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A new era has begun in the chemotherapeutic treatment 

of AIDS with the marketing of the first generation of 

peptidomimetic HIV protease inhibitors from Roche, 

Merck and Abbott. Owing to the potential drug resist- 

ance problems associated with HIV mutations, a main 

emphasis in the search for the next generation of HIVPR 

drugs is in the area of structurally different cyclic non- 

peptides. This article reviews the different approaches 

that have been undertaken to find or design cyclic non- 

peptides that are capableof displacing the structural water 

molecule usually associated with the peptidomimetic 

class of inhibitors. The favorable entropic effect from water 

displacement and preorganization can lead to smaller and 

more potent inhibitors with improved therapeutic potential. 

Intense world-wide research in the area of HIVPR inhibi- 

tion has produced a variety of potent compounds with inhi- 

bition constants, k;, in the nanomolar or subnanomolar 
range1520. Most of these potent inhibitors are pseudopep- 

tides (containing one or more amide bonds), or molecules 

containing substrate-like linear scaffolds. Despite many el- 

egant structure-activity studies, the combination of rela- 
tively high molecular weight (>600 daltons), poor solubility 

and substantial peptide character have generally resulted 

in limited oral bioavailability. The difficulty of combining 

adequate potency with good oral bioavailability is reminis- 

cent of the two decades of research focused on identifying 

orally available inhibitors of the aspartic protease renin. In 
the case of HIVPR. this intense effort has produced several 

compounds with sufficiently adequate overall properties to 

justify further clinical evaluation21-29. 

In recent clinical studies, several HIVPR inhibitors have been 

shown to reduce the viral load and increase the number of 

he human immunodeficiency virus (HIV), the 

causative agent of Acquired Immunodeficiency 

Syndrome (AIDS), encodes an essential aspartic 

protease (PR)l that processes the viral Gag and 
Gag-PO1 polyproteins into structural and functional pro- 

teins. Inhibition of HIVPR in vitro results in the production 

of progeny virions, which are immature and noninfec- 

tious@. The abundance of structural information available 

on HIVPR has made the enzyme an attractive target for 

computer-aided drug design strategic+. As a consequence, 
HIVPR has emerged as a prime target for the development 

of therapeutics for the treatment of HIV diseases’-12. 
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Figure 1. Peptidomimetic inhibitor binding at HIVPR 
active site via a bridging structural water. 

George V. De Lucca, Susan Erickson-Viitanen and Patrick Y.S. Lam *, DuPont Merck Pharmaceutical Company, Experimental 
Station, PO Box 80500 Wilmington, DE 19880-0500, USA. tel: +I 302 695 2387, fax: +I 302 695 9673, *e-mail: 
lampy@carbon.dmpc.com 

6 CopyrIght 0 Elsevler Science Ltd All rights reserved. 1359.6446/97/$17 00 PII S1359-6446(96)10048-9 DDT Vol. 2, No 1 January 1997 



Pl’ 
Ph 

c 
6.5 - 12.OA 

Pm PI’ 

\ / 

3.5 - 6.5A 3.5 - 6.5A 

H-bond 
donor/acceptor 

D ‘Structural 
water mimic’ 

OMe 

HO’ ‘OMe 
H-bond 

donor/acceptor 

0 

Pl Q Pi’ 

OH 

0 

Pl 
Q 

PI’ 

HO OH 

N’N 

Pl PI’ 

HO OH 

Pi’ 
HO OH 

C2-symmetric diol 
docked into HIV PR 
active site 

i’ 

I 

3D pharmacophore model 
derived from B and used 
in 3D database search 

Hit from 3D search 
suggested using a 
six-membered ring 
to position a structural 
water mimic 

Initial idea for a 
nonpeptide inhibitor 
that includes a 
structural water mimic 

Mono-01 modified to a 
diol in order to increase 
inhibitor binding to 
catalytic aspartates 

Urea group used to 
strengthen hydrogen 
bonds to the flaps 

Predict conformation 
and stereochemistry 
ihat optimally position 
Pl, Pl’, P2, P2’, and 
zliol substituents 

E 

I Figure 2 Strategy and steps involved in the design of cyclic urea inhibiton of HWPR. Reprinted with pevnbsion from ReJ45. 
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CD4’ lymphocytes in HIV infected patient+‘-29. Saquinavir, with reverse transcriptase (RT) inhibitors. However, the 

Ritonavir and Indinavir have recently been approved by the daunting ability of the virus to rapidly generate resistant 

FDA and are being used in AIDS therapy in combination mutant@-34 suggests that there is an ongoing need for new 
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Figure 3. Conformational analysis of designed cyclic 
ureas predicting that I bprefmed when the nitrogens 
are not substituted, whereas conformation 2 is 
preferred when the nitrogens are substituted due to 
A, 2 strain. 

