
The test for the significance of the regression was 
based on a comparison of the regression and devi- 
ations from regression mean squares. Confidence 
limits were based on a residual mean square that 
pools deviations from regression and within-groups 
components. 
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Design, Activity, and 2.8 A Crystal Structure of a C2 
Symmetric Inhibitor Complexed to HIV- 1 Protease 

A two-fold (Cz) symmetric inhibitor of the protease of human immunodeficiency virus 
type-1 (HIV-1) has been designed on the basis of the three-dimensional symmetry of 
the enzyme active site. The symmetric molecule inhibited both protease activity and 
acute HIV-1 infection in vitro, was at least 10,000-fold more potent against HIV-1 
protease than against related enzymes, and appeared to be stable to degradative 
enzymes. The 2.8 angstrom crystal structure of the inhibitor-enzyme comple~ demon- 
strated that the inhibitor binds to the enzyme in a highly symmetric fashion. 

H UMAN IMMUNODEFICIENCY VI- 

rus type-1 (HIV-1) the causative 
agent of acquired immunodefi- 

ciency syndrome (AIDS) (I), is a member of 
the retrovirus family (2). The gag and pol 
genes of HIV-1 encode the viral structural 
and replicative enzymes that are translated as 
polyprotein precursors: Pr55gag and the ri- 

protease (4). The activity of the protease is 
essential for the proper assembly and matu- 
ration of fully infectious virions for HrV-1 
(5)  as well as for other retroviruses (6). 
Thus, the H N - 1  protease has become an 
important target for the design of antiviral 
agents for AIDS. 

Retroviral proteases were tentatively as- 
bosomal frakeshift product Prl60gag-pol signed to the-aspartic proteinase family on 
(3). The polyproteins are proteolytically the basis of putative active site sequence 
processed by the action of a virus-encoded homology (7), but are only about one-third 

the size -df the two-domain, cellular enzymes 
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(8). For this reason, the retroviral proteases 
were hypothesized to function as dimers in 
which each monomer contributes one of the 
two conserved aspartates to the active site 
(9). This hypothesis was verified by the 
crystal structure determinations of Rous sar- 
coma virus (RSV) protease (10) and recom- 
binant (1 1) and chemically synthesized (12) 
HrV- 1 protease. Furthermore, these results 
firmly established the structural relatedness 
of the retroviral and cellular enzymes. Both 
viral enzyme structures are highly twofold 
symmetric; in the case of HIV-1 protease, 
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the dimer exhibits exact crystallographic, 
twofold rotational (C2) symmetry. As pre- 
dicted, the structural similarity between 
these enzymes is strongest in the active site 
region. The cellular proteases contain an 
extended p-hairpin structure, or so-called 
flap (because of its flexibility), that tightly 
embraces the substrate in the active site (13). 
The retroviral proteases contain an analo- 
gous region that is disordered in the crystals 
of RSV protease (10). The flap is well 
ordered in the native HIV-1 protease struc- 
ture, but crystal packing forces maintain it in 
a conformation that makes it unavailable for 
substrate binding (1 1, 12). The crystal struc- 
ture of HIV-1 protease complexed with a 
reduced peptide inhibitor has been deter- 
mined (14). The flap has undergone a major 
structural rearrangement in the complex to 
make favorable van der Wads and hydro- 
gen-bonding interactions with the inhibitor. 

Strategies that have been developed for 
the design of inhibitors for renin (IT), an 
aspartic proteinase that is an important tar- 
get for the design of antihypertensive 
agents, are now behg applied to the design 
of inhibitors for HrV-1 protease. Current 
drug discovery approaches are based on the 
screening of renin inhibitors against HrV-1 
protease (16) and on the synthesis of peptide 
substrate analogs in which the 'scissile P1- 
P1' amide bond has been replaced by a 
nonhydrolyzable isostere with tetrahedral 
geometry (1 7). Two hydroxyethylene-con- 
taining substrate analogs have been reported 
to inhibit processing of HIV-1 polyproteins 
and to inhibit virus infection in tissue cul- 
ture (18). However, the development of 
peptide-based inhibitors into effective drugs 
has been hampered by the inherently poor 
pharmacologic properties of peptides and 
peptide-like pharmacophores: for example, 
poor oral absorption, poor stability, and 
rapid metabolism (19). For this reason, we 
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set out to design a novel, saucnvally sym- 
metric class of HIV-1 protease inhibitors 
that would exhibit minimal peptidic charac- 
ter. 
Thc concept that led to our initial design 

