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Abstract

Subtype F wild type HIV protease has been kinetically characterized using six commercial inhibitors (amprenavir, indinavir,
lopinavir, nelfinavir, ritonavir and saquinavir) commonly used for HIV/AIDS treatment, as well as inhibitor TL-3 and acetyl-
pepstatin. We also obtained kinetic parameters for two multi-resistant proteases (one of subtype B and one of subtype F)
harboring primary and secondary mutations selected by intensive treatment with ritonavir/nelfinavir. This newly obtained
biochemical data shows that all six studied commercially available protease inhibitors are significantly less effective against
subtype F HIV proteases than against HIV proteases of subtype B, as judged by increased K; and biochemical fitness (vitality)
values. Comparison with previously reported kinetic values for subtype A and C HIV proteases show that subtype F wild type
proteases are significantly less susceptible to inhibition. These results demonstrate that the accumulation of natural
polymorphisms in subtype F proteases yields catalytically more active enzymes with a large degree of cross-resistance, which
thus results in strong virus viability.

Keywords: non-B HIV protease, HIV protease mutant, HIV subtype F, inhibitor resistance, biochemical fitness, natural
polymorphism

Introduction The present work investigates the enzymatic behavior
of one subtype F wild-type HIV-PR (Fwr) and its
comparison with a wild-type B HIV-PR (Bwr) using six
commercial inhibitors (amprenavir, indinavir, lopinavir,
nelfinavir, ritonavir and saquinavir) commonly used for
HIV/AIDS treatment. Differences between protease

sequences of non-B and B subtypes of untreated persons

Almost all studies on HIV-1 drug susceptibility have
been performed in developed countries, where subtype
B [1] dominates the epidemic, even though it is not a
predominant HIV subtype worldwide. Given that, it is
demanding that the effectiveness of existing anti-HIV

drugs against non-B HIV-1 subtypes to be examined.
For example, Latin American epidemic is characterized
by multiple HIV-1 subtypes, primarily subtype B and
subtype F [2]. Specifically, there are at least half-a-
million people infected by subtype F HIV worldwide,
out of which over a 100 thousands men and women in
Latin America alone (http://www.hiv.lanl.gov/content/
hiv-db/mainpage.html). HIV-1 protease (HIV-PR) is a
key enzyme in viral propagation [3] and its X-ray
structure [4,5,6] was crucial for anti-AIDS drug design.

are defined as subtype-specific polymorphism [7]. It is
known that HIV-1 protease occurs in various mutant
forms and that protease-targeted drug therapy leads to
the selection of specific mutations in HIV-1 protease
isolated from patients [8]. Some of the Fzr polymorphic
mutations (Figure 1) occur at sites that are accessory
(non-active site) mutations selected by drug therapy in
subtype B isolates.

We have also investigated the enzymatic features of
two multi-resistant mutant HIV proteases obtained
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Figure 1.

Studied HIV-PRs and their mutations. (¢) Amino acid sequence alignment of the four HIV-PR. The mutations, either

polymorphic or arisen from treatment, are marked [9]: primary in black and secondary in grey. (b) Crystallographic structures of the proteases
Fwr (PDB code 3P3C), Bmut (PDB code 2P3A) and Fmut (PDB code 2P3D) [29]. Primary mutations are represented by black spheres,

secondary by grey spheres, and other differences in white spheres.

from patients receiving ritonavir/nelfinavir as PIs: one
subtype B HIV-PR (Bmut) and one subtype F HIV-PR
(Fmut). Both enzymes present primary and secondary
mutation [9] associated with PI administration
(Figure la). The mutations can directly change the
shape or character of the binding cavity, but also might
indirectly influence inhibitor binding via long-range
structural perturbations of the active site, or by
changing the efficiency of catalysis and the stability of
the enzyme [10—12]. Some non-active site mutations
alone can increase catalytic efficiency and partially
compensate for the reduction of catalytic efficiency
caused by active site mutations [13]. Another study

revealed that some non-active site mutations might
also contribute significantly to destabilization of
inhibitor binding [14].

