preceding paragraphs. 

Hydrogen bonding in the catalytic center 

The hydrogen bonds existing at the energy minimum of  each  cal- 
culated enzyme-substrate complex  were analyzed in both lipases. 
The atomic distances between atoms involved in important hy- 
drogen bonds are shown in Table 2. The hydrogen bonds of the 
aspartate carboxyl group in the catalytic  triad were very stable 

throughout all molecular dynamics simulations. Both oxygen 
atoms of the carboxyl group were bridgeheads of hydrogen 
bonds. One oxygen atom hydrogen bonded to an  amide back- 
bone group  and  the other to the side chain of a tyrosine residue 
(Fig. 7 ) .  In  addition,  one or both of the carboxyl oxygen atoms 
hydrogen bonded to the histidine  side chain of the catalytic triad. 
The  protonated histidine group in the  triad formed  a hydrogen 
bond to the oxygen atom of the leaving alcohol group of the sub- 
strate in all structures.  In all energy minima, except for the 
R-PHEHL structure,  the distances between the He2 atom of the 
histidine and  the hydroxyl oxygen atom of the serine were some- 
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88 88 Fig. 6. The  stereochemistry of the active 
site of the R.  miehei lipase  is shown in black 
using the R-PHERM  structure.  The serine- 
substrate transition-state complex is drawn 
in  gray. 

what longer than what is expected for fully developed hydro- pase caused the oxyanion to  form  an additional hydrogen bond 
gen bonds. to  the hydroxyl group of Tyr-28. To further investigate the ste- 

The  oxyanion in the tetrahedral intermediates formed 2 hy- reochemistry of the oxyanion  hole, we performed  a molecular 
drogen bonds to amide groups of the protein backbone. The am- dynamics simulation at 300 K starting with the R-PHERM struc- 
ide groups belonged to Leu-145 and Ser-82 residues of the R. ture. In Figure 8 the atomic distances between the oxyanion and 
miehei lipase (Fig. 7) and  the corresponding amino acids Leu- candidates for its hydrogen bonding  partners are shown versus 
147 and Ser-83 of the H .  lanuginosa lipase. In the  R-PHEHL the simulation time. The shortest and most stable hydrogen bond 
structure,  the oxyanion formed an additional hydrogen bond to was that connecting the oxyanion with the amide group of Ser- 
the side chain of Ser-83. In the R. miehei structures, the side 82. The hydrogen bond to the amide of Leu-I45 was  slightly lon- 
chain of this serine residue was hydrogen bonded to  the side ger and showed larger fluctuations.  The distance between the 
chain of Asp-91 in the lid (Fig. 7). In  the H .  lanuginosa struc- oxyanion and  the hydroxyl proton of Tyr-28 was longer than 
tures,  the side chain of Ser-83 hydrogen bonded to Asn-93. the latter  ones and fluctuated around 3.2 A. This  distance is 

Although the free energy perturbation  calculations did not somewhat longer that what is  expected for  a fully developed  hy- 
provide sufficient precision in the energy estimations, some in- drogen bond,  but still short enough to provide for  favorable in- 
teresting structural features were seen during the simulations. teractions between the oxyanion and the hydroxyl group. The 
Small rearrangements of the reaction center of the R.  miehei li- side chain of  Ser-82 formed a stable hydrogen bond with the side 

chain of Asp-91 during  the  simulation. 

Table 1. Differences in potential energies (AAV) between the 
transition-state comdexes of the R- and S-enantiomers of The  GRID calculations were used to identify aliphatic and hy- 

Discussion 

the substrates and corresponding experimental values drophilic binding sites. Regions that were favorable to a methyl 
of  differences of the activation energies of the probe  but not  to a water probe were regarded as hydrophobic 
enzymatic reactions (AAG) 

AAVa A A G ~  
Structures  (kcalimol)  (kcalimol) Table 2. Distances ( A )  between hydrogen bonding 

R-  and  S-PHERM 
R-  and  S-OCTRM -4.4 
R- and  S-PHEHL -0.5 -1.9 

-~ 
-2.4 partners in the catalytic center of the calculated -2.2 

~ -2.4 transition-state complexes 
~ 

Distances as shown in Figure 2 
.~ 

a The AA V values were calculated  as  the  differences of the  total  po- 
tential energies between the  transition-state complexes of the  enantio- 
mers ( VR - V,) . Because the energies of the  ground-state unliganded 
species  of the  enantiomers  are  equal, it is sufficient to calculate the  dif- 
ference in energy of the  transition  states. 