of symmetric inhibitors for HIV-1 protease 
was the hypothesis, based on sequence ho- 
mology and structure prediction studies (7, 
9), that cetrovical proteases ace symmetric 
homodimen. This hypothesis had two ma- 
jor consequences for inhibitor design. First, 
the structure of the enzyme active site 
should exhibit C2 symmetry, as is only ap- 
proximately the case for the cellular aspartic 
pmehses (8). &con4 the strucnurs ofthe 
S1 and S1' subsites should be indistingud~ 
able in the unliganded cetroviral enzyme in 
contrast to the case for the d u l a r  enzymes, 
which exhibit little sequence homology in 
these regions. Therebce, we dirrctad our 
design cffom toward inhibim that would 
embody the predicted symmetry chacaaecis- 

tics of the enzyme active site. 
Thc design of a symmetric HIV-1 prote- 

ase inhibitor must satis& two major con- 
straints. First, for a productive and symma- 
ric interaction between the inhibitor and 
enzyme to occur, their C2 axes should coin- 
cide. b n d ,  the inhibitor should be able to 
6U the enzyme subsites that normally inter- 
actwiththesidechainsofanasymmetric 
peptide substrate. When we initiated this 
study the HIV-1 protease struchlre was 
unavailable. However, the crystal stnu*_urr 

demmination of the RSV protease (10) 
allowed us to pufbrm a modeling experi- 
ment to vet@ that a C2 symmetric molecule 
could indeed contbm to the active site of 
this enzyme (which we predicted would be 
similar to that of the HIV-1 enzyme) (Fig. 
1). In the modding expecknt, the struc- 
ture ofthe reduced peptide inhibitor D-His- 
h-Phe-His-Phe-*[CH2-~-PhcVal-Tyr, 
derived from the x-ray crystal sauxurc of a 

rhizopuspcpsin-inhibitor crystal complex 
(20), was "Wn into the active site of 
RSV protease by superpasing the active 
sites of the two enzymes. Next, the P' 
portion of the reduced peptide was truncat- 
ed after the reduced methylene carbon ofthc 
P1 Phe. Lastly, we operated on the remain- 
ing structurc of the inhibitor by the RSV 
protease dyad axis. This generated an artifi- 
cial, twofbld symmetric molecule that had 
nearly equivalent interactions with ~cspect 
to the enzyme subsites. The symmetry oper- 
ation nearly superimposed the terminal, tct- 
rahedd carbons of the two halves of the 
inhibitor that were located dose to the 
symmetry axis. On the basis of the central 
"core" structure of the modeled inhibitor, 
and on the faa that aromatic amino acid side 
chains are prevalent in the P1 position of 
naturally occurring s u h t e s  for HIV-1 
v (41, the p r o w  compound, A- 
74702, was synthesized (Fig. 2). This mole- 
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Fig. 2. Structures of C2 symmetric inhibitors for 
HIV-1 protease. The abbreviations used were as 
follows: Ph, phenyl; Val, valine; and Cbz, carbo- 
benzyloxy. Details of the chemical synthesis of 
these compounds w d  be presented elsewhere 
(28). 

cule is essentially C2 symmetric except for 
the secondary OH group on the central 
carbon atom. A-74702 was a weak inhibitor 
of HIV-1 protease [median inhibitory con- 
centration (IC50) > 200 pM] and did not 
exhibit significant anti-HIV activity in vitro 
as measured by HIV antigen production in 
H9 cells. 

The next stage in our symmetric inhibitor 
design entailed increasing the binding po- 
tency to HIV protease. The usefulness of 
our modeled RSV protease-inhibitor com- 
plex was limited by the absence of an or- 
dered flap. However, careful examination of 
the substrate binding site region of this 
structure indicated that only the P1 and P2 
substituents would likely be buried in sub- 
sites in the enzyme. The P3 residues were 
likely to be exposed, because the retroviral 
protease is narrower across its substrate 
binding site than the corresponding region 
for the larger cellular enzymes. These con- 
siderations led us to extend our inhibitor 
structure by the symmetric addition of 
NH2-blocked amino acids. These efforts cul- 
minated in A-74704, which had a carboben- 
zyloxy-valine (Cbz-Val) attached to both 
ends of the core (Fig. 2). 

