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1 Introduction 

The mechanism of peptide cleavage by aspartic proteinases (AP) received by now 
only little attention in theoretical studies [ 1]. Recently, due to the vast interest in 
medicinal aspects of the AP of HIV-1 [2] and of renin [3], this well known family 
of proteinases (that also includes pepsins, chymosin, some cathepsins and 
retroviral proteinases) is now studied by many theoretical research groups. Most 
of the efforts are directed to the development of efficient and selective inhibitors 
for members of  this family, that could prevent or block disease conditions such 
as AIDS, hypertension, as well as some cancers and ulcers. 

Most of  the information about the structure of AP is based on X-ray 
structure determinations, both of the native enzymes and of their complexes with 
inhibitors [4]. Two aspartic acid moieties are found to be at the center of the 
active sites of AP in a nearly coplanar relationship. Electronic density at the 
midst of this aspartic pair has been attributed by most researchers to an oxygen 
of a tightly bound water molecule (Fig. 1). Other water molecules are found in 
the vicinity, and a water molecule is believed to be the nucleophile in a suggested 
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)__o Fig. 1. Schematic arrangement in space of two aspartic side chains and 
oxygen of a water molecule, as found in native aspartic proteinases 
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Fig. 2. One of several suggestions for the catalytic pathway of aspartic proteinases in the "general 
acid-general base" mechanism 

"general acid-general base" (GAGB) mechanism. One possible pathway for such 
a catalytic peptide cleavage is presented in Fig. 2: polarization of the peptide 
carbonyl by a proton is succeeded by a nucleophilic attack of water (step 1) 
leading to an intermediate or a transition state (TS) gem-diol (step 2). Rotation 
about the C - N  bond facilitates subsequent protonation of the nitrogen (step 3). 
This leads to C - N  bond cleavage, with final dissocation of the products and 
restoration of the active site (step 4). 

NMR studies [5a] have shown that a pepstatin ketone (statone) inhibitor 
binds to porcine pepsin in a tetrahedral hydrate form, thus supporting the 
GAGB mechanism. Cryoenzymological experiments have been employed to 
search for an expected "burst" of an amine product, if peptide cleavage is 
achieved by another mechanism, a direct nucleophilic attack [6] of an aspartate 
on the scissile bond, thus creating an anhydride intermediate [5b]. The lack of 
such a product is the main evidence against the nucleophilic mechanism (Fig. 3 
depicts the first step). The monoanionic nature of the active site is strongly 
suggested by the pH dependence of pepsin catalytic activity and by the pKa 
values for the active site aspartates [5c]. 

In the widely accepted "general acid-general base" mechanism, it is still 
unclear which water molecule is involved in the attack on the carbonyl, how 
polarization of the carbonyl is achieved, and which residue (or water) is the 
proton donor to the nitrogen towards the final C - N  bond cleavage. Most of the 
mechanistic refinements were based not on kinetics, but on "static" structures of 
AP-inhibitor complexes. Various structures for transition states and for interme- 
diates were suggested [7]. Figure 4 presents two such ideas for the GAGB 
mechanism: In the upper part (path A), the proton bridging between the closest 
oxygens of the two aspartates polarizes the carbonyl, whose oxygen atom 
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Fig. 4. Two alternatives (A and B) for binding and water attack (A1, B1) on a peptide substrate in 
the active site of aspartic proteinase and for the structure of an intermediate (A2, B2) gem-diol 

replaced the oxygen of water at the midst of the active site. The nucleophilic 
attack is achieved by an external water molecule, leading to a gemdiol that is 
stabilized by hydrogen bonds with the aspartates. The second suggestion, path B, 
retains the internal water molecule while polarization is accomplished by a 
proton that resides on an "external" oxygen atom of the aspartates. The 
direction of nucleophilic attack is from the center of the active site, resulting in 
a gem-diol with different geometric and hydrogen bonding characteristics than 
those of A2 of Fig. 4. Each of the two pathways advances through one or more 
TS. The TS structure is believed to be especially important for understanding the 
mechanism and its characterization will hopefully improve the rational basis for 
designing "transition state analogs" that could be efficient inhibitors. But, as one 
can not follow an enzyme-substrate reaction by crystallography, indirect meth- 
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ods must be devised. For crystallography, a natural choice is to employ good 
inhibitors that would imitate intermediates or transition states along the path- 
way. 

