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An RNA fragment of 75 nucleotides, which is located between the primer binding site and the 5’ major splice
donor site in human immunodeficiency virus type 1, has been shown to participate in specific encapsidation of
viral RNA. Compensation studies have identified two second-site mutations, namely, MP2 (a T12I substitution
in p2) and MNC (a T24I substitution in the nucleocapsid [NC] protein) that were involved in the rescue of
various deletions in the aforementioned RNA region (i.e., BH-D1, BH-D2, and BH-LD3). To study whether the
MP2 and MNC point mutations exert their compensatory effects in a cis manner, production of Gag proteins
was blocked by insertion of stop codons into LD3, LD3-MP2-MNC, and wild-type BH10 such that the
constructs generated, i.e., LD3-DG, LD3-MP2-MNC-DG, and BH-DG, only provided RNA transcripts for
packaging. The results of cotransfection experiments showed that the LD3-MP2-MNC-DG viral RNA was
packaged as inefficiently as LD3-DG; in contrast, BH-DG was efficiently packaged. Therefore, nucleotide
substitutions in MP2 and MNC did not act in a cis manner to correct the packaging deficits in LD3. Next, we
deliberately changed the T12 in p2 or the T24 in the NC to each of 19 other amino acids. We found that amino
acids with long hydrophobic side chains, i.e., V, L, I, and M, were favored at either position 12 in p2 or at
position 24 in NC to compensate for the above-mentioned deletions. Further studies showed that only a few
amino acids could not be used at these two sites by the wild-type virus due to decreased RNA levels in the virion
or abnormal Gag protein processing. In this case, W, D, and E could not substitute for T12 in p2, and S, D,
and N could not substitute for T24 in NC, without affecting viral infectivity. Therefore, the long hydrophobic
side chains of V, L, I, and M are necessary for these amino acids to rescue the BH-D1, BH-D2, and BH-LD3

mutated viruses.

Human immunodeficiency virus type 1 (HIV-1) encapsi-
dates two copies of full-length viral RNA that form a dimer
through noncovalent linkage at the 5" end (5). The cis-acting
elements that are involved in the specific packaging and dimer-
ization of viral RNA are located in the 5’ viral RNA leader
sequence. Complex secondary structures have been proposed
to exist in the leader region, among which SL1 and SL3 can
bind to nucleocapsid (NC) protein with high affinity and are
thought to be the major RNA elements responsible for viral
RNA encapsidation (2, 7, 17, 19, 23, 27, 28). SL1 has also been
shown to function as the dimerization initiation site (DIS) for
viral RNA (1, 3, 9, 13, 19-22, 26, 30-34, 37). In addition,
although the TAR and poly(A) hairpins, which are located at
the 5" end of the leader sequence, bind to NC protein with low
affinity, they have also been shown to contribute to the pack-
aging process (10, 11, 16, 17, 29).

We have been particularly interested in the roles of RNA
sequences, located upstream of the 5’ major splice donor (SD)
site, in encapsidation of viral RNA, since these RNA se-

* Corresponding author. Mailing address: McGill AIDS Centre,
Lady Davis Institute-Jewish General Hospital, 3755 Cote Ste-Cather-
ine Rd., Montreal, Quebec, Canada H3T 1E2. Phone: (514) 340-8260.
Fax: (514) 340-7537. E-mail for Mark A. Wainberg: mdwa@musica
.mcgill.ca. E-mail for Chen Liang: cliang@po-box.mcgill.ca.

7230

quences are contained in both spliced and unspliced viral
RNA, yet help the virus to selectively recruit unspliced RNA
while excluding spliced RNA. To shed light on this issue, a
number of deletion mutations, termed BH-D1, BH-D2, and
BH-LD3, have been constructed to selectively remove RNA
sequences in this region (23-25). These deletions had adverse
impacts on both viral RNA encapsidation and viral replication.
Interestingly, when the mutated viruses were cultured for a
prolonged period, revertants with wild-type replication kinetics
arose, and the results of sequencing analysis revealed two sub-
stitutional mutations, i.e., MP2 (T12I in p2) and MNC (T24I in
NC), that can rescue such mutated viruses. We believe that
exploration of the mechanism by which the MP2 and MNC
mutations are able to compensate for the functions of the
deleted RNA sequences will add new insights into the roles of
RNA sequences upstream of the 5’ SD site in viral RNA
encapsidation and viral replication.

