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ABSTRACT. Protease inhibitor resistance still poses one of the greatest challenges in treating HIV. To
better design inhibitors able to target resistant proteases, a deeper understanding is needed of the effects
of accumulating mutations and the contributions of active- and nonactive-site mutations to the resistance.
We have engineered a series of variants containing the nonactive-site mutations M461 and 154V and the
active-site mutation 184V. These mutations were added to a protease clone (V6) isolated from a pediatric
patient on ritonavir therapy. This variant possessed the ritonavir-resistance-associated mutations in the
active-site (V32I and V82A) and nonactive-site mutations (K20R, L33F, M36l, L63P, A71V, and L90M).
The 184V mutation had the greatest effect on decreasing catalytic efficiency, 10-fold when compared to
the pretherapy clone LAI. The decrease in catalytic efficiency was partially recovered by the addition of
mutations M461 and 154V. The M461 and 154V were just as effective at decreasing inhibitor binding as
the 184V mutation when compared to V6 and LAI. The%/& variant showed over 1000-fold decrease

in inhibitor-binding strength to ritonavir, indinavir, and nelfinavir when compared to LAl and V6. Crystal-
structure analysis of the V88 variant bound to ritonavir and indinavir shows structural changes in the
80’s loops and active site, which lead to an enlarged binding cavity when compared to pretherapy structures
in the Protein Data Bank. Structural changes are also seen in the 10’s and 30’s loops, which suggest
possible changes in the dynamics of flap opening and closing.

The development of resistance to protease inhibitors (PI)
during treatment of infection by the Human Immunodefi-
ciency Virus (HIV) still poses one of the greatest challenges
in the struggle to limit the virus replicative capacity. After
initiation of therapy with single or multiple protease inhibi-
tors, resistance mutations in the protease can appear within
weeks. Under a constant drug selection pressure, resistant
mutations continue to accumulate. It is clear that there is a
correlation between the number of resistance mutations and
the level of resistance and cross resistance to multiple
protease inhibitors. It is of great interest to understand the
level of contributions made by active- and nonactive-site ~
mutations to the development of a high level of resistance l .
(1—6). The HIV protease is a symmetric dimer composed tion region
of two 99-residue polypeptides (Figure 1). The dimerization Figure 1: HIV-1 protease homodimer consists of two chains, A
region comprises the floor of the active site, which includes (white) and B (green). Residue changes in the V6 variant are marked
two catalytic aspartic acids (Asp25), one provided by each by orange spheres. Mutations engineered onto the V6 variant
polypeptide. Unlike the human aspartic proteases that havePackground are shown in blue. The catalytic aspartic acids from
one flap, two flaps completely cap the active site of the HIV each chain (D25 and D2b5and the inhibitor indinavir are shown

' O as red stick models in the active site. This figure was created using
protease. A more detailed description of HIV-1 protease the v&484_indinavir structure.

5 IIATSiSar\:\:jOI;\I/I( pas iﬂ%p%f?dc%gﬁ"z%' Grant AI28571 awarded 1o strycture, inhibitor binding, and resistance can be found in
'*.Tolwhom éorlre'spondence should bé addressed. Phone: (352) 392 EVIEWS by Wlodawer and Gustchina, Tomasselli and Hei-

3367. Fax: (352) 846-0412. E-mail: clemente@ufl.edu. nrikson, and Dunn7-9).
* Department of Biochemistry and Molecular Biology. In this study, we analyze the effect of adding the

§ Department of Pathology, Immunology, and Laboratory Medicine. el ; Vaoai
! Abbreviations: IPTG,  isopropylthio-galactopyranoside: dTT, nonactive-site mutations M461 and 154V and the active-site

dithiothreitol; Nph,p-NOx-L-phenylalanine; nL,-norLeucine; protease mutation 184V to a pOSt‘ritonaYir therapy prptease varignt
inhibitor, PI. (V6) already containing Pl-resistance-associated mutations

10.1021/bi049459m CCC: $27.50 © 2004 American Chemical Society
Published on Web 08/31/2004



12142 Biochemistry, Vol. 43, No. 38, 2004

Table 1: Variants and Residue Chartges

variants mutations
LAI

1HXW S37N

1HSG

V6 K20R V32l L33F M36I1 L63P A71VV82A L90OM
V646

V654 V6 + 154V

V684 V6 + 184V

\/646/84 V6 + M46l 184V

V65484 V6 + 154V 184V

/646154184 V6 + M461 154V 184V

a Mutations found in the active site are in bold font.

at residues 20, 32, 33, 36, 63, 71, 82, and 90 (Figure 1 and
Table 1). Mutated residues in variant V6 compared to LAl
(wild type) are shown in Table 1. Molla et al. showed that
mutations in the protease gene during ritonavir therapy
occurred in an ordered fashiod(). Mutation V82A was
associated with the initial loss of antiviral activity. Subse-
quently, the following mutations were observed most fre-
quently: 154V, A71V, and M36I. Later, proteases containing
mutations 184V, K20R, M46l, L33F, and L90M appeared.
The mutation 184V has been seen in patients receiving
ritonavir, indinavir, amprenavir, and saquinavir therapy and
tends to develop in combination with L90M to provided a
high level of clinical resistancd {, 12). Mutations at position
54, 154L/T/M, and most frequently 154V, have been reported
in response to ritonavir, indinavir, amprenavir, saquinavir,
and lopinavir (0, 13, 14). The mutation M46l has been
observed in response to therapy with ritonavir, amprenavir,
indinavir, and nelfinavir 10, 13, 14).

