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Abstract: The X-ray structure of HIV-l protease and molecular dynamics studies were used in the design of 
pseud~s~e~c~ enzyme inhibitors 1 and 2. Short lotions syntheses of these corn~un~ are described. 

HIV-l protease is an essential retroviral enzyme which is responsible for the processing of viral 

polyproteins into viral structural proteins and enzymes. 2 Structural studies using X-ray crystallography have 

shown that the protein is a C2 symmetrical homodimer, and a member of the well known aspartic protease class of 

hydrolytic enzymes 3~~. As soon as the enzyme structure was determined it was recognized that C2 symmetrical 

molecules had potential as inhibitors of this enzyme. 5 We wish to report the use of mechanistic and structural 

information known about HIV-1 protease in the “structure assisted’ design of potent inhibitors of this enzyme. 
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Pseudo C!z Symmetrical Inhibitors 

In contrast to most protease enzymes which have evolved separate C-terminal and N-terminal substrate 

binding domains, the retroviral aspartic proteases as a result of their symmetry have structurally identical C- 

terminal and N-terminal binding domains. The enzyme’s C2 axis lies between and perpendicular to the two 

catalytic aspartate residues in the active site which activate an enzyme bound water molecule. It is well know that 

the secondary alcohol group of statine and related protease inhibitors can displace this catalytic water molecule of 

aspartic proteases in an enthalpically neutral fashion, resulting in enhanced binding. This effect is proposed to be 

due to entropic effects.6 Upm visual examination of the X-ray structure of HIV-1 protease it was clear that the SO 
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called S 1 and S 1’ subsites 7 are related by a C2 symmetry operation and are thus structurally identical (or nearly 

identical). With regard to symmetrical retroviral proteases we prefer the term “two equivalent St ($,Sg,etc) 

subsites” to S1 and St’ (S2 and S2’ ,etc) subsites. This structural property of the enzyme dictates our design 

strategy of C2 symmetrical or psu~dosymmetrical inhibitors. It was also clear from molecular graphics 

examination that the SI and Sz subsites are quite hy~ophobic in nature. Our tactic was to divide the design 

problem into two separate stages, the design of a cent& unit and the design of two identical terminal groups. 

These three units would be coupled together by amide linkages. A key requirement of the central unit is that its 

symmetry properties be aligned with the symmetry properties of the enzyme. The proposed role of the central unit 

is to displace the catalytic water molecule with a hydroxyl group, introduce two hydrophobic Pt groups into the 

two equivalent hydrophobic S 1 subsites, and form bridging hydrogen bonds to the enzyme bound structural water 

molecule 8. The initial compounds prepared use P2 and P3 groups derivable from simple dipeptides as the 

terminal groups. The choice of dipeptides as initial terminal groups was primarily due to their commercial 

availability. 

Using this strategy and a dynamical model we have formulated several potential targets for synthesis. 

Molecular dynamics simulations 9Jo and retrosynthetic considerations were used in prioritizing targets for 

execution of synthetic studies. We used the complex between HIV-1 protease and MVT-101 (a reduced amide 

inhibitor) 4a as the starting enzyme structure. The average structure during the dynamics run as well as the 

dynamics trajectory were then critically evaluated. A potential target for synthesis was one in which major 

conformational changes in the enzyme (relative to the starting X-ray structure) did not take place, the potential 

inhibitor did not undergo major conformational changes during the dynamics run, and its average structure 

essentially maintained C2 symmetry. Structures 1 and 2 represent two classes of compounds resulting from this 

analysis. We now will discuss the use of dipeptides as probe reagents to evaluate the central unit and generate new 

leads for anti HIV-1 agents. 

Figure 1 

Asp-29 Asp-29 

Diamide la was considered one of our prime targets; however synthetic considerations led us to 

investigate diester lb first. Consideration of the potential hydrogen bonding arrangement between the inhibitors 

and the enzyme revealed that when X=NH there is potential for hydrogen bonding of the amide NH groups to the 
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amide carbonyl group of Gly-27 and the symmetry related Gly-27’ (See Figure 1). We were aware of the work of 

Bartlett 11, Kollman 12 and Matthews 13 with thermolysin inhibitors which demonstrated that substitution of a 

hydrogen bond with a repulsive electrostatic interaction may have dramatic effects on the strength of a protein 

ligand complex. In the thermolysin case a “forced repulsion “12 is created due to conformational rigidity of the 

enzyme. In the case of HIV- 1 protease, conformational flexibility has been observed for Gly-27 and Gly-27’ since 

X-ray studies have shown that upon binding inhibitors the plane of the amide between Gly-27 and Ala-28 (also 

the symmetry related Gly-27’ and Ala-28’) rotates approximately 90’ to allow formation of hydrogen bonds with 

the inhibitor.4a Molecular dynamics simulations for a complex of diester lb and HIV-l protease suggest that the 

conformation of these amide groups resemble the conformation found in the free enzyme and that forced repulsion 

resulting from the ester oxygen would not be a severe problem. 

