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Mature, fully active human immunodeficiency virus protease (PR) is liberated from the Gag-Pol precursor
via regulated autoprocessing. A chimeric protease precursor, glutathione S-transferase—transframe region
(TFR)-PR-FLAG, also undergoes N-terminal autocatalytic maturation when it is expressed in Escherichia coli.
Mutation of the surface residue H69 to glutamic acid, but not to several neutral or basic amino acids, impedes
protease autoprocessing in bacteria and mammalian cells. Only a fraction of mature PR with an H69E
mutation (PRy4r) folds into active enzymes, and it does so with an apparent K, (dissociation constant)
significantly higher than that of the wild-type protease, corroborating the marked retardation of the in vitro
N-terminal autocatalytic processing of TFR-PR; . and suggesting a folding defect in the precursor.

In the infected cell, human immunodeficiency virus (HIV)
protease is initially translated as part of the Gag-Pol precursor
(1, 16), in which it is flanked N terminally by the transframe
region (TFR, transframe peptide [TFP] plus p6°°") and C ter-
minally by the reverse transcriptase (14, 16) (Fig. 1). The
N-terminal cleavage is critical for protease (PR) maturation
(14, 15, 19), while the C-terminal cleavage has negligible in-
fluence on protease activity (5, 14). The mature protease exists
as stable dimers (dimer dissociation constant [K,], <10 nM)
with the catalytic site formed at the dimer interface by two
aspartic acids, each contributed by one monomer (13). In con-
trast, a protease precursor, TFR-PR, has very low catalytic
activity due to a much higher K, (13, 14). Therefore, precursor
dimerization coupled with intramolecular N-terminal cleavage
appears critical for protease maturation (14, 18). However, the
underlying in vivo macromolecular mechanism and essential
viral determinants remain largely undefined.

The GST-fused protease precursor undergoes autoprocess-
ing in Escherichia coli. When expressed in E. coli, either alone
or as a larger precursor, the HIV protease is associated mainly
with inclusion bodies (11, 12, 14). In an attempt to study
protease maturation in vivo, we engineered a pGEX-3X-de-
rived vector expressing a glutathione S-transferase (GST)-
TFR-PR-FLAG fusion precursor by overlapping PCR mu-
tagenesis (2, 3) (Fig. 1). In this construct, the TFR sequence is
derived from pNL4-3 proviral DNA, the PR is the previously
described pseudo-wild-type protease (12), and the C terminus
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of mature protease is fused in-frame to a FLAG (DYKDD
DDK) peptide via a single valine residue. The resulting plas-
mid was transformed into E. coli BL21(DE3) (Novagen, San
Diego, CA). Upon protein expression, cells were lysed in a
110-liter microfluidizer (Microfluidics, Newton, MA) in 1/10 of
the culture volume of ice-cold 1X phosphate-buffered saline
buffer containing 1% Triton X-100 and 1 mM phenylmethyl-
sulfonyl fluoride and centrifuged (17,000 X g for 20 min at
4°C). PR-FLAG was found in the soluble fraction (Fig. 2A,
lane 1), which was catalytically active (assayed using substrate
IV, Lys-Ala-Arg-Val-Nle-[p-NO,-Phe]-Glu-Ala-Nle-NH,, [Cali-
fornia Peptide Research, Napa, CA]) (12, 14) and demon-
strated the expected molecular weight (calculated, 11,821;
found, 11,824). The cleavage products containing the N-termi-
nal GST were also recovered from the soluble lysates (Fig. 2A,
lane 2). This approach is very similar to that of earlier studies
(14) using a maltose binding protein (MBP) domain in the
place of GST except that the MBP fusion precursor is not
processed in E. coli.