This study analyzed the effect of accumulating two
commonly observed nonactive-site mutations (M461 and
I154V) on inhibitor binding and substrate catalysis. It also
aimed to study the effect of adding the active-site mutation
184V to address the level of biochemical resistance, cross
resistance, and individual contribution to resistance between
active- and nonactive-site mutations. Finally, we addressed
the structural changes in the most resistant protease b
determining its crystal structure in complex with ritonavir
and indinavir. These experiments showed the level of
resistance and cross resistance incurred by a large numb
of mutations commonly seen in response to ritonavir therapy.

EXPERIMENTAL PROCEDURES

Mutagenesis and Expression of Proteage complete
description of the cloning, expression, and purification
procedures can be found in Ido et al. and Goodenow et al.
(15, 16). In brief, the HIV-1 PR DNA for all of the HIV
LAI variants was subcloned into the pET23a expression
vector (Novagen)X7). The construct was transformed into
the Escherichia colistrain BL21 Star DE3 PlysS from
Invitrogen. All other constructs were subcloned into the
pET11a vector (Novagen) and transformed into Ehecoli
strain JM109 DE3. The introduction of all mutations onto
the V6 background was done using the QuikChange Mu-
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of H,O, and then 1 mL of 0.1 M Cagl2 mL of 1.0 M
MgSQ,, 10 mL of 20% glucose, and 50y/L of ampicillin
were added). After 3 h, cells were harvested by centrifugation
at 1600@ for 5 min and resuspended in TN buffer (0.05 M
Tris, 0.15 M NaCl, and 0.001 M Mgght pH 7.4). Inclusion
bodies containing the protease were isolated by centrifugation
through a 27% sucrose cushion. The inclusion bodies were
solubilized h 8 M urea, and the protease was refolded by
dialysis against 0.05 M sodium phosphate buffer (0.05 M
NaHPQO,, 0.005 M EDTA, 0.3 M NaCl, and 0.001 M dTT

at pH 7.3) The protease was purified through ammonium
sulfate precipitation and gel-filtration chromatography using
a Superdex 75 16/60 column from Amersham Pharmacia,
attached to an FPLC LCC 500 Plus, also from Amersham
Pharmacia. The protease was eluted using potassium phos-
phate buffer (50 mM KHPQ,, 2 mM EDTA, 150 mM NacCl,

2 mM dTT, 5% glycerol, and 5% 2-propanol at pH 7.3).

Protease Actiity and Inhibitor ConstantsThe Michaelis-
Menten constant&.., Km, andk./Kn andK; values were
determined for each variant as previously descrili&jl The
chromogenic substrate K-A-R-V-L*Nph-E-A-nL-G, which
mimics the CA-p2 cleavage site, was used to determine the
catalytic activity of each variant at 3T in sodium acetate
buffer (0.05 M NaOAc, 0.15 M NacCl, 0.002 M EDTA, and
0.001 M dTT at pH 4.7)K; values for all inhibitors were
determined under the same conditions. Cleavage of the
substrate was monitored using a Hewtd®ackard 8452A
spectrophotometer equipped with a 7-cell sample handling
system as described by Dunn et al9) The inhibition
constantK; were determined by monitoring the inhibition
of hydrolysis of the chromogenic substrate as described by
Bhatt et al. 20).

Crystallization of Proteir-Inhibitor Complexesnhibitors
were dissolved in 100% DMSO and mixed with the protein
in a molar ratio of 10:1. The enzyme concentration used was
3 mg/mL in 50 mM sodium acetate at pH 4.7. The final
concentration of DMSO was 10%. The inhibiteurotein
mixture was combined with the reservoir solution in a 1:1
(v/v) ratio to set up hanging drops of AL at room

ytempera’ture. The reservoir solution contained 1.5 M am-

monium sulfate and 20 mM sodium acetate at pH 6.0 and
4.5 for the ritonavir and indinavir complexes, respectively.

ef—C{od—shaped crystals appeared overnight and grew to full size

in a week.

Data Collection, Structure Determination, and Refinement.
X-ray diffraction images for the ritonavir and indinavir
complexes were collected at room temperature and’KQO
respectively, using an R-AXIS ¥+ image plate system
with Osmic mirrors and a Riguku HU-H3R Cu rotating anode
operating at 50 kV and 100 mA. Each data set was collected
from a single crystal. The indinavir complex crystal was
dipped in a cryoprotectant solution (30% glycerol in reservoir
solution) prior to data collection. The data were indexed,
scaled, and reduced using DENZO and SCALEPARK).(
Both complexes were crystallized in the hexagdt@lspace
group.