The first question we sought to answer was whether changes
of nucleotides by the MP2 and MNC point mutations had
altered cis-acting RNA signals in the gag coding region and
whether the compensatory effects obtained were controlled in
a cis-acting manner. This subject was pursued by insertion of
stop codons into the gag gene in LD3, LD3-MP2-MNC, and
BH10 to block Gag production, in order to enable a compar-
ison of packaging efficiency among these three viral RNA tran-
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FIG. 1. (A) Schematic illustration of the inserted stop codons in the gag gene. The mutated nucleotides are underlined. (B) Analysis of viral
protein expression from various constructs in transfected COS-7 cells. The top, middle, and bottom panels represent Western blots performed with
MADs against HIV-1 CA (p24), MA (p17), and Env proteins, respectively. A fusion protein of ~25 kDa that contains MA and truncated CA
sequences is indicated by a star in the middle panel. Protein markers are shown on the right of the gels. BH-AMA contains stop codons in MA.
BH-ACA contains stop codons in CA. BH-DG contains stop codons in both MA and CA. LD3-DG contains the LD3 deletion, as well as stop
codons in MA and CA. LD3-MP2-MNC-DG contains the LD3 deletion and the MP2 and MNC point mutations, as well as stop codons in MA

and CA.

scripts. The second issue was whether the I residue is the only
amino acid at either position 12 in p2 or at position 24 in NC
that can rescue the above deletions. Answers to this question
will shed light on the strictness of the steric interactions at
these two sites for the rescue process. This subject was ap-
proached by substituting either the T12 in p2 or the T24 in NC
by each of 19 other amino acids and screening for those resi-
dues that are able to rescue the deletions described above.

MATERIALS AND METHODS

HIV-1 DNA mutagenesis. The BH10 clone of infectious HIV-1 cDNA was
employed as starting material to generate the following mutant constructs. The
BH-D1, BH-D2, and BH-LD3 deletions eliminated sequences at nucleotides (nt)
+200 to +226, +200 to +233, and +238 to +253, respectively, and were con-
structed as previously described (23, 25). To prevent translation of Gag proteins,
stop codons were inserted at both the 6th and 8th amino acid positions in matrix
(MA) protein and the 82nd and 85th amino acid positions in capsid (CA) protein
(Fig. 1A). The former two stop codons in MA were engineered by PCR through
use of primer pair pBssH-S (5'-CTGAAGCGCGCACGGCAAGAGG-3' [posi-
tions 706 to 727])-p800 (5'-CTAATTCTCCCCCGCTTCATACTCACGCTCT
CGCACCC-3' [positions 829 to 792]); the latter two stop codons in CA were
inserted by PCR through use of primer pair pBssH-S-p1430 (5'-GCCCTGCAT
GCACTTAATGCACTCAATCCCATTCTGC-3' [positions 1453 to 1417]). The
entire DIS sequences at nt +243 to +277 were deleted in construct ADIS that
was generated by PCR using the primer pair pHpa-S (5'-CTGCAGTTAACTG
GAAGGGCTAATTCACTCCC-3' [positions 1 to 21])-pDIS (5'-TACTCACC
AGTCGCCGCCCTCCTGCGTCGAGAGAGC-3' [positions 750 to 680]).

An amino acid T at position 12 in the p2 protein was substituted by each of 19
other amino acids through use of primer p2-12X (5'-CCAAGTAACAAATTC
AGCTNNNATAATGATGCAGAGAGGC-3" [positions 1893 to 1932]), in
which N represents A, C, G, or T; this permits each of the 20 amino acids to
appear at this site (see Fig. 3). PCR was performed with the primer pair p2-

12X-pNC-A (5'-TTAGCCTGTCTCTCAGTACAATC-3" [positions 2084 to
2062]), and the initial PCR product was used as a primer in a second round of
PCR along with primer pSph-S (5'-AGTGCATCCAGTGCATGCAGGGCC-3'
[positions 1431 to 1454]). The final PCR product was digested with restriction
enzymes Sphl and Apal and inserted into BH-D1 or BH10 to generate clones
D1-p2-12X or BH-p2-12X (X represents any of the 20 amino acids). A large
number of bacterial colonies were screened to ensure representation of substi-
tutions of all 20 amino acids at position 12 in p2.