HIVPR inhibitors with superior pharmacokinetic and effi- 

cacy profiles. 
The different approaches to the discovery of the various 

types of HIVPR inhibitors have been extensively reviewed’-‘) 

and are outside the scope of this review. However, to sum- 
marize, most of the structures can be classified into two cat- 

egories: transition-state analogs (for example linear peptido- 

mimetics) and nonpeptides, which are often rigid cyclic 
structures. Lead structures for both classes of inhibitors have 

been identified through random screening and rational drug 
design. Regardless of how the leads were generated a main 

feature of current work in HIV protease inhibitors is the exten- 

sive use of structural information and computationaVcomputer 

modeling techniques to optimize initial lead structures. 

Unique structural water of inhibitor-HIVPR 
complexes 

High resolution X-ray structures of many linear inhibitors 
complexed with the C-2 symmetric, dimeric HIVPR-1 have 

been reporteda. A common feature among these structures 

is the presence of a tetracoordinated structural water mol- 
ecule linking the bound inhibitor to the flexible glycine-rich 

P-strands or flaps’ of the HIWR dimer (Figure 1). This struc- 

tural water molecule accepts two hydrogen bonds from the 
backbone amide hydrogens of symmetry-related isoleucine 

residues Ile50 and Ile50’, and donates two hydrogen bonds 
to the carbonyl oxygens flanking the transition state mimetic 
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of the inhibitor molecule. Its relevance to the generation of 
HIVPR inhibitors had been previously notedx,“. 

An important key design element in many approaches has 

been to use the C-2 symmetrical nature of the enzyme*,‘5 
and the presence of the structural water molecule in the 

active site to build in specificity and potency. In this paper 

we wish to review compounds and design strategies that 
incorporate the structural water into the inhibitor framework. 

This covers mainly rigid, nonpeptide, cyclic structures that 

are known to or that are likely to displace the structural water 
molecule usually found in all linear HMWinhibitor com- 

plexes. The main emphasis in the search for the next gener- 

ation HIVPR drug candidate appears to be in this cyclic area. 

Table 1. Comparison of cyclic urea analogs 
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Figure 4. X-ray structures of the complexes of DMP32.3 (a) and DMP450 (b) with HN-1PR @-een/orange) showing 
that the urea oxygen accepts hydrogen bonds from the protease flaps Ile50/50’ with the exclusion of the intervening 
structural water commonly found in linearpeptidomimetic inhibitors. X-ray structures solved and graphics provided 
by Dr Gong-Hwan Chang of DMPC. 

Design of the cyclic ureas 

The technique of searching databases containing 3D molecu- 

lar structures using a 3D pharmacophore model has been 
used to identify synthetic frameworks that can serve as the 

starting point for the design of nonpeptide inhibitors”r-4”. 

This technique was incorporated as part of the design strat- 

egy that led to the discovery of cyclic ureas as nonpeptide 

inhibitors by the DuPont Merck team”%“’ and is summarized 
in Figure 2. 

This process began by using the available structural infor- 

mation and the structure-activity relationships (SAR) estab- 
lished for linear C-2 symmetric dials+51 to generate several 

pharmacophore models (Figures 2a and 2b). The simplest 

model (Figure 24 was based on two key intramolecular 

distances: that between symmetric Pl and Pl’ hydrophobic 

groups, and that from Pl and Pl’ to hydrogen bond 

donor/acceptor group(s) that bind to the catalytic aspartates. 