Initial phases were calculated by the molecular replacement

tagenesis Kit from Stratagene. Protease expression wasnethod, employing the coordinates of the HIV-1 protease

initiated when Oy reached 0.6 by addition of 1 mM IPTG
to a culture grown at 37C in M9 media (6.8 g of Na
HPQO,, 3 g of KH,PO,, 0.5 g of NaC] 1 g of NH,SO;, and

5 g of Casamino Acids were autoclaved together in 987 mL

ritonavir structure (PDB entry 1HXW) as a search model

after removing the inhibitor and water molecules. Standard
methods of structure refinement were then employed using
programs in CNS Suite2@). Difference electron density
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Table 2: X-ray Crystallography Data Collection Statistics Table 3: Michalis-Menten Constants
ritonavir indinavir variants Km (uM) Keat (s€CY) KealKm (uM~1 sec?)
wavelength (&) 1.5418 1.5418 LAI 18 +2 21+2 1.2+0.2
resolution range (A) 202.5 20-1.9 V6 47+5(3) 27+ 2(0.8) 0.58+ 0.07 (1)
space group P6, P6, V646 27+ 4 (2) 12+1(2) 0.43+ 0.07 (3)
unit-cell parameters a, ¢ (A) 62.1,84.7 61.6,84.1 V654 49+ 7 (3) 17+£1(1) 0.344+ 0.06 (4)
number of reflections 87 389 148 116 Ve84 40+ 5 (2) 4.3+ 0.6 (5) 0.11+ 0.02 (10)
number of unique reflections 6434 13795 \/G46/84 43+ 4(2) 9.9+ 0.9 (2) 0.23+ 0.03 (5)
overall completeness (%) 97.8 (89.9) 96.6 (80.6) V65484 48+ 8(3) 7.1+ 0.9 (3) 0.15+ 0.02 (8)
averagd/s 47 5 V6465484 334 4(2) 6.8+ 0.9 (3) 0.21+ 0.02 (5)
a (0,
g%"é %O) fs"él(fl'l) 15é6H(§4'6) aFold change from LAI are in parenthesis.
Refinement statistics
b . . .
Ruor’ (%) 21.1(26.2) 21.9(27.3) V684 variants all experienced a decreasédfqK,, of 2-, 2-,
Riree” (%) 27.5(36.2) 26.3 (31.1) .
rmsd bond length (A) 0.01 0.01 3-, and 10-fold, respectively, when compared to LAI (Table
rmsd bond angles (deg) 1.3 15 2). Variants V684 \V6>¥84 and VB%°484showed a decrease
averageB factor (A?) 24.28 2241 in keaf Km Of 5-, 8-, and 6-fold, respectively, when compared
main/side chains 22.29/25.57 20.11/23.72 to LAI
inhibitor atoms 34.52 30.34 L .
water molecules 27.64 27.75 Dissociation ConstantsThe K; values for the wild-type
Ramachandran plot quality enzyme with all of the inhibitors tested were subnanomolar
most favored (%) . 93.5 93.6 to low nanomolar in agreement with other studies (Table 4)
additionally allowed (%) 5.8 6.4 (5, 27—29). The V6 variant showed a large decrease in
generally allowed (%) 0.6 0 L . . . L.
disallowed (%) 0 0 susceptibility to ritonavir. This was not surprising because

R 31 (KD LKDII(K) x 100 wheral(hk) is the this variant was isolated from a pediatric patient on ritonavir
& Rsym = =i i X wherel; IS i 6
ith ob.z;ervatiml of the intensity of a reflection with indidesk, and| ther.apy.' A 43_.an.d 22._f0|d mcre.ase o was also S.een for
and ((hk)Ois the average intensity of all symmetry equivalent nelfinavir and indinavir, res_pectlve_ly. The V6 var_|ant only
measurements of that reflectio®Ryok = 3 hk(For{hKl) — FeadhkI))/ offered a small level of biochemical cross resistance to
Foodhkl) x 100, whereFo{hkl) and Fcadhkl) are the observed and ~ AG1776, when compared to indinavir, nefinavir, and ritonavir,
calculated structure factor amplitudes, respectiveBr. was calculated even though V6 contains various mutations commonly seen
using 5% of data excluded during the refinement process. In parenthesis. . S Lo
- . - in response to multiple inhibitors, specifically the key
the highest It hell.
7o gnes” Tesomon e mutations V82A and L9OM0—13, 30—33).
) o The addition of mutation M46l, which is seen in response
maps with coefficients, — Fc andFo, — Fcwere used 10 1 gach inhibitor tested, decreased the potency of all of the
guide manual fitting of the models in the molecular graphics jnhipitors, with indinavir showing the lowest potency with
program O7 £3). Ammo acid differences were observed in 5 §30-fold increase in thK; value followed by nelfinavir
the eleg:tron density (?Sampared to IHXW) and were replaced (96-fold), ritonavir (90-fold), and AG1776 (23-fold). It
according to the V&®* sequence. Water molecules were ghoyid be noted that AG1776 still bound with a subnano-
added into the model using a density setat @ the final  |5r dissociation constant. The addition of mutation 154V
stage of the refinement, the inhibitors were modeled into 1 \/g had the greatest effect on the binding of ritonavir and
the active site. During model building and refinement, 5% ndinavir with a 155- and 127-fold decrease in affinity
of the data was reserved for cross validation to monitor the respectively. The V& variant showed a lesser effect on
refinement progress. Details of the data collection and pgftinavir and AG1776 with an 18- and 8-fold increase in
refinement statistics are shown in Table 2. The atomic he K, value respectively. Variant \#6 showed a greater
coordinates have been deposited in the Protein Data Bankiyecrease in inhibitor susceptibility (235-fold) to ritonavir than
1SGU and 1SH9 for indinavir and ritonavir structures, giq ve4 and V& To our surprise, the addition of mutation
respectively. . 184V decreased the binding affinity of indinavir to a lesser
Figures -4 and 6-8 were generated using the PYMOL  gytent than M461 and 154V, 540- and 34-fold less, respec-
Molecular Graphics Systen?4). The separated surfaces jyely, and the affinity of nelfinavir was 96-fold less than