The amino acid T residue at position 24 in NC was substituted by each of 19
other amino acids with the same cloning strategy using primer pair pNC-24X
(5'-CCTAGGGGCCCTGCAATTTCTGGCNNNGTGCCCTTCTTTGC-3'
[positions 2007 to 1966])-pSph-S to generate clones D2-MP2-NC24X (contain-
ing the D2 deletion and MP2 substitution) or BH-NC24X. Primer positions refer
to the beginning of the 5’ U3 region. All primers were synthesized by Gibco-
BRL.

Cell culture, transfection, and infection. COS-7 and MT-2 cells were grown in
Dulbecco modified Eagle medium (DMEM) and RPMI 1640 medium, respec-
tively, each supplemented with 10% fetal calf serum. COS-7 cells were trans-
fected with HIV-1 DNA constructs in the presence of Lipofectamine (Gibco-
BRL, Montreal, Quebec, Canada). Progeny virus was harvested 48 h after
transfection and quantified by measuring levels of viral CA antigen (Ag) by
enzyme-linked immunosorbent assay (Abbott Laboratories, Abbott Park, IlL.).

For infectivity assays, similar amounts of virus (i.e., 3 ng of CA Ag) were used
to infect 5 X 10° MT-2 cells. After 2 h, cells were washed twice to remove
unbound virus and grown in complete RPMI 1640 medium. Culture fluids were
collected at various times, and reverse transcriptase (RT) activity was measured
(23).

For mutated viruses with diminished infectiousness, the infected cells were
split upon confluence and kept in culture until extensive formation of syncytia
and high levels of RT activity were observed. At this stage, culture fluids were
used to infect fresh MT-2 cells. Viruses were passaged until the infections
observed were as virulent as those caused by wild-type virus. Cellular DNA was
purified and amplified by PCR through the use of primer pair pHpa-S—-pBcl-A
(5'-CTATGAGTATCTGATCATACTG-3' [positions 2445 to 2424]). The PCR
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product was cloned and sequenced to confirm the presence of the original
mutations and to identify novel mutations that might have been present in
noncoding leader RNA sequences and in the gag gene.

Radiolabeling and immunoprecipitation assays. COS-7 cells that had been
transfected with HIV-1 recombinant DNA constructs were starved in DMEM
without L-Met and L-Cys at 37°C for 1 h, after which the cells were metabolically
radiolabeled with [**S]-L-Met and [**S]-L-Cys (ICN) at a concentration of 100
pCi/ml for 30 min at 37°C. After an extensive washing with complete DMEM,
supplemented with 30 ug of L-Met and 60 pg of L-Cys per ml, the cells were
cultured for 1 h. Virus particles from culture fluids were pelleted by ultracen-
trifugation and analyzed on sodium dodecyl sulfate (SDS)-12% polyacrylamide
gels. The cells were washed twice with cold phosphate-buffered saline and lysed
with 1 ml of NP-40 lysis buffer (50 mM Tris-Cl [pH 8.0], 150 mM NaCl, 0.02%
sodium azide, 100 pg of phenylmethysulfonyl fluoride per ml, 1 pg of aprotinin
per ml, and 1% NP-40). The cell lysates were clarified in a bench-top Eppendorf
centrifuge at 13,000 rpm for 10 min at 4°C and then incubated with anti-HIV-1
CA monoclonal antibody (MAD) for 1 h at 4°C, after which 5 pl of protein-A
linked Sepharose 4B (Pharmacia, Montreal, Quebec, Canada) was added for a
further 30 min of incubation. The Sepharose 4B was then centrifuged and
washed in turn with NET-gel buffer and Tris-NP-40 buffer (35). Pellets were
suspended in 20 wl of 1X SDS-containing gel-loading buffer, boiled, and ana-
lyzed by SDS-12% polyacrylamide gels. Viral proteins were visualized by expo-
sure to X-ray films.