- 

A 3D database search52-54 with this pharmacophore model 

yielded the ‘hit’ shown in Figure 2d. Because a phenyl ring 

might not properly position all substituents of the inhibitor, 
a cyclohexanone ring (Figure 20 was chosen as the initial 

synthetic scaffold with the ketone oxygen as the structural 

water mimic. The cyclohexanone ring was enlarged to a 

seven-membered ring (Figure 2g) to incorporate a diol func- 

tionality because the SAR established for linear C-2 sym- 
metric diols indicated that the diol imparts significant 

potency compared with corresponding mono-01 transition 

state analogs@,5”. This synthetic target was further modified 

to a cyclic urea (Figure 2h) based on two considerations. 
First, cyclic ureas have precedent as excellent hydrogen 

bond acceptors both in natures5 and in synthetic systems5@7. 

Second, it was realized that the seven-membered cyclic urea 

was synthetically accessible by cyclizing the precursor used 
in the linear C-2 symmetric diol series@--5r. 
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Table 2. Cyclized linear HIVPR inhibitors 

No. Structurea 

11 

0 
,PP p2\NK N 

Ph 
4- 

‘NV Ph 

HO 

12 

13 

OH 

Ph “N/‘ ph 

OH 

0 

P-naphthyl *N N A p P-naphthyl 

14 
Ph -"+bh 

0 ‘OH 

15 

OH 

16 

0 

Pa’ 

OH 

4 WV 

8.7 

Company 

Abbott 
Ciba-Geigy 
DMPC 

15 DMPC 

40 DMPC 

260 Hoechst 

2,500 DMPC 

9,400 DMPC 

aP2/P2’ = Benzyl 

Ring conformations of cyclic ureas 

Critical to the design strategy is the qualitative prediction of 

the conformation”6 of the cyclic ureas. The seven-membered 

ring cyclic ureas can exist in two pseudo chair conformations 

(Figure 3). When the nitrogens are unsubstituted, 1,3-diaxial 
strain58 dominates and conformer 1 with pseudo diequatorial 

benzyl groups is preferred. When the two nitrogens are 

substituted, the partial double bond character of the urea 

C-N bond introduces severe allylic 1,2-strain59.60 between 
the benzylic groups and the nitrogen substituents. This 

allylic 1,2-strain overcomes the 1,3-diaxial strain, and con- 

former 2 with pseudo diaxial benzyl groups is preferred. 

This conformational prediction was subsequently confirmed 

by small molecule X-ray crystallography”6. 
Using this type of conformational analysis the predicted 

optimal stereochemistry for cyclic ureas with substituents on 

the nitrogens is 4R,5S,6$7R (Figure Zi), which is derived 

10 

from unnatural (D) phenylalanine. This is in contrast to the 
linear C-2 symmetric diol inhibitors where natural (L) phenyl- 

alanine provides the optimal stereochemistry4s51. The 

design insights and predictions were confirmed by the bio- 

logical results and subsequent structural studies*s*7. The 

D-phenylalanine-derived cyclic urea 3, with benzyl groups 
on the nitrogens (Table 1, 4 = 3.6 t-M) is a potent inhibitor 

of HIVPR and is 1000-fold more potent than the correspond- 

ing L-phenylalanine derived cyclic urea. Further optimiz- 

ation of Pl (Ref. 47) and P2 (Ref. 46) led to increased potency 
and resulted in two clinical candidates, DMP323 and DMP450 

(see below). The high resolution X-ray structures of the com- 

plexes of DMP323 (9)“6 and DMP450 (1O)61 with HIVPR-1 

have been solved (Figure 4) and show that the urea oxygen 
directly hydrogen bonds to the flap residues Ile50/50’, with 

the exclusion of the intervening water molecule, consistent 

with the design. The displacement of the structural water 

was further confirmed by NMR experiments62ds. 

Other seven-membered ring cyclic inhibitors 

Several factors are responsible for the potency of nitrogen- 

substituted cyclic ureas: 

l the cyclic ureas are preorganized”“,6’ for highly comple- 
mentary binding to HIVPR, with the conformational 

entropic penalties typically associated with binding a 

linear, flexible inhibitor being ‘prepaid’ during synthesis 

rather than during binding; 

l displacement of the water molecule is probably thermo- 

dynamically favorable”s,@; and, 
l hydrophobic interactions between the cyclic urea and the 

Sl/Sl’ and the S2/S2’ subsites of HIVPR are optimized 

with the preferred conformation and stereochemistry. 

These factors can also be accommodated, to one degree or 

another, by other types of cyclic structures to yield potent 

inhibitors. 