were generated using the Molcad module in Sybyl @3 (' that of the mutation M461. Of the single mutations added to
26). The separated surfaces were calculated between the vakyg |84y showed the greatest effect on the binding of

der Waals surfaces of all atoms and are defined by a set ofpo1776 with a 25-fold increase in thg value.
points halfway between the shortest distance separating the  The double mutant V&84 further decreased the binding
inhibitor and the enzyme. Grid width was set to 0.4 A, and of ritonavir when compared to V6, V& V654, and V&* from
virtual sphere radius was set to 4.0 A. Structural alignments 250- to 450-fold. Although this \}ariant sk’mwed a decrease
of backbone atoms were done using the Biopolymer module i, sy sceptibility to indinavir when compared to V6 (20-fold),
in Sybyl 6.9. a greater decrease was seen for variant$ {830-fold) and
RESULTS V54 (130-fold). Addition of mutations M461 and 184V to V6
lessened the affinity of nelfinavir by 19-fold when compared
Kinetic AnalysisThe Ky, keay andkeo/Kny, parameters were  to that of LAl but was less than what was seen with the
determined for LAI, a pretherapy isolated protease (wild single mutants. Variant /684 also showed a large decrease
type), and seven variants, V6, ¥6 V6>, V634, V66/84 in susceptibility to AG1776 (104-fold) when compared to
V6°484 and V@484 using a synthetic substrate that mimics any of the variants discussed thus far. Although a large fold
the CA-p2 site of Gag (Table 3). The V6, ¥6V6°>4 and decrease in inhibitor susceptibility was seen with previously
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Table 4: Dissociation Constant&;J?

Inhibitor K; (nM)

Variants Ritonavir Indinavir Nelfinavir AG1776
SCAARSRORSS] e Q%g (5*%% ﬁj*(ﬁﬁiﬁ
LAI 0.7+0.1 3.1+0.1 12+0.2 0.021 + 0.004

V6 30 + 2 (42) 69 + 8 (22) 17 + 3 (14) 0.04 + 0.01 (2)

ve*® | 65+ 8 (92) 1963 + 242 (632) 116 + 14 (96) 0.5+ 0.1 (23)

ve® [109 + 9 (155) 398 + 77 (127) 23 +2 (18) 0.19 + 0.05 (8)
ve® |165+ 26 (235) | 289 + 28 (93) 24 + 3 (19) 0.55 + 0.02 (25)
V64984 345 + 40 (492) 62 + 5 (19) 52 + 2 (42) 2.2+ 0.3 (104)
Vve6°¥®* 1932 + 83 (1330)| 4235 + 506 (1359) | 1259 + 117 (1048) 9.4 + 0.3 (447)
Ve84 624 + 76 (890) | 2914 + 463 (939) | 563 + 65 (468) 5.6 + 0.2 (266)

aFold change from LAl are in parenthesis.

A.

discussed variants, this is the first variant to shoiy galue
above subnanomolar for AG1776. Variant %8 exhibits

the least susceptibility to inhibition by all of the inhibitors
tested compared to that of LAl Ritonavir, indinavir, and
nelfinavir all experience a greater than 1000-fold decrease
in inhibition strength compared to that of LAl and V6.
Inhibitor AG1776 showed a 450-fold decrease in inhibition
strength compared to that of both LAI and V6. The triple
mutant V@%>484 also showed a large decrease in inhibitor
susceptibility to all of the inhibitors tested. This variant
experienced an 890-, 939-, 468-, and 266-fold decrease in
the K; value to ritonavir, indinavir, nelfinavir, and AG1776,
respectively.

Structural Analysis To further understand the large :
increase inK; values caused by the mutations analyzed in EWD &
this study, we crystallized the variant 64 which showed ,;}" Ko,
the greatest decrease in inhibitor-binding strength to all ) ;Z’ ety S
inhibitors tested, in complex with ritonavir and indinavir, VB2A) T yeaa) VB2(A) " ygaa)
and solved the structures at 2.5 A and 1.9 A resolution, . _ _ o
respectively (Figure 2). The structural overlaps of the wild- er%JF(eé)zi'n;;ez;\?icr)\i/;emgfa%:[fi;e':scig%?L%?iggpgzgf;{g\s?iéﬁzng\i/:{
type ritonavir (PDB 1HXW) and indinavir (PDB 1HSQ)  chain B of the ritonavir complex is shown occupying two
complexes and V84 in complex with ritonavir and indi-  conformations. Residues 82 and 84 in chain A and B are shown
navir are shown in Figure 3. Sequence differences betweenfor both structures. Electron density is drawn to thelével.