The H69E mutation abolishes precursor autoprocessing in
E. coli. By examining charge distribution on the surface of HIV
type 1 (HIV-1) mature protease, we noticed that residue 69 is
part of a positively charged cluster. A similarly located basic
patch is also present in HIV-2 protease (8). A previous study
using bacterially expressed Gag-Pol precursor demonstrated
that changing H69 to R, L, Y, N, and Q, individually, did not
impair protease maturation; however, the H69D mutation
abolished autoprocessing (11). To evaluate further the charge
effect of H69 on protease maturation, we altered the parental
H to K, L, Q, and E, individually. GST-TFR-PR,,5-FLAG,
in which the Asp residue critical for catalytic activity was mu-
tated to Asn (7, 11, 17), was also constructed to produce the
full-length GST fusion precursor serving as a negative control.
Mature protease and precursors were detected with anti-
FLAG antibody by Western blotting (Fig. 2B). Three con-
structs (bearing the H69K, H69L, and H69Q mutations) pro-
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FIG. 1. Structural organization of Gag and Gag-Pol polyproteins in HIV-1 and tube representation of the three-dimensional structure of the
mature protease dimer in complex with the inhibitor DRV (Protein Data Bank accession number 2IEN [20]). Straight arrows indicate the specific
sites of cleavage by the viral protease. The TFR, N-terminal to the protease, consists of the transframe octapeptide TFP and 48 amino acids of
p6p°'. The nomenclature of HIV-1 proteins is according to Leis at al. (9), as follows: CA, capsid; NC, nucleocapsid; RT, reverse transcriptase; RN,
RNase H; and IN, integrase. Residues H69, F99, and 193 (proximal to H69) and DRV are shown as stick and surface representations. The protease
precursor constructs used for monitoring the autocatalytic maturation reaction in vitro (TFR-PR) and in E. coli (GST-TFR-PR-FLAG) as well as
the proviral construct expressed in 293T cells in vivo (Gag-TFR-PR) are all drawn to scale. The position of the frameshift (FS) that produces
Gag-Pol is indicated as an orange dot. Calculated molecular weights of the domains indicated for the precursors are 26,583, 1,010, 5,357, 10,727,
and 1,112 for GST, TFP, p6P°, PR, and FLAG, respectively. The proviral DNA construct contains the region for the expression of Gag and

Gag-TFR-PR.

duced mature protease as effectively as the wild-type control. In
marked contrast, the HO9E mutation resulted in accumulation of
the precursor, similar to that observed with the D25N negative
control (Fig. 2B). A likely intermediate, p6P°-PR 40-FLAG,
and mature PRy;40:-FLAG were detected as well, an indication
of some residual autocatalytic activity, although it apparently is
insufficient to complete protease autoprocessing. Thus, substi-
tution of either acidic amino acid for H69 prevents normal
protease autoprocessing.

The H69E mutation also diminishes protease maturation in
the context of proviral constructs. We further subcloned these
sequences into a pNL4-3-derived proviral construct in which a
stop codon was placed at the end of the protease coding se-
quence, leading to the production of Gag-TFR-PR polyprotein
as a result of frameshifting (Fig. 1). These constructs also carry
the hemagglutinin (HA) peptide (underlined) flanked by linker
amino acids (ASYPYDVPDYID) in the C-terminal region
(between residues 127 and 128) of the matrix (MA) domain of
Gag to permit quantitative detection of all of the MA-contain-
ing proteins by means of a monoclonal anti-HA antibody.
When transfected into 293T cells (ATCC, Manassas, VA), the
plasmids mediated comparable levels of Gag expression, indi-

cated by approximately equal amounts of total Gag proteins
detected in cell lysates (Fig. 2C, left panels). Detection of
capsid protein (p24), the final product of Gag processing, in
virus-like particles (VLPs) suggested adequate protease activ-
ity as a result of effective protease maturation. VLPs produced
by H69K and H69Q mutants displayed a pattern similar to that
of the pseudo-wild-type control (Fig. 2C, right panels). In con-
trast, only the full-length Gag precursor was detected in H69E
VLPs (Fig. 2C), which resembled the D25N negative control
(Fig. 2C, lane 12).