Tables 1-4 summarize all the cyclic structures that are dis- 
cussed in this review. When possible, benzyl groups as Pl/P2 

substituents are used to make direct comparison easier. 

However, it should be noted that the benzyl group may or 

may not be the optimal substituent for each compound and 
with another substituent the rank order may change. 

The use of cyclizing agents other than carbonyldi- 

imidazole (CDI) to cyclize the diamino diol core leads to the 

formation of other cyclic structures capable of interacting 

with the enzyme. The use of thiocarbonyldiimidazole 
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Table 3. Importance of the PI phenethyl for the Table 4. Other cyclic inhibitors from de nova 
potency of tetrahydropyrimidinones design or screening 

No. Structure 4 (nM1 
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OH 
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20 
Ph \,\~. Ph 

80,000 

OH 

(TCDI) instead of CD1 as the cyclizing agent leads to the 

corresponding thiourea 4 (Table 1) (P.Y.S. Lam, unpub- 

lished), which has the same overall conformation. Although 

the carbon-sulfur double bond is 40% longer (than the urea 

carbonyl) and thus shortens the hydrogen bonds to the flap 
residues, the strength of a sulfur-hydrogen bond is weaker. 

The overall effect is that the thiourea has the same potency 

as the corresponding cyclic urea analog. 

The use of a guanidinating reagent as the cyclizing agent 

yields the corresponding seven-membered ring cyclic 
hydroxy-guanidines . ‘~2 The hydroxy-guanidine analog has 
a I$ of 42 nM. Th e parent guanidine 7 (J. Rodgers and 

B. Johnson, unpublished) is the weakest inhibitor. This may 

be due to high desolvation penalty associated with the 
protonated guanidine compared with the urea. 

The phosphordiamide analog 8 can also be obtained 

using the appropriate cyclization reagent to give weak 

inhibitors. The bicyclic phosphordiamidate 5, however, is 

a fairly potent compound, although not very stable to 
hydrolysi+‘+. 

The azalactam 6 was synthesized and found to be a 

modest inhibitor of HIVPR (Ref. 75). The azalactam can 

be viewed as an analog of the cyclic urea in which the 
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nitrogen is displaced. It can also be 

viewed as a cyclic hydroxyethylamine 

dipeptide isostere analog (discussed 
below). 

Cyclization of linear HIVPR 
inhibitors 

Stereochemical 
inversion of core 

PI OH 

OH PI’ 

u Cyclization 

Re-analysis of the cyclic ureas showed 
that, in practice, they are obtained by a 

process that first inverts the stereo- 

chemistry of the core diamino diol lin- 
ear inhibitor followed by cyclization as 

shown in Figure 5. In order to obtain 

other heterocyclic cores that may also 

be nonpeptide HIVPR inhibitors, it is 

possible to use other cyclizing reagents, 

as discussed above, or to start with dif- 

ferent linear core structures. The gener- 
ality of using this cyclization process 

with other linear inhibitors and the 

benefits of cyclizing any linear inhibitor 
has been shown to be significant. 

However, it is important in this process of cyclizing linear 

inhibitors, as outlined in Figure 5, not only to get the correct 

stereochemistry, but also to understand the conformation 

of the resulting ring system and its interaction with the 
enzyme. 

Figure 5. General outline of the 
steps needed to convert a linear 
HIWR inhibitor into a cyclic 
HIWR inhibitor. 

Cyclic structures, other than a cyclic urea, 

with the diamino-alcohol core can also 
be envisioned. For example, following 

the same strategy used for tetrahydro- 

pyrimidinones, the diamino-alcohol 

core can be cyclized using oxalyl chlo- 

ride instead of CD1 to yield the seven-membered cyclic 
oxamide 13 (Table 2; Ref. SO), which is a potent inhibitor of 

HIVPR. 

Recently there have been other examples of linear HIVPR 

inhibitors that have been cyclized to give potent cyclic com- 
pounds, Researchers at Abbot@, Ciba82 and DuPont Merck75 

(P.Y.S. Lam et al., unpublished) have disclosed the cycliz- 

ation of linear hydrazine inhibitors to give the azacyclic 

ureas (11; Table 2). Elegant work published by Abbott has 

shown these to be potent inhibitors of HIVPR. In addition, 
an X-ray structure of a complex with HIVPR shows that the 

azacyclic ureas have a similar conformation and binding 

mode as the cyclic ureas8l. 