the wild-type structure proteases and LAl are shown in Table
1. The V&*84variant contains three mutations in the active

site, V32l, V82A, and 184V, and occupies the S2/E32)
atoms of V&“3—indinavir and the wild-type protease and S1/S1(82 and 84) pockets. These pockets interact with

indinavir structure shows large structural changes in the 10's € core of the inhibitor. The interaction of indinavir with
(residues 1420), 30's (residues 3040), 60’s (residues 63 the active-site residues of poth the wild-type and5%
73), and 80's (residue 785) loops (Figure 3A). The ~€nzyme was compared using LIGPLO%7]. Shown in
average distances between equivalemta®ms over the 99 ~ Figure 4 are the hydrophobic interactions with residues 32,
residues in chains A and B of the two structures are 0.57 82, and 84 and all hydrogen bonds between the inhibitor
and 0.56 A, respectively. The average §eparation between and the enzyme. Indinavir makes no hydrophobic contact
the two structures and the residue number at peak distancévith residues lle32(A), Ala82(A), and Val84(A) and (B) in
for the loops listed above are shown in Table 5. Although the VE&*84 structure. There are two hydrophobic points of
the loops in both chains of the homodimer show an increasecontact made between lle32(B) and the aminoindanol in the
in the separation of equivalentoCatoms, the magnitude is P2 position of indinavir. Three hydrophobic points of contact
asymmetric. This is most likely an effect from the asym- are made between A82(B) and the'Rshenyl ring of
metric inhibitor bound in the active site. indinavir. When compared to the wild-type structure, this

wﬁ‘lto.l\'_l.a_\’il'?:\ :
L O

poos
5

. AR
P Wy e

V6*¥84-Indinavir Structure Structural alignment of &€
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Table 5: QG Distances for the 10’s, 30’s, 60's, and 80's Loops
between the V884 and Wild-Type Structures

V654/84—Indinavir and 1HSG

loop? Ca. (R)P peak distance
Chain A
10 (14-20) 0.8 1.4 (18)
30 (30-40) 0.3 1.9 (35)
60 (63-73) 0 0.4 (71)
80 (78-85) 0 0.3 (80)
' Chain B
25, 10 (14-20) 0.3 0.7 (19)
30 (30-40) 0.5 2.0 (35)
2 60 (63-73) 0.3 0.9 (71)
80 (78-85) 0.1 0.7 (81)
g e V65484-Rritonavir and IHXW
g ! Chain A
8 s b A 10 (14-20) 0.1 0.6 (18)
' 30 (30-40) 0.1 0.8 (36)
N 60 (63-73) 0.3 1.0 (71)
80 (78-85) 0 0.4 (80)
-0‘5-1 5 9132125293337 4145495357 6165697377 8185 és 93 97 Chain B
Residue Number 10 (14-20) 0.5 1.2 (17 and 18)
30 (30-40) 0.4 1.7 (35)
60 (63-73) 0.1 0.5 (69 and 70)
80 (78-85) 0.1 1.0 (81)

aLoops in chain A and B. In paranthesis are the residue numbers,
which makeup that lood.Average @ distance for each loop.
¢ Maximum Gu distance for each loop and residue number.

the separated surface of interaction. The increase in the
volume and area can be mapped to the S2, and SZsites.

V6°¥84—Ritonavir Structure. The VE&*84—ritonavir struc-
ture also shows structural changes in the 10’s, 30's, 60’s,
and 80’s loops when compared to the wild-type complex of
ritonavir (Figure 3B). The average distances between equiva-
lent Co. atoms and the residue number at peak distance for
the loops listed above are shown in Table 5. The average
Co. separations between the two structures over the 99
residues in chains A and B are 0.64 and 0.52 A, respectively.
As with the indinavir structure, there is an asymmetry in
the Qo distance variations in each loop between the two
chains. Again, this is most likely an effect of the asymmetric
. inhibitor bound in the active site.

1 os “”’m;:;:*u:“::l:bf""“ 737781858983 87 The interactions of ritogfvir with the active-site resid_ues
FiGure 3. Ribbon representation of acCoverlap of (A) 1HSG ﬁlzégﬁbaT”dSﬁA’ of t.heF\.Ry ezzymﬁ "(‘j’erehcot;np."’“fd “f.'”g
(white) and V6&*84—indinavir (beige) and (B) 1HXW (white) and - =>Nown In Figure 4 areé hydrophobic Interactions
V65484_ritonavir (beige) structures. The 10's, 30’s, 60’s, and 80's and all hydrogen bonds between the inhibitor and the
loops are colored blue, aqua, red, and green, respectively, in theenzyme. Ritonavir in the VB84 variant makes no hydro-
mutant structures. Below each structure is a bar-graph representatiolhhobic contacts with residues Alag82(A) and (B) and Val84-
of the G distances between the wild-type structure and*96 (A) and (B). Two hydrophobic points of contact are made
for chain A (blue) and chain B (red). These graphs were created . . .
by subtracting the averagesGseparation for each chain from the Petween the 1le32(A) residue and the Val side chain of
Ca distance of each residue in the corresponding chain. ritonavir in the S2 pocket. One hydrophobic point of contact

is made between the 1le32(B) residue and the methoxycar-
equates to a loss of four hydrophobic points of contact bonyl group of ritonavir occupying the Spocket. When
encompassing residues 32(A), 82(A), and 84(B). Indinavir compared to the wild-type structure, there is a total loss of
establishes four direct and four water-mediated hydrogen six hydrophobic points of contact with residues 82(A) and
bonds with active-site residues. When compared to the wild- (B) and 84(A). Ritonavir establishes four direct and one
type structure, one direct and one water-mediated hydrogenwater-mediated hydrogen bond with active-site residues.
bond are lost. Generation of a separated surface showed &Vhen compared to the IHXW structure, two direct and one
volume of 1266 & and an area of 1001 %of interaction water-mediated hydrogen bond are lost. Generation of a
between the enzyme and inhibitor (Figure 5A). When separated surface showed a volume of 134hid an area
compared to the wild-type structure there is an increase inof 985 A2 of interaction between the enzyme and inhibitor
the volume and area of 230%And 131 &, respectively, in (Figure 5B). When compared to the wild-type structure, there

Co Distance
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Ficure 4: LIGPLOT representation of hydrophobic interactions between the inhibitors and residues 32, 82, and 84 and hydrogen-bonding

interactions in the wild-type (left) and V884 (right) protease.

