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To understand the differences in the binding specificities within the aspartic proteinase family
of enzymes, we have carried out studies to determine the inhibition constants of a set of related
compounds with various members of the human enzyme family. The inhibition constants (K
values) were determined by competitive inhibition of the hydrolysis of chromogenic octapeptide
substrates in the pH range of 3-5. For comparison, inhibition of monkey renin was studied by
RIA at pH 6.0. All inhibitors were based on the general structure 4-(morpholinylsulfonyl)-1-
Phe-P;-(cyclohexyl)Alay[isostere]-Py’-Py’. The isosteric replacements of the scissile peptide bond
included difluorohydroxyethylene, 1,2-diols, 1,3-diols, and difluoroketones. Side chain substituents
in P; include hydrogen, allyl, ethylthio, (methoxycarbonyl)methyl, N-methylthiouridobutyl,
imidazolylmethyl, and 4-amino-2-thiazolylmethyl. Our measurements have identified potent and
selectiveinhibitors which are useful in evaluating the differences in the specificities among selected

enzymes of this family.

Introduction

The aspartic proteinase family of human enzymes, which
includes pepsin, gastricsin, cathepsin D, cathepsin E, and
renin, is important in many biological and pathophysio-
logical processes.2” Pepsin and gastricsin are involved in
the digestion of proteinsin the stomach. The physiological
roles of cathepsins D and E are not completely defined,
despite their wide distribution in mammalian tissues.’
Cathepsin D, a lysosomal enzyme, has been implicated in
protein metabolism,? catabolism,3 and antigen processing.10
Cathepsin E has recently been shown to be involved in
antigen processing and biosynthesis of peptide hormones.!!
Inhibitors that are known to discriminate between cathe-
psin D and cathepsin E include large naturally occurring
proteins isolated from potato tubers that inhibit cathepsin
D2 or from the nematode Ascaris that inhibits cathepsin
E.13 However, these inhibitors have limited utility owing
totheir large size, restricting penetrationinto cells. Potent
and selective inhibitors of cathepsins D and E that have
improved permeability would prove valuable in exploring
the specific functions of these intracellular enzymes. The
renin—-angiotensin system plays a vital role in the regulation
of blood pressure and also in maintaining the sodium and
volume homeostasis.!4 The aspartic proteinase renin
catalyzes the conversion of antiogensinogen to angiotensin
I, which is the precursor of angiotensin II, a major pressor
substance.

The enzymes in this family share a strong sequence and
both secondary and tertiary structural homology.15 How-
ever, there are considerable differences in the substrate
specificities,16-21 presumably due to the amino acid side
chains that make up the active site cleft, referred to as
“secondary” interactions by Fruton.?22®8 The study of
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structurally diverse inhibitors has been essential for
understanding the mode of binding to the active site
leading to catalysis, as well as providing a basis for
consideration of enzyme specificity.2425 This understand-
ing has been enhanced by the solution of crystal structures
of various aspartic proteinases complexed with transition-
state analogue inhibitors at a high resolution.6-2%

Herein, we report the results of our studies employing
selected inhibitors as probes to develop structure—activity
relationships for the human enzymes pepsin, gastricsin,
cathepsin D, and cathepsin E and monkey renin. These
results not only confirm the generally similar inhibitor
specificity of aspartic proteinases but also illuminate some
differences important for designing potent and selective
inhibitors. Such results will be particularly useful when
combined with the growing number of crystal structures
of enzymes from this family.

Results and Disussion

General Structure-Activity Relationships Based
on Inhibitor Structures. A preliminarystudyevaluated
selected aspartic proteinases for inhibition by several
compounds containing transition-state isosteres, which are
known to provide strong interaction with the catalytic
site of aspartic proteinases. In this initial survey, we
identified compound 7 (see Table I and ChartI) asa potent,
broad-spectrum inhibitor exhibiting nanomolar inhibition
of monkey renin and the human enzymes pepsin, gastricsin,
cathepsin D, and cathepsin E. We then selected a
structurally related group of compounds, listed in Table
I, chosen to provide a series in which the P3-Py’ region was
varied. This series evaluated first the effect of changing
the P;-Py’ region by including several peptide bond
isosteres: 2-amino-1-cyclohexyl-3,4- and 3,5-dihydroxy-
6-methylheptane (3,4- and 3,5-ACDMH), 5(R)- and 5(S)-
2-amino-1-cyclohexyl-3,5-dihydroxyheptane (R-ACDH,
S-ACDH), 2-(2-amino-1-cyclohexyl-3,5-dihydroxypent-6-
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Table I. K; Values from Inhibition Assays with Various Aspartic Proteinases?