Experimental values of R ,  S-PHERM  and R ,  S-PHEHL were cal- 
culated from unpublished kinetic studies by Fredrik Haeffner. The value 
of R ,  S-OCTRM was estimated  from kinetic studies by Sonnet (1987) 
and  Janssen  et  al. (1991). The AAG values were calculated as AAG = 
-RT* In[(k,l/Km)~i(k,l/Km).sl. 

Structure 
_ _ . ~  

R-PHERM 
S-PHERM 
R-OCTRM 
S-OCTRM 
R-PHEHL 
S-PHEHL 

1 2 3  4  5  6  7 

1.7 2.4 
1.7 2.4 
1.7 2.4 
1.7 2.4 
1.7 2.5 
1.7 2.5 

3.0 1.9 2.0 1.8 3.3 
3.1 1.9 2.3 1.8 3.6 
2.9 1.8 2.0 1.8 3.2 
2.8 1.8 2.0 1.8 3.6 
2.6 1.8 2.1 1.8 3.8 
2.9 1.8 2.8 1.8 3.4 
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and vice versa. In addition, we used carbonyl oxygen probes to 
identify  binding sites for the polar  groups of the leaving diacyl 
glyceride part of the substrate. 

The calculated properties of the binding sites of the R. miehei 
and the H. lanuginosa lipases  were similar. This is not surprising 
because the active sites of these 2 lipases are known to be simi- 
lar. The overall amino acid sequence homology between these 
lipases is around 30%, with  higher  homologies  in the active sites. 
The main-chain  folds of the active sites are almost identical. 
General descriptions of the  structures of the H .  lanuginosa and 
related lipases have recently been published (Derewenda et al., 
1994). The similar binding properties predicted by our calcula- 
tions  indicate that  the methods used are robust with respect to 
perturbations of the starting models. 

The fact that  no binding sites for a leaving diacyl glyceride 
could be traced by the GRID calculations can be explained by 
considering how the lipase would use the substrate-binding  en- 
ergy to maximize the  catalytic efficiency. If the leaving group 
would bind strongly to  the active site, the enzyme would suffer 
product  inhibition.  The specific binding site for  the aliphatic 
chain, which forms the acyl  enzyme complex, may be important 

6~ I I I I I I I 
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Fig. 8. Distances from the oxyanion of the transition state to its inter- 
action partners  during  the prolonged simulation of the R-PHERM struc- 
ture. The distance to the hydrogen atoms of the backbone amides of 
Ser-82 and Leu-145 are shown with a thick and a thin line, respectively. 
The distance to the hydrogen atom  of the hydroxyl group of Tyr-28 is 
shown with a dashed line. 

Fig. 7. Hydrogen bonds and polar interactions 
in the active site of the R-PHERM structure. 
Hydrogen bonds are shown with dashed lines 
and the serine-substrate transition-state com- 
plex with gray lines. 

for directing the substrate into  the right binding mode for ca- 
talysis. The  GRID calculations indicated that  the active sites of 
the lipases investigated are amphiphilic. The active sites have 
channel-like hydrophilic sites separated from  the amphiphilic 
sites. This hydrophilic site may be used by the enzymes to di- 
rect water molecules from the water phase to the reaction cen- 
ter. Water hydrolyzes the acyl enzyme. GRID calculations of an 
acyl  enzyme intermediate suggested that the hydrophilic site ends 
up in a  favorable position for a nucleophilic attack on  the re- 
active carbonyl  carbon atom of the acyl enzyme. The activity 
of water may be reduced in the hydrophobic  interface in  which 
the lipases act. Thus, high-affinity sites for water can be impor- 
tant  to provide a sufficient water activity in the active site. 