The inhibitory activity of A-74704 
against HIV-1 protease was measured by 
the fluorogenic assay reported previously 
(21). A Dixon plot analysis indicated that A- 
74704 is a competitive inhibitor with an 
inhibition constant (Ki) of 4.5 nM (Fig. 
3A). In contrast, A-74704 had no signifi- 
cant inhibitory activity against either avian 
myeloblastosis virus protease, human renin, 
or porcine pepsin (0% inhibition at 10 pM). 
Thus, the selectivity of A-74704 for HIV-1 
protease over cellular aspartic proteinases 
can be estimated to be at least lo4. These 
results show that symmetric compounds can 
be potent and selective inhibitors of HIV-1 
protease. 

The in vitro anti-HIV activity of A-74704 
was assessed in H 9  cells by monitoring the 

inhibition of viral core antigen in the super- 
natant (Fig. 3B). The ICso value for this 
compound was 0.4 pM when a virus inocu- 
lum of 200 median tissue culture infectious 
dose (TCIDSo) units was used. A-74704 
inhibited the processing of Pr55gag in HIV- 
1-infected cells as measured by radioim- 
munoprecipitation of gag products (22). 
The in vitro cytotoxic effect (median lethal 
dose, LDSo) of A-74704 was assessed by 
trypan blue uptake in uninfected H9 cells 
and found to be -200 pM. A-74704 was 
completely resistant to proteolytic degrada- 
tion as measured by analytical high-perform- 
ance liquid chromatography (HPLC) after a 
3-hour incubation at 37°C with a rabbit 
renal cortex homogenate. (Many peptide 
analogs are typically 100% digested within a 
10-min incubation period under similar 
conditions). The favorable therapeutic index 
of this compound (ratio of LD50:IC50 = 

500) combined with the marked stability of 
this compound toward proteolysis argues 
favorably for the use of symmetry in the 
targeted design of nontoxic HIV-1 protease 
inhibitors. 

Recombinant HIV-1 protease and A- 
74704 were cocrystallized under conditions 
similar to those described for the crystdiza- 
tion of synthetic HIV-1 protease with 
MVT- 101, an asymmetric, reduced peptide 
inhibitor (14). That we obtained crystals 

under these conditions was fortuitous, be- 
cause the amino acid sequence of our en- 
zyme differs in six positions from that of the 
synthetic enzyme (23) and our inhibitor is 
C2 symmetric. However, our crystals grew 
in the hexagonal space group P6i (pseudo 
P6122) instead of in the P212121 ortho- 
rhombic crystal form described for the 
MVT-101 complex (14). The A-74704 
complex crystals exhibited strong twofold 
crystallographic symmetry, and we could 
not unambiguously distinguish between the 
space groups P6122 and P61 from the inten- 
sity data alone. This implied that the com- 
plex must exhibit nearly exact crystallo- 
graphic twofold symmetry and that we need 
only solve the structure of a monomer and 
half of the inhibitor. However, we chose to 
solve and r e h e  the structure of the com- 
plete dimer in the lower symmetry space 
group, P61, for several reasons: (i) a simulat- 
ed hkO precession photograph, which was 
constructed with area detector intensity 
data: hinted at the breakdown of crystall&- 
graphic twofold symmetry beyond about 
3.5 resolution; (ii) solving the structure of 
the complete complex provided an indepen- 
dent assessment of the fidelitv of the intra- 
molecular symmetry, which is noncrystallo- 
graphic and therefore not a constraint in 
space group P6,; and (iii) refinement of the 
inhibitor structure was facilitated by the 