b9
N
o NSON PP,
H H
Pa
K; (nM)
1Cs0 (nM): human human human human
compd P, P-Py od monkey® renin pepsin gastricsin = cathepsinD  cathepsin E
1 allyl ACFHP-AEM 0.7 1240 >4000 0.8 21
2 allyl ACFHP-MBA 0.3 27 13 3.2 0.1
3 allyl ACFQOP-AEM 0.4 11 0.9 18 0.5
4 allyl ACFOP-MBA 0.8 24 9 0.4 0.5
5 allyl 3,4-ACDMH 0.2 13 8 2.5 17
6 allyl ACDPD 0.2 16 >4000 0.6 2.2
7 allyl 3,5-ACDMH 0.3 57 19 0.1 2.0
8 allyl R-ACDH 0.2 7T >4000 5.4 11
9 allyl S-ACDH 0.9 69 >4000 6.1 3.3
10 allylthio (R/S) S-ACDH 13 516 >4000 15 2.9
11 CH:CO:Me R-ACDH 0.6 185 >4000 13 44
12 (CH,)(\NHCSNHMe S-ACDH >1 >10000 110 45 15
13 (S)-CHz-(4-imidazole) R-ACDH 1.1 >10000 >4000 >10000 850
14 (S)-CHg-[4-(2-aminothiazole)] R-ACDH 0.3 >10000 >4000 208 300
15 H R-ACDH 44 >10000 >4000 >10000 >10000

¢ Thestereochemistry of R- and S-ACDH was firmly established by spectroscopic analysis (NOE) of cyclicintermediates.4” Thestereochemical
assignments of ACDPD and 3,5-ACDMH were made by analogy to ACDH based on spectroscopic and chromatographic properties. b Structures
of the indicated fragments are illustrated in Chart I. ¢ Cynomolgus monkey plasma renin. 4 The values reported have errors of £15%, based
onh propagation of the errors of measurement.*> Renin inhibition values are at pH 6.0. All other values were derived from studies with

chromogenic substrates, as described in the Experimental Section.

Chart I. P,-Py Isosteres
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*HR220 R1,R23 CaO: ACFOP-AEM

R1,R2= Cz0: ACFOP-MBA

yD)-1,3-dithiane (ACDPD), 4-amino-5-cyclohexyl-2,2-di-
fluoro-3-hydroxypentanamides (ACFHP), and 4-amino-
5-cyclohexyl-2,2-difluoro-3-oxopentanamides (ACFOP).
The P4-P; region was initially maintained constant with
substitutions [(morpholinylsulfonyl)-L-phenylalanyl-L-al-
lyglycine, compounds 1-9] known to provide reasonable
binding to the enzymes under study.3%81 The P, substit-
uent was then varied (compounds 10-15) to include
hydrogen (glycine), allylthio, (methoxycarbonyl)methyl
(aspartate), thiourea derivative of lysine, 4-imidazoyl-
methyl (histidine), and 4-(2-aminothiazolyl)methyl.
Variation of the P;-P,’ portion of the inhibitor (1-9)
was generally consistent with potent inhibition of most if
notall of the enzymes tested, but with a range of measured
K; values. For example, compound 1 yielded subnano-

molar K;'s against renin and cathepsin D, was about 20-
fold weaker versus cathepsin E, and barely inhibited pepsin
orgastricsin. A particularly good broad-spectrum aspartic
proteinase inhibitor was 4, yielding K; values in the low
nanomolar range for all of the enzymes.

The effect of a basic group in the Py’ position, 2-mor-
pholinylethylamide (AEM, in 1 and 3) vs the neutral
2-methylbutylamide (MBA, in 2 and 4), on relative
inhibition of cathepsin D or E was dependent on whether
an alcohol or ketone hydrate was present at P;. With a
basic moiety present, ketone hydrate (8) favored cathepsin
E inhibition, while the alcohol 1 favored cathepsin D
inhibition. The ketone hydrate 4 with the alkyl side chain
inhibited all of the enzymes, while the alcohol 2 was the
strongest cathepsin E inhibitor found. More generally,
the oxidation of the alcohol to the ketone hydrate produced
relatively small effects on inhibitory potency when Py’
contained MBA (compounds 2 and 4). However, when
Py’ was AEM (compounds 1 and 3), there was a dramatic
increase in potency for pepsin, gastricsin, and cathepsin
E, while renin inhibition was unchanged and human
cathepsin D was less inhibited by 3 relative to 1. These
observations suggest an interdependency between the P;
residue and the Py’ substituent, which could be due either
to the juxtaposition of subsites S, and Sy’ of the enzyme
active site cleft (as a consequence of the extended binding
mode) or to differences in the mode of binding between
the alcohols and ketone hydrates that exist at the active
sites of non-renin proteinases. Renin itself was uniformly
insensitive to these changes.