Encapsidation of viral RNA by RT-PCR. Supernatants from COS-7 cells that
had been transfected with various HIV-1 recombinant DNA constructs were
clarified in a Beckman GS-6R centrifuge at 3,000 rpm for 30 min at 4°C and
quantified on the basis of CA Ag levels. Viral RNA was purified from an amount
of virus containing 2 ng of CA Ag using an RNA extraction kit (Qiagen). Viral
RNA was dissolved in 50 pl of diethyl pyrocarbonate-treated water and treated
with 20 U of RNase-free DNase (Gibco-BRL, Montreal, Quebec, Canada) at
37°C for 30 min to remove any DNA contamination. Five-microliter volumes of
viral RNA were amplified for 20 cycles with a Titan One-Tube RT-PCR system
(Boehringer Mannheim, Mannheim, Germany) using primer pair pGAG1-pST
to analyze full-length viral RNA (23). DNA products were analyzed on 5% native
polyacrylamide gels and visualized following exposure to X-ray films.

Transfected COS-7 cells were washed twice with cold phosphate-buffered
saline and were lysed with NP-40 lysis buffer. A portion of the lysates was
removed for p24 determination, and the rest were subjected to RNA extraction
with Trizol Reagent (Gibco-BRL). RNA from 200 pg of cell lysates was analyzed
by RT-PCR as described above.

RESULTS

The MP2 and MNC point mutations do not exert their
compensatory effects via a cis-acting mechanism. Since MP2
and MNC compensate for cis-acting viral RNA packaging sig-
nals, it may be speculated that these two mutations act by
changing cis-acting RNA signals in the gag-coding region. It
was shown that MP2 and MNC restored the diminished con-
tent of viral RNA in LD3 to wild-type levels (23). We now
asked whether the MP2 and MNC point mutations might act in
cis to enable the LD3-MP2-MNC RNA to be more efficiently
incorporated by wild-type Gag proteins than LD3 viral RNA.
To pursue this subject, Gag production was eliminated from
LD3 and from LD3-MP2-MNC, such that the potential cis
effects of MP2 and MNC on viral RNA packaging could be
assessed. For this purpose, two stop codons were inserted at
the sixth and eighth amino acid positions in the MA protein to
yield construct BH-AMA (Fig. 1A). Surprisingly, substantial
levels of the Gag-derived proteins, p40 and p24, but not
Pr5592¢, were detected in transfected COS-7 cells by Western
blots (Fig. 1B, lane 1). It was later realized that the continuous
presence of p40 and p24 was due to reinitiation of translation
from an “AUG” codon at the tenth amino acid position in the
CA coding region, an event that results in the appearance of a
p40 Gag product (6). To entirely terminate Gag production,
two stop codons were inserted at the 82nd and 85th amino acid
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positions in the CA protein. As expected, no Gag expression
was now detected with BH-ACA in the transfected COS-7 cells
(Fig. 1B, lane 2). However, normal production of Env protein
was seen (lane 2), indicating efficient transfection and normal
viral gene transcription. The aforementioned four stop codons
were then inserted into each of the BH10, LD3, and LD3-
MP2-MNC constructs in order to engineer clones BH-DG,
LD3-DG and LD3-MP2-MNC-DG, which were all defective in
Gag production and yet active in the generation of Env pro-
teins, as seen on Western blots (Fig. 1B, lanes 3, 4, and 5).

To further assess production of Gag protein from these
recombinant constructs, Western blots were conducted with
monoclonal antibodies (MAbs) against HIV-1 matrix (MA)
antigen. We found that stop codons inserted at the sixth and
eighth positions in MA completely arrested MA expression
(Fig. 1B, lane 1). In contrast, stop codons inserted at the 82nd
and 85th positions in CA still allowed efficient synthesis of a
MA protein that was fused with the first 81 amino acids of CA
(lane 2). When the two groups of stop codons were recom-
bined in the same construct, no MA expression was detected
(lanes 3, 4, and 5). Therefore, the inserted stop codons in MA
and CA are both necessary to effectively eliminate Gag pro-
duction. It should be pointed out that a truncated version of
CA protein (i.e., 81 amino acids) should still be produced at
low levels by each of the BH-DG, LD3-DG, and LD3-MP2-
MNC-DG constructs because of weak translation initiation
associated with CA. Since this low abundance peptide does not
include the p2 and NC portions, wherein the compensatory
mutations reside, they should not have significantly affected
our cotransfection assays.