L
Volume (A%) Area (A?)
1HSG 1036 870
V6*#4.Ind 1266 1001
1HXW 1107 844
V6¥*.Rit 1341 985

Ficure 5: (A) Separated surface overlap of 6% in complex

the flaps (M461 and 154V) and active site (184V) to assess
the effect of accumulating nonactive- and active-site muta-
tions. We analyzed the catalytic efficiency of all variants
using a chromogenic substrate that mimics the CA-p2
cleavage site of Gag-Pol. Processing at this site has been
shown to be a key regulatory event in the ordered cleavage
of Gag-Pol generating mature infectious virusad, (35).

The V6 variant when compared to LAl shows a 50%
decrease in catalytic efficienci{/Kn) mainly because of

a 3-fold increase i, Chen et al. reported a mutant protease
carrying mutations M461/L63P, which was catalytically more
efficient than wild-type enzyme, while a variant carrying
mutations V82T/I184V had very poor catalytic activityg).

This would suggest that mutations at positions 46 and 63
should compensate for a decrease in catalytic efficiency

with indinavir (blue) and 1HSG (white). An increase in the separated because of mutations at positions 82 and 84. The variants

surface area and volume can be seen for the P1, P2, aigudeps.

(B) Separated surface overlap of ¥64in complex with ritonavir
(blue) and 1HXW (white). An increase in the separated surface

area and volume can be seen for all side groups except P1.

is an increase in the volume and area of 234Ad 114 A&,

we analyzed in this study contain, in addition to M461 and
L63P, M361 and A71V mutations also thought to compensate
for catalytically deleterious mutation87, 38). The active-
site mutation 184V was the only single mutation when added
to V6 that caused a significant decreasé K, (10-fold).

respectively, in the separated surface of interaction. The 1he addition of mutations M46l and 154V to V6 also
increase in the volume and area can be mapped to the S1 decreased the catalytic efficiency of the protease when

S2, S2, and S3 sites.

DISCUSSION

compared to V6 by 2- and 3-fold, respectively. Addition of
mutations M461 and/or 154V to the 6 variant improved
catalytic activity when compared to that of §ay up to
5-fold for variant V@584 Pazhanisamy et al. showed that a

The initial resistant variant on which we based our study, protease carrying M46l was catalytically less efficient than
V6, was isolated from a pediatric patient while on ritonavir the wild-type protease with the substrate used in this study,
therapy and contains various mutations commonly seen inbut when comparing V%4 V6°484 and V65484 it appears
response to ritonavir (Table 1). We then added mutations in that the M46l mutation provides a greater improvement in
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catalytic efficiency than the 154V substitutioB9). Surpris-
ingly, the addition of the mutations M461 and/or 154V did
not improve the catalytic efficiency of the V6 variant, which
contains the active-site mutations V32l and V82A and the
nonactive-site mutations L63P, M361, and A71V. Protease
sequences from additional viruses isolated at 28 and 40 weeks
show the presence of the M46I or 154V mutations (data not
shown). This suggests that the decrease in catalytic efficiency
offered by the M461 and 154V mutations is acceptable for
virus replication and is selected for decreasing the inhibitor
binding. Also, improvements in catalytic activity are a
product not of individual residues but of residue combina- FiGure 6: Mutations at residues 46 and 54 destabilize the flaps.
tions. The homodimer is shown as a white ribboa €ace. The flaps of
o . . chain A and B are colored magenta and blue, respectively. The 10
We analyzed the inhibition of all variants with the three and 30 loops of chain A are colored red and yellow, respectively.
clinically used inhibitors ritonavir, indinavir, and nelfinavir. ~ Residues 53, 55, 56, 79, and 47 in chain A are shown as a yellow
We also tested the inhibition of these variants by the inhibitor van gg \\//\/ng;'lss Sslijrrf]?acceé 'Eeess'? duuee§04lg ggg'gf;esgﬁ;"xna; :rfggiggtki
AG1776, which is an aIIophenylno.rslt.atlne-based leaq COM-" and a van der Waals dot surface. The red shows the movement of
pound that has shown strong inhibition of HIV-1-resistant the 30's loops and the opening of the flaps. This figure was created
variants 40). The V6 variant showed a 42-fold decrease in using PDB 1HSG.
inhibition by ritonavir. This was expected because V6 was
isolated from a patient receiving ritonavir. The V6 variant ~ Both the M46 and [54 residues are found in the flaps of
also showed cross resistance to nelfinavir and indinavir but the protease. Ohtaka et al. previously demonstrated coopera-
maintained susceptibility to AG1776. V6 contains six muta- tive interactions between M461 and 154V and the active-site
tions (K20R, V32I, M36l, L63P, A71V, and V82A) com- V82A and 184V mutations to provide for a high level of
monly seen in response to indinavir therapy, which highly cross resistance44). The M46 residue occupies a hydro-
overlap with mutations commonly seen to ritonavir. V6 phobic grove occupied by residues Lys55 and Phe53 in the
carries three mutations (M361, A71V, and V82A) commonly juxtaposed flags strand (Figure 6). The 154V mutation sits
seen in response to nelfinavir therapy. We previously in a hydrophobic pocket formed by residues Pro79, lle47,
demonstrated the cooperative effect of M361 and A71V with and Val56 in the same chain and residue 1le50 in the flap of
the active-site mutation D30ON to provide for the high level the opposite chain. It is clear that residue lle54 is involved
of resistance to nelfinavid@). The combination of mutations  in stabilizing the closed conformation of the flaps and would
in V6 does not provide for a high level of resistance to play a role in the dynamics of flap opening and closing. The
AG1776. The most frequently seen mutations in vitro in M46] mutation juxtaposed to residue 54 and interacting with
response to AG1776 include M46l, 147V, and 184V and less the residues on either side of 54 is potentially contributing
frequently, V32l and V82I41). The susceptibility of V6 to  to changes in the interactions between residue 54 and the
inhibition by AG1776 might be due to the presence of only surrounding residues previously discussed. Examination of
a single low occurring specific mutation, V32I, seen in vitro the structure (PDB 1C6Y) of a complex of an HIV-1
in response to this inhibitor. protease, containing nine mutations including M46l and