However, such an inhibitor that would mimic the TS of a substrate is difficult 
to design. Daniel Rich [8] indicates that inhibitors containing the irregular amino 
acid statine, from the universal inhibitor of AP, pepstatin [9] can be best 
characterized as "collected substrate-inhibitors". Inhibitors that could be most 
closely identified with a TS or a structurally related intermediate are those of a 
phosphonate analog of pepstatin [10] and the gem-diols obtained in water from 
~-difluoromethylene ketones [11]. Two recent crystal determinations of AP 
complexes with such ketone inhibitors show very similar structural characteris- 
tics [12]. A complex of difluorostatone with penicillopepsin has been solved 
at a resolution of 1.8A [12b]. The coordinates of a complex between a 
difluoromethylene peptide inhibitor and endothiapepsin have been solved at a 
resolution of 2.0 A [12a]. In both structures, similar distance relations were 
found between the oxygen atoms of a gem-diol function of the inhibitors and the 
oxygens of the two aspartic side chains. They resemble the positions of heavy 
atoms in structure B2 of Fig. 4, for the substrate gem-diol form. The di- 
fluoromethylene function of these inhibitors replaces the N - H  function of the 
substrates. While C F  2 has very different electronic character than N-H,  the 
resemblance of the inhibitor to a substrate is found in the main chain direction 
away from the difluoromethylene function (Fig. 5, center). 
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Fig. 5. A tripeptide difluoroketone inhibitor (middle) exists in water as the gem-diol (upper). The 
model chosen for this study is shown at the bot tom 
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The relatively low X-ray resolution in protein crystallography does not allow 
direct positioning of protons in proteins, and only the "heavy atom" coordinates 
are given. Without the proton positions, the map of hydrogen bonding interac- 
tions can not be fully appreciated and its contribution to stabilization for 
enzyme-ligand and solvent interactions can not be well understood. Proton 
positions should be assigned for the whole protein, but three of them are of 
special interest for the active site-inhibitor interactions: one proton should be 
positioned on one of four oxygens of the aspartates (in the assumed monoan- 
ionic state), and two others-  on the oxygens of the gem-diol. Each of the 
alternative proton positions in the active site can lead to a different rotamer for 
one or both of the inhibitor's hydroxyl groups. The best approach to the "real" 
structures is to characterize the different options by computing their energies. 
This is achieved by the construction of models that are naturally limited 
according to the method employed for energy calculations. One of the crystallo- 
graphic groups [12a] employed ab initio calculations for a small model, resulting 
in the same preferred option for H-bonding relations as the one based on their 
intuition and experience. 

We employed coordinates of the endothiapepsin complex [12a] as a basis for 
quantum mechanical and molecular mechanics modeling. MNDO/H, an im- 
proved approach to the geometric and energy description of H-bonded structures 
[13], was used to study relatively small models for the various options. Previous 
such studies with small models gave encouraging results for AP acidity and 
ligand binding [14]. Force field calculations for the small model were then 
compared to the MNDO/H results and a larger model was constructed, of a full 
enzyme (AP of HIV-1), including a water environment. Minima for the various 
options found by quantum mechanics for the original inhibitor model, in its 
(heavy atoms) X-ray atomic positions, were employed for successive transforma- 
tions of the gem-diol inhibitor towards a substrate gem-diol derivative. 

With this approach, we hope to obtain answers to the following questions: 
1. What is the most favorable hydrogen bonding scheme for the difluoroketone 
inhibitor in the monoanionic active site? 2. Does the e-difluoro function affect 
the preferred protonation of the active site and the resulting H-bonding scheme? 
3. What is the best option for active site binding of a substrate gem-diol 
derivative and is it different than the best option of the inhibitor? 4. Does the 
binding of the difluoroketone inhibitor alter the preferred protonation state of 
the native enzyme? The problems of reaction pathway for AP-substrate interac- 
tion and the steps of the catalysis require a separate study, since very different 
structures than the ones used for the present study must be modeled, without 
direct experimental guidance. However, our results supply starting points for 
considering the alternative reaction pathways. 