Next, we cotransfected the above DNA clones with ADIS, a
construct that lacks the entire DIS sequence from nt +243 to
+277 (Fig. 2A). Since BH-DG, LD3-DG, and LD3-MP2-
MNC-DG did not produce Gag proteins, they only transcribed
viral RNA available for packaging by the wild-type Gag pro-
teins from ADIS. Primer pair pD (5'-CCAGAGGAGCTCTC
TCGACGC-3' [positions 672 to 692])-pA (5'-CCATCGATC
TAATTCTCCC-3' [positions 837 to 819]) was designed in
such a way that RT-PCR yielded different lengths of DNA
products from BH-DG, LD3-DG, and ADIS (Fig. 2A). To
assess the possible preferential synthesis of the shorter ADIS
fragment over either LD3 or BH10 in competitive PCR using
the above-mentioned primer pair, similar amounts of three
types of plasmid DNA were mixed as templates. Relative
amounts of BH10, LD3, and ADIS plasmid DNA before mix-
ing were first examined using primer pair pGAG1-pST that
directs the amplification of a 119-bp fragment from each of the
three constructs (23). We found that equivalent amounts of
each plasmid DNA were synthesized (Fig. 2B, lanes 1 to 9).
When the mixed plasmid DNA samples were examined in PCR
using primer pair pD-pA (lanes 10 to 12), the relative amounts
of different plasmid DNA samples observed in a single reaction
were similar to those detected individually with primer pair
pGAG1-pST. Therefore, no preferential amplification of ADIS
product was seen in our competitive PCR system, possibly due
to the limited difference in length between the PCR products.

To minimally interfere with ADIS gene expression, 2 g of
ADIS DNA was used, compared with 0.5 g each of BH-DG,
LD3-DG, and LD3-MP2-MNC-DG, in cotransfection experi-
ments involving two constructs, and 0.25 g of each was used



VoL. 75, 2001 MUTAGENESIS STUDIES OF HIV-1 p2 AND NC 7233

PCR product

A pD gag pA
LTR pbs _&

BH10 [ T AGGACTCGGCTTGCTGAAGCGCGCACGGCAAGAGGCGAGGGGC 166bp

LD3 C————AG-----—-=mmmmm GCGCGCAC@CAAGAGGCGAGGGGC—L 150bp

ADIS [ T AGGA-==-—-===— oo c;c;c;c—L 131bp

BH10&

B LD3&
1:1 1:10 1:100 ADIS

o
o O
—
- -

BH10
LD3
ADIS
BH10
LD3
ADIS
BH10
LD3
ADIS

t 166bp
150bp
<4 131bp

1 2 3 4 5 6 7 8 9 10 11 12 13 14

c d e £
BH-DG - - - + + +
LD3-MP2-MNC-DG - - + - - +
LD3-DG - + - - + -
ADIS + + + + + BH10
- ” o -
12341 2 34 1 23 412 34 12 34 12 3412 34 93883
166bp P = : : .
150bp P B s . i = i W s
1310p B W e - L — 2
D a c d e £
BH-DG = - - + + +
LD3-MP2-MNC-DG - = + - - +
LD3-DG - + . + -
ADIS + + + + + BH10

12 34 1 2 34 1 2 3 4 1 2 34 1 2 3 4 12341234.—«‘—|2

!
.

166bj ; L
D P w .

