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Abstract

The importance of the active site region aspartyl residues 25 and 29 of the mature HIV-1 protease
(PR) for the binding of five clinical and three experimental protease inhibitors (symmetric cyclic
urea inhibitor DMP323, non-hydrolysable substrate analog (RPB) and the generic aspartic
protease inhibitor acetyl-pepstatin (Ac-PEP)) was assessed by differential scanning calorimetry.
ATn, values, defined as the difference in Ty, for a given protein in the presence and absence of
inhibitor, for PR with DRV, ATV, SQV, RTV, APV, DMP323, RPB and Ac-PEP are 22.4, 20.8,
19.3, 15.6, 14.3, 14.7, 8.7, and 6.5 °C, respectively. Binding of APV and Ac-PEP is most sensitive
to the D25N mutation, as shown by AT, ratios [ATm(PR)/AT(PRp2sn)] of 35.8 and 16.3,
respectively, whereas binding of DMP323 and RPB (AT, ratios of 1-2) is least affected. Binding
of the substrate-like inhibitors RPB and Ac-PEP is nearly abolished (AT (PR)/ATn(PRp2gn) =
44) by the D29N mutation, whereas this mutation only moderately affects binding of the smaller
inhibitors (AT, ratios of 1.4-2.2). Of the 9 FDA approved clinical HIV-1 protease inhibitors
screened, APV, RTV and DRV competitively inhibit porcine pepsin with K; values of 0.3, 0.6 and
2.14 pM, respectively. DSC results were consistent with this relatively weak binding of APV
(AT, 2.7 °C) compared with the tight binding of ACPEP (AT, 217 °C). Comparison of
superimposed structures of the PR/APV complex with those of PR/Ac-PEP and pepsin/pepstatin A
complexes suggests a role for Asp215, Asp32 and Ser219 in pepsin, equivalent to Asp25, Asp25’
and Asp29 in PR, in the binding and stabilization of the pepsin/APV complex.
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INTRODUCTION

Aspartic proteases of the stomach, lysosomes, kidney, yeast granules and fungi are all single
chain pepsin-like proteases with similar molecular sizes (~330 residues)1. They are
strikingly similar both in their sequence and tertiary fold (e.g. active-site, location of the
disulfide bridges etc.) and exhibit a twofold symmetry in the conformation throughout the
molecule2:3. The active site of these aspartic proteases is formed by two aspartic acid
residues (positions 32 and 215 in pepsin)2 located in a conserved triad AspThrGly that is
preserved throughout evolution4:5. It is speculated that eukaryotic aspartic proteases
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evolved from a primordial aspartic protease which was about half the size of pepsin and was
active as a homodimer1+6. Retroviral proteases fulfill these criteria. They are small (100-125
amino acids), active as homodimers and bear a striking resemblance to pepsin both in their
tertiary fold and catalytic mechanism6:7. Therefore, gene duplication and fusion may have
led to the emergence of single chain aspartic proteases with an overall fold that is conserved
in all organisms despite significant divergence of their primary sequences6.

In HIV-1, a single copy of the protease, composed of 99 amino acids, is synthesized as part
of the ~160 kDa Gag-Pol precursor flanked by the 58 amino acid long transframe region
(TFR) and the reverse transcriptase at its N- and C-termini, respectively7:8. The Gag-Pol
consists of the structural proteins (matrix, capsid, P2, nucleocapsid) followed by the TFR
and the functional proteins (protease, reverse transcriptase, integrase). Dimer formation of
the protease domains while in the form of a precursor is essential to form an active protease
that catalyzes the cleavage of the peptide bonds at its termini, which is essential for its
release, and the processing of the Gag and Pol polyproteins to produce mature structural and
functional proteins required for the maturation and propagation of virus8:9. The role of the
native TFR sequences is not fully understood but they may function similarly to the
proregion found in zymogen forms of cellular aspartic proteases2:8. It has been shown that
cleavage at the N-terminus of the protease, which precedes the C-terminal cleavage, is
concomitant with the appearance of mature-like catalytic activity and stable dimer structure
formation10-11.

Because of its crucial role, the protease has been one of the primary targets for drug
development and treatment of HIV infection. Currently, nine FDA-approved potent protease
inhibitors (PI) are used in treating patients with HIVV/AIDS and successfully curb the
progression of the disease (HIV Drug Resistance Database: hivdbstanford.edu/index.html).
In spite of the new treatment regimens including the highly active antiretroviral therapy
(HAART), rapid emergence of viral variants because of the decrease in drug potency is
evident (HIV Drug Resistance Database). Extensive studies have been performed to
understand the mechanism of HIV-1 protease drug resistance8+9. The drug-resistance
mutations can map either to the active-site or the dimer interface or distally to these regions.
These mutations can decrease inhibitor affinity by direct or indirect perturbations of the
binding site, and influence the kinetic parameters and the stability of the dimeric fold. In
spite of these changes, these mutant enzymes are still capable of catalyzing cleavage at the
required junctions in the Gag and Gag-Pol polyproteins required for virus maturation and
generation of progeny virus. New potent second generation inhibitors, such as DRV and
ATV, have been designed to combat drug resistance. The binding of DRV to the mature
protease is enthalpically driven unlike the binding of earlier generation of drugs12:13. In
addition to the hydrogen bond interactions mostly to the main chain atoms, which cannot be
directly altered by mutations, the binding of DRV is also characterized by extra polar
interactions with Asp29 and Asp30 residues of the protease9. In spite of the higher affinity
of DRV and ATV to the protease, clinical evidence for reduced virological response as a
result of selection of drug-resistance mutations has been reported (HIV Drug Resistance
Database).