The addition of mutation M461 () had its greatest 94V, with indinavir shpws a major (_:hange in_ the position
effect on the binding of indinavir with a 630-fold increase ©Of the 80's loop of chain B but ittle difference in the closed
in K; when compared to that of LAl and 28-fold for V6. conformation of the flaps when compared to that of the wild
The V6% enzyme carries two major mutations (V82A and tyPe @5). The structure of variant V8*¢in complex with
M461) commonly seen in response to indinavir. The M46l |_nd|naV|r and ritonavir also shoyvs changes in the conforma-
mutation also decreased the binding affinity for the three tion of the 80's loops and little change in the closed
other inhibitors tested but not to the same degree. The M46| conformation of the flaps. This suggests that the effects of
mutation is not considered a major mutation for ritonavir or Mutations M46l and 154V are not affecting the final bound
nelfinavir and caused only-a2-fold increase in the; value ~ conformation but might be affecting the mechanics of the
for both inhibitors when compared to that of V6. The M46l flaps opening and closing or the stability of the opened or
mutation is consider a major mutation for AG1776 and closed conformation.
caused a-10-fold increase irK; for this inhibitor. It should The addition of the active-site mutation 184V to the V6
be noted that AG1776 still binds with a subnanomdfar  variant was not on average as deleterious as adding the
value. The 154V mutation is not considered a major mutation nonactive-site mutations M46l or 154V. Combination of 154V
against any of the inhibitors tested, and it is not a mutation with 184V generated the most inhibition insusceptible enzyme
associated with nelfinavir resistance. This mutation is, (V6°¥%% having greater than a 1000-fold increaseKinto
however, highly associated with the V82A mutation, which all three clinically used inhibitors tested and greater than 450-
has been associated with resistance to all clinically usedfold increase for that of AG1776. The variant carrying the
inhibitors @2, 43). The addition of mutation 154V (\8) triple mutation combination showed the second highest
generated an enzyme less susceptible to ritonavirfold), decrease in susceptibility to all of the inhibitors tested but
indinavir (~80-fold), and AG1776+5-fold) and an enzyme  showed higher catalytic activity than the ¥6*and Vé&*
more susceptible to nelfinavir2-fold) when compared to  variants. The accumulation of these mutations provides for
that of V6. an enzyme that is highly cross-resistant and maintains
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sufficient catalytic activity for virus viability 5% of wild-
type activity 46—48).

The inhibitor AG1776 shows a large fold increasekin
to the double and triple mutants when compared to that of ;33gR?
the wild type, but when compared to the clinically used :
inhibitors, it shows an up to 450-fold greater potency. A
recent paper by Vega et al. characterizing AG1776 (also
know as KNI-764 and JE-2147) by calorimetry and X-ray
crystallography shows that its ability to inhibit resistant
variants is a product of enthalpy/entropy compensation and
structural adaptability49).

The crystal structure of VE8%4in complex with indinavir
and ritonavir shows significant structural changes to the \
regions containing the described mutations compared to the Hg@{*o¥
equivalent areas in the wild-type structures (Figure 3). In ;
both structures, changes in the conformation of the 80’s loops
are seen. The 30’s and 80’s loops have previously been
shown to affect substrate specificigs 50, 51). Unlike the
structure of a mutant protease complexed with indinavir
reported by Munshi et al., where the'80op in chain B
moves away from the active site and the P3 group of the
inhibitor adopts an alternate conformation, in our structure
of ritonavir and indinavir, the 80’s loops have moved closer ) )
to the active site and the inhibitors display a similar binding F/GURE 7: Stereoview of a @ overlap and hydrogen-bonding

. ,~ interactions between the 10’s and 30’s loops of chain A for the
mode to that of the wild-type structure. Although Fhe 80'S  \/g54/84_indinavir (grey) and 1HSG (green) (A) and Y6
|00p5 have moved closer to the inhibitor, analy5|s of the ritonavir (grey) and 1HXW (green) (B). Residues 15, 18, 20, 33,
active site shows an enlarged binding cleft (Figure 5). The and 36 are shown as ball-and-stick models. The electron densities
V82A and 184V mutations create expanded-§B and St~  for residues 18 and 20 are drawn to @nd 1.5 for the V&%