GRID calculations of the C. rugosa lipase indicated an ali- 
phatic site and a hydrophilic site whose stereochemical positions 
in relation to the dfi-hydrolase fold (Ollis et al., 1992)  were sim- 
ilar to  the corresponding steric conditions in the R. miehei and 
H. lanuginosa lipases. In the C. rugosa lipase, the aliphatic site 
is positioned in a long tunnel inside the protein.  The tunnel was 
recently observed in X-ray crystallography studies (Grochulski 
et al., 1994b) and has now been shown to be involved in the 
binding of the scissile fatty acid chain (Grochulski et al., 1994a). 

The  aspartic acid residues of the catalytic triads are buried in 
the enzymes, which  may cause a large increase in their pK, val- 
ues. Experimental studies of the catalytic triad in serine prote- 
ases indicate that  the buried aspartate residue in the triad has 
a pK, value lower than 1 (Porubcan et al., 1979; Bachovchin 
et al., 1981; Kossiakoff & Spencer, 1981). The carboxyl  group 
of the  aspartate in the catalytic triads of the lipases investigated 
was strongly hydrogen bonded in the molecular dynamics sim- 
ulations. The hydrogen bonds stabilize the negative charge of 
the ionized carboxyl groups.  Therefore, they may be important 
in establishing low pK, values of these aspartate residues. 

The stereochemistry of the oxyanion hole  of the lipases  inves- 
tigated has not yet  been defined unambiguously. The  backbone 
amide and  the side chain of Ser-82 in the R. miehei lipase have 
been proposed to contribute to the oxyanion hole (Brzozowski 
et al., 1991). However, as declared by Derewenda and  Sharp 
(1993), the resolutions of the X-ray  crystal structures are not suf- 
ficient for giving a clear picture of the exact stereochemistry of 
the oxyanion hole  in the R. miehei lipase. From our calculations, 
we suggest that the backbone amides of  Leu-145 and Ser-82 con- 
tribute  to  the oxyanion hole. Site-directed mutagenesis studies 
of a homologous lipase (Beer  et al., 1993) from Rhizopus niveus 
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showed that  the  turnover of the lipases was largely reduced when 
a threonine, in an  analogous  position  to  that of  Ser-82 in  the  R. 
miehei lipase,  was  replaced  by an  alanine  residue. Because  Ser- 
82 belongs to a flexible lid, we speculate  that  the  role  of  the side 
chain  of Ser-82  is to  anchor  the  backbone in  a position  favor- 
able  for  an  oxyanion  hole.  The  side  chain  of Ser-82 of  the  R. 
miehei lipase  formed a stable  hydrogen  bond  to  the  side  chain 
of Asp-91 in our molecular dynamics simulations. From molec- 
ular  dynamics  simulations  of  the  R. miehei lipase, we suggest 
that  the  hydroxyl  group  of  Tyr-28  may  contribute  to  the  stabil- 
ization of the  oxyanion.  In  the  X-ray  crystal  structure of the  R. 
miehei lipase complexed with a transition-state inhibitor,  the dis- 
tance between the  hydroxyl  group  of  the  tyrosine  residue  and 
the  phosphonyl oxygen atom is longer than a well-developed hy- 
drogen  bond.  However,  rearrangements  that were observed in 
some  of  our  free energy calculations  caused  the  tyrosine  residue 
to  form a favorable interaction with the oxyanion. No enzymatic 
reaction  could  be  detected  when  this  tyrosine  residue was  re- 
placed by phenylalanine  in  the  lipase  from  R. niveus by site- 
directed  mutagenesis (Beer et al., 1993). However, these  as well 
as  previous  ideas  about  the  structure of the  oxyanion  hole  are 
still speculative.  High-resolution  X-ray  crystallographic  and 
NMR  studies of lipase-inhibitor  complexes  may  shed  further 
light on  this  important  property  of  the  enzyme. 

