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Five renin inhibitors were cocrystallized with endothiapepsin, a fungal enzyme homologous to 
renin. Crystal structures of inhibitor-bound complexes have provided invaluable insight regarding 
the three-dimensional structure of the aspartic proteinase family of enzymes, as well as the steric 
and polar interactions that occur between the proteins and the bound ligands. Beyond this, subtleties 
of binding have been revealed, including multiple subsite binding modes and subsite interde-
pendencies. This information has been applied in the design of novel potent renin inhibitors and 
in the understanding of structure-activity relationships and enzyme selectivities. 

Introduction 

The renin-angiotensin system (RAS) has been the target 
of extensive investigation in cardiovascular research,1 in 
particular in the antihypertensive area. Renin, an enzyme 
produced in the kidney, cleaves angiotensinogen, an «2-
globulin, to produce angiotensin I. This decapeptide is 
subsequently cleaved by the angiotensin-converting en
zyme (ACE) to yield the potent vasoconstrictor, angio
tensin II (All). Inhibitors of ACE have proven to be 
successful therapeutic agents in the treatment of hyper
tension and heart failure,2 even though the involvement 
of ACE in more than one biological system results in 
uncertainty regarding the complete mechanism of action 
for the inhibitors. A second means of intercepting the 
RAS process is through binding antagonists at the All 
type 1 receptor.3 Non-peptide analogs that act through 
this mechanism are currently in clinical trials. One concern 
in this approach is the increased concentration of unbound 
angiotensin II in the system and possibly its effect on the 
All type 2 receptor, although the function of this latter 
receptor is still unclear.4 A third strategy to disrupt the 
cascade is to inhibit the renin enzyme and block the 
production of angiotensin I, which is the rate-determining 
step in the RAS process. Human renin binds selectively 
to human angiotensinogen and is thus an attractive target 
to inhibit. Initially, due to lack of purified material, no 
crystal structure of human renin was available to aid in 
this research. As an alternative, crystallographic studies 
of the homologous fungal enzyme, endothiapepsin, were 
undertaken.6,6 

Endothiapepsin, derived horn Endothiaparasitica, and 
renin are members of the aspartic proteinase class of 
enzymes,7 which also includes cathepsin D and E, pepsin, 
gastricsin, chymosin and the fungal enzymes from Pen-
icillium janthinellum and Rhizopus chinensis. The 
aspartic proteinases are comprised of two structurally 
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similar lobes; each lobe contributes an aspartic acid resi
due to form the catalytic diad where the substrate peptide 
bond is cleaved. The binding site is a groove or cleft formed 
by the N- and C-domains, which are mainly comprised of 
/3-strand structures. The cleft is covered by a flexible 
(8-hairpin "flap" segment in the N-domain,8 and evidence 
exists for a rigid body movement of the C-terminal domain9 

upon ligand binding. 

In this study, endothiapepsin was cocrystallized with 
analogs designed as renin inhibitors.6,10 The analyses of 
endothiapepsin crystal structures have provided critical 
data for the rule-based construction of a human renin 
model11,12 that was continually refined to incorporate newly 
determined experimental information. Beyond this, valu
able insight regarding the ligand occupation of the renin 
binding site and the hydrogen-bonding interactions oc
curring between the enzyme and various inhibitors was 
gained. The experimental data guided, validated, and 
helped develop modeling methodologies13 to dock ligands 
in our renin models and to design novel inhibitors. 
Simultaneously, rationales for structure-activity rela
tionships and selectivities could be developed. Herein we 
report the analyses of ligand binding in five endothiapepsin 
crystal structures complexed with analogs designed as 
renin inhibitors. The application of the extensive infor
mation provided by the crystal structures toward the design 
and evaluation of novel renin inhibitors will be discussed. 

Results 

Inhibitors. All five renin inhibitors cocrystallized with 
endothiapepsin are peptide/peptidomimetics (Table I), 
which span the binding site of the enzyme with P4 to Pi' 
substituents14 (Figure 1). Analogs 2, 3, and 4 extend 
further to the P2' site, while 1 continues to the P3' position. 
Across the series of ligands, the P4 to Pi residues bind in 
an extended conformation (Table II). The amide bonds 
form conserved hydrogen bonds with the enzyme, while 
the P4 to Pi' side chains occupy subsites alternating on 
either side of the backbone. At the P1-P1' site, which is 
the cleavage target in the substrate, the inhibitor structures 
present various transition-state mimetics of the hydrolysis 
process, while binding a hydrophobic group in the Si 
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Figure 1. Overlap of the inhibitors bound in the endothiapepsin cleft (residues within 8 A of inhibitor 1, black): 1, orange; 2, red; 
3, green; 4, purple; 5, blue. The key water molecules are labeled in red: WATl, WAT2, ... 
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Table II. 

compd 

1 
2 
3 
4 
5 

asma. 

Backbone Torsion Angles 

P3 

<t> 
-107.0 

-67.3" 
-70.0 
-83.6 

-102.9 

<A 
126.6° 
151.7 
150.6 
144.7 
142.4 

P2 

4> 

-126.4" 
-132.6 
-140.2 
-136.3 
-149.4 

4> 
109.6 
99.8 
74.7 
88.2 
91.0 

Pi 

4>a 

-125.9 
-107.5 
-115.4 
-130.8 
-109.1 

r 
64.9 
45.5 
74.2 
64.2 
59.4 

a Angles analogous to <j> or \f/ angles. 

pocket. Inhibitors, 1, 3, and 4 contain statine or statine 
derivatives at this position. (Statine is a moiety that has 
five atoms in its backbone structure and has been shown 
to replace two amino acids.15) These residues have either 
an isobutyl or a cyclohexylmethylene Pi substituent and 
contain no Pi ' side chain. A phosphinate group is 
incorporated as the transition-state mimetic in the phos-
phostatine residue in 3. The remaining analogs, 5 and 2, 

contain a diol or a hydroxyethylene isostere16 as the 
transition-state mimetic, a cyclohexylmethylene Pi sub
stituent, and a Pi ' side chain. Focusing on the P4 position, 
4 and 5 contain sulfonyl derivatives (the morpholine in 5 
is not defined by the X-ray data), 2 presents a naphthylene 
and the remaining analogs have BOC17 groups. The P3 
position in all the inhibitors introduces an aromatic group 
in the S3 binding site generally through a Phe residue. 
One of the ligands, 1, contains an hydroxyethylene isostere 
in place of an amide linkage at the P3-P2 junction.18-19 At 
the P2 site, His is present in 2 and 3, while the other ligands 
have the following residues: a flexible Lys20,21 derivative 
(4), an a-thio amino acid22 (5), and a GIy with no side 
chain (1). For the inhibitors which extend to the P2' site, 
a branched alkyl group is projected into the S2' pocket 
either through a Leu or an MBA17 residue. An AMPMA17 

group is found in the P3' position of 1, which is the only 
inhibitor extending to this site. The P3' moiety is not 
defined by the X-ray data beyond the amide nitrogen. 