Tetrah ydropyrimidinones 

As an example let us examine in detail the closely related 
linear diamino-alcohol HIVPR inhibitors that were first 

developed by Abbot@. Inversion of the stereocenters and 

cyclization gives the corresponding tetrahydropyrimidinone 

(Figure 6). In this six-membered ring the 1,3-trans-dibenzyl 

Pl substituents cannot both be axial. If one benzyl is axial 
then the other has to be equatorial. Thus one of the benzyl 

groups cannot interact with the enzyme as it does in the 

seven-membered ring cyclic urea (where both Pl benzyl 

groups are axial). 

However, if one changes the equatorial Pl’ benzyl group 

into a phenethyl group, then, although this substituent is still 
equatorial, the benzyl portion can take an axial-like position 

and will again be able to interact with the enzyme in the same 

way as the seven-membered ring cyclic urea. This becomes 
apparent when computer models are examined (Figure 7). 

The tetrahydropyrimidinone 12 (Table 2) was synthesized 

and found to be a potent inhibitor’“‘8. 

The importance of this structural 

analysis is shown in Table 3. Whereas 

the Pl’ phenethyl tetrahydropyrimidi- 
none 18 is nearly equipotent to the 

seven-membered ring cyclic urea 17, 

the PUP1 benzyl/benzyl analog 19 is 

found to be about 100 times less po- 

tent than the Pl/Pl’ benzyl/phenethyl 
analog’G78. If, in addition, the wrong 

stereochemistry is used, as exemplified 

by the tetrahydropyrimidinone 20 

(Ref. 791, the potency drops an ad- 
ditional three orders of magnitude. 

Other cyclic inhibitors from linear 

inhibitors 

Researchers at Hoechst have cyclized their linear 

diaminophosphinic acids to give the six-membered ring 

urea phosphinic acids (14; Table 2183. Taking into account 
the fact that these exist as mixtures of isomers and do not 

have the optimal phenethyl Pl’ substituent, they show sur- 

prisingly good activity. 

Cyclization of peptide isosteres 

In some cases the cyclization of the linear inhibitor yields a 

compound that cannot properly interact with the enzyme. 

An interesting example is the cyclization of the common 
hydroxyethylene isostere found at the core of many protease 
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inhibitors. Inversion of the stereocenters and cyclization 

gives the lactam 16 (G.V. De Lucca, unpublished). 

Computer models of this lactam show that the Pl’ substi- 
tuent in the linear structure is now the P2’ substituent in the 

cyclic structure (Figure 8). Thus, the cyclic analog lacks a Pl’ 

substituent and is not a good inhibitor. The importance of 

the Pl’ substituent% is evident by comparing the corre- 
sponding tetrahydropyrimidinone analogs that possess (for 

example 12) or lack (for example 15) the Pl’ substituent. 

Stereochemical 
inversion of core 

One of the most common and successful dipeptide 
isosteres in linear HIVPR inhibitors is the hydroxyethyl- 

amine isostere. There are two ways of making cyclic analogs 

based on this isostere. Cyclizing only the core leads to the 

tetrahydropyrimidinone analog 15 (Table 2) and cyclizing 

the dipeptide isostere leads to the azalactam 7 (Table 1). In 
both cases the potency is significantly less in the cyclic 

analogs. In the former, the loss of potency is due to the lack 

of an Sl’ interaction, and in the latter, it is probably the result 

of unfavorable conformational energetics. 

u- Cyclization 
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Other cyclic inhibitors from de nowo design or screening 

From random screening of sample collections the hydroxy- 

coumarins8s-89 and 4-hydroxy-2-pyroneW93 were identified 

as lead inhibitors. Extensive structure-based design work led 
to potent inhibitors of HIVPR (23, 25; Table 4) with antiviral 

activities in the FM range. These have been shown by X-ray 

analysis of complexes with HIVPR, to be able to hydrogen 

bond directly to the flap residues and displace the structural 

water molecule. These compounds have extremely attrac- 

tive pharmacokinetic profiles in various animal models with 
C max reaching 120 PM (Ref. SS), which is unprecedented in 

the HIVPR inhibitor area. 
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OH 

Figure 6 Outline of steps needed to convert the 
linear diamino-alcohol class of HIWR inhibitors to 
the tetrahydropyrimidinone class of HIVPR inhibitors. 