Lipases from  R. miehei and H.  lanuginosa are excellent cat- 
alysts for racemic  resolutions  of many secondary  alcohols. It is, 
therefore,  of  interest  to  study  the  molecular  origins  of  the  en- 
antioselectivities  of  the  reactions of  these alcohols.  Molecular 
dynamics  simulations  and  energy  minimizations of transition- 
state  models  of  chiral  ester  substrates  in  the  active sites of  the 
R. miehei and H. lanuginosa lipases  suggested that  the  binding 
orientations  of  the  substrates  are  different  for  the  enantiomers 
of  the  1-phenylethyl  and  the  2-octyl  hexanoate  substrates.  The 
substrates investigated had 1 methyl group  and 1 phenyl or hexyl 
group  attached  to  the  chiral  carbon  atom.  In  our  calculations, 
the  large  groups,  phenyl  or hexyl, bonded similarly in  both li- 
pases. However,  the  large  groups  of  the  enantiomers  occupied 
different sites  in the  enzymes. A binding  site  that  favorably  ac- 
commodated  the  methyl  group  of  the  R-enantiomers was not ac- 
cessible for  the methyl groups of the slow-reacting S-enantiomers. 

Recent X-ray  crystallography  studies  of  the C. rugosa lipase 
complexed  with transition-state  analogues  for  the hydrolysis of 
enantiomers  of  methyl  esters  showed  that  the  analogue  for  the 
slow-reacting  enantiomer  had lost the  hydrogen  bond between 
the  catalytic  histidine  residue  and  the oxygen atom of the leav- 
ing  methyl  group (Cygler et  al., 1994). This  orientation  of  the 
inhibitor is inconsistent  with  the  reaction  mechanism of the li- 
pases,  Molecular mechanics calculations  showed  that a reorien- 
tation  of  the slow-reacting methyl  ester, in  which the oxygen of 
the  methyl  group was moved  into  hydrogen  bonding  distance 
to  the  catalytic  histidine,  caused  strain  in  the  molecule.  In  our 
study of the 2 fungal lipases, the  models  of  the  transition  states 
of  the  slow-reacting  enantiomers  retained  the  hydrogen  bond- 
ing network  consistent  with  the  reaction  mechanism,  but  they 
were more  strained  than  the  corresponding  transition  states  of 
fast-reacting  enantiomers. The main  reason for this strain is that 
the  large  groups of transition  states of the  slow-reacting S- 
enantiomers were interacting unfavorably with the enzyme. The 
only way to  reorient these  large groups  to  interact  favorably  and 
still retain  the necessary hydrogen  bonding  network is to  force 
the  small  group,  attached  to  the  chiral  carbon,  into a very un- 

favorable  position where  it bumps  into  the  backbone of the  en- 
zyme very close to  the oxyanion  hole.  Actually, this was the case 
in some  of  the  starting  structures of the  transition  states  of  the 
slow-reacting S-enantiomers. Because lipases and esterases share 
a common cY/fl-hydrolase fold (Ollis et  al., 1992) around  the re- 
action  centers, it is likely that  the  overall  stereochemistry  of  the 
catalytic machinery’s are similar. Therefore,  the  observations in 
this  study  may be common  among  many  enzymes  within this 
family. 