The position of the second hydroxyl group in the 3,4 or
3,5 ACDMH dihydroxy derivatives (Chart I) produced
little change in potency (5 vs 7), with the exception of
cathepsin D and cathepsin E, where tighter binding was
seen for compound 7. However, the deletion of a branch
methyl at the 6-position eliminated inhibition of human
gastricsin (8,9 vs 5,7). The stereochemistry of the ACDH
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distal hydroxyl was not important for inhibition of the
enzymes listed in the table.

Modification of the P, position was examined next.
Addition of a heteroatom into the side chain (10 vs 9)
reduced inhibitor potency for all enzymes except cathepsin
E, although some of the reduction could be accounted for
by the fact that 10 was a mixture of diastereomers.
Addition of polar functionality (11 vs 8 and 12 vs 9)
significantly reduced potency in most cases. One exception
was human gastricsin, which seemed to tolerate the
N-methylthiourea derivative of lysine at P5. Installation
of heteroaromatic side chains at Py, particularly histidine,
is widely known to produce selectivity for renin.32 Eval-
uation of 13 and 14 confirmed that, while renin inhibition
was maintained, substantial loss of potency was observed
for all other enzymes. Finally, lack of substitution at P,
(15), amodification studied rarely, was as good as histidine
in terms of renin selectivity, which could be related to the
more crowded renin active site.3®> However, a reduction
in renin potency was noted.

Comparison of Results for Selected Human En-
zymes. One of our main objectives in this study was to
develop structure-activity relationships that could guide
the design of more selective inhibitors for analysis of
cellular processes. An additional concern in drug design
is bioavailbility. Because the human enzymes pepsin,
gastricsin, and cathepsin D are present in the body in
relatively large amounts, binding of potential drugs may
limit the concentration available to interact with the
intended target, such as renin or HIV proteinase. Ac-
cordingly, it is valuable to compare the binding of the
inhibitors listed in Table I from the separate perspective
of the human enzymes.

One major revelation of the cathepsin D model34 is that
the S; region is extremely hydrophobic. Therefore, the
anemic binding seen for compounds 13-15 to human
cathepsin D could be explained on the basis of either the
lack of a large hydrophobic side chain (15) or the presence
of a hydrophilic one (13 and 14). The good inhibition
seen for compound 12 versus human cathepsin D could be
rationalized on the basis of the long, uncharged side chain
at the P; finding an acceptable binding mode. The S,
region of renin, being more crowded,?? does not bind this
derivative well into the active site.

The poor binding of 13 and 14 to human pepsin was
more difficult to explain, since the pepsins have been shown
to accept hydrophilic amino acids such as glutamic acid3?
or lysinel®in the P; position of the substrate with excellent
kinetic parameters. However, the work of Pohl and Dunn1¢
on the closely related pig pepsin did establish that a
positively charge side chain in the P; position was much
less acceptable at lower pH. Since the values for human
pepsin were obtained at pH 3.5, it seemed likely that the
positive charge at P; of compounds 13 and 14 was not
accommodated in the active site of pepsin at pH 3.5.

We were also interested in the relative inhibition of
human cathepsin D versus human cathepsin E. These
two enzymes not only have distinct amino acid sequences
but also are targeted to different cellular compartments.
Cathepsin D is targeted to the lysosomal compartment as
a consequence of the presence of mannose 6-phosphate,
which leads to binding to a lysosomal receptor.38

Human cathepsin E is definitely not lysosomal, but
appears to be associated with the vesicular network of the
cell cytoplasm.3® It may play a role in the activation of
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Figure 1. Stereoview of the overlap of the a carbon tracings for
the cathepsin D model* (blue) and the mouse renin crystal
structure®® (yellow).

hormones such as endothelin and in antigen processing
events.!l Defining strong and selective inhibitors for both
the cathepsins would contribute to the on-going studies
of these processes.

Compounds 1-3 and 7 display the largest differences in
binding to the two human cathepsins, with 1 and 7 binding
more tightly to cathepsin D whereas 2 and 3 bind strongly
to cathepsin E. An exact rationale for the observed
differences must await the determination at high resolution
of the human cathepsin D (Baldwin and Erickson, personal
communication) and E structures.

It can be seen in Table I that all the compounds
examined in this study are strong inhibitors of monkey
renin. In sharp contrast, only five of the 15 compounds,
2-5 and 7, show strong binding to human gastricsin.
Because the structure of gastricsin has not been defined
by crystallographic analysis at this point, it is difficult to
rationalize the distinction seen here; however, it is an-
ticipated that gastricsin will exhibit some unique features
at the active site. We have previously reported®’ that
gastricsin also exhibits weak interaction with peptide
substrates that demonstrate excellent binding to pig pepsin
and other members of the aspartic proteinase family. Due
to the large amount of gastricsin in human stomach tissue,
further study of the unusual properties of this enzyme are
needed.