Grin/Grid23 calculations, a method of identifying po
tential polar and hydrophobic interaction sites on a target 
molecule using probe groups, were carried out with the 
inhibitor crystal structures. 

Hydrogen Bonding. The extended conformations of 
the bound ligands (Figure 1) are stabilized on one side by 
residues found in the enzyme "wall" (Gly-34, Gly-217, and 
Thr-219) and on the other by residues in the flexible hairpin 
"flap" (Gly-76 and Asp-77) (Figure 2). The transition state 
mimetic binds to the catalytic diad (Asp32 and Asp215). 
The Grin/Grid calculations determined for inhibitor 4 
using a water probe clearly identify the potential, polar 
interaction sites (Figure 3) and is representative of the 
results obtained for the other inhibitors. These polar sites 
run parallel to the backbone on either side of the ligand, 
and as will be shown, most of these interaction sites are 
satisfied by either the flap or wall region of the enzyme 
described above. The overall hydrogen bonding network 
for the structures is shown in Figure 4 with the distances 
listed in Table III. 

The inhibitor structures contain up to seven conserved 
hydrogen bonds from the P3 to P2' sites, excluding the 
diad hydrogen bonding complex. Hydrogen bonds are 
consistently formed between Thr-219(OH) and the P3-
(NH), except for 2 which lacks an amide NH at the P3 site. 
The distances range from 2.6 to 3.0 A. A second hydrogen 
bond is conserved between Thr-219(NH) and the P3(CO) 
or in the case of 1, the P3(OH) of the hydroxyethylene 
isostere. At the P2 site, a bifurcated interaction is 
conserved between the flap Asp-77(NH) and Gly-76(NH) 
and the P2(CO), while at Pi, a hydrogen bond between 
Gly-217(CO) and the Pi(NH) is consistent across the series. 
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Figure 2. The inhibitor crystal structures (1, orange; 2, red; 3, green; 4, purple; 5, blue) with cleft residues from complex 1 (black). 
Polar hydrogens were added using Sybyl.39 

Figure 3. Potential polar interaction sites: contour of Grin/Grid calculations for 4 using a water probe at -4 kcal/mol energy level. 
Hydrogens were added using Sybyl.39 
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Thr-219(OH)-P3(NH) 
Thr-219(NH)-P3(CO) 
flap Asp-77(COO)-P2(NH) 
flap Asp-77(NH)-P2(CO) 
flap Gly-76(NH)-P2(CO) 
Gly-217(C=0)-Pi(NH) 
flap Gly-76(NH)-Pi'(CO) 
Gly-34(CO)-P2'(NH) 
Ser-74(CO)-P3'(NH) 
total 

3.5 
2.6 
3.1d 

NA 
3.2 
3.3 
3.2 
2.7 
3.0 
3.1 
9 

NA 
NA 
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NO 
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8 
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3.1 
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NA 
8 

NA 
3.0 
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3.1 
2.9* 
NA 
NA 
7 
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FLAP 
GLT 78 
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( " i i i i Non-conserved hydrogen bond) 
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Figure 4. The hydrogen-bonding scheme between inhibitor and 
endothiapepsin binding site. The general positions of the water 
molecules (WATl, WAT2, ...) are shown. 

These three hydrogen bonds have distances tha t range 
either from 3.1 to 3.3 A or 3.1 to 3.4 A. One interaction 
involving the peptide backbone that is not conserved across 
the series occurs a t the P2 site. Only 4 and 5 form a 
hydrogen bond between Asp-77(COO) in the flap and the 
P2(NH). The comparative analysis of the crystal structures 
(Figure 5) reveals a shift of the Asp-77 side chain to within 
hydrogen-bonding distance of the ligands 4 and 5. This 
interaction, however, notably alters the intramolecular 
distance between Asp-77(COO) and either Ser-79(NH) or 

° NA = not applicable. b Does not include Asp-215 and Asp-32 
hydrogen bonds.c X-H-Y angles are all >90° and the X-Y distance 
<3.6 A. d Hydroxyl group is a hydrogen acceptor. 

Ser-79(OH) observed in 1. (Since 1 does not have a polar 
group at P2 influencing the orientation of the Asp-77 side 
chain, it is considered a reasonable reference to measure 
the effect of the ligand hydrogen-bond interaction.) For 
4, which forms a strong hydrogen bond with Asp-77(COO) 
(Table III), the distance between Asp-77(COO) and Ser-
79(NH) expands from 2.9 to 3.3 A. Completing the 
conserved hydrogen bonding scheme are the two inter
actions on the C-terminal portion of the inhibitors. These 
involve Gly-76(NH) in the flap and the Pi '(CO), or in the 
case of 5, the Pi ' (OH), and secondly, Gly-34(CO) and the 
P2'(NH). (Analog 5 with no P2 group cannot form the 
latter interaction.) The interaction distances are 2.7-3.1 
and 2.7-3.2 A, respectively. 

All the analogs place an oxygen of the transition-state 
mimetic between the Asp-215(COO) and Asp-32(COO) at 
the active site (Figure 6). These enzyme side-chain 
carboxyl groups are aligned essentially in a plane, as 
indicated by their R M S deviations (Table IV). The 
distances between the ligands and the diad carboxyl 
groups are listed in Table IV and have been designated 
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Figure 5. Overlap of inhibitors and the "flap" residues Asp-77-Ser-79 (1, orange; 4, purple; 5, blue). 

Figure 6. View of the Pi oxygens of the inhibitor Pj-Pi' groups oriented between the two carboxyls of the catalytic diad (1, orange; 
2, red; 3, green; 4, purple; 5, blue). 

Table IV. Hydrogen Bond Distances 
'Asp215 Asp32 /AspS 

0-
/c 

A~ "O ' D 

inhibitor 

1 
2 
3 
4 
5 

A 

2.6 
2.7 
2.8 
2.6 
2.6 

distances 

B 

2.8 
2.9 
2.5 
3.0 
3.0 

C 

2.6 
2.7 
3.1 
2.6 
2.7 

D 

3.3 
3.2 
3.8" 
3.4 
3.4 

RMS deviation (A)fc 

0.118 
0.101 
0.081 
0.103 
0.116 

0 Beyond hydrogen bond distance. 6 Fit of Asp-215 (COO) and 
Asp-32 (COO) to a plane defined by the six atoms of the COO groups. 