Free energy difference  calculations  of  the  enantiomeric  tran- 
sition  states,  using a thermodynamic  integration  method, failed 
due  to  statistical  and  systematic  errors in the  calculations.  One 
reason  for this  might be that  the simulation  times were too  short 
for  sufficient  equilibrations of the  molecular systems. The  ob- 
served large movements  of the phenyl and hexyl groups  attached 
to  the chiral carbon  atom of the substrates may require  long sim- 
ulation  times.  In  the light of recent studies by Pearlman (1994), 
in  which time scales of  more  than 1 ns  were needed  to  calculate 
solvation energies of 2 neon  atoms, it is not  surprising  that  our 
calculations were impaired  by  large  errors.  Our  results d o  not 
disqualify  the  free energy methods  but  indicate  that these meth- 
ods  are  not  as  straightforward  as  sometimes  indicated in the lit- 
erature.  Further  calculations using  longer simulation times and 
larger computer resources are needed to  derive quantitative val- 
ues of the  free energies. 

The  molecular  dynamics  simulations were performed in  vac- 
uum  to  save  computer  time.  This is a poor  model of the envi- 
ronment of  a  protein solvated by water. The main  effect of water 
is the screening of  the  electrostatic  interactions.  In our case, we 
modeled  a  lipase acting  at a hydrophobic  interface.  One  can  as- 
sume  that  the  electrostatic  screening is much weaker at  such  an 
interface  than in water.  In a study  parallel  to  this  one  (Norin 
et  al., 1994), we made  molecular  dynamics  simulations  of  the 
closed R. miehei lipase  in water, in vacuum,  and  in  methyl hex- 
anoate.  These  studies  showed  that  the  electrostatic  interactions 
of  the  protein were  similar  in vacuum  and  in methyl hexanoate. 

Materials and methods 

Molecular modeling equipment 

All  calculations were performed  on  an  Evans  and  Sutherland 
ESV33/LCS  workstation.  Manipulations of molecules, graphic 
evaluations of GRID  calculations,  energy  minimizations,  and 
molecular  dynamics  simulations were done using the molecular 
modeling  program SYBYL version 6.03 (Tripos  Associates, 
1993). 

Lipase structures 

Two  X-ray  crystal  structures (U. Derewenda et al., 1992) of 
enzyme-inhibitor complexes  were  used as a models  for  the  R. 
miehei lipase.  Lipase from C. rugosa was  modeled from a crys- 
tal  structure determined by Grochulski  et  al. (1993). These  struc- 
tures have entry  numbers  4TGL,  STGL,  and  lCRL, respectively, 
in the  Brookhaven  Protein  Data  Bank (Bernstein et  al., 1977; 
Abola et al., 1987). The  structure  of  the H. Ianuginosa lipase 
was  taken  from  an  X-ray  crystal  structure, resolved at 2 A, 
of  an  enzyme-inhibitor  complex  kindly  provided by NOVO/ 
Nordisk  A/S,  Bagsvaerd,  Denmark, with permission  from  the 
crystallographers  at  the University  of York. 
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GRID calculations 

Version 10 of  the  GRID  program  (Goodford, 1985) was  used to 
map  the  active sites of  lipases  from R. miehei, H. lanuginosa, 
and C. rugosa. This version  of the  program  makes use of recent 
developments  of  the  GRID  force field (Boobbyer et al., 1989; 
Wade  et al., 1993; Wade & Goodford, 1993). The  computational 
procedures of the  GRID  method  are well described by Good- 
ford (1985). The  inhibitors  and  all  water molecules  were  re- 
moved from  the structures.  Models  of acyl enzyme  intermediates 
were constructed by joining a hexanoate  group with the Oy atom 
of  the  active  serine  residue  of  the lipases. The  stereochemistry 
of  the  carbonyl  group  was  adjusted  by  superimposing  the  car- 
bonyl  carbon  and oxygen atoms  upon  the  phosphonyl  group of 
the  inhibitor  in  the  X-ray  crystal  structure.  The  aliphatic  car- 
bon  atoms  of  the  hexanoate  group were placed  in  favorable 
binding  regions  calculated by the  GRID  program.  The structures 
of  the active serine residue and  of  the acyl group were then  fur- 
ther  refined by energy minimization using the  AMBER  force 
field (Weiner et al., 1984). GRID  force field parameters  for  the 
acyl group were taken  from  similar  atoms in the  GRID  force 
field.  All structures were  processed by the  GRIN  module  of  the 
GRID  program  to  prepare  input files for  the  GRID calculations. 
The  GRID  calculations were performed using standard  probes 
supplied  by  the  program.  The  calculations  modeled  the lipases 
when acting  at a hydrophobic  interface or in  an  organic solvent. 
Therefore, we used a dielectric constant  of 4 instead  of 80 for 
the  environment  of  the lipases. The  LEAU = 2 option in the 
GRID  program was  used to  model  water  bridges between the 
water  probe  and  the  protein. Active sites of the lipases were cen- 
tered  in a box  of  the  dimensions 20 x 20 X 30 A. Interactions 
between the  probe  and  the protein were calculated at grid  points, 
0.5 A apart. 