Five-membered ring cyclic ureas 

Many other cyclic structures have been disclosed that 
attempt to incorporate the structural water into the inhibitor 

design. The seven-membered ring cyclic sulfone 21 (Table 4) 

has recently been disclosed by researchers at Gilead 

Sciences. These cyclic sulfones are extremely potent inhib- 

itors of HIVPR (Ref. 94). 
The eight-membered ring sulfamide 27 (Table 4)95 was 

shown to be a fairly weak inhibitor, probably because of the 

unfavorable conformation of the ring. Searching 3D data- 

bases for compounds that could displace the structural 
water molecule followed by further design work led to the 

sulfoxide 29 (Ref. 961, which is a PM inhibitor of HIVPR. The 

dibenzosuberone core was developed by computer-aided 

design to give an inhibitor (22)97,9* with I&,, of 5 nM, but it 
was found to be a non-competitive inhibitor. 

Several types of five-membered ring cyclic ureas have been 

designed to displace the structural water molecule. For 
example the use of biotin as a naturally occurring scaffold- 

ing to build inhibitors led to a series of inhibitors (26) with 

modest activity99. If one considers that it lacks both a Pl sub- 

stituent and a hydrogen bond donor to interact with the 
catalytic aspartic acids, the activity is surprisingly good. The 

related furanylimidazolone 28 (J.M. Smallheer and R.J. 

McHugh, unpublished), which also lacks a substituent to 

interact with the aspartic acids, is a low PM inhibitor of the 

enzyme. The best five-membered ring urea seems to be the 

imidazolidinone 24 (G.V. De Lucca, unpublished), which 
gives inhibitors with y’s in the nM range. The low I$ is unex- 

pected because this compound does not hydrogen bond to 

the catalytic aspartates. However, it appears to be very com- 
plementary to the enzyme’s Sl/S2 pockets because the 

corresponding six- or seven-membered ring cyclic urea 

analogs, lacking the same interaction, have comparable 
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Figure Z K3e bound conformation of DMP450 (green), obtainedfrom X-ray analysis of the complex with HMR, 
(a) overlapped with a model of the tetrahydropyrimidinone inhibitor having a Pl’ benzyl substituent (white); 
CbI overlapped with a model of the tetrahydropyrimidinone inhibitor having a Pl’phenethyl substituent (white). 

binding affinities, as shown in Figure 9 (G.V. De Lucca, 
unpublished results). 

X52151, which was ultimately linked to a high level of 
binding by the plasma protein alpha-l-acid glycoprotein, 

has heightened the awareness of the fact that it is the ‘free’ 

Oral bioavailability and clinical trials or unbound drug that enters cells and interacts with the 

As described above, the requirements for a potentially use- intracellular protease dimer targetr@JJOr. Together, these 

ful HIVPR inhibitor include combining inhibitor potency requirements suggest that a durable, efficacious HIV 

with good oral bioavailability and low cross resistance to protease inhibitor will be one that can maintain plasma 
other HIVPR inhibitors. The recent clinical failure of levels that meet or exceed the concentrations of free drug 

P2’ 

Peptidomimetic 
Inhibitor 16 

Figure 8. 7he PI’ substituent of linear HmR 
inhibitors corresponds to the P2’substituent in the 
cyclic inhibitors. 

necessary to inhibit both wild-type and mutant viruses. 

Pharmacokinetic properties of the three approved drugs, 
along with two phase II clinical compounds are shown in 

Table 5. Except for Indinavir, the extent of human plasma 

protein binding of current HIVPR inhibitors is large (>90%), 

so that the effective concentration of ‘free’ drug will be 

10-30 times lower for the different inhibitors. 

The measurement of oral bioavailability of candidate 
inhibitors has thus become a crucial hurdle in the develop- 

ment of new series of compounds. The factors that limit oral 

bioavailability of peptide-like inhibitors include poor absorp- 
tion, high first-pass metabolism by the liver and gastro- 

intestinal degradation of drug substance. These parameters, 

in turn, are influenced by the physicochemical properties of 
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the compounds, including molecular 
weight, nature of substituents, solubil- 

ity and log P. Part of the design strategy 

of the cyclic ureas was that a non- 
peptidic, low-molecular-weight scaf- 

fold that could optimally direct substi- 

tuents into the corresponding enzyme 

subsites would obviate the need to 
occupy all of the subsites to yield ad- 

equate potency. In general, fewer sub- 

stituents and lack of peptide bonds 

would translate to lower total molecular 
weight and enhanced stability, which 

might improve oral bioavailability. 