A, B, C, and D. The lengths of these interactions form a 
conserved pattern across the series of inhibitors with the 
exception of 3, the phosphostatine derivative. Excluding 
3 from the analysis, the closest contacts are consistently 
A and C, involving the Asp-215 outer oxygen and the Asp-
32 inner oxygen, respectively. In three cases, identical 
distances are found for A and C. In 3, the oxygen between 
the carboxylic groups is oriented further away from Asp-
32 than the Pi hydroxyl oxygen in the other inhibitors. 
With this inhibitor the smallest interaction distance is B, 
involving the Asp-215 inner oxygen and the longest 
distance observed is D, which falls outside of the hydrogen-
bonding range. However, this oxygen in 3 can still interact 
with the inner Asp-32 oxygen. In addition, the second 
oxygen bound to phosphorus is within hydrogen bonding 
distance of both Asp-32 oxygens.10 

Unique interactions are observed at the P4 and Pa' sites. 
The only polar interactions with the enzyme found for the 
P4 groups are the hydrogen bonds formed between Thr-
219(OH) and the urethane oxygen of the BOC groups in 
1 and 3. However, the interaction distances indicate weak 
hydrogen bonds. A polar interaction is also observed for 
Ser-74(CO) and the P3 '(NH) in 1, the only inhibitor that 
extends to this site. 

The only ligand side chains in the crystal structures 
that have the capability of hydrogen bonding are at the 
P2 site. None of these side chains participate in direct 
polar interactions with the enzyme, although in a proto-
nated state, the ir nitrogen of the His in 2 can interact 
intramolecularIy with the Pa(CO). 

The total number of hydrogen-bond interactions be
tween the inhibitor and the enzyme observed in the crystal 
structures (excluding the interactions with the diad) vary 
from six interactions for 2 to nine for 1. From the P3 to 
P 2' sites, seven conserved hydrogen bonds are identified, 
dependent on the preservation of the required function
alities. Overall, in this set of interactions the shortest 
distances are observed for the Thr-219(OH) to P3(NH) 
hydrogen bond, followed by those involving the "prime" 
side residues in the ligand. Conversely, the longest 
distances are found for the bifurcated hydrogen bond to 
the flap and the Gly-217(CO) to Pi(NH) interaction. With 
regard to the ligands, all the intermolecular hydrogen 
bonds involve backbone groups. These interaction sites 
were identified by the Grin/ Grid calculations. No inhibitor 
side chain participates in direct polar interactions with 
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Figure 7. Potential hydrophobic interaction sites: contour of Grin/Grid calculations for 4 (a) and 2 (b) using a methyl probe at -1.5 
kcal/mol energy level. Hydrogens were added using Sybyl.39 

the enzyme, whereas the enzyme side chains of Thr-219 
and Asp-77, as well as the catalytic aspartic acids Asp-215 
and Asp-32, do hydrogen bond with the ligands. 

Bound Water Molecules. The potential interactions 
of the resolved water molecules (designated WATl, W AT2, 
...) with the ligands and enzyme were assessed in the crystal 
structures. Every crystal structure shows WATl above 
the P3 site (Figures 1 and 4). This molecule is within 
hydrogen bonding distance of Tyr-222(OH), Leu-220(NH), 
and Thr-219(NH) in all the crystal structures. With regard 
to the ligands, WATl can interact with the P4 groups in 
1, 4, and 5, the His imidazole in 2, as well as the Ps(CO) 
or Pa(OH) groups in all the inhibitors. WAT5 can contact 
Tyr-222(OH) in all the crystal structures and also the P2 
thiourea group of 4, while WAT2 is within hydrogen 
bonding distance of the P2'(CO) in 1. 

WAT3, WAT4, and WAT6 fill in subsites not occupied 
by the inhibitor. With the statine-type derivatives, 1, 3, 
and 4, WAT3 resides in the Si' site and can interact with 
the P2 imidazole in 3. WAT4 is found in the S2 site in 1, 
while in 5 WAT6 resides in the S2' pocket and can hydrogen 
bond to the Pi'(OH). 

In summary, WATl can interact with the enzyme and 
inhibitor in all the crystal structures. Four of the 
inhibitors, 1, 3, 4, and 5, can also form a hydrogen bond 
with one of the other water molecules. WAT3, WAT4, 
and W AT6 reside in pockets not occupied by the inhibitor. 

Subsite Occupation. The subsite occupation by the 
ligands was analyzed using an alignment of the enzyme 
crystal structures determined by least-squares fitting24 

(Figure 2). The Grin/Grid calculations with a methyl probe 
carried out for 4, which are representative of the analyses 
of the other inhibitor crystal structures, nicely highlight 
the location of the hydrophobic interaction sites predom
inantly toward the amino terminus of the inhibitors (Figure 
7a). This result is partly influenced by the orientation of 

the Pi groups uniformally toward the N-terminus and, in 
2 and 4, the positioning of the P 2 side chains in the same 
general direction. 

The P4, P2, and Pi ' substituents of the inhibitors occupy 
an area on the same side of the backbones of the bound 
ligands (Figure 2). The S4 subsite borders on residues 
Thr-219 and Leu-220. The P4 sulfonyl groups of 4 and 5 
overlap, and in each inhibitor, one of the sulfonyl oxygens 
hydrogen bonds to WATl, while the other does not form 
polar contacts with either the enzyme or a water molecule. 
In comparing the P4 BOC groups in 1 and 3, the tert-butyl 
segments are found to be in a staggered orientation relative 
to one another. The hydrophobic contribution of the P4 
naphthyl group in 2 is evident in Figure 7 (parts a and b), 
which shows the comparison of this moiety with the BOC 
group of 4 using the Grin/ Grid analysis and a methyl probe. 

The S2 pocket is comprised of Gly-76, Asp-77, Thr-218, 
and Tyr-222. At this site, different orientations of the 
His side chains are seen in 2 and S25 (Figure 2). With 2, 
the imidazole ring is oriented toward the P4 site, as opposed 
to Pi ' as observed in 3. In 4 and 5, the P 2 groups are 
positioned directly above the P2 a-carbon, with the Lys 
derivative of 4 extending out over the flap biased toward 
the P4 site. 