2 Methods 

Coordinates for the complex of endothiapepsin with the difluoroketone tripeptide 
inhibitor (Fig. 5, center) served as the basis for construction of the model. The 
inhibitor is present in its gem-diol form due to the balance of difluoroketone 
reactions with water, shown at the upper part of Fig. 5. The heavy atoms 
(C,N,O) of eight residues (Asp32-Thr33-Gly34-Ser35; Asp215-Thr216-Gly217- 
Thr218) as well as that portion of the inhibitor that is closer to the active site 
were kept at their crystallographic positions and hydrogen atoms were added 
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with the INSIGHT package of BIOSYM [15]. These eight residues have many 
hydrogen bonds between themselves and much of the active site's well-known 
rigidity and stabilization is conferred by their peptide bonds and side chains. The 
model of the inhibitor (Fig. 5, lowest) retains the crucial gem-diol and the 
difluoro function, as well as two amides that can supply additional hydrogen 
bonding stabilization with the active site residues. The methylenecyclohexyl 
function of the inhibitor was replaced by a hydrogen, as it projects to the side 
that is remote from the active site aspartates. 

Prior to the addition of protons, all threonines were transformed into serines 
and the N- and C-terminals for each partial sequence were eliminated. This has 
been previously shown to be justified [14], since the crucial -OH function of the 
Thr is retained in these transformations, and its hydrogen bonding pattern is 
unscathed. The N- and C-terminals of each partial sequence do not contribute 
any H-bonding interactions with the eight active site residues, and their absence 
has a minor, non-qualitative effect, on the computed results, while their omission 
shortens the computation time. 

Protonation of the model was followed by geometry optimization of the 
protons' positions. The active site was assumed to be in the mono anionic state 
due to the pH (4.5) of crystallization [12a] and the known pKa values. The 
options for a single proton residing alternatively on the four oxygens of the 
aspartic moieties were considered. For each of those, a full conformation 
analysis was done for the two hydroxyls of the model inhibitor with the stan- 
dard force field of DISCOVER [16]. All the minima were then employed as 
starting geometries for semiempirical geometry optimizations with MNDO/H. 
In the optimizations, the heavy atoms of the enzyme's residues and of the 
inhibitor model were kept fixed in the first stage of calculations, as our goal 
was to correctly position the protons for the experimental coordinates. Subse- 
quently, the full model inhibitor was optimized only for the two lowest energy 
structures, which were much more stable than the others prior to full optimiza- 
tion. We did not attempt to search for different positionings of the inhibitor 
model towards the active site model: such a potential surface search is extremely 
complex. 

To compare the protons' positions in the active site of the complex to those 
in the native structure, we employed the coordinates of endothiapepsin (4APE) 
from the protein data bank [ 17]. A comparison between the active site structure 
of this native enzyme with the active site of the complex (from which the 
inhibitor was excluded) should reveal the effects of the inhibitor, if any, on the 
structure of the active site. 

Changing the two fluorine atoms to hydrogens, in all the minima found for 
the difluoro gem-diol model, allows us to draw conclusions about the effect of 
the fluorines on the relative energies of the various forms. The transformations 
of the difluoro inhibitor through a few steps, to a hydrated substrate model, were 
achieved by "computer mutations" of the relevant atoms, as shown in Fig. 6. 
The transformations do not include the substrate model, as indicated in the 
introduction. It is shown only for reference. For each of the models, the six 
minima found for the active site-difluoroketone inhibitor interactions were 
employed as starting points for optimization. For each of these models, full 
geometry optimization of the transformed inhibitor was applied, including the 
protons of the active site model, but excluding the heavy atoms of the enzyme. 
In a recent study of active site mutations [18] we have shown that such 
restrictions on the active site heavy atoms are necessary in quantum mechanical 
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models of AP, because the restraining effect on the movement of  active site 
atoms by their neighbors is not included. 