Molecular Modeling. To better understand the bind-
ing of the compounds reported in Table I and, specifically,
the selectivity of 1 for cathepsin D and renin, we have
examined, by molecular modeling, the active site regions
of several of the enzyme under study. In particular,
selected residuesin the S/, So’, and S5’ subsites of cathepsin
D were identified by studying a rule-based model of the
enzyme?* (Figure 1) and, for comparison, by referring to
a description of these sites in the human and mouse renin
crystal structures.33 The variable C-terminal segments of
the inhibitors in Table I could potentially interact with
the S/, S/, and Sg’ enzyme regions (Figure 2A). The amino
acid sequences found in these binding sites were compared
with the analogous residues in the other proteins listed in
Figure 2B. [The sequence for monkey renin has not been
reported. However, since it has been shown that the
binding affinities for human renin parallel those deter-
mined for the monkey enzyme,3! the sequence for human
renin was considered in this evaluation.] Despite the
overall high percentage of amino acid identity observed
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[Asn Gly Gln]

Figure 2. (A,top) Stereoview of 1 (white) bound in the cathepsin
Dmodel. Theresiduesin the “prime” binding sites of the enzyme
are colored blue, while Asp32 and Asp 215 are in yellow. (B,
bottom) The sequence alignment of residues in the “prime”
binding sites for five aspartic proteinases. Above are shown 1
and the approximate locations of the cathepsin D residues

(indicated by residue number) around the inhibitor as shown in
A.

in comparing active sites at the C-terminal end of a bound
inhibitor (the “prime” side of the cleft!), three out of four
residues in cathepsin D that differ from cathepsin E are
most closely related to the human renin sequence (Figure
2B). Two of these differing residues, Pro292 and Ser295,
are situated in a rigid proline loop segment recently
described for human and mouse renins.?3

A further distinguishing feature is located at residue 74
in the “flap”, a 8-hairpin loop contributed by the N-ter-
minal domain that partially occludes the active site cleft.15
In cathepsin D, this is a His (Figure 2B) and the analogous
residue in human renin is Arg. By contrast, in cathepsin
E and gastricsin, Gln is found while human pepsin has a
Thr. Thus, for both cathepsin D and renin, a basic residue
occupies this site that is able to interact with parts of a
bound inhibitor contributed by the “prime” or C-terminal
half, while neutral, polar amino acids are present in the
other enzymes.

Further analysis of the impact of the basic residues, in
contrast to a polar group, at position 74 was carried out
using the Grin/Grid software.3® This program evaluates
the interaction energies between selected probe groups
(that is, water and a methyl group) and a target molecule.
The energy contour was then created to localize the
favorable interaction sites. The energies were calculated
between an oxygen probe, to mimic the oxygen in a
morpholine group, and the “flap” region of cathepsin D.
The “flap” sequence was replaced with the cathepsin E
sequence, and the calculation was repeated. These cal-
culations resulted in the contours illustrated in Figure 3.
The arrows indicate a large favorable interaction site for
cathepsin D in the “prime” area of the enzyme active site
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Figure3. Stereoviews of the energy plots generated by the Grin/
Grid program for the cathepsin D model “flap” region (blue) and
the “flap” segment substituted with the residue sequence for
cathepsin E (red). The contours represent a -2 kcal/mol level,
using an ether oxygen probe. The arrows indicate the favorable
interaction site in cathepsin D that is not found in cathepsin E.

that does not exist with cathepsin E. This may, in part,
explain the selectivity for 1 observed for cathepsin D, and
also renin, with a basic Arg residue in position 74.

In the rigid loop segment, the analogous residues to
Pro292 and Ser295 in cathepsin D are Pro and Thr,
respectively, in renin. In cathepsin E these sites are
identified as His and Ala (Figure 2B). In extending the
analysis to the other enzymes, it was apparent that
although all proteins have at least one proline in this loop
region, only human renin and cathepsin D contain three
sequential prolines. Cathepsin E was the only enzyme in
the series with two proline residues in the loop, and
although it was over 20-fold less selective for 1 than renin
and cathepsin D, cathepsin E was at least 60-fold more
selective for this analogy relative to gastricsin and human
pepsin. The prolines generate a more rigid loop in
cathepsin D, human renin, and, toa lesser extent, cathepsin
E relative to the analogous sites in the other enzymes.
Furthermore, the proline amide bonds can exist in the cis
configuration, which would significantly impact the sec-
ondary structure at this site and in turn the interaction
with the inhibitor. In the crystal structures of the human
and mouse renins, the third proline amide bond of the
proline tripeptide segment was indeed found to exist in
a cis orientation.33