Phe-189, Ile-213, and Gly-76 surround the Si' binding 
region. Only two inhibitors occupy this enzyme pocket; 
the Pi ' alkyl side chain in 2 aligns with the terminal alkyl 
group in 5. 

The P3 and Pi binding sites are located on the same side 
of the backbone, directed approximately 180° from the 
P4, P2, and Pi ' sites. Asp-12, Ala-13, and Thr-219 surround 
the S3 pocket, while the Si site borders on Asp-30, GIy-
217, Phe-111, and the diad, Asp-215 and Asp-32. In the 
S3 site, various orientations of the aromatic groups are 
seen across the series.5 On closer inspection, these can be 
grouped into three families (Figure 2). Inhibitors 4 and 
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3 position their phenyl groups pointing edge-on to the Pi 
side chain, while 2 and 5 orient the P3 aromatic groups 
toward the enzyme flap. In 1, the phenyl group is situated 
more toward the opening of the binding region than are 
the other aromatic side chains. 

In analyzing the Pi alkyl side chains of the inhibitors, 
the isobutyl groups of 3 and 4 are oriented slightly closer 
to the flap region than the cyclohexylmethylene groups in 
the other inhibitors. 

In completing the analysis, the P2' side chains extend 
in line with the backbones in a pocket bordered by Gly-34 
and Tyr-75. At this site, the MBA17 alkyl groups in 2, 3, 
and 4 align and in turn overlap with the Leu side chain 
i n l . 

Discussion 

Ligand Binding. The X-ray crystal complexes reveal 
a conserved hydrogen bonding scheme between the 
backbone chain of the inhibitors and the protein (Figures 
2 and 4). Focusing first on the interactions not involving 
the catalytic aspartic acids, particular trends are observed 
in the hydrogen-donor/acceptor roles of residues in dif
ferent regions of the enzyme and the interaction distances 
for the individual hydrogen bonds conserved across the 
series (Table III). Interestingly, the conserved hydrogen 
bonds with the flap locate the hydrogen acceptor groups 
in the ligand and the donor participants in the enzyme. 
With the exception of the Thr-219(NH) to P3(CO) inter
action, the opposite appears for the hydrogen bonds formed 
with the wall residues, with the ligand supplying the donor 
component and the enzyme wall providing the acceptors. 

As described above, the longest conserved hydrogen 
bonds occur between the flexible flap and the P2 residue 
on one hand, and between Gly217 and the Pi(NH) on the 
other. This would be expected for the former, which 
involves a bifurcated hydrogen bond. It is intriguing that 
both interactions involve the amide bond located at a 
central point in the bound ligand, adjacent to the catalytic 
site. 

Conversely, the hydrogen bond presenting overall the 
closest interaction distances occurs between Thr-219(OH) 
and the Ps(NH). Surveying this interaction across the 
inhibitor series, the longest distance is observed for 5, at 
3.0 A. Since 4 forms a hydrogen bond of 2.8 A, the 
sulfonamide group does not appear to be the reason for 
the larger distance observed with 5. Alternatively, the 
bulky morpholine group in 5, which is not defined by the 
X-ray data, may force the inhibitor away from the enzyme 
wall, resulting in the longer distance. 

The hydrogen bond between the flap Gly-76(NH) and 
the Pi'(CO) also ranks among the shortest observed. Four 
inhibitors interact with a distance less than or equal to 2.9 
A, while 2 forms a hydrogen bond with a distance of 3.1 
A. Analog 2 has a hydroxyethylene isostere at the P1-P1' 
site, while the other inhibitors contain statine derivatives 
or the diol isostere, in which the Pi ' hydroxyl of the isostere 
participates in the flap interaction. The carbonyl group 
interacts more closely with Gly-76(NH) in the statine-
type derivatives than in the second residue of the isosteric 
dipeptide replacement, where it is oriented further away. 
Conversely, this latter group allows the P2'(NH) to form 
a shorter hydrogen bond with Gly-34(CO) than is observed 
with the other inhibitors. Therefore, the binding energy 
that may be lost in the interaction of Gly-76(NH) with 2, 
relative to other inhibitor complexes, may be at least 
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partially recovered through the Gly-34(CO) hydrogen 
bond. This variation in binding for the different types of 
transition-state mimetics may be indicative of their ability 
to inhibit, although further studies are necessary to fully 
investigate this premise. 

Besides the interaction of its side chain hydroxyl group, 
Thr-219 is also involved in a conserved hydrogen bond 
between its amide NH and the Ps(CO). This latter contact 
has the most consistent interaction distance across the 
series of inhibitors, including 1 with the hydroxyethylene 
isostere. The crystal complex with 1 definitively shows 
the ability of the isostere hydroxyl group to mimic the 
carbonyl of an amide bond and act as a hydrogen acceptor 
with Thr-219(NH). 

The largest distance variance is observed in the con
served hydrogen bond between Gly-34(CO) and P2'(NH) 
(2.7-3.2 A) and can be linked to the P1-P1' substituent. 
The phosphostatine derivative 3 with the MBA group at 
P2' has the largest bonding distance. The other MBA 
containing analogs, 2 and 4, bind 0.5 and 0.4 A closer, 
suggesting that the phosphinate moiety is effecting the 
larger interaction distance for this hydrogen bond. How
ever, simultaneously, the distance between the GIy-76-
(NH) in the flap and the Pi'(CO) in 3 is one of the shortest 
measured for this hydrogen bond and may be somewhat 
counterbalancing the effectof the Gly-34(CO) interaction. 

For the P1-P1' diol derivative 5, the interaction of the 
Pi' hydroxyl with the flap is quite revealing. It had been 
proposed that this hydroxyl interacted with Asp-21526 in 
renin; however, subsequent structure-activity relationship 
analysis of renin inhibitors with oxygen-containing ring 
systems at Pi' indicated that the hydroxyl group acted as 
a hydrogen acceptor.27 The endothiapepsin crystal com
plex with 5 clearly shows a hydrogen acceptor interaction 
with the flap and perhaps suggests the existence of an 
analogous interaction in renin. This flap interaction also 
directs the alkyl portion of ACDMH17 to bind in the Si' 
subsite, resulting in the overlap observed with the Pi ' group 
in 2. 

The close multiple interactions between the transition-
state mimetics and the catalytic aspartates (Table IV) 
represent the tightest binding between the inhibitors and 
the enzyme. This observation along with the discovery 
that the longest hydrogen bonds in the complexes exist 
between the adjacent amide bond at P2-P1 may be clues 
to the binding mechanism that occurs between the ligands 
and the enzyme. It suggests that the binding of the 
transition-state mimetic at the active-site diad is the 
primary site of association, and thus the most favorable 
binding mode for this catalytic site complex takes pre
cedence over the other interactions. This emphasizes the 
importance of the complementarity of the ligand-enzyme 
complex at the active site in the design of novel potent 
renin inhibitors. 