Intensities of bands containing the MA domain (detected
with monoclonal anti-HA antibody) in VLPs were quantified
using an Odyssey infrared dual-laser scanning unit (LI-COR
Biotechnology, Lincoln, NE) and Totallab software (Nonlinear
Dynamics Inc., Newcastle upon Tyne, United Kingdom). Pro-
tease activity was calculated from the ratio of MA to the sum
of the band intensities in each lane relative to the wild-type
ratio normalized to 100%. The H69E mutation reduced pro-
tease activity by >90% (Fig. 2D). Additionally, only the full-
length unprocessed Gag-TFR-PR precursor was detected by
a polyclonal rabbit anti-PR serum in VLPs produced by the
H69E and D25N precursors (Fig. 2E). The H69D mutation
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FIG. 2. Protease autocatalytic maturation in E. coli and transfected 293T cells. (A) E. coli BL21(DE23) cells expressing GST-TFR-PR-FLAG
were collected and divided into soluble and insoluble fractions. PR-FLAG (lane 1) and GST-containing proteins (lane 2) associated with the
soluble fraction were affinity purified with anti-FLAG and anti-GST matrices (Sigma, St. Louis, MO) by following the manufacturer’s instructions.
They were then resolved by 13.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by Coomassie brilliant
blue R-250 staining. (B) Lysates derived from equal volumes of cultured bacteria expressing the indicated mutations were resolved by 15%
SDS-PAGE and immunoblotted with mouse anti-FLAG M2 (Sigma) as the primary antibody and IR800 goat anti-mouse as the secondary
antibody. M denotes the molecular mass standards in kDa. (All secondary antibodies used in Fig. 2 were obtained from Rockland Immunochemi-
cals, Inc., Gilbertsville, PA). wt, wild type. (C) pNL4-3-derived proviral constructs expressing pseudo-wild-type or mutant PRs were transfected into
293T cells (4). At 48 h posttransfection, VLPs and postnuclear cell lysates were subjected to SDS-PAGE and Western blot analysis as described
previously (2, 10). About 10% of cell lysates and 25% of VLPs derived from one well of a six-well plate were analyzed. Virus-specific Gag proteins
were detected with human anti-HIV immunoglobulins and mouse anti-HA (Sigma) as primary antibodies and IR800 goat anti-human and IR700
goat anti-mouse as secondary antibodies. The blot was stripped and reprobed for GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (clone
6CS5; Fisher Scientific, Pittsburgh, PA) as a loading control. (D) Relative protease activity in VLPs was expressed as the ratio of MA to the sum
of the band intensities in each lane and normalized relative to the ratio observed for the wild type (set to 100%). The graph presents averages of
results from two independent experiments, with standard deviations. (E) The mature and precursor proteases in the VLPs produced by the
indicated constructs were detected by polyclonal rabbit anti-PR antibodies and IR800 goat anti-rabbit antibodies.

in the context of pNL4-3 also impaired protease maturation,
whereas H69N had no major impact (our unpublished ob-
servation). In summary, we suggest that protease maturation
is modulated by charge properties of the residue 69, being
impaired by acidic amino acids while not being affected by
neutral or positively charged amino acids.

The H69E mutation abrogates precursor autoprocessing in
vitro. We next tested the ability of TFR-PR};40p to undergo
autocatalytic maturation in vitro (12, 14). Site-directed mu-
tagenesis, protein purification, and kinetic analysis were car-
ried out as previously described (6, 12, 14). At comparable
concentrations, maturation of the wild-type precursor was vir-
tually complete in 60 min (Fig. 3A), whereas no processing was
detected after 30 min for TFR-PR4op. At a 2.2-fold-higher
protein concentration of TFR-PR;40r, processing occurred

over a 2- to 24-h time period to give the expected products (12,
14), p6°°" and mature PRy (Fig. 3B). In contrast to our
observation with the wild type, TFR-PR;40r processing ap-
peared to stop when only 20 to 25% of the precursor was
converted. The precursor in the reaction mixture is not further
processed by the released mature PR4op Over a 24-h period
(Fig. 3B), possibly due to folding defects of the mutant pre-
cursor that render the N-terminal cleavage site inaccessible to
the mature protease.