Computational  procedures in energy minimizations 
and molecular dynamics simulations 
This  section  describes  the  procedures  for  calculations of  the R. 
miehei lipase.  The  structure  of  the H. lanuginosa lipase is simi- 
lar  to  that  of  the  lipase  from R. miehei. The H. lanuginosa li- 
pase was superimposed  on  the R. miehei lipase  structure.  The 
amino  acids  of  the H. lanuginosa lipase were treated in the  same 
way as  their  structural  homologues  in  the R .  miehei lipase. The 
computational  procedures were the  same  for  both lipases. Only 
the  amino  acid residues  within 8 A from  any  atom  of  the  inhib- 
itor  in  the  X-ray  crystal  structure  of  the R. miehei lipase were 
allowed to  move. Between 8 and 12 A ,  only  the side chains were 
allowed to  move  and  the remaining parts of the lipases were con- 
strained  at  the  starting  structures.  All  water molecules  were 
removed  from  the  calculations.  In all energy  calculations a 
distance-dependent dielectric constant ( E  = r )  was used. Hydro- 
gen  positions  were  calculated by the  BIOPOLYMER  module of 
SYBYL. The  all-atom  AMBER  force field (Weiner et al., 1986) 
was applied to  amino  acid  residues  within 6 A from  the  inhibi- 
tor.  Other  residues were treated by the  united  atom  AMBER 
force field  (Weiner et  al., 1984). The  force field parameters  that 
were added  are  shown  in  Table 3.  Partial  charges  of  the  atoms 
at  the  transition  states were calculated by a semi-empirical 
method (Besler et  al., 1990) using the  MOPAC 6.0 ESP  pro- 
gram. A more  detailed  description  of  the  procedure is  given  in 
a previous  paper  (Norin et al., 1993). Nonbonded  interactions 
were truncated  at 10 A.  

Table 3. Nonstandard force  field parameters 
used in the calculations 

Equilibrium Bending constant 
AMBER atoms  angle  (deg) (kcal mol" deg-*) 

CA-CT-OS 
OH-CT-OS 

109.5 
109.5 

50 
50 

Energy  minimizations were performed by means  of the Powell 
minimizer  in  SYBYL.  All structures were subjected  to 200 steps 
of  energy  minimization  before  the  molecular  dynamics  simula- 
tions.  These  simulations were performed with constraints  on all 
bond  lengths using the  SHAKE  algorithm  (Ryckaert et al., 
1977). A time  step of 2 fs was used. All simulations were equil- 
ibrated by raising  the  temperature  to 300 K during 1.2 ps,  fol- 
lowed by a simulation of 10 ps at  300 K. 