Table IV shows the RMS deviation from planarity for 
the catalytic carboxyls in all the inhibitor complexes. 
Interestingly, 3, the phosphostatine derivative, has the 
configuration closest to planarity and as can be seen from 
Figure 6 also shows a shift in the orientation of the Asp-
215 side chain toward Thr-218 relative to the other 
inhibitor complexes. This configuration results from the 
accommodation of the two oxygens of the phosphinate 
group at the P1-P1' site. 
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The crystal complexes also offer detailed information 
regarding the subsite occupation by the inhibitor side 
chains. Multiple binding modes possible within each 
subsite as well as the dependencies transmitted between 
groups residing at different subsites are revealed. Analogs 
2 and 3 bind with different orientations of the His side 
chain in the S2 pocket. The P2 group in 2 is oriented 
toward the S4 site, while in 3 the side chain is directed 
toward the Si' pocket. Upon further inspection, it is noted 
that 2 has an isobutyl Pi' substituent, while 3 has no side 
chain at this position (Figure 2). Thus the presence of 
this Pi' group appears to orient the imidazole away from 
the Si' site, which is indicative of the interdependencies 
that can exist between subsites. 

A second illustration of this phenomenon exists for the 
P3 and Pi substituents. As described above, the P3 side 
chains can be categorized into three separate conforma
tional families. Analog 3 and 4 show an edge-on position
ing of the phenyl groups with the Pi side chains, while the 
P3 aromatic groups in 2 and 5 are directed more toward 
the flap region (Figure 2). This shift in orientation results 
from the bulky Pi cyclohexyl group in 2 and 5, which 
induces a twist of the P3 side chain.6 A cyclohexyl group 
is also found at Pi in 1; however, its phenyl group is 
projected further away from the Si site. The reason for 
such a shift may lie in the isosteric replacement at the 
P3-P2 linkage, which alters the backbone geometry and 
increases the flexibility of the ligands. 

At the Pi site, the isobutyl groups of 3 and 4 are oriented 
slightly closer to the flap than the cyclohexylmethylene 
groups in the other inhibitors. This side-chain orientation 
would apparently be prohibited with the bulkier cyclohexyl 
group due to a contact with Asp-77. Nonetheless, the Si 
pocket can accommodate the larger cyclohexyl group, 
which offers increased hydrophobic binding and van der 
Waals (vdW) interactions with the enzyme relative to the 
isobutyl moiety. 

Binding Activity: Endothiapepsin. The binding 
affinities for the inhibitors with endothiapepsin and renin 
are listed in Table I. The endothiapepsin activities vary 
from nanomolar to greater than micromolar. Although 
the analogs in the series comprise a diverse group of ligands, 
certain elements can be identified as impacting the binding 
affinities. Beyond the common interactions with the diad, 
the most potent endothiapepsin inhibitors, 5 and 4, form 
seven and eight hydrogen bonds with the enzyme, re
spectively (Table III). Analog 4 contains all seven 
conserved hydrogen bonds, while 5, in not extending to 
the P2' site, does not interact with Gly-34. These are the 
only ligands that show favorable contacts between the 
P2(NH) and Asp-77(COO) in the flap region, although as 
indicated above, intramolecular interactions between Asp-
77 and Ser-79 in the protein are affected and may weaken 
the binding energy. Analogs 5 and 4 also have in common 
a sulfonyl group at P4, which binds to the enzyme through 
WATl. The stronger potency of 5 relative to 4 may be 
linked in part to the cyclohexylmethylene group at Pi, 
which can occupy the site more fully than the smaller 
isobutyl group in 428 and thus provide increased vdW 
interactions and hydrophobic binding. In addition, the 
less flexible P2 residue in 5 does not have the unfavorable 
entropic factor affecting binding that is inherent in the 
Lys derivative in 4. The next two inhibitors in the order 
of potency, 3 and 2, have His at the P2 position and bind 
in the 1O-7 M range. The less potent activity observed 

with 3 could be linked to the phosphostatine moiety. The 
phosphinate may be less well accommodated at the active 
site than a hydroxyl group bound to an sp3 carbon and 
thus a less favorable transition-state mimic. The shift of 
Asp-215 relative to the other inhibitor complexes described 
above may be indicative of this, and the energy cost in 
disrupting this region may be reflected in weaker binding. 
Furthermore, the lower activity of the phosphostatine 
derivative can be linked to the smaller isobutyl side chain 
at Pi. Relative to 4, the 4-fold drop in potency with 2 may 
be partly traced to the inhibitor having only six direct 
polar interactions with the enzyme. The Thr-219(OH) to 
Ps(NH) interaction is lost due to the bis-naphthyl group 
at P3-P4- The weakest inhibitor, 1, surprisingly has nine 
polar interactions with the enzyme. This is more than 
found with any of the other inhibitors, although the P4 
BOC interaction in 1 is very weak. In addition, overall 
this analog has the closest interaction distances of its 
hydroxyl with the carboxyl oxygens at the catalytic site. 
There do exist, however, structural factors that may hinder 
the binding affinity, including the isosteric replacement 
(hydroxyethylene) at the P3-P2 linkage. Although the 
isostere does not replace the P2(NH) with a hydrogen 
donor, 2 and 3, with a 20-80-fold enhanced potency relative 
to 1, do not form a hydrogen bond with Asp-77(COO) 
either. It therefore does not appear to be the sole reason 
for the low potency. As discussed above, 1 binds its phenyl 
group closest to the opening of the cleft region, and this 
may reduce the hydrophobic binding contribution and 
vdW contacts. Certainly the lack of both a P2 and Pi ' side 
chain in 1 would decrease the interaction potential. In 
addition, the fact that the polar P3' group is not defined 
by X-ray analysis, due to being indistinguishable from 
solvent, indicates that it does not contribute to and actually 
may be counterproductive to binding. Therefore, although 
nine polar interactions are revealed in the crystal structure, 
the presence of these hydrogen bonds alone do not ensure 
potent binding. One must consider the lack of hydrophobic 
and vdW interactions in the S2 and Si' pockets, together 
with possibly reduced interactions in the S3 and negative 
effects in the S3' subsites, as having a deleterious effect 
on the binding energy with endothiapepsin. 