Fig. 3. Biological activity of A-74704. (A) Dixon A 
plot of A-74704 inhlbition of KIV-1 protease. 
Enzyme was assayed at the indicated inhibitor 
concentrations with the fluorogenic substrate Dab- 
cyl-Ser-Gh-Asn-Tyr-Pro-lle-Val-Gh-EDANS at 
0.6 pM (A) and 2.6 pM (0). Assay conditions 
were as described previously (21). Substrate levels 
were well below the Wchaelis constant (K ,  = 100 
pM); thus, the point of intersection of the lines is 
expected to be close to the x-axis for a competitive 
inhibitor. (B) Inhibition of KIV-1 infection as 
monitored by p24 core antigen production. A 
mixture of 0.1 ml of H9 cells [4 x lo6 cells per 
milliliter in RPMI-1640 growth medium contain- 
ing 10 mM Hepes buffer, 1 mMminimumessential 4 -4 -2 0 2 4 6 8 
medium (MEM) sodium pyruvate, 2 mM L-gluta- 
mine, penicillin (50 Ulml), streptomycin (50 [A-747041 (nM) 
pglml), and 10% fetal calf serum] and 0.1 ml of 
KIV-1, strain IIIB (100 TCID50 units) was incu- 120 B 
bated on a shaker for 2 hr at 37°C. The resulting 
culture was washed three times to remove residual 
virus and then resuspended in fresh medium con- 2 
taining A-74704 [diluted from a dimethyl sulfoxide E 80 - 
(DMSO) stock solution to give 0.5% final concen- 
nation] at the drug concentrations indicated. Cells 
were then transferred to 24-well tissue culture plates 
and grown at 37°C under 5% CO,. A control 40 : 
culture was treated in an identical manner except 2 
that DMSO without inhibitor was added to the 
resuspending medium. Cells were fed at day 4 with 
1.0 ml of fresh media with or without inhibitor. -8 -6 4 
Portions of culture supernatants were removed after 
7 days and assayed for p24 antigen levels with the log [A-747041 

Abbott HIV-1 antigen enzyme immunoassay (29). Cell viability was determined by trypan blue. dye 
exclusion. Percent inhibition of HIV by A-74704 was determined as the ratio of antigen in supernatants of 
drug-treated versus control infected cells. Anti-HIV activity is expressed as the concentration (ICSo) of 
compound that gives 50% inhibition of antigen production. 
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explicit treatment of the entire inhibitor in 
the lower symmetry space group. 

The crystal structure of the protease-A- 
74704 cbm~lex was solved b i  molecular 
replacement with the coordinates for the 
HIV- 1 protease derived from the MVT- 101 
complex (14) as a starting model (24, 25). 
The structure was refined at 2.8 A to an R 
factor of 17.7%. Overall, the structure of the 
HIV-1 protease diner in the A-74704 com- 
plex was very similar to that of the MVT- 
101 complex: the root-mean-square (rms) 
deviation of 198 Ca  pairs for the two 
structures was 0.65 A. The refined structure 
of the A-74704-protease complex, in which 
all atoms of the dimer were refined indepen- 
dently, exhibited a nearly exact molecular 
twofold axis (K = 179.9"), which structural- 
ly superposed the 99 Ca  atom pairs for both 
subunits to within 0.42 A rms. The position 
and orientation of this twofold axis is nearly 
exactly coincident with the [OlO] crystallo- 
graphic twofold axis ($ = 90.0", + = 30.0") 
of the related P6,22 unit cell. 

The fit of the inhibitor to the electron 
density map was excellent for the final re- 
fined structure (Fig. 4A). The overall sym- 
metry of bound A-74704 was evident from 
the initial 2F,-F, electron density map calcu- 
lated after the first cycle of energy-refine- 
ment (R = 22.8%). This map, which had 
no phasing contribution from the inhibitor, 
clearly revealed the structure of bound in- 
hibitor. A buried water molecule in the 
active site could easily be seen (>3.0 u peak) 
in the F,-F, difference electron density map 
calculated after the second round of energy 
refinement of the complex (R = 18.2%) 
(Fig. 4B). In addition, difference electron 
density was evident for the side chain of 
Led3; this residue is a Pro in the synthetic 
enzyme (23). 