The crystal structures of a difluorostatone- and a
difluorostatine-containing peptide complexed with pen-
icillopepsin provide new insight regarding the binding of
the difluoro analogs.?® Upon superimposting of the two
enzyme crystal structures, the regions of the inhibitors
that differed in a significant manner were the StaF:NHCHj3
and the StoFs:NHCHj; segments. The presence of the (R)-
3-hydroxyl group caused the entire StoF; residue to be
positioned further away from the catalytic Asps than the
StaF;. These different binding modes, along with the
homology between renin and human cathepsin D in the
“prime” binding regions described above, could explain
the selectivity of the alcohol with a AEM at Py’ for monkey
renin and human cathepsin D. Although it is yet unclear
how these features impact one another, this analysis
pinpoints key sites to be explored in designing
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inhibitors with selectivity among the aspartic proteinases,
in particular between cathepsin D and cathepsin E.
Further evidence of the impact of the “prime” sites on
binding affinities was the slightly increased selectivity for
cathepsin D versus cathepsin E observed in going from a
3,4- to 3,5-diol substitution at the P;-Py’ site (5 vs 7) and
the drop in binding potency for gastricsinupon the addition
of a bulky 1,3-dithiane group (6 vs 7). In the latter case,
this phenomenon could be explained by the extended
proline loop region present in gastricsin, restricting the
size of the binding pocket in the “prime” region (Figure
2). However, this rationale does not hold for the loss in
gastricsin binding observed for 8 and 9 containing R- or
S-ACDH relative to 7 having a 3,5-ADCMH group.

The data presented in Table I and the preceding
discussion underscore the distinctions that are readily
apparentinthe active site cleft of each of these structurally
and mechanistically related enzymes. These data also
provide leads for the further analyses of each member of
the aspartic proteinase family with the aim of exploiting
the structural distinctions within the enzyme active sites
for the purpose of targeted inhibitor design.

Experimental Section

Molecular Modeling. The molecular modeling analysis was
carried out using the Sybyl Software package® on a Silicon
Graphics 4D/35 computer. Analog 1 was docked in the cathepsin
D model following the conserved binding mode and interactions
observed in aspartic proteinase crystal structures.?’ Energy
optimizations of 1 in the enzyme cleft (composed of residues
within an approximate 8-A sphere around the ligand) were carried
outusing Maxmin. Duringthe minimization, the enzyme residues
were aggregated as were three atoms of the P, moiety found at
the catalyticsite. The aspartic proteinasesequences were aligned
according to Blundell et al.#* Grin/Grid probe calculations were
run on the cathepsin D loop sequence I1e73-Gly78 capped with
the CCO of Asp72 and the NC of Ser79. The sequence was then
replaced with that of cathepsin E using the biopolymer-change
command with Sybyl, and the Grin/Grid process was repeated.
The energy plots shown in Figure 3 were contoured at -2 kcal/
mol levels for the two loop regions.

Substrates. Series of substrates were synthesized by Ruth
Davenport of the Protein Chemistry Core Facility (University of
Florida) using the solid-phase method on an Applied Biosystems
Model 430A Synthesizer. The substrates used in the inhibition
assays were based on the parent peptide Lys-Pro-Ala-Lys-
Phe*Nph-Arg-Leu.

Stock peptide solutions were made in distilled water and were
quantified by amino acid analyses on a Beckman 6300 amino
acid analyzer. The purity of the peptides (=90%) was verified
by HPLC analyses.

Enzymes. Human pepsin was supplied by Dr. A. P. Ryle of
the University of Edinburgh Medical School, Edinburgh, Scot-
land, U.K. Prof.Jordan Tang of the Oklahoma Medical Research
Foundation provided the human gastricsin. Human cathepsin
D was prepared from human spleen as described by Afting and
Becker.*2 Human cathepsin E was generously given by Dr.I1. M.
Samloff of the Veteran’s Administration Medical Center, Sepulve-
da, CA. Monkey plasma was used as the source of primate renin
activity.

Assays. The hydrolyses of the substrates were monitored at
37°C,ina 0.1 M sodium formate buffer by averaging the decrease
in absorbance over a range of 234-324 nm using a Hewlett-Packard
diode-array spectrophotometer. The pH for the assays were as
follows: human pepsin, pH = 3.5; human gastricsin, pH = 3.1;
human cathepsin D, pH = 3.7; human cathepsin E, pH = 4.5.
The K. and Vi values were measured using the initial rate at
six different substrate concentrations. For human pepsin a Kp,
of 95 uM and a Vinar of 380 X 108 AU/s at an enzyme concentration
of 2.3nM were obtained. For human gastricsin the corresponding
values were 300 pM and 145 X 108 AU/s at an enzyme
concentration of 14 nM. For human cathepsin D, the values
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were 60 uM and 100 X 10-¢ AU/s at an enzyme concentration of
3 nM, while for human cathepsin E, the values were 165 uM and
100 X 10-6 AU/s at an enzyme concentration of 8nM. The cleavage
of the peptide was monitored on a HPLC column followed by
amino acid analysis of the respective peaks to ensure that site
of cleavage was at the Phe*Nph bond. Inhibition of monkey
renin at pH 6.0 was carried out as described.3!