While the signature triplet Asp-Thr-Gly (residues 25-27 in HIV protease) critical for the
active-site geometry and catalytic function is common to all aspartic proteases, the second
conserved triplet Gly86-Arg87-Asn/Asp88 (in HIV) in the sole a-helix of each subunit is
unique to retroviral proteases4:7:14. The Asp residue in position 29 is also highly conserved
in retroviral proteases. Residue Asp29 forms vital intra-monomer and inter-monomer
hydrogen bonds with Arg87 and Arg8’ (prime denotes the second subunit) residues,
respectively15. Subtle mutation of the Asp29 or Arg87 residue increases the dimer
dissociation constant (Kg), R87K mutation exerting a dramatic effect (> 10%) on Ky
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compared with a D29N (> 102) mutation16. In very recent studies we have also shown that
similar to the Asp29 residue, the Asp25 residue, in addition to its catalytic function, plays a
role in stabilizing both the dimer fold and substrate/inhibitor bindingl17. For example, the
D25N mutation increases the ligand dissociation constant of PRpy5n/DRV by a factor of
~10°% relative to PR/DRV. Conversely, Arg8 and Asp30 mutations that are selected upon
patient therapy have only small effects on the kinetic parameters and stability of the mature
proteasel1:18.

Because of the crucial structural and functional roles exhibited by the two conserved
aspartyl residues Asp25 and Asp29 of HIV-1 protease, we have now systematically
examined the effect of individual substitution mutations (D25N or D29N) on the binding of
selected PIs (DRV, ATV, SQV, RTV, APV) based on DSC analyses and compared them to
the binding of one tightbinding symmetric inhibitor (DMP323) and 2 substrate mimetics
(RPB and Ac-PEP). PlIs currently used in the treatment of HIV-infected patients have also
been shown to inhibit the secreted aspartyl proteases of the fungus, Candida albicans19.
Furthermore, in vitro growth of Pneumocystis was also shown to be significantly inhibited in
the presence of clinically achievable concentration of several Pls, possibly by inhibiting
aspartyl proteases of this organism20. Because of the conservation of the active site region
in all aspartyl proteases, Asp25 and Asp29 of HIV represented by the conserved Asp32/215
and Ser36/219 residues, respectively, in single chain pepsin-like aspartic proteases, we also
examined the inhibition and stabilization of pepsin, using the Pls designed for HIV-1, by
kinetics and calorimetry. The most potent of these inhibitors with pepsin was APV.
Predicted interactions of this inhibitor with the active site of pepsin are discussed.

MATERIALS AND METHODS

Substrate and inhibitors

Acetyl pepstatin (Ac-PEP), RPB, and pepsin substrate (H-Pro-Thr-Glu-Phe-[p-NO,-Phe]-
Arg-Leu-OH) were purchased from Bachem Bioscience (King of Prussia, PA) and substrate
IV (Lys-Ala-Arg-Val-Nle-[p-NO,-Phe]-Glu-Ala-Nle-NH5) from California Peptide
Research (Napa, CA). DMP323 was obtained from the DuPont Merck Pharmaceutical
Company (Wilmington, DE). Clinical inhibitors of HIV-1 protease, APV, ATV, DRV, INV,
LPV, NFV, RTV, SQV and TPV were obtained from the NIH AIDS Research and
Reference Reagent Program, Division of AIDS, NIAID, NIH. Stock solutions of the
inhibitors (100 mM) were prepared in DMSO. Secondary stock solutions (typically 160 pM)
were prepared by dilution of the DMSO stock solution into 5 mM sodium acetate buffer, pH
6, and diluted as required with the same buffer before use in the quench protocol for
protease folding as described previously21. Because of limited solubility, the secondary
stock solution of TPV was prepared at 80 pM.

PR and pepsin purification

The mature HIV-1 protease optimized for kinetic and structural studies (pseudo wild-type
(PR11) and its mutants PRpygn22 and PRpogn23 were purified from inclusion bodies using
an established protocol as described previously involving size-exclusion chromatography
under denaturing conditions followed by reverse-phase HPLC11:24. Proteins were folded
according to described protocols17:21.

Porcine pepsin (~30 mg) from Calbiochem (Cat. No. 516360) was dissolved in column
buffer (CB: 20 mM sodium phosphate buffer, pH 6, 50 mM NaCl). The sample was spun at
full speed in an Eppendorf microcentrifuge for 5 min and the supernatant was subjected to
size exclusion column chromatography (Superdex-75, 16 x 60 cm, GE Healthcare)
equilibrated in CB at a flow rate of 1.4 ml/min at room temperature. Peak fractions were
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combined and dialyzed in the appropriate buffer. Protein concentration (mg/ml) was
determined spectrophotometrically using € (0.1%) = 1.36 at 280 nm. Identity and purity
were confirmed by MALDI-TOF and active-site titration.