Even though drug resistance mutations in the
protease have been well studied, few data are currently
available on the influence of polymorphic mutations
on drug susceptibility. Preliminary data have indicated
that the existence of polymorphic mutations can lead
to early development of drug resistance in patients
infected with non-B HIV subtypes [15]. However,
only a limited number of biochemical data is available
for non-B HIV proteases (see, for example, [16]), and
none of these include subtype F HIV PR.
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The aim of the present work is to access the
biochemical differences between subtype F and B, and
to gain insight into the role of the polymorphic
mutations in the development of drug resistance. For
that we have determined catalytic parameters and
inhibition constants for six inhibitors in clinical use
(amprenavir, indinavir, lopinavir, nelfinavir, ritonavir
and saquinavir) as well as two more universal HIV PR
inhibitors, acetyl-pepstatin and TL-3 [17], (Figure 2).
Our results reveal that the Fwr protease is naturally more
resistant to all the inhibitors assayed and has much
higher vitality than the Bwr protease. In this sense, Fwr
can be compared to Bmut, a multi-drug resistant
protease. Furthermore, Fmut presents the highest K;
values of all four proteases, with all eight inhibitors
analyzed, even though it carries the same primary
mutations seen in Bmut. Throughout the analysis, an
effort was made to establish a correlation between the
biochemical results and the available structural data.

Materials and methods
Recombinant production of HIV proteases

All of the proteases used in these studies carry the
mutation Q7K, which eliminates the most significant
autocatalytic site and enhances the stability of the
preparations for biochemical and biophysical studies
without any effect on its enzymatic activity [18]. The
protease coding sequence from subtypes B mutant and
both subtype F were obtained from HIV-1 vertically
infected seropositive Brazilian children [19]. The
protocol for the recombinant production of Brazilian
HIV proteases had been previously reported [20].

HIV proteases activity assay

Enzymatic activity of HIV PR was studied using the
quenched fluorogenic peptide substrate Arg-Glu(E-
DANS)-Ser-Gln-Asn-Tyr-Pro-Ile-Val-GIn-Lys(DAB-
CYL)-Arg. Calculation of the reaction rates
(nM X min~ ') from the progress curves was based
on calibration with EDANS in the presence of
substrate (10 wM). The assays were performed at
37°C in 100mM sodium acetate, pH 4.7, 1mM
EDTA, 1mM DTT, 1.0M NaCl, 10% v/v DMSO
(similar to the buffer used in [21]) and 10 pM of
substrate. The fluorescence was monitored in semi-
micro cuvettes containing a volume of 500 pLL by
using a PC1 Photon Counting Spectrofluorometer
(ISS) with excitation and emission wavelengths of
340 nm and 490 nm, respectively.

Measurement of proteases inhibition by commercial Pls

The inhibition experiments were performed with the
following six therapeutically used protease inhibitors
(PIs): amprenavir (APV), indinavir (IDV), lopinavir

(LPV), nelfinavir (NFV), ritonavir (RTV) and
saquinavir (SQV), and with the universal inhibitors
acetyl-pepstatin (PPT) and TL-3 (Figure 2).
The initial reaction rate of HIV PR was adjusted to
10-20nM X min~ ! by addition of the proper
amount of enzyme solution. Different concentrations
of PI were added and the reaction was followed for
15-30min afterward. Ten initial concentrations of
each of the six commercially available PIs (typically
0.0625, 0.125, 0.25, 0.5, 1, 2, 4, 8, 16 and 32nM)
were measured in duplicate. For precise K; determi-
nation the PI concentration was adjusted for the
sample been measured.