Active Concentration. The active concentrations of human
pepsin, human cathepsin D, human cathepsin E, and human
gastricsin were determined by titration against an Upjohn
Pharmaceutical Co. inhibitor, U85548E, kindly provided by Dr.
Tomi Sawyer.

Inhibition Constants. The K; values were determined by
quantitating the competitive inhibition of the hydrolyses of the
chromogenicsubstrates. The peptide used to assay human pepsin
and human cathepsin D was Lys-Pro-Ile-Glu-Phe*Nph-Arg-Leu,
whereas Lys-Pro-Ala-Ala-Phe*Nph-Arg-Leu and Pro-Pro-Thr-
Ile-Phe*Nph-Arg-Leu were used to assay human gastricsin and
human cathepsin E, respectively. K; values were determined
with an error range of £15%, as determined by propagation of
errors using procedures outlined by Meyer.4

Inhibitor Synthesis. Melting points were determined with
a Thomas-Hoover capillary melting point apparatus, which was
calibrated against known standards. NMR spectra were run on
a Varian XL 200, Bruker AM 250, or IBM WP 100SY spec-
trometer using Me,Sias an internal standard. Massspectrawere
run on a Finnigan TSQ-70 or a VG Analytical 7070E/HF
spectrometer. Elemental analyses of target compounds check to
within 0.4% of the calculated values except where indicated
otherwise. The preparation of 1-43! and 144 have been reported
previously.

[1S-(1R*,2R*,38*)]-[ N-(4-Morpholinylisulfonyl)-L-
phenylalanyl}-N-[1-(cyclohexylmethyl)-2,3-dihydroxy-5-
methylhexyl]-4,5-didehydro-L-norvalinamide (5). This com-
pound was prepared from (morpholinylsulfonyl)-L-phenylalanine
(SMO-Phe)4% and N-[1-(cyclohexylmethyl)-2,3-dihydroxy-5-
methylhexyl}-4,5-didehydro-L-norvalinamide (a-allylglycinyl-
ACDMH) by the procedure described for 6: NMR (CDCly) é
0.090 (t, 6H), 1.05-1.50 (m, 6H), 1.50-1.80 (m, 8H), 1.80-2.05 (m,
1H), 2.50-2.85 (m, 4H), 2.85-3.05 (m, 3H), 3.05-3.65 (m, 8H),
3.95 (q, 1H), 4.20-4.45 (m, 2H), 4.55 (q, 1H), 4.90 (d, 1H), 5.10-
5.25 (m, 2H), 5.60-5.85 (m, 1H), 6.70 (d, 1H), 6.90 (d, 1H), 7.20-
7.45 (m6, H); MS (FAB) m/z 637.2 (M + 1). Anal. Calcd for
032H52N407S'0.130H0132 C, H, N.

[1S-(1R*,2R*,4S5*)])-[ N-(4-Morpholinylsulfonyl)-L-
phenylalanyl]-N-[1-(cyclohexylmethyl)-4-(1,3-dithian-2-yl)-
2,4-dihydroxybutyl}-4,5-didehydro-L-norvalinamide (6). A
solution of 0.100 g (0.24 mmol) of N-[1-(cyclohexylmethyl)-4-
(1,3-dithian-2-yl)-2,4-dihydroxybutyll-4,5-didehydro-L-norvali-
namide (allylglycinyl-ACDPD*) in 5 mL of CH;Cl; was treated
successively with 0.075 g (0.24 mmol) of (morpholinylsulfonyl)-
L-phenylalanine (SMO-Phe),4 0.036 g (0.24 mmol) of 1-hydroxy-
benzotriazole hydrate (HOBT), and 0.050 g (0.24 mmol) of 1,3-
dicyclohexylcarbodiimide (DCC). The resulting solution was
allowed tostand atroom temperature overnight. The precipitate
was filtered and the filtrate was washed successively with 5 mL
of saturated NaHCO3, 5 mL of water, and 5 mL of 10% citric acid
solution. Chromatography on silica gel eluting with CHCl; to
CHCIly/EtOAc (50/50) gave a single isomer as an amorphous
solid: wt0.140g (82%); NMR (CDCly) 6 0.70-1.05 (m, 2H), 1.05—
1.55 (m, 7TH), 1.556-2.15 (m, 9H), 2.50-3.00 (m, 11H), 3.15 (g, 1H),
3.30-3.50 (m, 4H), 3.70-3.90 (m, 2H), 3.90-4.15 (m, 4H), 4.45 (q,
1H), 5.10-5.25 (m, 2H), 5.70-5.90 (m, 1H), 6.85 (d, 1H), 7.20 (d,
1H), 7.25-7.45 (m, 6H), 7.60 (d, 1H); MS (FAB) m/z 714 (M +
1). Anal. Caled for CasH5eN,O;Ss: C, H, N.