Differential scanning calorimetry (DSC)

The experimental protocol for PR sample preparation was as described previously21 and
gave a final protein concentration of ~0.3 mg/mL (13-14 uM as dimer) in 50 mM sodium
acetate buffer, pH 4.8-5.0. The inhibitors were present at a final concentration of 28 uM
(approximately twice the concentration of the dimeric proteins). Thermal denaturation scans
were carried out in a MicroCal VP-DSC microcalorimeter, and data analysis was performed
as described17. DSC scans of the inhibitor complexes with PR constructs are provided in
supporting information Fig. S1. The measured T, values (Table 1) were reproducible and
provided a useful indication of relative thermal stability. Apparent AH values for the
unliganded proteins, PR, PRpogn and PRposy, Were estimated by curve fitting with the
Origin software provided by MicroCal, and agreed well with the baseline-corrected peak
areas determined by integration. The relatively weak transitions in the absence of inhibitors
did not permit reliably estimating the ACp,. A literature value25:26 of AC, = 3 kcal/mol-deg
for PR was used in calculations for all three constructs. Ligand-binding constants for the
inhibitor complexes with PR were estimated at T, and extrapolated to 25 °C by the methods
of Brandts and Lin27 (equations 6 and 9; note that in these authors' notation, the binding
constant K|_is the reciprocal of our ligand-dissociation constants K in Table 1). Literature
values12:26:28730 were used for AH and C,, of binding. Extrapolation was not possible in
the absence of thermodynamic data for binding of the inhibitors to PRp2sy and PRpogN.

DSC studies of pepsin were carried out in 50 mM sodium formate buffer, pH 3.0-3.2 (the
same buffer used for kinetics studies; see below), at pepsin concentrations of 14-21 uM
without added inhibitor or in the presence of a 1.4- or 2-fold molar excess of inhibitors APV
or Ac-PEP, respectively.

Isothermal titration calorimetry (ITC)

Measurements were performed at 28 °C using a high-precision VVP-ITC titration calorimeter
(MicroCal LLC) equipped with a ~1.43 ml cell. Purified pepsin was dialyzed against 50 mM
sodium formate, pH 3.0. The DRV and APV solutions were prepared at a final concentration
of 160 and 152 uM, respectively, and contained a final concentration of 0.5% DMSO
derived from the stock solutions of the inhibitors. DMSO was added to the enzyme solution
to give the same 0.5% concentration, in order to eliminate possible thermal effects on
dilution of the organic solvent from the titrant. For titration with APV (152 uM), the pepsin
solution (21 uM) was titrated with 5-ul aliquots of the inhibitor solution. For titration with
DRV (160 uM), the pepsin solution (14.4 uM) was titrated with 6-ul portions of the
inhibitor. Analysis of the data was performed using the Origin software provided with the
instrument. Attempted ITC of pepsin (14.3 uM) with RTV (240 uM) under the same
conditions was unsuccessful because no significant thermal change was observed on titration
at 28 °C.

Kinetic inhibition studies

Kinetics of hydrolysis of the chromogenic pepsin substrate, (HPro-Thr-Glu-Phe-[p-NO,-
Phe]-Arg-Leu-OH)31, were measured in 120 ul cuvettes at 310 nm in 50 mM sodium
formate buffer, pH 3.0-3.2, at 28 °C. For rapid screening of inhibitors, assays were carried
out with a final substrate concentration of 175 uM and inhibitor concentrations of 16 uM,
with the exception of DMP323, where 24 uM inhibitor was used. Inhibitors that exhibited
>50% inhibition under these conditions were selected for further study. Kinetic experiments
for determination of K; contained pepsin at a final concentration of 4.6 ug/ml (0.13 uM).
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Substrate concentrations were determined from the UV spectrum of the substrate stock
solutions (epgg12,000 M~1ecm™1). Initial rates (v;) in absorbance at 310 nm (Agyg) per
second, typically observed over the first 10-20% of reaction, were converted to pM/s using a
molar absorbance difference between substrate and products of 1800, as reported by Dunn
and coworkers31. Linear Dixon plots of 1/v; vs inhibitor concentration were determined in
the presence of four substrate concentrations in the range of 60-350 uM, and their slopes
were replotted vs 1/[S]. The slopes of these secondary plots are equal to Kpy/VmaxKi; Kj for
each inhibitor was calculated from this relationship by use of values for Ky, = 93 uM and
Vmax = 2.1 uM/s determined in the absence of inhibitor (supporting information Fig. S2).

DSC Analysis of wild-type (PR) and active-site mutants of the mature protease in the
absence and presence of different inhibitors

As described in previous studies17:21 we have used a facile method for preparing folded PR
in the presence and absence of inhibitors at concentrations suitable for calorimetric studies,
in order to assess conveniently the effects of eight diverse inhibitors (Fig. 1) on the thermal
stability of mature wild-type protease (PR) as well as the two mutant constructs PRposy and
PRpogn, in which essential Asp residues were replaced with Asn. Three different structural
types were examined (Fig. 1): five tight-binding inhibitors that are drugs in current clinical
use; a symmetrical inhibitor, DMP323; and the extended, substrate-like inhibitors RPB and
Ac-PEP. All inhibitors were present in ~twofold molar excess over the protein and at
concentrations well above their dissociation constants for PR. Thermograms for each of
these protein/inhibitor combinations are given in supporting information Fig. S1. Observed
Tm values in the presence and absence of the inhibitors are listed in Table 1, as are
calculated27 values of the ligand dissociation constants (K| ) at the respective Ty,'s of the
complexes. These values were extrapolated to 25 °C for the clinical inhibitors and Ac-PEP
by use of literature values for AH and C;, of binding for ATV26, SQV30, RTV30, APV28
and Ac-PEP29. For DRV, a AH of —12.1 kcal/mol*? was used, with a Cj, value of —414
kcal/moledegree as estimated from an average of known values for clinical inhibitors26. K
values calculated by this method differed significantly from those determined directly by
ITC; however there was a consistent free-energy relationship between the ITC values and
the present extrapolated values as shown by a logarithmic plot (supporting information Fig.
S3). The point for ATV fell far from the correlation line when the positive value of C, =
+470 cal/moledegree reported by Yanchunas et al.26 was used in the calculation; however
when C, = —470 cal/mol-degree (consistent with all other C,, values for the inhibitors, which
were negative) was used for ATV, a reasonable agreement with the rest of the data (Fig. S3)
was obtained.