Evaluation of inhibition data

The ratio between inhibited (V;) and uninhibited (V)
initial rates was determined using the general equation
for competitive tight-binding inhibitors [22,23]:

Vi/Vo = ([Et] — [It]]Kapp + {([Et] — [It]

— Kiapp)? + 4[Et]K; app} /3)/2[Et] (1)

where [Et] is the total concentration of the enzyme
(free and bound); [It] is the total concentration of the
inhibitor (free and bound); K, ,,, is the apparent
dissociation constant of the enzyme-inhibitor complex
at a given substrate concentration. Typical inhibition
curves are given in Figure 3. Since under our
experimental conditions [S] < Ky, thus K, ,,, and
K, are similar and the competition of the inhibitor with
the substrate is negligible. From k¢, the active PR
concentrations in the corresponding equilibrium
inhibition experiments were calculated and were
found to be in the same range (0.1-0.2nM) as the
inhibition constants for wild-type PR, indicating the
prevalence of tight-binding conditions. The Michae-
lis-Menten constant (Ky;) of WT PR was determined
by measuring the substrate turnover at different
substrate concentrations and fitting the data to the
Michaelis-Menten equation. The poor solubility of
substrate prevented the use of concentrations higher
than 60 WM.

Results and discussion
Wild type F subtype protease ( Fwt)

The measurements of catalytic efficiencies with subtype
Bwr were performed as a reference and are in good
agreement with the published data [21,24,25]. The Fuwr
catalytic efficiency (k../Km), when compared to Buwr,
demonstrated an increase of about 3 times, mainly
caused by a 5-fold decrease in Ky, besides a slightly
decrease of 1.7-fold in k,; (Table I). Moreover, there
was an increase of at least an order of magnitude in K;
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Figure 2. Chemical structures of the six FDA-approved HIV PR inhibitors used in present study. Schematic representations of APV,
amprenavir; IDV, indinavir; LPV, lopinavir; NFV, nelfinavir; RTV, ritonavir; SQV, saquinavir; PPT, acetyl-pepstatin and TL-3 are given.

(Table II) for all the tested PIs (Figure 2), with a highest
increase of 301-fold for nelfinavir.

affect both the Ky and the K; values, even though
none of those mutations are located in the binding site

These results reveal that the subtype-specific amino
acid polymorphisms for Fwr are able to significantly

or in the flaps (Figure 16). In all cases, an increase in
the K; values, accompanied by decrease in the Ky
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Inhibition curves of (@) Bwt, (b) Bmut, (¢) Fwtand (d) Fmut HIV PRs by amprenavir. I’/17, values have been obtained as described

in Materials and Methods. Solid curve represents the fit of Equation (1) to the experimental data. The differences in the concentration ranges
of amprenavir used for inhibition of subtype B and subtype F HIV PRs and their drug-resistant mutants should be noted.

values, is observed (Tables I & II). This opposite effect
on K; and K,; has been previously described for
inhibitor resistant mutants of the B subtype
[11,26,27]. Notably, this effect occurs even for
mutations that do not change the chemical nature or
polarity of the binding site but are known to change its
geometry [11].

The Fwr carries twelve naturally occurring poly-
morphic mutations (Figure 1). The increased values
observed for the Fwr K; are characteristic of subtype B
proteases harboring primary mutations. It is known
that the non-B subtypes HIV PR do not usually
develop the primary mutation .O0OM, while the L89M
substitution is very frequent among the non-B

subtypes isolates [28,18]. In addition, the double
mutation L8IM/LLOOM is very rare in all subtypes of
HIV PRs. Our previous crystallographic studies of Fuwz,
Bwt and Bmur proteases [29] revealed that the L8OM
imposes the same structural effects observed for the
L.90M mutation. The later is associated with resistance
against all therapeutically used PIs, explaining its
pronounced effect in K;.

