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Summary: Substrates of HIV-1 protease are classified into three groups ( A, B and C) 
based on the amino acid residues present at P I" and P2" sites. Replacement of the scissile 
amide bond by phenylnorstatine in representative substrate analog sequences from class A, B and 
C, yielded inhibitors of HIV-1 protease. Of the twelve inhibitors synthesized in this series, 
class C substrate analog inhibitors are more potent inhibitors (K i's 3.3-24 I~M) than either class 
A or class B inhibitors. In this series of inhibitors, the (2S~S) isomer ofphenylnorstatine is 
preferred over the other isomers as a "transition state element"for design of inhibitors of HIV-I 
protease. © 1991 Academic Press, Inc. 

Human immunodeficiency virus (HIV), a member of the Lentiviridae subfamily of 

retroviruses (I), is the causative agent of the acquired immunodeficiency syndrome (AIDS) (2). 

The primary translation product of the viral genome is a polyprotein. During maturation, this 

precursor polyprotein is cleaved into functional proteins by an aspanyl protease, HIV-1 

protease (3). Cell culture studies using inhibitors of HIV-1 protease have shown that the protease 

is essential for viral replication (4). Thus, HIV-1 protease is an at=active target for the treatment 

of AIDS. 

Tight binding inhibitors of HIV-1 protease have been synthesized by replacing the PI-PI '  

amide bond in various subs~ate analogs with nonhydrolyzable isosteres such as reduced amides, 

phosphinates, difluroketones, hydroxyethylenes, hydroxyethylamines and, statine (5). By taking 

advantage of the C 2 symmetry of HIV-I protease, Erickson et al. have designed novel inhibitors 

of HIV-I protease (6). To date, there are no reports of inhibitors of HIV-I  protease containing 

3-amino-2-hydroxy-4-phenylbutanoic acid (AHPBA, or commonly referred to as 

To whom correspondence should be addressed.  

Abbreviations 
AHPBA: 3-amino-2-hydroxy-4-phenylbutanoic acid. This amino acid 
is commonly known as phenylnorstatine. Boc: t-butyloxycarbonyl. 
BOP: benzotriazolyl N-oxytri-dimethylamino-phosphonium hexafluorophosphate. 
HEA: hydroxethylamine. LAH: lithium aluminum hydride. 
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phenylnorstatine), or any of its analogs as the transition state element. The present work describes 

the stereocbemical req "mrements for phenyinorstatine to serve as a transition state element when 

incorporated in substrate analogs, and also explores different substrate sequences as a starting 

point to develop inhibitors of HIV-1 protease. 

Experimental 

i) Synthesis: Synthesis of the four possible isomers of Boc-AHPBA was accomplished 
by a slight modification of the reported procedure (7). Na-(t-butoxycarbonyl)-L-phenylalanyl - 
N-methoxy-N-methylamide, obtained by coupling t-Butoxycarbonyl-L-phenylalanine with 
N,O--dimethylhydroxylamine hydrochloride using BOP, was reduced with LAH in anhydrous 
THF to give t-Butoxycarbonyl-L-phenylalanal (8). The amino aldehyde thus obtained was 
converted into a mixture of diastereomeric cyanohydrins by reaction with NaCN. After acid 
hydrolysis and protection of both the amino and carboxyl groups (as Boc- and methyl ester 
respectively), the diastereomers were separated by column chromatography on silica gel. Basic 
hydrolysis of the individual diastereomers resulted in N-protected-a-hydroxy-13-amino acids. 
The absolute configuration and optical purity of the diastereomers was established by comparing 
the optical rotations of the a-hydroxy amino acids with reported values (7). The N-protected 
amino acids were incorporated into peptide sequences by solution phase techniques. Homogeneity 
of the peptides was determined by TLC, HPLC, IH-NMR (400 MHz), FAB-MS and amino acid 
analysis. 

ii) HIV-1  protease inhibition assay: The HPLC based assay for inhibition of HIV-1 
protease (9) was performed by using cloned HIV-1 protease (10). Reactions were carried out at 
ambient temperature. The reagents used in the assay were as follows: HIV-1 protease, 
(0.18 mg/ml) was a gift from The Upjohn company; HIV-1 protease substrate (Val-Ser-Gln- 
Asn-Phe(4-NO2)-Pro-Ile-Val), 4.04 mM solution in double distilled water;, buffer, 50 mM 
NaOAc (pH 5.8) containing lmM EDTA, 2.5 mM DTT, 10% glycerol, 0.2% NP-40. 