Effects of the inhibitors on the thermal stability of PRpo5ny and PRpogn are summarized in
relation to PR in Figure 2. With the exception of APV, the clinical inhibitors exhibited very
similar patterns of relative thermal stabilization of the three proteins examined (as measured
by ATy), in particular, stabilization was greatest for PR, least for PRpys5y and intermediate
for PRpogn- As indicated by Fig. 2, when compared to the clinical inhibitors, DMP323
stabilized PRpgn and PRp2sy to about the same extent, and the two extended, peptide-like
inhibitors RPB and Ac-PEP, had virtually no effect on the thermal stability of PRpogy.

Assessment of the inhibition of pepsin by HIV-1 protease inhibitors

In light of the marked sensitivity of most of the clinical inhibitors to the highly conserved
Asp25 and Asp29 residues, as well as observations that some of these drugs also inhibit the
aspartyl proteases of other pathogens such as Candida albicans32:33 and Plasmodium
falciparum34, we were interested in investigating the possible interactions of these drugs
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with another well characterized, monomeric aspartyl protease whose active site bears
significant homology with that of PR. Porcine pepsin was chosen as the prototypical
monomeric aspartyl protease because of its (1) high homology to human pepsin and (2)
commercial availability in sufficient quantities to permit diverse experiments. Even though
inhibition of human pepsin by RTV35 and SQV36 has been alluded to, to our knowledge,
quantitative data have not been reported.

In order to ensure that the preparation of pepsin used was of sufficient purity and
homogeneity for crystallization attempts as well as for the present physical studies, the
commercial product was purified by size-exclusion chromatography, which removed
significant UV-absorbing, non-protein impurities eluting as a broad peak (retention volume
of 80-120 ml) just after the symmetric pepsin peak (retention volume of 62-70 ml) to
provide a yield of ~18% pure pepsin (see Materials and Methods). SDS-polyacrylamide gel
analysis and coomassie blue G-250 staining showed the presence of a single band
corresponding to the correct molecular size (34.5 kDa). A set of inhibitors consisting of the
drugs described above with the addition of INV, LPV, NFV and TPV, as well as DMP323
and RPB, was screened for pepsin inhibition (see Materials and Methods for details).
Inhibition was significant (75-95% under the screening conditions) only with DRV, APV
and RTV, marginal (< 50%) with TPV, LPV, SQV and NFV, and undetected with ATV,
INV, DMP323 and RPB.

Binding and inhibition of pepsin by the three most effective inhibitors was further examined
kinetically. Fig. 3A shows Dixon plots of the reciprocal of the initial rate of cleavage of the
pepsin substrate as a function of DRV concentration at pH 3 and 28 °C in the presence of
four substrate concentrations. For competitive inhibitors, the linear plots intersect at a
common point with x = —Kj and y = 1/Vax. Replots of the slopes of these lines against 1/[S]
(Fig. 3B) gave lines of slope Kn/VmaxKj for each inhibitor, from which K; values were
determined for DRV, RTV and APV (Table 2). Dissociation constants, K , of 1.54 and 0.18
uM for pepsin/DRYV and pepsin/APV, respectively, (Fig. 4) determined by ITC at the same
pH and temperature as the kinetic studies, were consistent with the inhibition data (Table 2).
Titration of pepsin with RTV at 28 °C produced thermal changes that were virtually
identical to those observed upon titration of buffer alone; thus, binding of RTV could not be
measured by ITC at this temperature.

On DSC (Fig. 5, upper panel) at pH 3, under the conditions of the ITC and kinetics
experiments, unliganded pepsin exhibited a single transition with a T, of 74.2 °C. This Ty,
was significantly higher than that reported (62.2 °C) for the major, high temperature
transition of native pepsin at pH 5.3, whereas the AH (184 kcal/mole) under the present
conditions was similar to the value of 176 kcal/mol at pH 5.337. APV, the most effective of
the clinical Pls towards pepsin, stabilizes the pepsin/APV complex only slightly (AT, 2.7
°C) (Fig. 5, upper panel). In contrast, the tight binding pepsin inhibitor Ac-PEP increased
the Ty, of pepsin by =17 °C.