The overall structure of the complex, 
viewed down the molecular dyad, illustrates 
the stairstep-like conformation of the inhibi- 
tor (Fig. 5A). This conformation is a conse- 
quence of the inhibitor's attempt to conform 
to the two rigid $ loop structures, which 
form the base of the active site, by making 
hydrogen bonds to the polypeptide back- 
bone of the protein (Fig. 5B). The $ loops, 
which contain the active site aspartates, are 
highly conserved among both the retroviral 
and cellular aspartic proteinases (26). The 
opposite side of the binding site is formed 
by the flaps that make hydrogen-bonding 
interactions to the inhibitor both directly 
and indirectly through the buried water 
molecule. This water lies within about 0.2 A 
of the molecular twofold axis and is tetrahe- 
drally coordinated to the amide NH atoms 
of IleSO and IlesO' of the flaps and to the 
carbonyl oxygens of the P2 valyl groups of 
A-74704. The other atoms of the protease 

that are hydrogen-bonded to A-74704 in- 
clude Aspz9 NH and Aspz9' NH, ~ l y ' ~  CO 
and Glf7' GO, Gly48 CO and ~ 1 ~ ~ "  COY 
and the catalytic carboxylates from Aspz5 
and Aspz5'. Except for the latter, these same 
groups are hydrogen-bonded to MVT- 101 
(14) despite the dissimilarity of the two 
inhibitor structures (Fig. 5A). In A-74704, 
the amide bonds have opposite orientations 
in the two halves of the molecule. This 
results in there being the same number of 
bonds (five), in the two inhibitors, separat- 
ing the carbonyl groups that coordinate 
with the buried water molecule; however, 
there are only three bonds (versus five in 

Val 

Cbz 

MVT-101) between the P1 and P1' NH 
groups. Nonetheless, the shorter spacing 
still allows A-74704 to make weak hydro- 
gen bonds with the carbonyl groups of 
GI? 'and Glf7'. These results demonstrate 
the importance, for inhibitor design, of sat- 
isfying the hydrogen-bonding potential of 
the peptide backbone in the active site re- 
gion. In contrast to the conserved backbone 
interactions, the carboxylates of both Asp29 
and Aspz9' hydrogen bond to the NH2- 
and COOH-terminal groups of MVT-101 
(14), but make no direct hydrogen bonds 
with A-74704. These residues are involved 
in salt bridges in both the native enzyme and 

Cbz P3' 

Core 
P I  

Fig. 4. Views of the electron density and refined structures of the inhibitor and buried water molecule 
in the active site of H N - 1  protease. (A) A 2Fo-F,, a, electron density map is shown contoured at 1.0 u. 
Phases were calculated from the refined structure of the complex. The inhibitor is drawn in thick lines 
and residue labels and position numbers (30) are in bold lettering. The P and P.' designations in this case 
are arbitrary since A-74704 is symmetric about the central O H  group. (0 )  A Fo-F, difference electron 
density map of the active site region is shown contoured at 3.0 a. This map shows the presence of a 
water molecule tetrahedrally coordinated through hydrogen bonds (dashed h e s )  to carbonyl groups of 
the inhibitor (left) and arnide groups of the flaps (right). 

Table 1. Interactions between HrV-1 protease and A-74704. Shown are residues that form the binding 
subsites for A-74704 in the H N - 1  protease-A-74704 complex. Subsite residues are defined as those 
having atoms that lie within a 4.2 radius of any atom on the designated group for the inhibitor (27). 
The structure of the inhibitor core is illustrated in Fig. 2. 

Enzyme Inhibitor1 
subsite group 

Enzyme residue 

S3 Cbz ~ l y ' ~ ,  AlaZs, Aspz9, Asp3', Gly4', Met46, Ile47 
S3' Cbz' ~ 1 ~ 2 7 '  Aa28' ~s 29' ~s p 30' GI y48' Args 
S2 Val Alazs, ' ~ a l ~ ~ , ,  ih4f , ~ i y ' ~ ,  GI?, llesb, 11e" 
S2' Val' Ala2", Val3' , Ile47 , Gly4' , Gly49', Ileso', Iles4, As 29', Ile50 
S1 Core L~U'), Asp2: GI?., AIazs, GlyI, IleS0, Vals2, Ilesg 
S1' Core Leuz3', Aspz5', Gyz7', Ala2", G I Y ~ ~ ' ,  llesO', Vals2', Iles4', ~ r o ~ " ,  Args 

Central O H  Aspz5, Gly 7, Ala 
AspZ5', GI 27' 

Buried H 2 0  Gly19, 1les', G1y49'9., 1leS0' 
Val, Val', Core (mhibitor groups) 



the A-74704 complex, and evidently little 
interaction energy is gained by forming 
competing hydrogen bonds. 

