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Abstract: A new class of nonamino acid derived HIV-1 protease inhibitors of structure 1 are described. 
Structure activity relationships are discussed in the context of a protein crystal complex. 

We have previously reported’ on the structure-assisted design, synthesis and enzyme inhibiting properties 

of a p~udo-symme~cal,2 dipeptide derived HIV-1 protease inhibitor 2. We now wish to report on the extension 

of this work to the design and biological evaluation of a novel end group. These studies have resulted in a new 

class of potent non-amino acid derived HIV-I protease inhibitors of the generic structure 1. The X-ray crystal 

structure of the complex between HIV- 1 protease and 3, the most potent member of this series, is also reported. 

Our tactic was to divide the design problem into two separate stages, the design of a central unit and the 

design of two identical terminal groups. The first round of design identified the central unit.lb The second round 

took the peptidyl lead compound 2 as the starting point. These modeling studies identified a cyclohexyl group, 

substituted with an amide group, as a replacement for the Val-Val dipeptide. The role of the amide was two fold. 

Fist, modeling showed that each of the newly introduced amide groups could form two hydrogen bonds with the 

enzyme, thus orienting the cyclohexane rings in place. Second, it provided a handle to introduce different 

subsdtuents into the S3 sites. Thus, we had incrementally designed a new class of molecules with generic 

structure 1. 

8 Agouron Pharmaceuticals Inc. 3565 General Atomics Ct. San Diego, CA 92121. 
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Table 1 lists ICsc values of various analogs as HIV-1 protease inhibitors3 and as antiviral agents.4 Of 

different derivatives surveyed, the most potent inhibitor contained R as a 2-quinolyl group.5 The three pyridyl 

derivatives 4 -6 were less potent by about an order of magnitude, and compound 7 having a methyl group was 

found to be less potent than the pyridyl derivatives by yet another order of magnitude. These compounds were 

prepared using methodology we have previously reported. lb The key step involved bidirectional amide coupling 

of a Cz symmetric diacid*h with a large excess of the Cp symmetric (lS, 2S)-(+)-1,2-diaminocyclohexane. 

Table 1. Biological properties of various non-peptidyl HIV protease inhibitors. 

3 2-Quinolyl 40 2 

4 2-Pyridyl 400 720 

5 3-Pyridyl 600 

6 4-Pyridyl 350 720 

7 Methyl 3,000 

8 t-Butoxy 710,000 

9 3-IsoQuinolyl 45 

In an iterative approach to validate our modeling, improve our understanding of molecular recognition of 

HIV-1 protease and further design new HIV-l protease inhibitors, we co-crystallized this compound with HIV-l 

protease enzyme. The structure of the enzyme-inhibitor complex of 3 was elucidated by an X-ray crystallography 

study.647 

Figure 1 shows the structure of inhibitor 3 in the HIV-l protease complex. The inhibitor is bound to the 

protein in a nearly symmetric fashion. The major deviation from symmetry occurs in the central three carbons of 

the molecule. The central hydroxyl group was determined to lie between the two catalytic aspartates (D-25 and D- 

25’).8 The two benzyl groups were found to be in the two equivalent Sl subsites and the two cyclohexyl groups 

were found to be in the two equivalent S2 subsites. The two carbonyl groups which link the central unit to the 

cyclohexyl groups were found to form hydrogen bonds to the central structural water molecule.9 It appears likely 

that the inhibitor lies in two CZ-symmetric orientations as is seen in many crystal structures solved in hexagonal 
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space groups.@ In addition the amide groups linking the two cyclohexyl rings to the quinoline groups also form 

hydrogen bonds to the enzyme, albeit with less than optimal geometry.10 

Figure 1: “Relaxed” stereo view of inhibitor 3 bound to HIV-1 protease. 

In the crystal structure the nitrogen atom of the quinoline ring lies anti to the carbonyl oxygen of the 

linking amide group. As a result of this orientation each quinoline group makes an edge to face interaction l1 with 

its neighboring phenyl group in the adjacent S1 subsite. In addition, this orientation allows for close contacts 

between the ring nitrogen atoms and the carbonyl oxygens of Gly-48 and Gly-48’ of the enzyme.‘* These are 

p~sumably unfavo~ble electrostatic intemctions and no evidence of boding water molecules is evident in the 

electron density maps. 