To test the effect of the enzyme and the environment on the results of the 
smaller models, the force field of DISCOVER was applied to calculations of the 
active site protonation options in the native AP of HIV-1 (3HVP in the protein 
data bank), to which the full inhibitor from the complex with endothiapepsin was 
introduced by employing its spatial relations to active site residues in the crystal. 
This enzyme is much smaller than endothiapepsin, having 198 residues in a highly 
symmetric dimeric structure for the native enzyme. Thus it is more easily 
amenable for the required calculations. The main four options for active site 
protonation and their associated gem-diol conformations (obtained from 
M N D O / H  results) were compared in the full enzyme. Geometry optimization 
was done for all hydrogens, than for hydrogens + full inhibitor. To test the effect 
of water on the results, a 5 A water layer (1151 water molecules) was added to 
two of  the four options (DA with an "outer"  proton and CA with an "inner" 
proton), and all the solvation shell was geometry optimized. The resulting 
hydration shells were then "switched" between the two structures, in order to 
eliminate any bias that could be due to the different water organization from two 
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optimizations, each affected by a different enzyme force field due to the altered 
proton and charge positions. Results of this part of the study must be regarded 
with more caution, since the native AP of HIV-1 has an "open flap", a sequence 
of some 10 residues from each monomer that change their conformation in 
enzyme-inhibitor complexes (and possibly with substrates as well), approaching 
closer to the active site while squeezing water molecules away. Optimization of 
the enzyme coordinates, especially with many water molecules present in the 
active site, can not lead to such a conformational change. Thus, results of this 
additional study, with thousands of polar and non-polar atoms around the active 
site, should best be regarded as balancing the other calculations which were done 
in vacuo. 

All quantum mechanical computations were done on a VAX 9000-210 at the 
computer center of the Hebrew University of Jerusalem. DISCOVER calcula- 
tions of the enzyme-complex and the environment were run on a Silicon 
Graphics 4D/280 machine. 

3 Results and discussion 

From the various minima of the molecular mechanics force field, six distinct 
minima were identified by the quantum mechanical optimizations (Fig. 7). They 
are shown schematically in Fig. 8. For two (B and C) of the four options for 
active site protonation, two separate minima were identified for each. The 
energies of the models (active site + difluoro inhibitor) in these six minima and 
of the two structures (A and D) with a fully optimized inhibitor are depicted in 
Fig. 9, on a relative energy scale, where DA(opt) serves as the zero reference. In 
all the alternative binding modes, the extended conformation of the inhibitor is 
assisted by hydrogen bonds from two of its N - H  to the carbonyls of Gly-34 and 
Gly-217. The differences between the binding modes are mainly with respect to 
the position of the single proton in the active site and the concomitant conforma- 
tions of the gem-diol hydroxyls. The structural difference between BA and BA1 
(see Figs. 7 and 8) is in both the rotation angle of one OH of the inhibitor and 
the rotation angle of OH from Asp-32. CA and CA1 differ structurally only in 
the rotation angle of one OH of the inhibitor model. 

Structure DA, with residue 215 protonated on the "outer" oxygen (the one 
more remote from the second aspartate), is found to have the lowest energy of 
all the alternatives. The inhibitor is bound in an asymmetric manner with respect 
to an apparent symmetry of the aspartate carboxyl groups (a C2-axis can be 
imagined in the plane of the carboxylates, between the two aspartic acids). The 
relative stability of structure DA, is 16.5 kcal/mol with respect to the next most 
stable structure AA. This exact difference has been found also by ab-initio 
computations with the STO-4G basis set [ 12a]. All other structures are less stable 
than DA by more than 20 kcal/mol. Our molecular mechanics small model is 
for a somewhat different system, including the two aspartates and the full 
tripeptide inhibitor of Fig. 5. Again, optimization was only applied to proton 
positions and to rotations of the gem-diol hydroxyls. The results indicate a large 
preference, of at least 14.5 kcal/mol, for structure DA over the others (Fig. 10). 
In both these and the quantum mechanical computations, it is not surprising to 
find different energies for structures that seem to be symmetrically oriented - B 
and D on one hand, A and C on the other: The inhibitor is bound in a non- 
symmetric manner. 
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Fig. 7. Stereo plots of the six minima found for the active site-inhibitor complex, by shifting protons 
and hydrogen bonds and optimizing their positions, with no changes in the positions of heavy atoms 