S3 pockets (Figures 4 and 5). Unexpectedly, the V32| indinavir and VE*&*ritonavir, respectively.

mutation also created larger S2 and f&ckets. The increase . . .

in surface area separating the interface between the inhibi'[orGlnlE.3 in both chains was based on the potential for hydrogen

and the enzyme predicts a decrease in the level of interactionéaondmg'

between them. A Comparison of the W||d_type and>¥48 We previously postulated the effects of mutations in this

structures shows a loss of hydrophobic contact with residuesregion to affect the dynamics of flap opening and closing

32, 82, and 84, in both chains and a loss of hydrogen-bonding(18). The presence of Phe33, lleu25, anddhenC of Lys20

interactions (Figure 4). Instability in the bound inhibitor can form a highly hydrophobic pocket into which Ile36 fits,

also be seen in the P3 group of both complexes, which is allowing the loops to come closer, an average of 2.9 and

defined by poor density (Figure 2). Residue 82 is located 3.1 A for chain A and B, respectively, for both structures

between the S1 and S3 subsites and can interact with bothand allowing the formation of the hydrogen-bonding network

the P1 and P3 groups of the inhibitors. Residue 82 and 8discussed above. It is apparent that the structural changes

sandwich the P3 thiazolyl group of ritonavir (Figure 2). The found between the 30's loop and the 10’s loops are pinching

instability of the P3 group is also reflected by the instability that region of the protease. AoCcarbon overlap of the

in the position of residue 8. unbound (PDB 3HVP) and wild-type and ¥6*bound
From our kinetic studies, it is clear that the nonactive-site STUCtUres also show the greatest distance differences to

mutations M461 and 154V provide for a high level of inhibitor Map 10 the flaps (residues 455) and the 10's, 30's, and
resistance and cross resistance. Analyses of the region$0'S 100ps (Figure 8). The presence of mutation 154V
containing the nonactive-site mutations found in our struc- changes the interactions that occur between the flaps, the
tures show regions of high variability when compared to the 80'S 100ps, and the opposite flap. The M46l mutation,
wild-type structures. The highest variability is seen in the 1Uxtaposed to residue 54, may function to stabilize the
10's and 30's loops (Figure 3). The 30’s loop contains the position of residue 54 by mtergctmg with residues 53 and
nonactive-site mutations L33F and M36l. The 10's loop 29 The 184V along with mutations V82A and V32| further
contains the mutation K20R. Residue 20 is found juxtaposed_destablhzes the core of the inhibitor, Whlch_ is also involved
to residues 33 and 36. The structural changes seen in thes#! two water-mediated hydrogen bonds with the flaps.
loops can be attributed to these mutations. A hydrogen- We postulate that the effects on inhibitor binding that we
bonding network that is not present in the wild-type structure see because of the M46l, 154V, and 184V mutations are a
is established between the two strands (Figure 7). The Lys20result of changes in the interactions between the active-site
establishes hydrogen bonds with the carboxyl oxygen of residues and the inhibitor but, to a greater extent, are a result
residues Glu35 and Leul9 in both chains in both structures. of changes in the opening and closing dynamics of the flaps
Hydrogen bonds are found between #eandeN of GIn18 caused by the nonactive-site mutations. Work done by other
and the amine and carboxyl oxygen, respectively, of Ser37 laboratories has shown that changes in the binding affinities
in both structures. The orientation of tk® andeNH; of of the inhibitors are due to a decrease&gfand an increase
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Ficure 8: Ribbon representation of aoCoverlap of PDB 1HSG
and 3HVP. Below the overlap is a bar-graph representation of the
Ca distances between the structures for chain A (blue) and chain
B (yellow). The graph was created by subtracting the average C
distance for each chain from thenQlistance of each residue in
the corresponding chain.

of kot rates or an increase &y rates 62, 53). This would
be consistent with an inability to form stable interactions
with the flaps. We postulate that changes in the dynamics
of the flaps opening and closing would have a greater effect
on the stable binding of rigid inhibitors than the transient
binding of flexible substrates. We propose that the inter-
actions coordinated by residue 54 with the 80’s loops, the
opposites strand of the flaps, and residue 50 of the opposite
chain flap are altered by the M461 and 154V mutations and
that along with structural changes in the 30’s loops, when
compared to the unbound structure, they function to desta-
bilize the flaps promoting the open conformation of the
protease.

After two decades of intense research around the world,
HIV is still a major therapeutic challenge. New drugs for

HIV targeting both reverse transcriptase and protease have

given those living with the disease hope for the future. Still,
therapy is life-long and laboring because of the ability of
HIV to quickly acquire resistant mutations, leading to viruses
that are cross-resistant to various protease inhibitors. With

the presence of these mutations in therapy-naive patients and12.

in the transmission of HIV-1-resistant variants at the time
of infection, it has also become clear that a better under-
standing of these variations is required for initial and ongoing
treatment decisions584—56). Our study shows that the
accumulation of commonly seen resistant mutations to one
inhibitor (ritonavir) will provide for a sufficiently catalytically
active protease for virus viability, while providing a large

degree of cross resistance. Structural analysis of the most

resistance protease in this study shows large structural
changes in and away from the active site, suggesting
destabilization of the protease closed conformation. Although

Biochemistry, Vol. 43, No. 38, 200412149

our in vitro analysis is not without its limitations, it should
prove useful in the design of new and continuing therapy.
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