Examination of the solvent-accessible sur- 
face of the enzyme revealed that the binding 
site fbrms a -pocketed tunnel where the 
pockas serve as subsites. The S1 and S2 
pockets, which bind the benzyl and isopro- 
pyl side chains, respectively, are mainly hy- 
drophobic and do not provide obvious op- 
portunities fbr enhancing inhibitor solubili- 
ty. In contrast, the S3 binding pockets are 
less defined, and the benzyl moieties of the 
Cbz groups protrude through the tunnel 
openings to the exterior surface of the en- 
*. The enzyme subsites are each com- 
posed of six to nine residues (Table l),  but a 
total of only 29 residues (14 from one 
subunit. 15 fiom the other) interact with the 
inhibitor. Thus, many residues participate in 
more than one subsite. This situation d S m  
f b m  that with the MVT-101 complex, in 
which only 21 residues interact with the 
inhibitor (which is approximately equal in 
size to A-74704) in subsites that are com- 
posed of between three and seven residues 

(14). The increased number of contacts be- 
tween A-74704 and the protease, including 
the added hydrogen-bonding capacity of the 
alcohol group on the inhibitor, may help to 
explain its lower Ki (4.5 nM) compared 
with that fbr MVT-lOl(700 nM), although 
d&rent conditions were used to perform 
the enzyme inhibition assays. 

The global deviations from symmetry 
produced by the inhibitor in the MVT-101 
complex were not as evident in the A-74704 
struaurc. The twofbld related, intrasubunit 
ionic interactions between Aqf, w7, and 
Aspm observed in the native enzyme are 
preserved in the A-74704-protea.x snuc- 
ture. One of these interactions was disrupt- 
ed in the MVT-101 complex by the presence 
of an Arg in the P3' position, which fbrms 
two hydrogen bonds to Aspm'. Additional 
regions of asymmetry in the MVT-101 com- 
plex were centered around residues 16, 39, 
50,54,79, and 94 (rms deviation of 1.6 A 
for these six Ca atom pairs within the 
superposed subunits). Residues 50 and 79 
are adjacent to the S2 subsite. These regions 
ofthe saucturc all became more symmetric 

during the refinement of the A-74704 com- 
plex (rms deviation of 0.6 A fbr the same 
residues). These results reflect a more sym- 
metric binding mode fbr the pseudo-C2 
symmetric inhibitor. Analysis of the symme- 
try ofthe inhibitor structure revealed that all 
but the terminal Cbz benzyl groups, fbr a 
total of 20 nonhydrogen atom pairs, could 
be superposed to within 0.36 A rms by an 
approximate dyad (K = 177.9") that lies 
within a few tenths of an angstrom fiom the 
position of the enzyme twofbld axis. HOW- 
ever, the orientation of the inhibitor two- 
fbld axis was inclined by about 6" relative to 
the enzyme axis. This is probably a conse- 
quence of the asymmetry of the inhibitor 
engendered by the central OH group. 

Local deviations fiom symmetry were ob- 
served at the interfaces between dimers in 
the aystal and involved difkrent rotamers 
for PheS3 and   he'" in the flap and fbr the 
two Cbz benzyl moieties in the inhibitor. 
These distortions may be a result of an 
intrinsic asymmcay of the dimer in the 
bound state r>r of crystal packing forces, or 
they may be a subtle consequence of the 
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slightly asynlmetric position of the central 
OH group of A-74704 with respect to the 
two active-site carboxylates. This group lies 
at an average distance of 2.8 and 2.5 A from 
the carboxylate oxygens of AspZs and AspZS', 
respectively. The slight asymmetry in inhibi- 
tor binding might be expected to give rise to 
two binding orientations that could be aver- 
aged out over the crystal structure. Howev- 
er, we did not detect any evidence in the 2.8 
A electron density map for such statistical 
disorder. The relatively minor asymmetries 
in the structure of the A-74704 complex 
accounts for the strong pseud0-P6~22 sym- 
metry of these crystals. 