The substrate specificity of PR is reflected in its natural cleavage sites in Gag-Pol, which
generally have an aromatic or hydrophobic residue at P1 and a hydrophobic or proline
residue at P1'. For pepsin, both P1 and P1’ are almost always aromatic or non-polar residues.
Thus the substrates preferred by these two enzymes have some similarity at the cleavage
position, and given the sensitivity of pepsin to PR inhibitors, it was of interest to determine
whether there was any cross reactivity between these two enzymes and the substrates
designed to be specific for each protease. Incubation of substrate IV with pepsin under the
assay conditions described at pH 3 produced an absorbance change at 310 nm, which
surprisingly was an increase rather than the decrease observed upon cleavage of the Nle-[p-
NO,Phe] bond in this substrate by PR. The reaction was allowed to proceed essentially to
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completion (~15 min) and the products were analyzed by MALDI-MS. The most intense
peak observed (M/z 778) corresponded to the N-terminal peptide Lys-Ala-Arg-Val-Nle-[p-
NO,-Phe] derived from cleavage at the [p-NO2-Phe]-Glu bond of substrate IV. A less
intense peak (M/z 586) corresponded to Lys-Ala-Arg-Val-Nle, from cleavage at the normal
Nle-[pNO2Phe] site. In contrast, no absorbance change was detected upon incubation of PR
with the synthetic pepsin substrate at either pH 3 (pepsin assay conditions) or at pH 5 in the
presence of 250 mM NaCl (PR assay conditions).

DISCUSSION

Role of conserved Asp25 and Asp29 residues in inhibitor binding

Previously we examined the role played by the catalytic Asp25 residues of HIV-1 PR in
stabilizing the dimeric fold in the presence of inhibitors. When Asp25 is replaced by Asn
(PRp2sN), the dissociation constant (K ) for DRV, a potent second generation PI, is
increased by approximately 6 orders of magnitude. This large change in binding is also
reflected by the observed T, values of PR and PRp>sy in the presence of DRV. The Ty, for
PRpasy is only slightly affected by a twofold molar excess of DRV, whereas that of PR is
increased by 22° under similar conditions. We concluded that Asp25, in addition to its
catalytic function, makes a major and specific contribution to the binding of DRV. In the
present study we have extended these observations, and include the role of a second
essential Asp residue, Asp29, in binding of DRV and four other clinically significant
inhibitors as well as three other inhibitors of different structural types.

ATn, is defined as the difference in Ty, for a given protein in the presence and absence of
inhibitor; thus a large AT, correlates with strong inhibitor binding and stabilization of the
dimer-inhibitor complex, whereas a small or zero AT, correlates with weak or non-existent
inhibitor binding. The AT, values reported here for PR are in good agreement with, and
follow a trend similar to, those previously determined for ATV, SQV, RTV, APV and Ac-
PEP by use of a fluorescence method26. Dissociation constants derived from several
sources12:17:26-38740 revealed a qualitatively consistent relationship between small values
of K¢ (high affinity) and large ATy,'s for PR with the entire set of eight inhibitors in the
present study, despite the differences in their structure (Table 1).

The selected set of inhibitors can be divided into three types: the tight-binding, non-peptide
drugs DRV, ATV, SQV, RTV and APV; the symmetrical inhibitor DMP323; and the
substrate-like inhibitors RPB and Ac-PEP. The data of Fig. 2 show that all the inhibitors
examined bind more strongly to PR than to either PRpygy o PRpogy, indicative of
significant contributions of both Asp25 and Asp29 to the stability of the PR-inhibitor
complexes. However different patterns of relative stabilization are observed for the three
types of inhibitors. For the five tight-binding drugs, substitution of Asp25 by Asn has a large
destabilizing effect on binding, such that these inhibitors increase the Ty, of PRposn by only
0.4-4.2 °C, as compared to 15-22° for PR. The D29N substitution has smaller but significant
effects on AT, for these inhibitors. In contrast, binding of the cyclic, symmetrical inhibitor
DMP323 was less affected by the D25N mutation. Binding of the extended, substrate-like
molecules RPB and Ac-PEP was almost completely abolished by the D29N mutation, such
that these inhibitors, which increase the T, of PR by ~9 and 6.5 °C, respectively, had
virtually no effect on the T, of PRp2gn. A major difference between the effects of these
latter two inhibitors is the effect of the D25N mutation, such that the binding of Ac-PEP to
PRp2sn (ATm < 1 °C) was virtually nil, whereas the binding of RPB increased its Ty, by ~6
°C.

The ratios AT(PR)/ATm(PRp2sy) and AT(PR)/ATm(PRp2gn) (“ATyy ratio”) for each
inhibitor (shown under the bars in Fig. 2) provide a convenient indication of the importance
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of Asp25 and Asp29, respectively, to the binding of a given inhibitor. Thus all the drugs,
with the notable exception of APV, exhibit similar sensitivities to the D25N mutation (AT,
ratios in the range of 5-7). The much larger value of the AT, ratio for APV suggests that
Asp25 is relatively more important for the binding of APV than for that of the other drugs.
The comparison with DRV, which differs only by a second, fused tetrahydrofuran ring (Fig.
1), is particularly interesting. This additional ring permits new hydrogen bonding
interactions with Asp29 that are not possible with APV, and subtle changes in geometry of
the PR/DRV complex also likely result in stronger hydrogen bonds with Asp30, Gly27 and
Asp30'12. We speculate that these enhanced interactions with DRV may help to compensate
for the substitution of Asp25 in the D25N mutant, whereas the binding of APV depends
much more heavily on interactions mediated by the catalytic Asp25 residues.