The effects of  a full enzyme and some of  its water environment on the four 
different options (A, B, C, and D) were tested on the AP of HIV-1, after docking 
the tripeptide inhibitor into this active site according to its position in endothia- 
pepsin. Figure 11 shows the energies for three sets of  calculations in this large 
system: Optimization of all hydrogens only, optimization of  hydrogens and of 
the whole inhibitor, and optimization of the water structure (only for C and D). 
Each step was started from the final point of  the previous one. It  is pleasing to 
find that the differences between the most  stable structure D and others in the 
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.small quan tum-  and  molecu la r -mechanics  models ,  are re ta ined  in this c o m p a r a -  
tively gigant ic  model .  Thus,  we conclude  tha t  fo rm D is the best  op t ion  for  the 
b inding  o f  this inhibi tor ,  and  it is unl ikely  tha t  bet ter  c o m p u t a t i o n a l  me thods  
would  reverse this result.  

W h a t  is the source o f  the greater  s tabi l iza t ion  o f  this s t ructure  c o m p a r e d  to 
the o ther  opt ions?  Table  1 lists the hydrogen  bond ing  in terac t ions  f rom the 
q u a n t u m  mechanica l  results o f  these two structures,  A A  and D A .  We inc luded 
in this table  some longer  dis tances ( >  3 . 6 A )  in o rde r  to compa re  them to 
shor ter  H - b o n d s  tha t  are symmetr ica l ly  re la ted  to them. In  general ,  the hydrogen  
bonds  between the inh ib i tor  and  the active site are  shor ter  than  those within the 
active site. The active site hydrogen  bonds  are in the upper  pa r t  o f  the table  and  
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those between the inhibitor and the active site are in the lower part. In  the upper  
part,  H-bonds  are compared  in pairs according to the expected symmetric 
ar rangement  o f  the residues. The first pair  in the table is the one called 
"f i reman's  grip" [19], where two threonines, one f rom each partial sequence (33 
and 216) increase the rigidity o f  the active site by hydrogen bonds  between their 
N - H  to an O H  of  the other Thr. The overall number  o f  hydrogen bonding  
interactions is larger for  the complex with structure DA,  and those H-bonds  can 
justify the greater stability o f  this state. The excess hydrogen bonds  o f  D A  over 
A A  is mos t  evident in the lower par t  o f  the table, for the inhibitor-active site 
interactions. The inhibitor is, however, a model,  and thus it is impor tant  to test 
if this preference remains u p o n  full opt imizat ion o f  the inhibitor in bo th  
structures. Also, it is interesting to find out  if the energy difference between D A  
and A A  depends on the active site-inhibitor interaction alone, or  whether some 
of  it arises f rom the deposit ion o f  active site residues in the two alternative states 
A A  and DA,  even when no inhibitor is present. 

Fol lowing the initial opt imizat ion o f  hydrogen  positions in the complex, the 
structure and posit ion o f  the model  inhibitor in the active site was fully 
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Table 1. Hydrogen bonds in the active site-inhibitor complexes AA and D A  

