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Resistance to human immunodeficiency virus type 1 protease (HIV PR) inhibitors results primarily from the
selection of multiple mutations in the protease region. Because many of these mutations are selected for the
ability to decrease inhibitor binding in the active site, they also affect substrate binding and potentially
substrate specificity. This work investigates the substrate specificity of a panel of clinically derived protease
inhibitor-resistant HIV PR variants. To compare protease specificity, we have used positional-scanning,
synthetic combinatorial peptide libraries as well as a select number of individual substrates. The subsite
preferences of wild-type HIV PR determined by using the substrate libraries are consistent with prior reports,
validating the use of these libraries to compare specificity among a panel of HIV PR variants. Five out of seven
protease variants demonstrated subtle differences in specificity that may have significant impacts on their
abilities to function in viral maturation. Of these, four variants demonstrated up to fourfold changes in the
preference for valine relative to alanine at position P2 when tested on individual peptide substrates. This
change correlated with a common mutation in the viral NC/pl cleavage site. These mutations may represent
a mechanism by which severely compromised, drug-resistant viral strains can increase fitness levels. Under-
standing the altered substrate specificity of drug-resistant HIV PR should be valuable in the design of future
generations of protease inhibitors as well as in elucidating the molecular basis of regulation of proteolysis in

HIV.

Human immunodeficiency virus type 1 (HIV-1) encodes a
protease that is essential for processing of the Gag and Gag-
Pol polyproteins and for maturation of infectious virus parti-
cles (18, 20). Because of its essential role in viral maturation,
HIV protease (HIV PR) has been a major focus for drug
development efforts. To date, six protease inhibitors have been
approved for the treatment of HIV infection, and several more
are currently in clinical trials. The ultimate long-term success
of these drugs has been diminished, however, through the in
vivo selection of drug-resistant strains of HIV (6).

Phenotypic resistance has been shown to result primarily
from the accumulation of multiple mutations in the protease
(8). Primary mutations, one or more of which are necessary for
protease inhibitor resistance, include D30N, G48V, V82ZA/F/T,
184V, and L90OM (for a review, see reference 6). Other, com-
pensatory mutations are selected for increased enzyme activity
and/or stability and include L10I/F, M36l, M46l, 154V, L63P,
and A71T/V. The absence of a single common evolutionary
pathway toward resistance precludes clear elucidation of the
individual contributions of these mutations to the altered prop-
erties of a given drug-resistant protease variant.

In addition to mutations in the protease region, several
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groups have observed mutations in Gag cleavage sites that
have been selected in response to saquinavir, ritonavir, indi-
navir, lopinavir, and other experimental inhibitors (11, 23, 46,
47). Mutations have been observed in all viral cleavage sites,
and their occurrence correlates specifically with protease in-
hibitor therapy (9). However, two mutations occur at a signif-
icantly higher frequency. These are a Val—Ala substitution in
the P2 position of the NC/pl cleavage site and a Leu—Phe
substitution at the P1’ position of the pl/p6 cleavage site (for
an explanation of subsite nomenclature, see Materials and
Methods). The frequency of the NC/p1 cleavage site mutation
has been measured to be 16% in a study of 300 patients
(B. A. B. Larder, K. Hertogs, C. Van den Eynde, and R.
Pauwels, presented at the 2nd International Workshop on HIV
Drug Resistance Treatment and Strategies, 1998). Both muta-
tions have been shown to increase the fitness of protease in-
hibitor-resistant viruses (7, 11, 23, 46). Notably, cleavage at the
NC/pl site is among the slowest processing events in Gag (10,
28, 41, 44); for this reason, the NC/p1 cleavage has been sug-
gested to be a rate-limiting step in Gag processing (9). Muta-
tions in the pl/p6 cleavage site have been postulated to create
a new frameshift site that could increase translation of the Pol
polyproteins (12), thereby increasing the concentration of viral
enzymes. However, the selection of mutations in both cleavage
sites raises the possibility of simultaneous changes in protease
specificity and a potential role of altered specificity in the
development of drug resistance.

It is reasonable to expect that some HIV PR mutations will
affect substrate specificity, since resistance mutations are pri-