Binding of the five clinical inhibitors examined is less affected (smaller AT, ratio) by the
Asp29 mutation than Asp25, whereas DMP323 exhibits an equal sensitivity to both
mutations. This relative lack of sensitivity to the D25N mutation is quite surprising, but may
result from differences between the geometry of the symmetrical pair of hydroxyl groups in
DMP323 compared to the single hydroxyl that is present in the other inhibitors (Fig. 1). An
interaction between the flap residues 11e50/50" and the carbonyl oxygen of DMP323, which
replaces a structural water in the enzyme-inhibitor complex41, may also provide strong,
additional stabilization that can compensate for the loss of interaction with Asp25.

Finally we compare the two substrate-like inhibitors, RPB and Ac-PEP. Both are highly
sensitive to the D29N substitution. This is likely because of the extended nature of these
substrates that brings their termini close to Asp29. In the PR/Ac-PEP complex, a hydrogen
bond between the Val carbonyl and the carboxyl group of Asp29, as well as several
backbone hydrogen bonds of both Asp29 and Asp29’ with Val and Ala of the inhibitor,
support a role for Asp29. In the PR/RPB complex, hydrogen bonds are possible between the
carbonyl group of Thr in the P3 position of RPB and a backbone amino group of Asp29, and
between the terminal amide nitrogen of RPB and the backbone carbonyl of Asp29'. RPB
binding is much less affected by the D25N mutation (AT, ratio 1.4) than Ac-PEP (AT, ratio
16.2) because RPB lacks the hydroxyl (shown in red for all the other inhibitors in Fig. 1)
that is crucial for interaction with the catalytic Asp carboxyl groups.

The above results of our screening using DSC indicate that, at least for the Pls tested in this
study, the interaction(s) of the conserved Asp29 residue of PR is not as critical for the tight
binding as is the catalytic Asp25 residue. It would be of general interest to determine if
inhibitors that are designed to interact equally very strongly with both these Asp residues
exhibit a different drug resistance profile than the current Pls or even curb resistance. Thus,
the methodology described in this paper may help to screen and identify future inhibitors
with different properties.

Inhibition of porcine pepsin by PR inhibitors

Kinetic evaluation of K; for the three drugs that were found to inhibit pepsin most
effectively, DRV, RTV and APV (Figure 3) indicated a competitive mode of inhibition, with
Dixon plots of 1/vj vs inhibitor concentration at different substrate concentrations that
intersect at a common point on the abscissa corresponding to —K;. DRV and APV gave an
adequate thermal response to permit determination of the ligand dissociation constant, K|,
by ITC. The values obtained (Table 2) were in satisfactory agreement with the kinetically
determined values of K;, as expected for competitive inhibition. Interestingly, for DRV the
entropic contributions to the binding constants to PR12 and pepsin (this work) are similar
(presumably due to the role of desolvation of the hydrophaobic inhibitor); in contrast, the
enthalpy for binding of DRV to PR is 12 kcal/mol but only 6 kcal/mol for binding to pepsin.
This difference accounts for ~80% of the 7200 kcal/mol difference in AG for binding of
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DRV to the two enzymes. APV exhibits a similar but less dramatic enthalpic contribution to
its selectivity toward PR.

APV is a more effective inhibitor of pepsin than is DRV, but it still has ~1000-fold lower
affinity for pepsin (K_ = 180 nM; this work) relative to PR (K ~0.2 nM)26:39. Consistent
with its weaker binding to pepsin, APV raised the ATy, of pepsin by only 2.7 °C as
compared to 14.3 °C for PR (Fig. 5). Although dimer stabilization concomitant with
inhibitor binding could also contribute to the larger AT, values for PR/APV in contrast with
monomeric pepsin/APV, the large AT, is not dependent on the dimeric nature of PR. The
prototypical, tight-binding pepsin inhibitor, Ac-PEP (K, ~50 pM for its isovaleryl analogue,
pepstatin A42), raised the Ty, of pepsin by =17 °C, an effect that is comparable to the AT,
of 14.3 °C observed for PR/APV (Fig. 5, lower panel). In contrast Ac-PEP had a
significantly smaller effect (6.5 °C) on the Ty, of PR. The striking reversal of the effects of
these two inhibitors on the AT, for the two enzymes provides a dramatic demonstration of
the effects of tight binding of acetyl pepstatin to pepsin and of APV to PR.

Predicted structure of a pepsin/APV complex

Retroviral proteases are about a third the size of single chain two-domain mammalian (e.g.
renin and pepsin) and fungal (e.g. endothiapepsin, penicillopepsin and rhizopuspepsin)
aspartic proteases. These monomeric enzymes are proposed to have evolved by gene
duplication and fusion of retroviral-like genes6. Crystal structures have been determined for
both PR (5HVP)43 and human pepsin (1PSO)44 in the presence of Ac-PEP and pepstatin A,
respectively. Despite differences in both size and overall amino acid sequences between
monomeric pepsin (M, 34.5 kDa) and symmetrical, dimeric PR (M, for the monomer 10.7
kDa), significant homologies exist between their active sites in which the amino acid
sequence Asp-Thr-Gly is conserved. In the context of the present study, the Asp25/25’
catalytic pair of PR corresponds to Asp215 and Asp32 in pepsin, whereas the counterparts in
pepsin to Asp29/29’ are two Ser residues at positions 219 and 36 (Fig. 5). Some similarities
in the overall shape and folding of the two enzymes are also present (Fig. 6).