Mature PRy, is comparable to PR in its catalytic activity
but not in its folding efficiency. The H69E effect on autopro-
cessing could be attributed to at least (i) reduced enzymatic
activity or (ii) impaired precursor dimerization coupled with
N-terminal cleavage. To investigate these possible factors, we
also examined the kinetic properties of mature PRy ¢op. Pro-



7792 NOTES J. VIROL.
A Wild-Type B HE9E
min 0 5 10 60 h 0 2 6 18 24 M
— 31
— TFP-p6-PR 22
= = < p6r-PR (- 14
- < Ap6r-PR )
= | PR - T A 6
: p6”°‘ N WIS a—,  p— "
S -3
60
-
3
I
o 40
o,
s s
§ 20 - 50.01 Ne
= 000 b— —— N 8 o
00 02 04 06 08 1.0
0 : : : : 0 ‘ ‘ i
0.00 0.05 0.10 0.15 0.20 0.25 0 100 200 300 400 500
PRysoer 1M [Substrate], uM

FIG. 3. Time course of autocatalytic maturation of protease precursors in vitro and kinetic characterization of mature PRyqop. Processing
reactions for the wild-type and H69E precursor proteins were conducted at final concentrations of 3.1 and 8.8 uM (A and B, respectively) in 50
mM sodium acetate, pH 5, at room temperature. Reactions were terminated as indicated (in min [A] or h [B]) and subjected to SDS-PAGE on
10 to 20% Tris-Tricine premade gels. M and A denote the molecular mass standards in kDa and “truncated,” respectively. The four arrows in panel
B indicate TFP-p6P°-PR, p6P°-PR, PR, and p6P°!, from top to bottom. The intermediate cleavage that occurs within p6P°! to generate Ap6P°'-PR
in the wild-type precursor (A) was not observed in the HG9E mutant precursor (B). (C) Initial rates of cleavage of substrate IV (0.4 mM) were
measured at 28°C as a function of protein concentration (expressed as monomers) in 50 mM sodium acetate buffer, pH 5, containing 250 mM NaCl,
and an apparent K,; of 30 nM was obtained by curve fitting an equation for the fraction of dimeric protease as a function of protein concentration
(21) to the data. Filled and open symbols represent data from two separate experiments. (D) Kinetic parameters (K, and k,,) for hydrolysis
of the chromogenic peptide, substrate IV, by 0.11 uM PR4or (expressed as dimers) were determined under the same conditions. The inset
shows a titration with the active-site-directed inhibitor DRV indicating that only ~50% of the refolded PRy;op population possessed a
functional active site.

teases were purified and stored under denaturing conditions,
and a previously described quench protocol was used to refold
the proteins (13, 17). Refolded PR ;405 had an apparent dimer
K, of ~30 nM (Fig. 3C and Table 1) compared with a K, of
<10 nM for wild-type PR. The kinetic constants K,,, and k_,,
for hydrolysis of substrate IV were measured at a concentra-

TABLE 1. Comparison of kinetic and equilibrium constants for
mature PRy qop With those for wild-type PR

Protein® K, (uM) K, (uM) ko (min™1)
PRyy60r: 0.03 25+5 122+ 6"
PR (wt) <0.01¢ 48 + 34 173 £ 3¢

“ Measurements with PRy¢op Were made in 50 mM sodium acetate buffer, pH
5, containing 250 mM NacCl at 28°C (this study). wt, wild type.

® This is an apparent value based on total protein concentration; active-site
titration indicated that only ~50% of the protein was catalytically competent.

¢ See reference 12.

4 At 25°C (6).

tion at which the protein is expected to be almost entirely
dimeric (Fig. 3D; Table 1). The apparent k,, determined for
PR60r is lower than that previously measured for PR. How-
ever, titration of refolded PRy (Fig. 3D, inset) showed that
only ~50% of the nominal protein concentration possessed an
active site capable of binding the inhibitor darunavir (DRV)
(20). Thus, the actual K, for active PRy, is expected to be
smaller, and the &, larger, than the present apparent values by
a factor of up to 2. Since the H69E mutation does not greatly
affect the catalytic properties of active, mature PRy405 relative
to those of PR, its effect on protease maturation is substantially
larger than expected from a comparison of the mature en-
zymes. The apparent misfolding of ~50% of the mature
PRj60r resembles what we observed previously, namely, that
in vitro autoprocessing of the H69E precursor does not pro-
ceed to completion even after an extended time. This suggests
that a negative charge at residue 69 may adversely affect fold-
ing, such that only a fraction forms the correct geometric
arrangement to undergo maturation.
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