A major element of asymmetry in the 
MVT- 101 complex was the hydrogen bond 
between ~ 1 ~ ~ '  NH and ~le"' CO in the flap. 
The peptide conformations for the G o  
monomers differed for these residues and 
thus. did not allow for the formation of the 
symmetric hydrogen bond. In the structure 
of the A-74704 complex, the peptide con- 
formations of residues 50 and 51 were 
equivalent. This resulted in the absence of 
any hydrogen bonds between the two flaps, 
which appear to be stabilized by intramolec- 
ular van der Wads interactions and by mul- 
tiple interactions with the inhibitor. HOW- 

ever, in model building and refinement ex- 
periments we could not unambiguously dis- 
tinguish between the alternative peptide 
conformations on the basis of the electron 
density alone. Thus, the final interpretation 
of this region of the structure must await 
refinement at higher resolution. 

The biological activity and structure of A- 
74704 confirmed our initial hypothesis that 
a symmetric, nonpeptidic inhibitor could 
bind tightly and symmetrically to the en- 
zyme and display antiviral activity. Compar- 
ison of the structures of the A-74704 and 
MVT-101 complexes suggests that the en- 
zyme attempts to enforce symmetric binding 
even with a structurally asymmetric inhibi- 
tor. The largest deviations from symmetry 
seen in the MVT-101 peptide-enzyme com- 
plex were not evident with the C2 symmetric 
inhibitor, and were probably induced in the 
former bv unfavorable side chain interac- 
tions and, to a lesser extent, by an inherently 
asymmetric backbone structure. This sug- 
@sts that symmetric inhibitors that embody 
the active site symmetry of the bound en- 
zyme may offer enhanced binding, while 
they also simplify the problem of structural 
optimization- There have been several re- 
ports of tight-binding, asymmetric peptide 
inhibitors of HW-1 protease (17). Struc- 
tures of the corresponding complexes are 
not yet available. However, we may specu- 
late that the ability of asymmetric inhibitors 
to take advantage of the symmetric binding 
tendency of the enzyme will likely depend 

on two factors: the flexibilitv of the inhibi- 
tor, which will determine the ease with 
which the inhibitor may conform to the 
active site symmetry, and the degree to 
which the inhibitor is complementary to the 
enzyme subsite pockets. Of course, the hy- 
drogen-bonding potential of the active site 
tunnel should be satisfied with any good 
ligand. The existence of a buried, fully hy- 
drogen-bonded water in the two different 
inhibitor complexes suggests that this sol- 
vent molecule has a role in the energetics of 
inhibitor binding. Consequently, the func- 
tional replacement of this water affords a 
logical and challenging target for future 
inhibitor design. 
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Identification of a Sequence in the PEPCK Gene That 
~ediates a Negative Effect of Insulin on Transcription 

Phosphoenolpyruvate carboxykinase (PEPCK) governs the rate-limiting step in gluco- 
neogenesis. Glucocorticoids and adenosine 3',5'-monophosphate (CAMP) increase 
PEPCK gene transcription and gluconeogenesis, whereas insulin has the opposite 
effect. Insulin is dominant, since it prevents CAMP and glucocorticoid-stimulated 
transcription. Glucocorticoid and CAMP response elements have been located in the 
PEPCK gene and now a 15-base pair insulin-responsive sequence (IRS) is described. 
Evidence for a binding activity that recognizes this sequence is presented. 

I NSULIN STIMULATES THE EXPRESSION 

of several genes including those encod- 
ing glyceraldehyde-3-phosphate dehy- 

drogenase, c-Fos, glucokinase, gene 33 
product, and a-amylase (1, 2 ) .  In contrast, 
insulin inhibits the expression of the 
PEPCK, adipsin, and growth hormone 
genes (3). Whereas cAMP and glucocorti- 
coids increase PEPCK gene transcription 
(4-6), insulin inhibits transcription of this 
gene in rat liver and the H4IIE rat hepatoma 
cell line. Inhibition by insulin predominates 
in the presence of cAMP and glucocorti- 
coids. The basal promoter elements, the 
CAMP-responsive element (CRE), and the 
glucocorticoid-responsive elements (GREs) 
in the PEPCK gene have been mapped in an 
effort to understand this complex interplay 
(7). The DNA sequences responsible for the 
dominant, negative effect of insulin on 
PEPCK have remained elusive, as have the 
sequences responsible for the regulation of 
transcription of other genes by insulin. Our 
goal was to identify such an element. 