As a class, the cyclic ureas are signifi- 

cantly bioavailable+Q,@iO~. Table 6 
summarizes the pharmacokinetic 
parameters in various species for a 

number of substituted benzylic cyclic 

ureas. Indeed, the favorable pharmaco- 

kinetics in the rat and dog led to the 

identification of a first cyclic urea clini- 

cal candidate (DMP323)46 shortly after 
its initial design and synthesis. Unfortu- 

nately, poor solubility (7 l@rnl at pH 71, 

first-pass metabolism and limited 

formulation possibilities resulted in 
poor performance in Phase I studies in 

seronegative volunteers. 

4=170 nM 

ph Jd//- Ph 

Kj =99nM 

Kj =55nM 

Figure 9. Five-, six- and seven- 
membered ring cyclic ureas show 
comparable afjnities, suggesting a 
similar mode of interaction with 
the Sl/S2 sites of the HIWR 
enzyme. 

Improvement of physical properties 

and pharmacokinetics without loss of 

potency towards HIV led to the design 
and synthesis of weakly basic cyclic 

urea analogs. DMP450, the bis-m- 

aminobenzyl-substituted cyclic urea, 

combines antiviral potency (average 
concentration required to inhibit lab- 

oratory strains and patient isolates of 

HIV-l = 144 ni@l with superior physi- 

cal properties and was chosen as a 

second clinical candidate. As shown in 
Figure 10, DMP450 yields plasma lev- 

els in man that are six times higher 

than those of DMP323 at peak, and 535 
times higher at 8 hours. The effects of 

plasma protein binding on DMP450’s 

antiviral potency are minimal, and it 

maintains significant antiviral activity 

against a variety of mutant viruses 

with single amino acid changes within 
the protease. Avid Parmaceutical Co. 

(Philadelphia, PA, USA) is currently in 

the process of licensing DMP450 to con- 
tinue the clinical trials. Current efforts 

are aimed at identifying new non- 

symmetric cyclic-urea clinical candi- 

dates that will retain the desirable physi- 

cal and pharmacokinetic properties of 

Inhibitor 

Indinavir 

Ritonavir 

Saquinavir 

Viracept 

Vx-478 

DMP450 

Table 5. Pharmacokinetic properties of five HIV protease inhibitors in man 

Dosage Cm,, (FM) IC,, Q.M) Trough level @Ml 

800 mga 12.6 0.025-0.1 Oe 0.25 

600 mgb 15.6 0.004-0.153' 4.2 

600 mga 0.079 0.009 <<0.079 

750 mga Pendingd 0.008-0.12Og Pendingd 

1200 mgb.c 18.2~ 0.012-0.019h 2.06~ 

750 mg (single) 6.49 0.144 0.3 

Reference 

23, 24, 106 

25, 26, 28, 107 

27, 108 

103,104 

101, 105 

61 

a Administered three times daily. 
bAdministered twrce daily. 
C Single dose data. Multrple dose data have not been reported outsrde of oral presentatrons, but the long half life reported for single doses suggests significant accumulation 

at trough occurs. 
d Pharmacokinetic parameters for multiple doses have not been reported outside of oral presentations. The latter have indicated that micromolar levels are present at 

trough with multiple dosing. 
e Range of IC,, values for laboratory and clinical isolates. 
f IC,, reported for a range of laboratory and clrnlcal isolates. 
9 Range of IC, values for laboratory and clinical isolates. 
h Range of IC, values for laboratory and clinrcal isolates. 
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Table 6. Pharmacokinetic properties of cvclic inhibitors 

Inhibitor 4 (nM1 ‘%I Species La, (NW TV, (h) F%d 

HO-f-J$JJOH o.26 57 nM Dog Rat Man 0.78 2.61 0.82 1.5 1 1 .I 27 37 - 

Ph “,,,, Ph 

DMP323 Ho OH 

HO 
\ OH 

Ph 

+ 

“c,,, Ph 

L. 