Preparation of starting models of enzyme-substrate 
transition-state complexes 
The  transition-state  model  and  the  substrates  are  shown in Fig- 
ure 1 .  Tetrahedral  covalent  complexes,  in which the Oy atom 
of  the  active  serine  residue is connected to  the  carbonyl  carbon 
atom of the  substrates, were  built  using  SYBYL. The  phospho- 
nyl groups in the  X-ray  crystal  structures of the  transition-state 
inhibitor complexes were used to  adjust  torsional angles to pre- 
pare a plausible  stereochemistry  of  the  reaction  center.  GRID 
calculations  guided us in adjusting  the positions  of the alkyl and 
the  aromatic  groups of the  substrates.  The  aliphatic  chains  of 
the acyl moiety of the  substrates were placed  in an  aliphatic site 
calculated by GRID (see Results). The leaving alkoxy1 group was 
placed  in  a  site opposite  to  the  aliphatic site. GRID  calculations 
were  used to  visualize unfavorable  contacts between the  sub- 
strate  and  the  enzyme.  In  analogy with serine  proteases, a pro- 
tonated  histidine  residue in the  catalytic  triad was assumed to  
be  present at  the  transition  state. 

Calculation of energy minima of the 
enzyme-substrate complexes 
The energies and  structures  of  the  substrate-enzyme complexes 
were calculated by a combined energy minimization  and molec- 
ular  dynamics  protocol  that we had used  previously  in calcula- 
tions of  substrate-chymotrypsin  complexes (Norin  et  al., 1993). 
Energy  minima  of  the  substrate-lipase complexes  were found 
by molecular  dynamics  simulations  in vacuum, in which the mol- 
ecules  were repeatedly  heated  to 300 K and slowly cooled  to 
1 K. After  an  initial  equilibration,  the  temperature  of  the  mo- 
lecular system  was decreased  during 1.5 ps  to l K. Then  the 
temperature was raised during 1.2 ps to 300 K, followed by equil- 
ibration  during 6 ps  before  the next cooling  period.  Ten cycles 
of  heating  and  cooling were run.  The  total  simulation  time was 
98 ps.  The  conformations  trapped  at 1 K  were subjected to 500 
steps  of  energy  minimization. 

Free energy calculations 
The  free  energy  differences between the  enantiomers of the 
substrate-enzyme transition-state complexes were calculated by 
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means of thermodynamic  integration.  The  method used here is 
similar to the  calculations of differences between the free ener- 
gies  of binding of stereoisomers to thermolysin, reported by Ed- 
holm and Ghosh (1993). The chiral carbon  atoms of the leaving 
substrate  alcohol  groups were transformed between the 2 en- 
antiomeric states by applying a  perturbing  potential to  an im- 
proper  dihedral angle. The  improper  dihedral, x, was defined 
as the angle between a  bond joining the chiral carbon  atom with 
the neighboring oxygen atom  and the  plane  containing the chi- 
ral  carbon atom  and neighboring carbon atoms. The  perturb- 
ing potential was dependent on a  parameter X ,  which changed 
from 0 to 1 between the initial and final  states of the calcula- 
tion. The  perturbing  potential was described by the following 
equation: 

where xi is the current improper dihedral and Cis a constant set 
at 0.02 kcal mol” deg-’. The equilibrium improper  torsional 
angle was changed by setting x. and x1 at -36” and +36”, re- 
spectively. The difference G ( h  = 1) - C ( h  = 0 )  can be calcu- 
lated by a  thermodynamic  integration  formula: 

The  bracket  denotes averages sampled from molecular dynam- 
ics simulations at subsequent values of h. The  step size, Ah, is 
the difference of the X values of 2 molecular dynamics simula- 
tions. Molecular dynamics simulations at each value of h were 
performed by raising the  temperature  during 1.2 ps to 300 K ,  
followed by equilibration during 2.4 ps. Data for calculation of 
the average potential derivative were collected from each step 
in the  simulation  during the following 2.4 ps. Before each mo- 
lecular dynamics simulation, the molecules were energy mini- 
mized using 200 steps of energy minimization. Before the free 
energy calculations, the structures were equilibrated  during 10 
ps using the starting conditions of the restraining potential. The 
hydrogen atom  that is bonded to  the chiral  carbon atom would 
be forced into highly strained  bonding angles around  the chi- 
ral carbon  atom. This  problem was circumvented by removing 
all apolar hydrogen atoms  and applying the united atom force 
field to  the entire system. The molecular dynamics simulations 
were otherwise performed as described above. 
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