150bp P

T o g 'ujff
13100 B Ml v B e B e o R Fi—

FIG. 2. (A) Schematic illustration of the LD3 and ADIS deletions. The DIS sequences are underlined. Deleted nucleotides are indicated by
dashed lines. RT-PCR using primer pair pD-pA yields DNA products of 166 bp from wild-type BH10 RNA, 150 bp from LD3 RNA, and 131 bp
from ADIS RNA. (B) PCR using the BH10, LD3, and ADIS plasmid DNA. Each of the three types of plasmid DNA was first quantified individually
in separate reactions using primer pair pPGAG1-pST (lanes 1 to 9) (23). The same plasmid samples were then mixed and subjected to reactions
using primer pair pD-pA (lanes 10 to 12). Three dilutions were included to ensure the linear range of reactions. Lanes 13 and 14 represent negative
controls with primer pairs pGAG1-pST and pD-pA, respectively. (C) RT-PCR analysis of viral RNA in transfected COS-7 cells. Total cellular RNA
that was extracted from cell lysates equivalent to 100 pg of HIV-1 p24 was subjected to RT-PCR. Three dilutions, i.e., 1:1 (lane 1), 1:3 (lane 2),
and 1:9 (lane 3), of each RNA sample were measured. RNase A digestion was also performed as a negative control to rule out any possible plasmid
DNA contamination (lane 4). Wild-type viral DNA standards of 10', 10, 10% and 10* copies were used in RT-PCR to determine the linear range
of the reactions. Combinations of constructs in each transfection experiment are shown at the top of the gels. (D) RT-PCR analysis of RNA that
was extracted from virus particles. Labeling of the lanes refers to that in panel C.
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of the region of viral genomic RNA SL3 (12).

in cotransfection experiments involving three constructs. Cel-
lular RNA from transfected COS-7 cells was first analyzed by
RT-PCR. The results of Fig. 2C show that viral RNA levels
from each of the constructs in cotransfection experiments re-
flect the relative amount of plasmid DNA used. For instance,
in cotransfection experiment e, similar levels of viral RNA
were detected from BH-DG and LD3-DG, both of which were
much lower than that from ADIS, since 0.25 pg of BH-DG or
LD3-DG, in comparison to 2 pg of ADIS, was used in trans-
fection. When the RNA content in virus particles were exam-
ined, ADIS packaged moderately lower levels of viral RNA
than BH10 (Fig. 2Da). When LD3-DG was cotransfected with
ADIS, LD3-DG RNA was detected in virus particles, but at a
level similar to that in cells (Fig. 2Db). Similar observations
were made in cotransfection with ADIS and LD3-MP2-
MNC-DG (Fig. 2Dc). However, when BH-DG was cotrans-

fected with ADIS, similar levels of both viral RNAs were de-
tected in virus particles despite the lower levels of BH-DG
RNA in cells (Fig. 2Dd). Therefore, the BH-DG RNA was
more efficiently packaged into virus particles than ADIS RNA;
in contrast, the MP2 and MNC point mutations did not help
LD3 RNA to be more efficiently incorporated into virus par-
ticles. To further test the above results, cotransfection experi-
ments were performed with the three constructs. When both
LD3-DG and BH-DG RNA were present in cells, BH-DG was
much more efficiently packaged into virus particles than
LD3-DG (Fig. 2De). Although the total levels of viral RNA in
cotransfection f were slightly lower than those in cotransfec-
tion e, the BH-DG signal was significantly stronger than that of
LD3-MP2-MNC-DG. Thus, LD3-MP2-MNC-DG was not able
to successfully compete with BH-DG for packaging (Fig. 2Df).
Therefore, the nucleotide substitutions in MP2 and MNC can-
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TABLE 1. Infectiousness of various D1-p2-12X viruses

in MT-2 cells
Amino acid substitution” Genetic codon(s) Infectivity”
Gly (G) GGC -
Ala (A) GCC -
Val (V) GUU, GUG +
Leu (L) UUA +
Ile (I) AUU, AUA +
Ser (S) UCC, UCU -
Thr (T) ACU -
Cys (C) UGU +
Met (M) AUG +
Pro (P) CCU -
Phe (F) uUuuu -
Tyr (Y) UAU -
Trp (W) UGG -
His (H) CAC -
Lys (K) AAG -
Arg (R) CGA -
Asp (D) GAC -
Glu (E) GAG -
Asn (N) AAU -
Gln (Q) CAG -
Stop codon UAA -
BHI10 (T) ACC +

“The amino acid T12 (ACC) in p2 of BH-D1 was randomly mutated to the
others. The constructs thus generated were named after the mutated amino
acids, e.g., D1-p2-12G and D1-p2-12A.