Acceptor Donor  Distance F rom complex 
Y X X. .-Y AA D A  

H-.-Y 0(XHY) H. . .Y  ~(XHY) 
OG1 216 N 33 3.117 2.260 142.0 2.340 133.3 
OG1 33 N 216 3.301 2.319 164.1 2.318 164.0 

OD1 32 N 34 3.249 2.450 130.9 2.273 161.7 
OD2 215 N 217 2.957 1.982 157.5 2.043 148.3 

OD2 215 N 34 3.307 2.443 143.1 2.753 114.8 
OD1 32 N 217 3.682 3.308 103.2 3.203 110.4 

OD2 32 OG 35 2.664 1.744 159.0 1.721 162.9 
ODI 215 OG 218 2.899 2.176 131.7 2.363 115.4 

O 32 N 35 3.652 2.685 162.8 2.663 
O 215 N 2 1 8  3.251 2.304 155.7 2.335 

OD2 215 ODI 32 3.344 2.757 118.7 a 

OD1 32 OH1 1NH 2.899 - - "  - -~  1.940 
OD1 215 OH1 1NH 2.575 1.612 161.2 - - ~  
OD2 32 OH1 1NH 3.452 . . . .  2.751 
OD2 32 OH2 1NH 2.580 1.620 168.0 1.583 
O 34 N1 1NH 2.667 1.642 172.4 1.638 
OH1 INH OD1 215 2.575 - - ~  - - a  1.602 
OH1 INH OD1 32 2.900 1.938 164.2 - - ~  
F1 INH OD2 215 3.184 . . . .  2.617 
O 217 N INH 3.157 2.297 142.4 2.274 
OG 218 N INH 2.901 2.341 114.0 2.369 

170.0 
150.4 

l a  

172.7 
a 

130.1 
171.4 
173.3 
163.6 

116.1 
145.4 
111,9 

a Missing values indicate that  an H-bond does not  exist 

3 2  3 2  

ODkoH 2 ...... ~ 002 
OD~ ~OH a 

%o.,--t, O l--t, 
ODa I X OD 2 X 

2 1 5  2 1 5  

optimized (in addition to the active site's protons) for the two more stable 
structures DA and AA. This computer experiment alters the positions of  atoms 
with respect to the X-ray coordinates, and can not be regarded as reflecting any 
real trend of  the system. The fully optimized structures are much lower in energy 
than their predecessors. This is mainly a result of  the difference between the bond 
lengths in the refined X-ray structure (that were kept constant in the initial 
optimization) and those in MNDO/H,  where energy dependence on bond length 
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is very sensitive due to the exponential parametrization of the core-core repul- 
sion integrals [20]. However, the difference between the fully optimized DA and 
AA (18.5 kcal/mol) is larger by only 2 kcal/mol with respect to the structure 
with fixed heavy atoms. 

Our quantum mechanical calculations do not include any effect of the 
enzyme's environment, except for the, explicitly included, eight residues. Vari- 
ous methods were proposed for including the environment effect on reactions 
such as those of enzyme active sites [21]. On the other hand, the well-known 
rigidity of the active sites of AP has been recently used in algorithms that 
search for fit between crystallographic coordinates of HIV-PR and coordinates 
of small molecules [22]. However, the asymmetric binding of the inhibitor to a 
nearly symmetric active site could induce some changes in positions of both 
heavy atoms and hydrogens with respect to the native structure. It could thus 
lead to altered preferences of protonation of active site aspartates in the 
complex. This can be examined by theory if the proton positions on the active 
site aspartates are compared for the native structure and for the complex, by 
excluding the inhibitor's coordinates from the latter. Optimization of all the 
protons in the field of the stationary nuclei from the two sources of X-ray 
coordinates reveals a striking difference between the active site of the native 
enzyme and that of the complex. In the first, the most stable states have a 
hydrogen bond between the two inner oxygens of the aspartic acids. In the 
active site of the enzyme-inhibitor complex, stability is much higher for protons 
on the two outer oxygens. These results are shown in Fig. 12. Structures AA 
and CA are lower than BA and DA in the native structure, but higher in the 
complex. In the coordinates of the native structure, relatively small energy 
differences are found between these two pairs of locally symmetric structures: 
for AA and CA with "inner" hydrogen bonds the difference is 1.7 kcal/mol, 
and for BA and DA with an "outer" proton the difference is 0.8 kcal/mol. In 
the complex, these differences are increased to 3.5 kcal/mol for both. Table 2 
lists the various hydrogen bonds of the active sites. In the complex, most 
hydrogen bonds within the active site are longer (Y-X distances) than in the 
native enzyme. The active site of the complex has somewhat expanded. By 
undergoing such changes, it can probably improve the interactions with the 
inhibitor. 