Binding Activity: Renin. It is interesting to analyze 
the relative binding potencies of the various ligands for 
endothiapepsin and renin (Table I; the comparisons are 
approximate since they involve K1 and IC50 values). Analog 
5 is the most potent inhibitor for both enzymes, although 
it is approximately 50 times more potent for renin. For 
4 and 2, less than a 3-fold difference exists in the individual 
binding affinities between the two enzymes. The most 
significant discrepancies in activities are observed for 3 
and 1. The inactivity of the phosphostatine derivative 
with renin has been reported to be due to the phosphinate 
group existing in a nonprotonated state at the optimum 
pH (6.0) for renin.29 A repulsion therefore occurs between 
the phosphinate group and the diad, in which only one of 
the aspartic acids is protonated. Conversely, the pH 
optimum for endothiapepsin is in the 3.5-4.0 range, 
resulting in the protonation of the phosphinate oxygen. 
The analog in this state can bind at the active site. 

The 700-fold difference in potencies for 1 between 
endothiapepsin and renin remains speculative but could 
be attributed to a number of phenomena, including the 
binding of AMPMA at P3'. As stated above, the fact that 
this residue is not defined in the endothiapepsin crystal 
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structure indicates that it is not strongly bound by the 
enzyme. In renin, perhaps the AMPMA can contribute 
to binding due to differences in the S2'-S3' regions of the 
protein relative to the fungal enzyme. A structural feature 
revealed in the renin crystal structure30 that may affect 
the binding of AMPMA is the rather rigid loop segment 
including Pro-292-Pro-293-Pro-294, with Pro-294 and 
Pro-297 in a cis configuration. This forms a flap region 
that together with the loop comprised of residues 241-
250, also from the C-terminal domain, and the flap segment 
from the N-terminal lobe cover the inhibitor in the active 
site. This closure from both domains resembles that found 
with the retroviral proteinases and differs from what is 
observed with the fungal enzymes, including endothia-
pepsin in which the Pro-292-Thr-295 renin segment is 
deleted. Therefore AMPMA may engage in a favorable 
interaction with renin and not endothiapepsin. This 
proposed interaction is supported by the analysis of the 
mouse crystal structure30 (also containing a poly-Pro loop) 
bound with a large inhibitor extending to the P / subsite. 
The P3 ' NH group of the ligand interacts with Thr-295 in 
the Pro loop region. Furthermore, upon a cursory eval
uation of 1 in the human renin crystal structure active 
site, which was recently made available,30 the interaction 
of the P3' AMPMA group with the poly-Pro loop appears 
possible. 

Renin Inhibitor Design. The endothiapepsin crystal 
structures have provided fundamental knowledge that can 
be applied to docking of inhibitors in the human renin 
enzyme model. The wealth of information gained from 
these crystal structures with bound inhibitors has afforded 
size, shape, and polar requirements and restrictions in 
directing the docking of inhibitors in the active site of the 
human renin model and in the design of novel inhibitors. 
Specifically, the inhibitors were manually oriented in the 
renin cleft guided by what was revealed by the crystal 
complexes regarding the transition-state mimetic complex 
with the aspartic acid diad, the subsite occupation and 
interdependences, and the detailed polar interaction 
scheme. Through docking procedures, conformational 
analysis, and optimizations, potential inhibitors were 
designed and evaluated, assessing the polar interactions 
to guide docking and steric interactions with the enzyme 
cleft. The synthesis of certain analogs could be discouraged 
based on blatant steric incompatibility with the enzyme, 
while support for synthesizing compounds that were 
complementary to the binding site could be offered 
successfully on a qualitative basis. The success rate of 
the former predictions cannot be substantiated since 
normally the proposed analogs that were not considered 
favorable binders were not pursued. However, as will be 
illustrated with structure 7 (Table V), one nonsupported 
target compound was synthesized. 

A methyl aminomalonate derivative (6, Table V) was 
found to be a potent renin inhibitor with a subnanomolar 
ICso in vitro and moderate oral activity.31 Although 
considered a promising lead compound, concerns were 
raised when 6 was shown to epimerize under assay 
conditions at the aminomalonate residue. In an attempt 
to circumvent this problem, the a-methyl-substituted 
derivative of 6 was proposed. In the docking experiments, 
the P2 group in the inhibitors was situated at a narrow 
neck of the binding cleft. Retaining the standard docking 
mode observed in the crystal structures, the addition of 
a methyl substituent at the P2 a carbon resulted in an 
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unfavorable steric contact with the enzyme (Figure 8). 
Therefore this substitution was not supported by molecular 
modeling. However, in an effort to retain the oral activity 
of 6 and overcome the epimerization problem, 7 was 
nonetheless synthesized. As can be seen in Table V, the 
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A1.A2IN ALA2IK 

Figure 8. P2 residue of 7 (green, a-methyl group in blue) in contact with Ala-218 (pepsin numbering) in the renin model (red). 

Figure 9. P1-P1' residue in 11 (cyan) bound in the renin enzyme model (red). 

activity dropped dramatically (7 versus 6), thus strongly 
supporting what had been predicted from the docking 
experiment. 

Modeling played a second role with regard to the lead 
compound, 6.31 When the epimers of 6 were isolated by 
fractional crystallization using the appropriate solvent, 
the renin inhibitory activities were found to be indistin
guishable. Although these results were attributed to the 
epimerization occurring quickly during the testing pro
cedure, the possibility that the individual epimers actually 
bind with essentially the same potency could not be 
definitively ruled out. Modeling studies showed that the 
R epimer, which corresponds to the L-amino acid config
uration, adopted the binding pattern described for the 
crystal structures. However for the S diastereomer, 
binding conformations differed considerably from the 
crystal-based conformers. It was therefore unlikely that 
both the R and the S epimers would have comparable 
inhibitory potencies. This modeling analysis supported 
the premise that the near equipotent activities measured 
for the individual epimers resulted from rapid epimer
ization under assay conditions and did not reflect intrinsic 
relative potencies. 

The interdependencies of the binding subsites described 
above for the crystal structures appeared evident with a 
series of renin inhibitors. The Lys derivative present in 
the P2 site in 4 is accommodated well by both renin and 
endothiapepsin (Table I). Interestingly, when the P2' 
MBA group in 8 was replaced with a iV,0-dimethylamide 
residue (9), the renin activity decreased significantly (Table 
V). Molecular modeling studies32 indicated that the N,O-
dimethylamide moiety itself was compatible with the cleft 
and could possibly bind in the Si' site. However, con
formational analysis of the long side chain of the Lys 
residue in renin showed that this residue could extend 

over to the Si' binding pocket. As described above, the 
S2 and Si' subsites are located on the same side of the 
inhibitor backbone. Competition by these two groups for 
this binding site was the rationale proposed for the 
diminished potency. To test this hypothesis, 10, in which 
the Lys residue at P2 was replaced by a His, was 
synthesized. The shorter His side chain was considered 
less likely to interfere with the binding of the P2' group. 
The IC50 value for 10 was shown to be 62 nM and thus 
supported the proposed hypothesis for the loss of activity 
with 9. 