? Evaluation of infectivity of each mutated virus was based on the formation of
syncytia and levels of RT activity in culture fluids. A value of 5.0 X 10° cpm RT
activity from 50 pl of culture fluids was considered positive (+). BH10 wild-type
virus served as a positive control.

not help LD3 RNA to be more efficiently packaged via cis-
acting mechanisms.

Substitutions of the T amino acid at position 12 in p2 with
V, L, I, C, or M can dramatically increase the infectiousness of
BH-D1 mutant viruses. We have previously shown that the
BH-D1 deletion mutation, eliminating HIV sequences at nt
+200 to +226, attenuated viral replication. Long-term culture
of the mutated virus in MT-2 cells led to a revertant containing
a mutation at position 12 in p2, i.e., T12I (MP2), that helped to
restore viral infectiousness to near wild-type levels (25). We
now sought to answer whether other amino acids at position 12
in p2 were also able to rescue the BH-D1 deletion. Toward this
end, the T12 in p2 in BH-D1 was substituted by each of 19
other amino acids (Fig. 3) (Table 1). Relevant recombinant
DNA constructs were transfected into COS-7 cells, and the
progeny viruses thus generated were quantified on the basis of
CA Ag levels. Equivalent amounts of virus were used to infect
MT-2 cells and the infectiousness of each preparation was
determined by the formation of syncytia and RT activity in
culture fluids. The results of Table 1 show that four amino
acids, including V, L, C, and M, in addition to the previously
detected I, can help to correct the adverse effects of BH-D1 on
virus replication. This subject was further evaluated by repli-
cation kinetic studies (Fig. 4A). Viruses containing either a G,
K, D, or E at position 12 in p2 were barely infectious. In
contrast, when T12 was replaced with either V, L, I, C, or M,
the recombinant viruses thus generated were able to generate
high levels of RT activity (Fig. 4A). Among the five amino
acids that could play this role, C was the least efficient.

The T12I substitution in p2 was also identified in revertants
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of the BH-D2 and BH-LD3 mutated viruses (23, 25). We
therefore wished to determine whether the amino acids shown
to compensate for BH-D1 (see above), i.e., V, L, C, and M,
were also able to rescue the BH-D2 and BH-LD3 defective
viruses. Toward this end, the T12 in the p2 of BH-D2 or
BH-LD3 was changed to either V, L, C, or M. In addition, a
mutation at position 24 in the NC protein, termed MNC, was
also included in these constructs, since it has been previously
shown that this mutation works synergistically with the T12I
mutation in p2 to rescue both BH-D2 or BH-LD3 (23, 25). The
various constructs, i.e., D2-V-MNC, D2-L-MNC, D2-C-MNC,
D2-M-MNC, LD3-V-MNC, LD3-L-MNC, LD3-C-MNC, and
LD3-M-MNC, were transfected into COS-7 cells and the prog-
eny viruses thus generated were used to infect MT-2 cells. The
results of Fig. 4B and C show that all of the above-described
constructs produced viable viruses in contrast to the noninfec-
tiousness of BH-D2 and BH-LD3. Therefore, each of V, L, C,
and M can help to rescue the BH-D2 and BH-LD3 deletions.
The C and L substitutions were less efficient in this regard than
either V, I, or M.

The W, D, and E amino acids at position 12 in p2 dramat-
ically decreased infectiousness of wild-type virus. We next
studied the effects of other substitutions at position 12 in p2 on
the replication potential of wild-type BH10 virus. Accordingly,
T12 in BH10 was changed to each of 19 other amino acids.
These various constructs were transfected into COS-7 cells,
and the progeny viruses thus generated were quantified ac-
cording to the levels of CA Ag. The infectiousness of the
viruses produced by these constructs was examined by infec-
tion of MT-2 cells. The data showed that the T12W substitu-
tion in p2 abolished viral replication and that T12D and T12E
dramatically decreased viral infectiousness (Fig. 5). Substitu-
tions to either L or F markedly diminished viral replication and
yet were permissive for production of high levels of RT activity
after 10 days, while I, P, and Y each only slightly delayed viral
replication (Fig. 5). Therefore, in terms of impact on viral
replication, the various substitutions can be ranked as follows:
W>D, E>L, F>L P, Y>G, A, V,S,C, M, H, K, R, N, Q.