A fusion gene (PEPCK-CAT), containing 
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the PEPCK promoter sequence between 
-600 and +69, relative to the transcription 
start site, ligated to the chloramphenicol 
acetyltransferase (CAT) reporter gene, is 
responsive to insulin when transiently ex- 
pressed in H4IIE cells. Insulin inhibited 
basal PEPCK-CAT expression and sup- 
pressed the stimulatory effects of cAMP and 
dexamethasone (dex) - (8) .  Attempts to de- 
fine an IRS by the use of PEPCK-CAT 
h i o n  genes containing progressively 
shorter PEPCK promoter segments yielded 
inconsistent results in the transient expres- 
sion system (9). Because the presence of the 
normal chromatin environment might fa- 
vorably influence the function of one or 
more IRSs in the intact promoter, we isolat- 
ed a series of H4IIE cell lines stably trans- 
fected with various PEPCK-CAT h i o n  
genes. Results obtained from stable cell lines 
made using four such constructs are shown 
in Fig. 1A. Although insulin generally in- 
hibited basal expression of the chimeric gene 
in each case, CAT expression was stimulated 
with the use of dex and cAMP in order to 
emphasize the magnitude of the insulin ef- 
fect. Insulin almost completely suppressed 
CAMP- plus dex-stimulated CAT expression 
in the HL9, HL32, and FBG32 clones, just 
as it inhibits transcription of the endoge- 

nous gene (6). However, in the HL45 
clones, which contain the region between 
-271 and +69 of the PEPCK promoter, 
the effect of insulin, though still present, 
was clearlv reduced. Two other HL45 
clones showed the same partial effect of 
insulin (9).  The CAT assay results were 
confirmed by primer extension analysis in 
which insulin caused 86 and 39% reductions 
of CAT mRNA in HL9 and HL45 cells, 
respectively (Fig. 1B). These results suggest 
that the PEPCK promoter contains at least 
two IRSs, one located between -468 and 
-271, and another or others between -271 
and +69. 

To further delineate the distal IRS. we 
made use of a vector containing the herpes 
simplex virus thymidine kinase (TK) pro- 
moter. A series of overlapping, double- 
stranded oligomers spanning the region be- 
tween -453 and -271 of the PEPCK 
promoter were synthesized and each was 
ligated into the Bam HI site of TKC-VI 
(Fig. 2A), a vector similar to that previously 
used to identify the inhibitory sterol-respon- 
sive element in the low-density lipoprotein 
receptor gene promoter (10). ~ a c h o l i ~ o m e r  
contained 38 bp of PEPCK sequence with 
Bam HI-compatible sticky ends (GATC) at 
each end. Previous studies show that the 
insertion of a 42-bp random DNA sequence 
into the Barn HI linker in this TK promoter 
has little effect on transcription (11). The 
effect of insulin on CAT expression by these 
constructs was initially analyzed by the use 
of transient expression of the chimeric DNA 
in H4IIE cells (Fig. 2B). The vector lacking 
an insert, and most of the constructs span- 
ning the region from position -403 to 
-270, showed a slight stimulation of CAT 
expression in response to insulin. Constructs 
containing either the PEPCK sequence be- 
tween -453 and -415 or that between 
-433 and -396 showed an insulin-respon- 
sive inhibition of CAT expression (Fig. 2B). 
Since the -433 to -396 construct gave the 
insulin effect of greatest magnitude, and 
worked well in both orientations, the search 
for an IRS was directed to this region of the 
PEPCK gene. 

H4IIE cells stably transfected with either 
the insulin-responsive -433 to -396 con- 
struct or, as a negative control, the -403 to 
-366 construct were used to confirm that 
this effect was not simply a function of the 
transient transfection system. Two cell lines 
containing each construct were obtained. 
Both -433 to - 396-containing clones ( 0  
and P) showed a concentration-dependent 
inhibition of CAT expression in response to 
insulin; the median effective concentration 
(ECS0) was about 0.1 nM and m&imal 
inhibition was obtained with 10 nM insulin 
(Fig. 3), concentrations that provide similar 
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