[1S-(1R*,2R*,4S*)]-[ N-(4-Morpholinylsulfonyl)-L-
phenylalanyl]- N-[1-(cyclohexylmethyl)-2,4-dihydroxy-5-
methylhexyl]-4,5-didehydro-L-norvalinamide (7). This com-
pound was prepared by a DCC coupling of SMO-Phe and
allylglycinyl-3,5-ACDMH* by a procedure similar to that for
compound 6: 42% yield of a single isomer; NMR (CDCl3) 6 0.756—
0.95 (m, 8H), 1.05-1.80 (m, 14H), 2.50-2.75 (m, 4H), 2.75-3.00
(m, 4H), 3.20-3.40 (m, 2H), 3.40-3.65 (m, 5H), 3.80 (br. s, 1H),
3.90-4.10 (m, 2H), 4.55 (q, 1H), 5.10-5.25 (m, 3H), 5.60-5.80 (m,
1H), 6.75 (d, 1H), 6.95 (d, 1H), 7.20-7.40 (m, 5H); MS (EI) m/z
637 (M) Anal. Calcd for CszH52N407SI C, H, N.
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[1S-(1R*,2R*,48*)]-[ N-(4-Morpholinylsulfonyl)-L-
phenylalanyl]-N-[1-(cyclohexylmethyl)-2,4-dihydroxyhex-
y1}-4,5-didehydro-L-norvalinamide (8). This compound was
prepared by a coupling of SMO-Phe and allylglycinyl-R-ACDH#47
by the procedure for 6: NMR (CDClg) 4 0.70-1.00 (m, 5H), 1.00~
1.20 (m, 5H), 1.40-1.85 (m, 10H), 2.50-2.90 (m, 5H), 2.90-3.00
(m, 2H), 3.15-3.35 (m, 1H), 3.40-3.60 (m, 4H), 3.70-3.90 (m, 2H),
3.90-4.10 (m, 2H), 4.45-4.55 (q, 1H), 4.90 (d, 1H), 5.05-5.25 (m,
2H), 5.60-5.80 (m, 1H), 6.65 (d, 1H), 6.90 (d, 1H), 7.20-7.45 (m,
7H); MS (FAB) m/z 623 (m). Anal. Calcd for C3;HzN,O5S: C,
H, N.

[1S-(1R*,2R*,4R*)]-[ N-(4-Morpholinylsulfonyl)-L-
phenylalanyl]-N-[1-(cyclohexyimethyl)-2,4-dihydroxyhex-
y1]-4,5-didehydro-L-norvalinamide (9). This compound was
prepared by a coupling of SMO-Phe and allylglycinyl-S-ACDH4#647
by the procedure for 6. The pure product was obtained by
recrystallization from ethyl acetate/pentane: 42% yield; mp 160-
162 °C; NMR (CDCl,) 4§ 0.80-1.05 (m, 5H), 1.05-1.32 (m, 4H),
1.35-1.85 (m, 11H), 2.45-2.75 (m, 4H), 2.75-2.95 (m, 3H), 3.20
(q, 1H), 3.40-3.55 (m, 4H), 3.70-4.05 (m, 4H), 4.70 (q, 1H), 5.15
(d, 1H), 5.50 (d, 1H), 5.65-5.85 (m, 1H), 6.88 (d, 1H), 7.05 (d, 1H),
7.20-7.40 (m, 7TH); MS (FAB) m/z 624 (M + 1). Anal. Calcd for
CsleN4O7SI C, H, N.

[1S-[1R*[RS)R*)],2R* AR*]]-N-[2-[[1-(Cyclohexylmethyl)-
2,4-dihydroxyhexyl Jamino]-2-oxo-1-(2-propenylthio)ethyl-
a-[ (4-morpholinylsulfonyl)amino]benzenepropanamide (10).
This compound was prepared by coupling SMO-Phe-(allylthio)-
glycines and S-ACDH*" by the procedure for compound 6: NMR
(CDCly) 4 0.75-1.05 (m, 4H), 1.05-1.90 (m, 14H), 2.60-3.30 (m,
10H), 3.30-3.65 (m, 6H), 3.65-4.10 (m, 4H), 5.05-5.50 (m, 2H),
5.50-5.70 (m, 1H), 5.70-6.00 (m, 1H), 6.85 (q, 1H), 7.15-7.50 (m,
7H); MS (FAB) m/z 655.3 (M); HPLC, 90%. Anal. Calcd for
C3 HsoN,O1S2: C, 60.11; H, 8.09; N, 9.00. Found: C, 56.34; H,
7.31; N, 8.06.