We also calculated the biochemical fitness, or
vitality [30], for Fwt, Bmur and Fmut using Bwr as
comparison (Table III). Fwr vitality is particularly high
for nelfinavir (Figure 4), an inhibitor for which L90M
mutation is considered primary. The mutation to a
bulkier side chain displaces this residue (at position 89

Table I. Catalytic efficiency for all four studied HIV-1 proteases.
Subtype Keae (57 1) Kum (kM) Kead/Kpp (571 pM™h)
Wild type B 8.6 0.4 61.2 =12 0.14 = 0.02
F 5.0 £0.2 123+ 3 0.41 = 0.03
Mutant B 2.7*+0.2 154+ 4 0.18 = 0.05
F 0.72 = 0.03 247+ 3 0.029 * 0.007
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Table II. Inhibition constants (K;) for studied HIV-1 proteases.

Inhibitor K; (nM) subtype B, K; (nM) subtype F,, K; (nM) subtype B, K; (nM) subtype F,..
APV 0.16 £ 0.05 4.86 £ 0.47 6.14 = 0.59 1422 = 271

IDV 0.96 = 0.23 106.27 * 26.05 303.96 * 59.58 3726 = 920

LPV 0.48 £ 0.27 1.14 = 0.15 11.81 = 1.51 296 = 59

NFV 1.05 = 0.23 315.81 * 29.53 124.05 = 15.78 1313 = 286
RTV 0.18 = 0.06 32.94 + 4.55 82.86 = 12.66 1954 * 334
SQV 0.52 = 0.22 7.28 = 2.55 102.45 * 23.61 177 = 57

TL3 3.26 = 0.88 23.81 * 8.48 135.45 + 37.74 180 + 29

PPT 28.55 = 4.20 59.61 = 8.44 116.51 = 13.50 2709 = 1078

or 90) toward the active site loop, which slightly
compresses the substrate/inhibitor binding cavity,
leading to a reduction in both volume and flexibility
of the active site. At the thermodynamic level, the
origin of the differential effect appears to be related to
the difficulties of conformationally constrained inhibi-
tors to adapt to distortions in the geometry of the
binding site [31,32]. Another polymorphic mutation,
M361, is commonly seen in response to nelfinavir and
ritonavir therapy and is considered a secondary
mutation for subtype B proteases [33]. Structurally,
this mutation causes a hardening of the flap hinges
[29], which could be the cause of the slightly lower
value of k., (Table I). Most of the other polymorphic
mutations do not cause detectable structural dis-
crepancies and are away from the active site. Their
effect on the K; values, if any, must reside at the
dynamic level. The polymorphisms directly reflect in
the vitality values (Figure 4) obtained for Fuwr
protease. The highest vitalities were observed as a
response to nelfinavir, ritonavir and indinavir,
respectively. Moreover, Fwr enzyme is about 3 times
more catalytically efficient than Bwr. These results
demonstrate that the accumulation of PIs secondary
resistant mutations in Fwz, due to natural polymorph-
ism, yields a catalytically more active protease with a
large degree of cross-resistance, which thus results in
strong virus viability.

Mutant B subrype protease ( Bmut )

The B subtype mutant protease, Bmut, carries eight
mutations with respect to Bwr (Figure 15). Its catalytic
efficiency is very close to that of Bwr due to a 3-fold

Table III.  Vitality values for subtype B and F HIV proteases.

Inhibitor Fut Bmut Fmut

APV 88.95 49.33 1840.98
IDV 324.18 407.08 803.97
LPV 6.95 31.63 127.73
NFV 880.83 151.89 259.02
RTV 535.92 591.85 2248.65
SQV 41 253.31 70.50
TL3 21.38 53.42 11.43
PPT 6.11 5.24 19.65