The total volume of the reaction mixture was 100 pl. The stock solution of the enzyme 
was diluted 20-times with the buffer. Twenty ilL of the diluted enzyme were mixed with varying 
concentrations of the inhibitor and the buffer. Stock solutions of inldbitors were prepared by 
using a mixture of DMSO and double distilled water. The f'mal concentration of DMSO in the 
assay was less than 8% in all cases. Substrate (20 pl) was added to the reaction mixture. The 
reaction was quenched after 20 rain by addition of 20 pl of TFA. Hydrolysis of the substrate was 
quantitated by injecting 80 pl of the reaction mixture on a SYSTEM GOLD HPLC. Percent 
inhibition was plotted against inhibitor concentrations to determine the IC50 values. K i values 
were calculated form corresponding IC50 values by using the equation of Cha et al. (11). 

Results 

The sequences of the twelve inhibitors derived from replacing the scissile amide bond i n  

substrate analogs by. phenyinorstatine, and their inhibitory constants are shown in Table II. The 

Ki's of phenylnorstatine containing inhibitors depend on i) the substrate analog sequence into 

which the transition state element is incorporated and ii) the stereochemistry of the two 

centers present in the transition state element. The dependence of potency on the sequence of 

inhibitors may be illustrated by comparing inhibitors 1-4 with inhibitors 9-12. Inhibitors 9-12, 
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(Ki's 3.3-24 I~M) which possess the Glu-Phe sequence on the C-terminal of the transition state 

element are at least 12-times more potent than inhibitors 1--4 (Kis 40-387 IxM) which have 

Pro-Ile-Val-OMe on the prime side of the transition state element. 

The effect of stereochemistry (of the two chiral centers of phenylnorstatine) on the 

inhibitory potencies may be evaluated by comparing the Ki's of inhibitors within class A or 

class C. Within class A inhibitors, inhibitor #1 (K i = 40 pM) which contains the (2S,3S) isomer 

of phenylnorstatine, is about 9-times more potent than inhibitors containing the other isomers of 

phenylnorstatine (Kis 343-387 pM). A similar dependency on stereochemistry is observed within 

class C type inhibitors. Inhibitor #9 (K i = 3.3 I~I), which contains the (2S,3S) isomer is at least 

5-times more potent than the other inhibitors within class C (Kis 17-24 I~M). 

Under the assay conditions employed for K i determination, class B inhibitors had limited 

solubility. Thus, it was not possible to determine accurate inhibitory constants for compounds 

5-8. In general, class B inhibitors are weak inhibitors of HIV-1 protease. 

Discussion 

HIV-1 protease exhibits broadly deKmed substrate specificity. The substrates of HIV-1 

protease (12) may be classified into three groups (A, B and C) based on the residues present at 

Pl '  and P2' positions (Table I). Class A substrates possess an imino acid (Pro) at Pl '  position, 

while class B and C subslrates possess a hydrophobic amino acid at that site. Class C substrates 

may be distinguished from either class A or class B substrates by the presence of a polar amino 

acid at P2' position. 

Based on the X-ray structure of HIV-1 protease/inhibitor complex, Erickson et al. (6) 

suggested that residues P2 - P2' of the inhibitor are critical for interacting with the enzyme. We 

thus incorporated Boc-phenylnorstatine into representative substrate analog sequences from class 

Table I. 

Class A 
P, 

Set 
Ser 
Thr 

Class B 
Ala 
Pro 
Arg 
Arg 

Class C 
Ala 

Classification of HIV-1 Protease Substrates 

P3 P2 Px Pz' P2' P3' P4' 

-Gln -Asn - Tyr - Pro - Ile - Val -Gln 

- Phe -Asn - Phe - Pro -Gln - Ile - Thr 

- Leu - ASh - Phe - Pro - Ile - Ser - Pro 

Thr - Ile - Met - Met -Gln - Arg - Gly 

GIy -Asn - Phe - Leu -Gln - Ser - Arg 

Gln- Ala -Asn - Phe - Leu - Gly - Lys 

Lys - Ile - Leu - Phe - Leu - Asp - Gly 

Arg - Val - Leu - Ala - Glu - Ala - Met 
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Table H. SubsWa~An~ogInhi~W~ and their K, Values 