Methyl[1S-(1R*,2R*,45*)]-[N-(4-Morpholinylsulfonyl)-
L-phenylalanyl]-N-[1-(cyclohexylmethyl)-2,4-dihydroxy-
hexyl]-L-a-aspartamide (11). This compound was prepared
by coupling SMO-Phe and Asp(OME)-R-ACDH by the procedure
for compound 6: 45% yield; NMR (CDCl; + DMSO-ds) 4 0.50-
0.80 (m, 4H), 0.80-1.50 (m, 14H), 1.50-1.65 (m, 2H), 2.45-2.65
(m, 4H), 2.70-2.95 (m, 2H), 3.05-3.25 (m, 4H), 3.30-3.60 (m, 7TH),
3.60-3.80 (m, 2H), 4.50-4.65 (m, 1H), 6.75 (d, 1H), 6.95-7.15 (m,
6H), 7.20-7.30 (m, 2H), 7.82 (d, 1H); MS (FAB) m/z 655 (M).
Anal. Caled for CsleN4OQSI C, H, N.

The Asp(OMe)-R-ACDH intermediate in the above prepara-
tion of 11 was synthesized by coupling Boc-Asp(8-OMe) (Sigma)
and R-ACDH by the procedure for compound 6: TLC (EtOAc)
one spot, Ry 0.6 (ninhydrin); MS (EI) 459 (M + 1). Deblocking
with MeOH/CH,Cl,/HCl gave Asp(OMe)-R-ACDH, which was
used directly in the above preparation of compound 11.

[1S-[LR*[ R*(R*)],2R*,48*]]-[ N-(4-Morpholinylsulfonyl)-
L-phenylalanyl]-N-[1-(cyclohexylmethyl)-2,4-dihydroxy-
hexyl]-N®-[(methylamino)thioxomethyl]-L-lysinamide (12).
This compound was prepared by coupling SMO-Phe-Lys{C(S)-
NHMe]*¢ and S-ACDH by the procedure for compound 6 except
that DMF was used as a solvent. The product was purified by
silica gel chromatography eluting with 2-10% MeOH/CHCl,:
59% yield; NMR (DMSO-dg) 6 0.65-1.00 (m, 4H), 1.00~1.90 (m,
20H), 2.55-3.00 (m, 8H), 3.20-3.55 (m, 10H), 3.55-3.70 (m, 1H),
3.80-4.10 (m, 2H), 4.30 (q, 1H), 4.45 (d, 1H), 4.65 (d, 1H), 7.15~
7.50 (m, 8H), 7.75 (d, 1H), 8.30 (d, 1H); MS (FAB) m/z 727 (M).
Anal. Calcd for C3HssNgO-S2: C, H, N, S.

[1S-(1LR*,2R*,4S*)]-[ N-(4-Morpholinylsulfonyl)-L-
phenylalanyl}-N-[1-(cyclohexylmethyl)-2,4-dihydroxyhex-
y1]-1-histidinamide (13). This compound was prepared by
coupling SMO-Phe and (Trt)His-R-ACDH*¢ by the procedure
for compound 6. This intermediate [MS (FAB) 905.3 (M + 1)]
was deprotected by treating it with 20% aqueous acetic acid at
95 °C for ca. 5 min. PhyCOH was precipitated by the addition
of 2volumes of water and filtered. The filtrate was concentrated
at reduced pressure and the residue was extracted into CH,Cl,.
The extract was washed with saturated NaHCOQ3, dried (NaSO,),
and concentrated to give pure product as a solid foam: NMR
(CDCl3) 4 0.65-0.95 (m, 5H), 0.95-1.80 (m, 18H), 2.45-2.65 (m,
2H), 2.65-2.90 (m, 3H), 3.00~3.55 (m, 7H), 8.70-4.05 (m, 4H),
4.70 (s, 1H), 6.85 (s, 1H), 7.00 (d, 1H), 7.30 (m, 6H), 7.55 (s, 1H),
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8.45 (br s, 1H); MS (FAB) m/z 663.4 (M + 1). Anal. Caled for
CsszoNsO7S'0.5CHzclzi C, H, N.

[1S-(1R*,2R*,48*)]-[N-(4-Morpholinylsulfonyl)-L-
phenylalanyl]- N-[1-(cyclohexylmethyl)-2,4-dihydroxyhex-
yllglycinamide (15). This compound was prepared by coupling
SMO-Phe-Gly* and R-ACDH by the procedure of compound 6;
47% yield; NMR (CDCl3) §0.76-1.05 (m, 4H), 1.05-2.00 (m, 14H),
2.55-2.75 (m, 2H), 2.75-2.95 (m, 3H), 3.20 (q, 1H), 3.30-3.55 (m,
4H), 3.65-3.90 (m, 3H), 3.95-4.15 (m, 4H), 5.90 (m, 1H), 6.80 (d,
1H), 7.20-7.40 (m, 7H), 7.60 (m, 1H); MS (FAB) m/z 583 (M).
Anal. Calcd for CsHeN,O,S: C, H, N.
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