simultaneous decrease in both k.,; and Ky, indicative
of a highly viable virus. The primary mutations V82A
and L90M, most probably selected by the long term
administration of ritonavir and nelfinavir to the
patient, are commonly observed in response to all
therapeutically used PIs [8]. The mutation V82A
reshapes the S1/S1’ binding pocket, causing a collapse
of the crevice formed between the flap and the
loop containing the residue Pro81. This reshaping
forces the inhibitor to change its conformation,
especially the ones with phenyl groups in both P1
and P1’ [11,29], leading to a loss of interactions with
the binding pocket. This effect is particularly
pronounced with TL-3 (Figure 2), with an increase
of two orders of magnitude in K; when compared to
Bwt, and one order of magnitude to Fwt (Table II). It
has been proposed that a bulkier group in P1 could
lead to an inhibitor less susceptible to V82A mutation
[11]. That is verified for nelfinavir (Figure 2) which
contains a bicyclical group in that position and shows
an increase in K; which is about 3 times lower than the
increase observed for Fwrz, which does not contain
V82A. The contrary effect is seen with saquinavir,
which contains a small amide group in P1 (Figure 2),
which reflects in pronounced differences between the

2300

2200 ] Fwt
[ Bmut
2100
B Fmut
2000 -
1900 |
Z = =
£ 800
=
600 |
400 A
200 A

APV 1DV LPV NFV RTV SQV TL3 PPT

Figure 4. HIV PRs vitality bar plot for all eight protease inhibitors
studied for Fwt, Bmutr and Fmut proteases (Bwt as reference). The
highest vitality values are observed for Fmut in response to
amprenavir, ritonavir and indinavir; and for Fwr in the presence of
nelfinavir and ritonavir.
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vitalities of Bmut and Fwr (Figure 4). The secondary
mutation 154V was probably selected due to ritonavir
administration [33]. Since no significant structural
differences caused by this mutation could be detected
[29], its presumably affects inhibitor binding dyna-
mically by altering the flexibility of the flaps [34].
Additional secondary mutations are L63P and A71V,
associated with resistance to therapy with indinavir,
nelfinavir, lopinavir and ritonavir.

Mutant F subtype protease ( Fmut)

Out of the clinically identified enzymes studied here,
the Fmut is the one that carries the largest number of
mutations, both polymorphic and selected by treat-
ment (Figure 15). It showed a decrease of about 5
times in catalytic efficiency because of a 12-fold
decrease in kg, and a 2.5-fold decrease in Ky
(Table I). Among the mutations encountered in Frut,
V82A is the primary mutation generated by treatment,
while LO0OM does not arise due to the presence of the
polymorphic L89M. The structural effects of
V82A/L89M mutations in the structure of Fmut are
the same observed for Bmur [29]. It also contains the
important secondary mutation M46I, arising in
response to almost all approved inhibitors, except for
saquinavir [33]. Additionally, 154V is commonly
detected in response to amprenavir, indinavir,
lopinavir, nelfinavir and saquinavir therapy, L10I to
indinavir, lopinavir and nelfinavir and K20R to
lopinavir and nelfinavir [8]. The accumulation of
these mutations yields a highly cross-resistant enzyme,
which has the highest decrease in susceptibility to all
the tested inhibitors (Table II), as indicated by the
high values of its inhibition constants and vitality
(Table III and Figure 4). On the other hand, Fmur
displays the lowest catalytic efficiency against the
substrate used in the experimental procedures. This
loss of efficiency, which still renders a viable virus,
could be explained by a concomitant mutation in the
natural substrate of the protease, reestablishing the
activity of the mutant protease.

Implications to HIV/AIDS treatment

Our experimental results reveal that all the six
commercially available PIs evaluated are significantly
less effective against subtype F HIV-PR than against
HIV-PR of subtype B. Furthermore, Fzwrt is also much
less susceptible to PI inhibition as compared to
available data for subtypes A and C HIV-PRs [24]. A
long term study may be necessary to evaluate the
susceptibility of each variant to the inhibitors studied.
Nevertheless, our biochemical data can serve as an
indication for the treatment of individuals infected
with subtype F protease. To this end, nelfinavir
presents the worst vitality for Fwr and should be
avoided in the treatment. In the other hand, lopinavir,

followed by saquinavir, sustain only minor effects from
the polymorphisms present in Fwz, and the mutations
of Fmut, and should probably be elected as the first
choice therapies for subtype F infected individuals.
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