DMP450 Ho OH 

U96988 

u103017 0 

0.10 

0.22 

38 

0.8 

54 nM Rat 0.86 3.3 30 

Dog 1.98 1.1 16 

125 nM Rat 2.25 1.3 

Dog 11.19 3.6 
Man 6.49 4 

3 pMb 

1 KMb 

Rate 

Dog 

- 76 

>50 45 

Rate 24 42 

Dog 156 77 

71 
79 
- 

a Peak plasma concentrattons observed after oral gavage at 10 mg/kg in rats or dogs, or after single 750 mg oral doses in seronegative human volunteers. 
b Concentration required to inhibit p24 production by 50% rn acute HIV-1 infections. 
c Oral gavage at 5 mg/kg in rats. 
d Oral bioavailabrlrty (F%) was determined by the ratio AUC PO/AUC IV, where AUC IS the area under the plasma concentratron-trme curve from trme zero to rnfinrty and IS 

normalized for dose. 

DMP450, while offering greater potency towards wild-type where clearance was moderate and half life after IV dosing 

and mutant forms of HIV. was several hours. Oral doses resulted in substantial plasma 

Several other cyclic inhibitors have recently entered clini- levels of compound, with levels at 6 hours exceeding the 

cal trials. The pseudo symmetric hydroxy-2-pyrone U96988 IC,, (Table 6). Phase I studies were undertaken, but further 

(Table 3, 20) has been examined in the rat and the dogsj, development was abandoned in favor of more potent 
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0.001 I I I I 
0 10 20 30 40 50 

Hours after 750 mg oral dose 

Figure 10. Pharmacokinetics of DMP32.3 and 
DMP450 after oral dosing. HIV1 seronegatiue 
human subjects were given DMP32.3 in a liquid 
formulation (750 m&9 or DMP450 as a neatpowder 
in capsules (750 mg.I. Blood samples were 
withdrawn at the indicated times, and quantities 
of compound determined on extracts ofplasma 
using HPLC. 

analogs. Continued work in the pyrone template led to 

several series of more potent inhibitors including the 
cyclooctylpyranone sulfonamide88. As shown in Table 6, 
such derivatives are extremely bioavailable, with estimated 

levels at 8 hours far exceeding the level required for inhibi- 
tion of wild-type HIV-l. One compound, U103017, was 

taken into Phase I trials in maS. Unfortunately, the clinical 

trial was terminated as a result of elevated liver enzyme 

activity. A superior third candidate, ~140690, with an ICY,, of 

100 nM will be entering clinical trials at the beginning of 
1997. The above reported animal pharmacokinetic studies, 

although promising, do not take into account the potential 

effects of plasma protein binding or loss of activity towards 

mutant variants of HIV. 

Conclusions 
The challenges facing the development of new HIV protease 

inhibitors that will provide improvements in overall efficacy 

compared with currently approved inhibitors are substantial. 

The design of new and improved inhibitors requires the simul- 

taneous optimization of potency, efficacy against mutant 

proteases, propensity for plasma protein binding, physical 

properties, ease of synthesis and pharmacokinetics. Despite 
these sizeable challenges, the cyclic inhibitors provide 

one of the most promising approaches to identify second 

generation inhibitors, and will provide important clinical 

benefit. 

The cyclic inhibitors displace a critical structural water 
molecule and are highly preorganized and complementary 

to the HIVPR active site. The resultant entropic and 

enthalpic gain has in many cases translated to nanomolar or 

subnanomolar potency towards the enzyme, and nanomolar 
potency towards HIV in cell culture. This optimization has 

allowed for such potency at a relatively lower molecular 

weight. Lower molecular weight is, in general, associated 

with better oral bioavailability. 

The design of inhibitors with low plasma protein binding 
or increased binding to mutant forms of the protease 

remains enigmatic, although the abundance of crystal struc- 

tures for wild-type and mutant protease-inhibitor com- 

plexes has begun to shed light on the most critical 
enzyme-inhibitor interactions. The need for more potent 

and more durable therapies for AIDS is well documented. 

Optimization for each of the parameters described here 

within the cyclic HIVPR inhibitors may provide the next 

generation of drug candidate(s) that can effectively answer 
that need. Many of the more potent series, for example 

cyclic ureas, cyclic thioureas, azacyclic ureas and cyclic 

sulfones await further optimization in order to yield drug 

candidates. 
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