Compound 9, the 3-isoquinolyl analog of 3 was prepared after the crystal structure was solved. The idea 

was to retain the orientation of the aromatic ring observed in the crystal structure while simultaneously removing 

the unfavorable electrostatic interaction between the ring nitrogens and Gly-48 and 48’ and introducing a favorable 

electrostatic interaction between the nitrogen atoms and the guanidine groups of Arg-8 and 8’. These two 

compounds were found to be equally potent as enzyme inhibitors. We rationalized this resuit as follows. For 

both compounds 3 and 9, there are two minimum energy conformations available for the carbonyl group adjacent 

to the fused aromatic rings. The favored confo~ation is the one in which the el~negative nitrogen atom in the 

aromatic ring lies anti to the electronegative carbonyl oxygen atom, diminishing an unfavorable electronic 

interaction. The disfavored conformation is the one in which these two electronegative atoms lie syn to each 

other. For compound 3, the bound conformation is the favored conformation for the free ligand. Thus, the free 

ligand is preorganized for binding to the enzyme in its low energy local conformation. For compound 9, the 

presumed bound conformation (isosteric with 3) is the disfavored conformation. Therefore, energy has to be 

spent to orient it into its bound conformation. Even though when compared with compound 3, compound 9 may 

have higher affinity toward the enzyme in its bound conformation due to the electrostatic reasons discussed above, 

part of the binding energy has to be spent to compensate organization of the ligand into a disfavored conformation. 

As a result, the overall binding energy for the two com~unds are c~pa~ble. 
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One experimental observation that can be addressed with this crystal structure is that potency as enzyme 

inhibitors is related to the size of the groups in the P3 positions (2-quinolyl > 2, 3, or 4-pyridyl > methyl). The 

complex of 3 buries a significant amount of surface area for both the protein (330 A2 hydrophobic surface area 

and 184 A2 hydrophilic surface area) and the ligand (688 A2 hydrophobic surface area and 162 A2 hydrophilic 

surface area). The observed potency trend appears to be related to the amount of buried hydrophobic surface 

area.13,r4 In addition, both quinolyl groups make edge to face interactions with the Pl phenyl groups. 

One powerful use of crystal structure data is the ability to compare related complexes to gain insight into 

the molecular recognition of protein-ligand complexes. L-700,417 (10) developed by Vacca er al l5 is structurally 

related to 3 since it contains the same 4-hydroxy-2,6-bis-(phenylmethyl)heptanediamide central unit. The crystal 

structure of the complex between 10 and HIV-l protease has previously been reportedt5 and the coordinates 

deposited with the Brookhaven Protein Data Bank (entry 4PHV). These two complexes were superimposed and 

the ligands directly compared. (See Figure 2) There are some similarities in the two structures as well as some 

striking differences. While both compounds have an identical heptanediamide central units they differ slightly in 

the bound conformation of this group. The phenyl Pt groups, the central hydroxy and center carbonyl oxygens 

all overlap each other despite this difference. The major consequence of this different conformation is that the 

cyclohexyl groups in 3 and the phenyl groups of the indanes of 10 overlap. That these two groups overlap 

strongly suggests that burying complementary hydrophobic surfaces is the major driving force in complexation. 

In addition, the terminal carbonyl oxygens of 3 and the hydroxyl groups of indane 10 also overlap. There are no 

major differences in the structure of the protein in either complex. 

Me Me 

Figure 2: “Relaxed” stereo view of inhibitor 3(dark lines) superimposed on inhibitor 10 (light lines). 
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One dilemma that exists is that compounds related to 3 require large hydrophobic P3 groups to be potent 

enzyme inhibitors while 10, which completely lacks a P3 group, is a very potent enzyme inhibitor. To vividly. 

illustrate this point, although never tested head to head in the same assay, compound 10 is approximately one 

thousand times more potent than 7. At least three possibilities exist to explain’these differences. (1) The different 

conformations of the linking heptanediamide groups. The conformation found for 3 does not appear to be strained 

or to make a bad steric clash with the protein. (2) Differences in desolvation energies of 10 and 7. MacroModel 

calculations suggest they have similar solvation energies. 16 (3) The hydroxyl groups in the indane portions of 10 

have a more favorable electrostatic interaction with the protein than do the terminal amide groups of 3. Delphi 

calculations l7 were performed to access the electrostatic contributions, of the indane hydroxyl groups of 10 and 

the terminal amide groups of 3, to binding. These calculations indicate that indane hydroxyl groups contributes 

5.4 Kcal more to the binding affinity of 10 than the terminal amide groups contribute to the binding of 3. We 

thus suggest that the large potency difference between 10 and 7 is due to less than optimal hydrogen bonds 

between the amide groups of 7 and the protein and to highly favorable hydrogen bonds between the indane 

hydroxyl groups of 10 the protein and its structural waters. 15 

Analysis of the crystal structure of 3 has allowed us to address several questions regarding the structure 

activity relationships of this series and a related series of compounds. This study has allowed us to gain some 

new insight into the molecular recognition between HIV-l protease and inhibitors. 

t Department of Medicine, Hematology/Oncology Research Laboratory, New England Deaconess Hospital, 
Boston, MA 02215 
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