The bidirectional synthesis of lb (Pl=Ph,P2=P3=iPr,R=Boc) starting from the bis-epoxide 314 is 

outlined in Scheme 1. Double cuprate opening of 3 gave 4. Double ester coupling using FMGC-aminoacid 

chlorides 15 followed by deprotection then gave 5. BOP mediated peptide coupling 16, followed by removal of the 

silyl protecting group afforded compound lb. This compound proved to be a potent inhibitor of HIV-l protease 

with an IC50= 5 nM. 

Scheme 1 

OTBS 

3 

Ph OTBS Ph 

4 5 

Re3gcnts: d,e 
a. Pt$u(CN)Liz, THF, 75% b. FMOC-Val-Cl, DMAP, pyridine, 
CHzCl2,75% c. 4-aminomethylpiperidine, CHCl3 
d. Boc-Val-OH, BOP, Et& HOBT, CH$&. 46%(2 steps) 
e.. nBm, THF, 91% Ib Pr=Ph,Pz=Ps=i-Pr, 

R=r-Boc 

The reports from Erickson 5b and Kempf 5c related to compounds la, including 7, prompted US to 

compare the enzyme inhibiting properties of diester 6 directly with diamide 7. Diamide 7 was determined l7 to 

have an IC50 = 25 nM and a Kl =lO nM (literature report 5h,5c of IC5o = 3 nM and Ki = 4.5 nM) while diester 6 

was less potent with a Ki = 100 nM. This experiment suggests that the repulsive interaction between the ester 

groups and the carbonyls of Gly-27 and 27’ is not too severe, consistent with the model proposed based upon 

molecular dynamics simulations. 

6 x=0 
7 x=NH 
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Structures of the type 2 represents another class of compounds which resulted from our analysis of the 

structure of HIV-I protease. Figure 2 shows a “relaxed” stereoview of the average structure from production 

dynamics of the central unit of inhibitor 2 (Pl=Ph) bound to HIV-l protease. Shown is the secondary hydroxyl 

group bound between Asp-25 and Asp-25’ (catalytic groups), the hydrogen bonding network between the 

structural water, Ile-50 Jle-50’ and the two carbonyl groups of the inhibitor. Hydrogen bonds between the amide 

NH’s of the inhibitor and the Gly-27 carbonyl (also the symmetry related Gly-27’) are also shown. The 

orientation of the P1 phenyl groups is shown and the hydrophobic nature (counterclockwise from top left, Pro-81, 

Val-82, Leu-23, Ile-84) of one of the equivalent S1 subsites is shown (at left). For clarity the inhibitor is truncated 

after the two amide groups which are attached to dipeptide terminating groups. The “C-terminal” ends (not shown) 

are oriented in the active site by hydrogen bonds in much the same fashion as seen in crystal structures of non- 

symmetrical inhibitors. For compound 2 the PI and P2 groups are related quite nicely by a C2 symmetry operation 

while the P3 groups show some deviation from symmetry.1s 

Figure 2 

I-50 

L-23 6 D-25 

The bidirectional synthesis of 2 (Pl=Ph,P2=P3=iPr) is shown in Scheme 2. A double alkylation of 3- 

iodo-2-iodomethyl-I-propene l9 using the sodium enolate of the Evans reagent 8 20 provided 9. This allows the 

introduction of C2 symmetry in a single step with control of absolute stereochemistry. Removal of the chiral 

auxiliaries then gave diester 10 . Conversion to the diacid 11 and bidirectional coupling with the methyl ester of 

the dipeptide Val-Val afforded 12. The final stages of the synthesis involve converting the exocyclic oletin, after it 

has served its key role of enhancing the electrophilicity of our diiodide, into secondary alcohol 2. The final steps 

of the synthesis, coupled with the predictable stereocontrol 20 of the Evans alkylation, provide strong confidence 

in the structure assignment. In addition, 12 and 13 exhibit NMR spectra expected for a symmetrical molecule, 

and reduction of ketone 13 provides a single compound 2 (no new stereocenter is created) which has an NMR 

spectrum expected for a molecule without any elements of symmetry. Compound 2 proved to be a potent 

inhibitor of HIV- 1 protease with IC50 = 5 nM. 

The results presented demonstrate the soundness of a strategy using information about enzyme structure, 

mechanism and a dynamical model for inhibitor design. The fundamental, unsolved issue of calculating 

thermodynamic quantities from three dimensional structures (quantitative molecular modeling) forced us to use a 

semi-quantitative method and human analysis for evaluation of potential inhibitors. While the criteria used for 

evaluating putative inhibitors worked quite well in the examples reported above, we suspect that this criteria would 
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also allow for the selection of much weaker inhibitors. The use of a convergent bidirectional synthesis strategy 

and dipeptides as probe reagents allowed us to address the experimental evaluation of potential inhibitors in a 

timely fashion. Studies related to structure-activity relationships and in vitro cell data will be reported in due 

course. 

Scheme 2 
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10 R=CH2Ph 

2 P1=Ph, Pz=P3=iPr 11 R=H 
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