The extensive information gained from the analysis of 
the crystal structures can be applied in the de novo design 
of renin inhibitors. A key interaction observed in the 
endothiapepsin complex with 5 is the hydrogen bond 
formed between Gly-76(NH) in the flap and the Pi'(OH). 
This directs the binding of the branched alkyl group into 
the Pi ' pocket. This flap interaction was the basis for the 
design of a P1-P1' group, in which this hydrogen acceptor 
could be positioned at a different site on the ligand, as is 
illustrated with 11 and 12 (Table V). The modeling 
indicated that the diastereomers with the S stereochem
istry at the newly formed chiral center would bind the 
alkyl (Figure 9) or aromatic side chains in the Si' subsite. 
Simultaneously, the hydroxyl group on the terminal carbon 
could interact with either Ser-76(NH) in the flap region 
or with Gly-34(CO) in the wall of the cleft. Both of these 
interactions were conserved in the endothiapepsin crystal 
structures. Each compound was synthesized as mixture 
of epimers at the Pi ' carbon substituted by the ethyl or 
benzyl side chains. As can be seen from Table V, 11 and 
12 both proved to be potent inhibitors, although not quite 
as potent as the ACDMH compound, 13.33 The 6-fold 
weaker binding of 11 relative to 13 may be linked to an 
entropic effect and may indicate at least equally potent 
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Figure 10. 16 (green) bound in the renin active-site model (red) 

polar interactions. With regard to the lower affinity found 
for 12, modeling indicates that beyond the unfavorable 
entropic effect, the bulky benzyl group is not as easily 
accommodated by the enzyme as the smaller ethyl group 
in 11. 

The low bioavailability of renin inhibitors has long been 
a concern for investigators in this field.34 The pep tide
like structure and size of canonical renin inhibitor mol
ecules render these analogs susceptible to enzyme deg
radation, poor membrane transport, and high liver uptake. 
In an attempt to diverge from the standard peptide 
structure, 14 was designed using the renin model. This 
analog was later modified to a series which included 15-
19. The amino terminus of 15 resulted in a tight fit when 
docked in the enzyme cleft. Since it was unclear whether 
the SMO group had polar interactions with the enzyme, 
the smaller benzylcarbonyl group was suggested as a 
replacement (16) (Figure 10). This substitution resulted 
in a 5-fold improvement in binding. The methyl substi
tution at position 2 on the phenyl ring (Table V) forces 
the phenyl group out of conjugation with the P2-P1 amide 
functionality. Modeling studies indicated that this effect 
may be necessary for binding, and therefore the drop in 
activity for 17 was not surprising. Modeling analysis 
further indicated that the phenyl ring could be substituted 
at position 6 and remain compatible with the cleft binding 
site. The substituent would push the P3-P2 amide out of 
conjugation with the phenyl system and possibly enhance 
a hydrogen bond between the amide carbonyl and Thr in 
the flap. Analog 18, which also includes an insertion of 
sulfur in the amino terminus, was then synthesized, and 
another 3-fold increase in binding potency was realized. 
The poor affinity of 19 could be explained by an intramo
lecular hydrogen bond that may form between the 
methylene hydroxyl and the neighboring carbonyl at 
position 1 of the phenyl group. This interaction would 
result in conformations incompatible with the standard 
binding mode for this series of inhibitors and thus prevent 
or impede binding. Analog 18 proved to be the most potent 
inhibitor in this series, but unfortunately this compound 
and 16 were not active when tested orally. The lack of 
oral activity may be due to the weak binding affinity and/ 
or poor bioavailability. Actual bioavailability measure
ments for this series of inhibitors were not determined. 

Conclusion 

The analyses of the five X-ray crystal structures of the 
aspartic proteinase, endothiapepsin, bound with various 
renin inhibitors provide invaluable information regarding 
the enzyme active site and the multiple interactions that 

take place between the protein and the ligand. The size, 
shape, and polarity of the protein binding region are 
defined by the covering of the flap segment over the cleft 
region. The two catalytic aspartic acid residues reside in 
the cleft region with their carboxyl groups aligned in a 
planar configuration. 

The ligands bind in the active site in an extended 
conformation with the transition mimetic positioned 
tightly between the catalytic diad. Seven hydrogen bonds 
can be conserved between the ligand backbone and residues 
in the flap and wall regions of the cleft area. This pattern 
is characterized not only by the residues involved, but 
also by geometries, intermolecular distances, and hydro
gen-acceptor/donor roles. Across the series of renin 
inhibitors analyzed, the total number of polar interactions 
(excluding the interactions with the diad) ranges from six 
to nine. On the average, the shortest hydrogen bond is 
formed between the Thr-219 side chain and Ps(CO), while 
the longest conserved hydrogen bonds involve the P2-P1 
amide bond located toward the center of the bound ligand. 
This latter observation along with the revelation of the 
tight binding in the catalytic diad strongly suggests that 
the P i -P i ' group binds first, followed by the remainder of 
the ligand. In the conserved hydrogen bonds with the 
flap residues, the hydrogen acceptors are located in the 
ligands, while the hydrogen donors are found in the 
enzyme; in all but one case, the opposite is true for the 
wall contacts. 

The inhibitor side chains occupy enzyme subsites 
alternating on either side of the ligand backbone. This 
results in the close proximity of the S3 and Si pockets, and 
the S2 to both the S4 and the Si' subsites. Closer inspection 
reveals multiple binding modes within the pockets and 
subsite interdependencies. 

By analyzing the resolved water molecules present in 
the complexes, insight regarding the role of solvent 
molecules in protein structures is gleaned. One water 
molecule is conserved in all the crystal structures and can 
interact with both the enzyme and the inhibitors. In the 
complexes with inhibitors lacking certain subsite side 
chains, water molecules reside in the unoccupied pockets, 
and contribute no positive entropy to binding. 