In order to visualize a possible orientation for the bound APV inhibitor and to speculate on
its interactions with pepsin in the absence of crystal structure data, we used the pepsin/
pepstatin A structure (1PSO) as a starting point and superimposed the corresponding PR/Ac-
PEP structure (5HVP) by alignment of the pepstatin moieties. Superimposition of the PR/
APV structure (LHPV)45 by alignment of the PR chain with 5SHVP was used to position the
APV inhibitor. Deletion of the pepstatin and PR moieties resulted in a conceptual picture of
how APV might orient relative to pepsin (Fig.7) based on the available crystal data. On the
basis of this hypothetical structure the following observations are of interest and may
explain why APV binds reasonably well to pepsin, albeit more weakly than to PR. Both
enzyme/APV complexes contain a single hydrogen bond between O6 of the tetrahydrofuran
ring and Asp29 or the equivalent Ser219, and exhibit potential interactions between the
central OH of the inhibitor and the crucial Asp catalytic pair. However, in the case of pepsin
these latter hydrogen bonds are much less symmetrical than in the case of PR, such that
Asp32 appears to be farther away and consequently less favorably located than Asp215. In
contrast, both Asp25 residues of PR are symmetrically positioned at virtually the same, ~3-
A distance from the OH group of APV. Given the crucial significance of these Asp residues
for binding of the clinical inhibitors to PR, as demonstrated by our large effects observed on
binding when Asp25 is replaced in the mutant PRposy, We speculate that the less-favorable
interaction between APV and the catalytic Asp residues could provide, at least in part, a
reasonable explanation for its ~3 orders of magnitude lower affinity for pepsin relative to
PR. ATV, a highly potent inhibitor of PR, exhibited no detectable inhibition of pepsin even
at 16 uM concentration. Its PR complex (204K)46, when overlaid with pepsin as described
above, suggested the possibility of a steric clash between the aza-biphenyl moiety of ATV
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and phenylalanines 111 and 117, which might account at least in part for its failure to inhibit
pepsin.

An interesting consequence of the active-site homologies between the monomeric, pepsin-
like aspartyl proteases of higher organisms and the homodimeric viral proteases is the
observation that some HIV PR inhibitors (PIs) may be effective against other pathogenic
organisms that depend on aspartyl proteases for viability and/or virulence. Candida
albicans, the most frequent cause of opportunistic infections in patients with HIV/AIDS,
produces secreted aspartyl proteases (Saps) that are associated with pathogenicity47. Saps
from C. albicans and several other Candida species are inhibited by Pls, most notably RTV
and SQV32:48. The relative orientations of the catalytic Asp32 and 218, Ser36 and Thr222
in Sap3 of C. albicans (2H6T)49 when overlaid with the corresponding Asp32 and 215,
Ser36 and 219 of pepsin, are almost superimposable. It has also been observed that several
Pls inhibit the growth of the malaria parasite Plasmodium falciparum and are active in vitro
against aspartyl proteases (plasmepsins) of this organism34:50. Plasmepsins | and Il initiate
the degradation of hemoglobin, an essential nutrient source for the parasite51. As in the case
of C. albicans Sap3, a structural overlay of plasmepsin Il (1XDH)52 with pepsin showed a
close correspondence between the positions of the catalytic Asp34/Asp214 pair of
plasmepsin with Asp32/Asp215 of pepsin and of Ser218 of plasmepsin with Ser219 of
pepsin; Ser36 of pepsin, which appeared too far away to interact with APV in the overlaid
structure shown in Fig. 7, is equivalent to Ala38 in plasmepsin II.

Although relative inhibitory potencies vs. pepsin, Candida Saps and plasmepsins vary for
the PIs and enzymes that have been reported, RTV, the second-best inhibitor of pepsin
among the Pls tested in the present study, appears to represent a “consensus”. Of the HIV
Pls, RTV was the most tightly bound to Saps 1 and 2 (binding constants in the low pM
range33. It was also the most inhibitory PI tested against Saps 1-3 of Candida albicans48
and against Saps from several other Candida species (K; 0.3-2 uM)32. RTV was also highly
effective against P. falciparum in culture50 and only 2-5 times less potent than the most-
effective PI, SQV, as an inhibitor of plasmepsins Il and IV in solution34. Somewhat
surprisingly, APV, which was about twice as effective as RTV as an inhibitor of pepsin, was
about four times more weakly bound to C. albicans Sap2 than RTV33 and did not inhibit the
growth of P. falciparum53. INV and ATV, which did not inhibit pepsin in the present work,
exhibited activities of the same order of magnitude as RTV against P. falciparum in
culture34. Despite these variations, the overall similarities among the aspartyl proteases
from viral, fungal, protozoan and mammalian sources highlight the crucial role of geometry
both of the catalytic aspartates and the residues corresponding to Asp29/Ser219 in HIV-1 PR
and pepsin, respectively, as determinants of inhibitor binding.
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Refer to Web version on PubMed Central for supplementary material.
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The abbreviations used are

HIV-1 human immunodeficiency virus type 1

PR

mature HIV-1 protease

Pl protease inhibitor

RPB reduced peptide bond inhibitor

APV Amprenavir

ATV Atazanavir

DRV Darunavir

LPV Lopinavir

INV Indinavir (as the sulfate)

NFV Nelfinavir

RTV Ritonavir

SQV Saquinavir

TPV Tipranavir

Ac-PEP acetyl pepstatin
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Fig. 1. Structures of the PR inhibitors