Thus, the inhibitor induces some structural modifications in the neighboring 
active site residues, so that the nearly symmetric structures found in the native 
enzyme (DA and BA on the one hand, AA and CA on the other) no longer 
exist. The positions of all the active site atoms were compared for the native 
enzyme and the complex: In structure DA, the difference is RMS = 0.290 
for the "heavy atoms" and 0.462 for hydrogens. In structure AA, the RMS 

ACTIVE SITE OF E N D O T H I A P E P S I N  
"• -450 - 

-475 - 

-500 - 

i -525 -550 1 

-575 1 

~' -600 1 

'~ -625 1 
-650 / 

~ ' ~  

COMtI , I~  NATIVE 

Fig. 12. Comparison of the heats 
of formation for the same set of 
active site residue from two 
crystal structure determinations 
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is similar for "heavy atoms", and 0.449 for hydrogens. In the complex, the 
distance between the two " inner '  oxygens of the aspartates is 3.34 )~, while 
in the native enzyme it is only 2.93 ]~. This can be the source of  lower stability 
for an "inner" hydrogen bond in the complex. The RMS for the heavy 
atoms of the modeled eight residues is, however, very small and reflects only 
minor movement of active site atoms in the complex, compared to the native 
structure. 

Does the presence of  fluorine atoms of the inhibitor affect the preference of 
conformation DA over the others? In structure DA, the outer proton on 
Asp-215 is at hydrogen bonding distance from one of the two fluorine atoms, in 
a bifurcated arrangement, as predicted by Veerapandian et al. [12a]. These 
fluorine atoms were transformed into hydrogens in the six minima found for the 
difluoro inhibitor. The results indicate that, for - C H 2 - ,  the difference between 
DA and AA is somewhat reduced, to ca. 14.5 kcal/mol. This implies that the 
preferred binding mode, DA, is not an outcome of hydrogen bonding to the 
- C F  2- group. 

To test the possible binding mode of an intermediate that is closely related to 
the structure of the inhibitor, we transformed - C F 2 -  to - N H 2  + - ,  and the 
C-terminal amide was changed to a methyl group (representing a Ca). For  this 
structure, the difference between DA and AA is smaller than for - C F 2 -  and 
- C H 2 - ,  while both are, in this case, much more stable with respect to CA and 
BA. The larger difference between DA and AA is found again when a proton is 
eliminated from the charged amine and a neutral hydrated peptide model is 
modeled. In the protonated species - N H  2 + - ,  state DA is relatively destabilized 
due to the proximity of a proton on the outer oxygen of Asp-215 to a pair of 
positively charged protons on the nitrogen. The neutral species is a model for a 
hydrated substrate. Results for the three most stable stress in each model of  this 
study are shown in Fig. 13. NH1 and NH2 represent the two options for a 
neutral amine prior to its protonation. 

If binding of  the substrate's gem-diol intermediate is similar to that of the 
difluoro inhibitor, we may conclude that such an intermediate should have the 
same binding preferences as those of the inhibitor, i.e., it should be bound as 
structure DA. Such a hydration intermediate can be produced by an attack of a 
water molecule that supplies one of two oxygens that comprise the gem-diol 
structure, while the other oxygen is that of the carbonyl. Two main pathways 
to this diol can be suggested, as depicted in Fig, 14. The first, in the upper right 
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Fig. 13. Heats of formation of three 
binding modes for each of the 
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Fig. 14. The most stable 
structure of a hydrated 
substrate (tetrahedral 
intermediate) can be produced 
mainly by the two alternative 
pathways shown on the fight. 
In these schemes, Asp-32 is 
the "upper" in each pair 

part,  has the substrate 's  carbonyl  polarized by a p ro ton  on the outer oxygen of 
Asp-215, while a water molecule is polarized by anionic  Asp-32. A n  at tack on 
the carbonyl  by water includes, in this case, a p ro ton  transfer from water to the 
carbonyl.  In  the second case, the carbonyl  is polar ized  by a p ro ton  on the outer 
oxygen of Asp-32, and  the at tacking water transfers a p ro ton  to the outer oxygen 
of Asp-215. Other  potent ial  surfaces towards structure D A  are more complex in 
that  they require more p ro ton  shuttles or a larger change in the posi t ion of the 
inhibi tor  in the active site. Before such react ion pathways are computed,  a larger 
potent ial  surface for substrate b inding  to the active site mus t  be searched. 
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