The wealth of information gained through the analyses 
of the endothiapepsin crystal structures directs, supports, 
and helps develop the molecular modeling techniques and 
methodologies used to dock renin ligands in the human 
renin model and in the de novo inhibitor design. The 
restrictions and requirements of steric compatibility, polar 
complementarity, and subsite interdependencies are ap
plied to optimization techniques, conformational analysis, 
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Table VI. Refinement Details for the Complexes with 4 and 5 

R factor 
correlation coefficient 
RMS deviation bond lengths (A) 
RMS deviation "angle-distances" (A) 
RMS deviation nonbonded contacts (A) 
RMS deviation main-chain planes (A) 
RMS deviation side-chain planes (A) 

4 

0.16 
0.93 
0.028 
0.043 
0.054 
0.019 
0.012 

5 

0.17 
0.94 
0.015 
0.019 
0.020 
0.001 
0.001 

and docking processes. The conserved hydrogen-bonding 
scheme pinpoints polar interaction sites tha t can stabilize 
the ligand-protein complex. The subsite description 
revealed by the crystal structures helps in modeling the 
size and shape of the newly designed inhibitors; the 
observed subsite in terdependences caution against fo
cusing independently on the subsite entities. This col
laboration of experimental data with molecular modeling 
techniques and methodologies makes possible the rational 
design of novel inhibitors and the screening of potentially 
active structures. Furthermore, a better understanding 
of the structure-activity relationships, as well as selec-
tivities, tha t occur within the aspartic proteinase family 
of enzymes is realized. 

Experimental Sect ion 

Crystallization. All inhibitor complexes with endothiapepsin 
were prepared by dissolving freeze-dried enzyme and a 10-fold 
molar excess of inhibitor in 0.1 M acetate buffer at pH 4.6. An 
enzyme concentration of 2 mg/mL was used, as this is best for 
crystallization of native endothiapepsin.36 Due to the low 
solubility of some inhibitors, the solutions were stirred for at 
least 24 h at 4 0C to ensure that binding to the enzyme occurred. 
The solutions were then Millipore filtered to remove undissolved 
inhibitor, and finely-ground ammonium sulfate was added 
carefully to the point where turbidity was just visible. The 
solutions were Millipore filtered again and divided into 2-mL 
vials. Acetone was added dropwise to clear remaining turbidity. 
The vials were left undisturbed for a minimum of 3 months to 
allow growth of crystals. 

X-ray Analysis. The cocrystals of endothiapepsin with 4 
were of the nonisomorphous morphology9 with cell dimensions 
of a = 43.1 A, 6 = 75.6 A, c = 42.9 A, and /3 = 97.2° belonging 
to space group P2i. X-ray data to a resolution of 1.9 A were 
collected from a single cocrystal of 4 using a Enraf-Nonius FAST 
area detector. The data set was merged using the Fox and Holmes 
algorithm36 and was found to be 90% complete with a merging 
R value of 7.7 %. The difference Fourier map revealed clear 
electron density for the inhibitor which was modeled using the 
program FRODO37 and least-squares refined using RESTRAIN.38 

The final R factor and correlation coefficient were 0.16 and 0.93, 
respectively. More refinement details are given in Table VI. 
Cocrystals of the complex with the glycol inhibitor 5 were also 
of the nonisomorphous morphology (a = 43.1 A, b = 75.7 A, c = 
42.9 A, 0 = 97.0°). Data to 1.9-A resolution were collected using 
the FAST and merging (as above) resulted in a data set with a 
completeness of 94% and a merging R value of 5.1%. The 
inhibitor structure was refined to an R factor of 0.17 and 
correlation coefficient of 92.3% (see Table VI for more details). 
The X-ray analyses of 1,2, and 3 are or will be described in detail 
elsewhere.6'10 In refinement of all the inhibitor complexes, 
positional parameters and isotopic temperature factors were 
refined for a Il non-hydrogen atoms. Rounds of manual rebuilding 
were followed by cycles of restrained refinement until convergence 
was achieved. 

Molecular Modeling. The five crystal complexes of endo
thiapepsin bound with renin inhibitors were studied using the 
Sybyl molecular modeling software39 on an Silicon Graphics 4D/ 
35TG computer. The structures were superimposed using least-
squares fitting.24 Hydrogen bonds were identified by measuring 
the distance between the "heavy" atoms (X,Y) involved (<3.6 A) 
and the X-H-Y angle for which a lower limit of 90° was applied. 
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For each structure, a plane was defined using the six atoms of 
the side-chain carboxyl groups of Asp-215 and Asp-32. The RMS 
fit of each of the carboxylate atoms to the plane was determined. 
Grin/Grid calculations23 were carried out to determine the 
interaction energies between a probe group and each inhibitor 
structure. Hydrogens were added using the Sybyl software after 
validating the heavy atom types. A contour was then created to 
map favorable interaction sites. In this study, the inhibitor crystal 
structures extracted from the protein were analyzed with two 
separate probes: a water molecule and a methyl group. The 
contours were created at -4 (water) and -1.5 (methyl) kcal/mol 
energy levels and identified polar and hydrophobic interaction 
sites, respectively, for each inhibitor. In the renin inhibitor design, 
the modeling experiments were carried out on the cleft region 
extracted from the renin model.11,12 The ligands were manually 
docked in the cleft guided by the crystallographic information 
including the bonding at the catalytic diad, the subsite occupation, 
and the hydrogen binding scheme. Polar and vdW contacts were 
evaluated through distance and, in the former case, geometry 
calculations. All minimizations were carried out using molecular 
mechanics and the Tripos force field. 

Enzyme Inhibition. Measurements of the K1 values for 
endothiapepsin were made by use of a chromogenic octapeptide, 
P-P-T-I-F-NPh-R-L (where NPh = p-nitrophenylalanine). The 
hydrolysis of this substrate was measured from the average 
decrease in absorbance from 284 to 324 nm using a Hewlett-
Packard 8452A diode array spectrophotometer.40 Inhibitors 
were dissolved initially in DMSO, and all reactions were 
performed at 37 0C in 0.1 M sodium formate, pH 3.5, and 4% 
DMSO. Following preincubation of the enzyme at 37 0C for 3 
min, the initial rates of six different substrate concentrations 
around Km (0.8Km-10Km) were measured. After preincubation 
with two or more inhibitor concentrations, additional curves were 
obtained from the initial rates from at least three different 
substrate concentrations. The K\ value from the family of curves 
was determined by Marquardt analysis and the equation 
v = V1118x[S]Z[K111(I + [I]/KO + [S]] 

Inhibition of renin activity was determined by radio immu
noassay for angiotensin I, based on the method of Haber.41 

In Vivo Models. Details of the protocols for high-renin 
normotensive22 and high-renin hypertensive42 monkey models 
have been reported. 
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