The structures are oriented so that the motif corresponding to P that is common to all the
clinical inhibitors, as well as analogous substructures in the other inhibitors, are overlaid.
Absolute configurations (shown only for the two carbon atoms in this common motif) in the
acyclic inhibitors are S for the carbon atoms marked with an asterisk, and otherwise are as
indicated. Note that in RPB the hydroxymethylene moiety is replaced by a methylene group
(reduced peptide bond) as shown by the arrow.
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DRV ATV sQV RTV APV DMP RPB Ac-PEP

Inhibitor

Fig. 2. Effect of PR inhibitors on ATy, values for PR, PRposN and PRpogn

The bar graphs (ATy,) represent the increase in Ty, observed on binding of each of the
inhibitors to each of the PR constructs (PR, red; PRposn;, orange; PRpogn, dark yellow).
Numbers under the bar graphs are the ratios of AT,(PR)/AT(PRp2sy) (orange) and
ATm(PR)Y/ATm(PRp2gn) (dark yellow) for each of the inhibitors; large numbers for this ratio
indicate that the mutated residue makes a large contribution to inhibitor binding. Data for PR
and PRpsy in the absence of inhibitor and in the presence of a twofold molar excess of
DRV or RPB are taken from ref. 17.
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Fig. 3. Kinetic inhibition of pepsin by DRV, APV and RTV at pH 3

For experimental details see text. A. Dixon plots showing the concentration dependence of
inhibition by DRV at varying substrate concentrations. The lines intersect at —K; as required
for competitive inhibition. B. Replots of the slopes of the Dixon plots vs. 1/[substrate] for
the data shown in A as well as for APV and RTV. The slopes of these secondary plots are
equal to K /VimaxKj for each inhibitor; thus, steeper slopes correspond to smaller values of

Ki.

Proteins. Author manuscript; available in PMC 2010 May 15.

Slope of Dixon plot, s/uM?



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sayer and Louis

Page 18

Fig. 4. Calorimetric titration of pepsin with DRV and APV

The titrations were performed at 28 °C in 50 mM sodium formate buffer, pH 3. Pepsin
concentration in the cell was 14.4 uM for the titration with DRV and 21 puM for the titration
with APV. Panels A and B are experimental traces of the thermal response on titration with
successive aliquots of the inhibitor solutions; panels C and D are integrated data after
processing by the instrument's Origin software. The data in panel D were corrected for a
baseline of 1.1 kcal/mol per injection of APV. Curve fitting of the integrated data gave a
binding constant (K| ) of (6.5 + 0.6) x 10° M and a stoichiometry of 0.90 + 0.01 for DRV;
and a binding constant of (5.5 + 0.5) x 108 and a stoichiometry of 0.97 + 0.004 for APV.
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o
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Fig. 5. DSC thermograms of pepsin at pH 3.0 (upper panel) and PR at pH 4.8 (lower panel) with
APV and Ac-PEP

For conditions see Materials and Methods. The numbers correspond to the apparent T, of
each protein (maximum of the transition) in °C, and AT, values on inhibitor binding are
shown above the plots. Data are baseline corrected and normalized to the appropriate PR
(dimer) or pepsin (monomer) concentrations. Data for PR in the absence of inhibitor are
taken from ref. 17. The T, for pepsin/Ac-PEP represents a lower limit as a result of
denaturation and probable aggregation of the protein at the high temperature required for
dissociation of the inhibitor, as indicated by the sharp downward trend of the DSC trace.
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PR + Ac-PEP Pepsin 1-172 Pepsin + pepstatin A

varrt— Ser172

N - e Ala326
A - ‘ \

\V,

N

Fig. 6. Line ribbon representations of the crystal structures of PR co-crystallized with the
generic aspartic protease inhibitor, acetyl-pepstatin (5HVP, left) and human pepsin co-
crystallized with pepstatin A (1PSO, right)

The two pepstatins differ only in the presence of an acetyl or an isovalyl group at the N-
terminus. Only the residues common to both pepstatins are shown (as red sticks). The highly
conserved Asp25 (which form part of the active site AspThrGly triad, unique to all aspartic
acid proteases) and Asp29 residues in HIV-1 protease that invariably interact with substrates
and clinical inhibitors are indicated in red as stick representations. Catalytic Asp32 and
Asp215 residues of pepsin, and Ser219 and Ser36 residues that are in equivalent positions to
that of Asp29 and Asp29’ of HIV-1 are also indicated in red. The structure of the N-terminal
half of pepsin (residues 1-172, middle) mimics that of the single subunit of the HIV-1
protease dimer in its overall structure, substrate binding site and flaps3: 6.
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Fig. 7. Predicted molecular interactions of pepsin with APV at its active site based on structure
overlays of HIV-1 PR/APV (1HPV), HIV-1 PR/Ac-PEP (5HVP) and pepsin/pepstatin A (LPSO)

3 35:-
2hA :
i
Asp29’ N Asp29
P OD1 oD1 P

PR + Ac-PEP (5HVP)

.‘-.1 | - 001 .
oD1 om N

. 20
‘3.3
D2 opz

Asp29

Asp25’ Asp25

PR + APV (1HPV)

O

Asp25’ Asp25

crystal complexes

Essential aspartyl residues, Asp25 and Asp29 of HIV-1 PR are indicated. The catalytic
Asp32 and Asp215 residues of pepsin, and Ser219 and Ser36 residues that are in equivalent
positions to that of Asp29 and Asp29’ of PR are also indicated. Distances are indicated in

angstroms.
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