Inhibitor# Sequence KI(yM) 

Class A 
1 Boc-(2S,3S)AHPBA - Pro - Ile - Val - OCH3 40 
2 Boc-(2R,3S)AHPBA Pro Ile Val OCH 3 359 
3 Boc-(2S,3R)AHPBA Pro Ile Val OCH 3 387 
4 Boc-(2R,3R)AHPBA Pro Ile Val OCH~ 343 

Class B* 
5 Boc-(2S,3S)AHPBA - Phe - Leu -OCH2CH 3 NI x 
6 Boc-(2R,3S)AHPBA Phe Leu OCH2CH 3 NI 2 
7 Boc-(2S,3R)AHPBA Phe Leu OCH2CH 3 NI ~ 
8 Boc-(2R,3R)AHPBA Phe Leu OCH2CH 3 NI t 

Class C 
9 Boc-(2S,3S)AHPBA - Glu - Phe 3.3 
10 Boc-(2R,3S)AHPBA - Glu - Phe 17 
11 Boc-(2S,3R)AHPBA - Glu - Phe 22 
12 Boc-(2R,3R)AHPBA - Glu - Phe 24 

AHPBA = 3-Amino-2-hydroxy-4-phenylbutanoic a c i d  
*K i v a l u e s  f o r  compounds 5 -8  c o u l d  n o t  be  d e t e r m i n e d  due t o  

l i m i t e d  s o l u b i l i t y  o f  t h e s e  compounds .  
x no i n h i b i t i o n  a t  40 ~M 
2 no i n h i b i t i o n  a t  27 ~M 
3 no inhibition at 33 ~M 
t no inhibition at 70 ~M 

A, B and C with the intention of mapping at least S 2 - S 2' subsites of HIV-1 protease. 

Rich et al. (5b) have pointed out that the stereochemistry of the transition state element necessary 

for maximal inhibitory activity is dependent upon the peptide framework. Thus, all four isomers 

o f  phcny~orsmdne were incorporated into substrate analog sequences to y ie ld a series o f  twelve 

pcptides. The sequences of inhibitors obtained arc shown in Table II. 

Inhibitors based on class A and B substrate analogs have been previously reported. 

Rich et al. (Sb) incorporated hydroxyethylamine as a transition state element into class A substrate 

analogs to obtain potent inhibitors of HIV-1 protcasc. As seen from Table H, incorporation of 

phenyinorstatine into class A substrate analogs produced inhibitors with K i's ranging from 

40-343 pM. It may be possible to increase the affinity of class A inhibitors (1-4) by mapping 

additional binding sites towards the N-terminus of  the inhibitor. 

Recently, Vacca et al. (Se) reported a series of hydroxyethylene tripeptide inhibitors based 

on class B substrate analogs. Most of these inhibitors span the region between P2 and P2' 

positions. It was postulated that replacement of the hydroxyethylene transition state element by 

phenyl-norstatine should yield inhibitors of H1V-1 protease. In our studies, compounds 5-8 

(Table H), were found to be weak inhibitors of HIV-I protease. Also, these compounds have 

limited solubility under the assay conditions. Thus, phenyinorstatine containing class B substrate 

analogs do not appear to be a good starting point for the design of HIV-1 protease inhibitors. 
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Inhibitors based on class C substrates have higher affinity towards HIV-1 protease than 

either class A, or class B substrate analogs. There is no apparent explanation for the preference 

of a polar residue (Glu) in the inhibitory sequence. A close examination of the X-ray structures 

of HIV-1 protease/inhibitor complexes reported to date, does not reveal any possible interactions 

between the glutamic acid residue present in the inhibitor, and the protease. 

It is of interest to note that the preferred stereochemistry of the hydroxyl group in 

phenyinorstatine inhibitors is S. This is consistent with the observation by Rich et al. (5b) that 

the preferred stereochemistry of the hydroxyl group in smaller HEA inhibitors (inhihitors lacking 

P4, P3 and, P3' subsites) is R (equivalent to S in phenylnorstatine). In HEA inhibitors, the 

stereochemical preference changes from R to S in longer inhibitors. Syntheses of longer 

phenyinorstatine inhibitors to acheive greater potency and, to address the stereochemical 

preference of the hydroxyl group are in progress. 
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