T12 is one of eight amino acids in the HIV-1 p2 and NC
proteins that are recognized and cleaved by the viral protease.
Hence, mutations of T12 may affect the efficiency of cleavage
at this site and decrease viral replication. To test this hypoth-
esis, the processing of Gag in our various mutated viruses was
examined through short-term radiolabeling and immunopre-
cipitation of viral proteins. For this purpose, we employed
anti-CA MAD to detect each of Pr55°7¢, intermediate cleavage
products, including p41/p39 and p25, as well as mature p24 in
cell lysates (Fig. 6A). The intensities of the protein bands were
quantified, and the percentage of each viral protein was plotted
to assess the efficiency of Gag processing (Fig. 6B).

In the case of the BH-p2-12UAG construct, that produced a
truncated Gag protein (i.e., MA-CA-p2 but missing three
amino acids at the C terminus of p2 because of the UAG stop
codon), a protein band of 39 kDa was observed. When a
number of aliphatic amino acids, i.e., G, A, V, L, and I, were
substituted for T at position 12 in p2, we found that the levels
of Pr5592¢ diminished as the length of the side chain of the
amino acid increased (Fig. 6A and B). Yet, this did not directly
correlate to viral infectiousness, since the G, A, V, and I
mutants had similar replication capacity (Fig. 5). Of these, the
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FIG. 4. (A) Replication kinetics of wild-type BH10 and mutated viruses containing the BH-D1 deletion and substitutions of T12 in p2. (B)
Infectiousness of mutated viruses containing the BH-D2 deletion, substitutions of T12 in p2, and a T241I point mutation in NC. (C) Growth curves
of mutated viruses possessing the BH-LD3 deletion, substitutions of T12 in p2 and a T24I point mutation in NC. In these studies, 5 X 10° MT-2
cells were infected by viruses equivalent to 3 ng of p24 Ag. RT activity in culture fluids was determined at various times. The D2-MP2-MNC and
LD3-MP2-MNC constructs, both containing a T12I substitution in p2 and a T24I mutation in NC, were generated previously (24, 25) and served
as positive controls. Mock infections represent negative controls performed with heat-inactivated BH10 virus.

L substitution resulted in a modest accumulation of p25 (CA-
p2) fusion product in comparison with wild type (T) (Fig. 6A
and B); this result correlates with the decreased infectiousness
of the L mutant (Fig. 5). Substitution of T12 in p2 by S, C, or
M, the side chains of which contain hydroxyl or sulfur groups,
did not affect the processing of Gag proteins (Fig. 6A and B).
Mutation of T to the cyclic amino acid P resulted in significant
accumulation of Pr5592¢, diminished levels of the intermediate
p39 and p25 products, as well as enhanced cleavage of p24
from p25 (Fig. 6A and B). Among the substitutions involving
the aromatic amino acids F, Y, and W, W led to both enhanced
accumulation of p25 and slightly different migration patterns
for both the p25 and p24 proteins (Fig. 6A and B), deficits that
may account for the noninfectiousness of the T12W mutant. In
contrast, mutations to the basic amino acids H, K, or R yielded
differential results, with both H and K causing an accumulation
of Pr559°¢, while R facilitated cleavage between p2 and NC
and led to the rapid appearance of the p25 and p24 products
(Fig. 6A and B). The acidic amino acids D and E resulted in

enhanced accumulation of Pr55°¢, the appearance of the p41
intermediate protein, and a slightly slower migration rate of
p25. Both N and Q mutants showed moderate accumulation of
Pr559°e,

After the radiolabeling, COS-7 cells were cultured for 1 h in
complete DMEM, after which culture supernatants were pel-
leted by ultracentrifugation and virus particles were lysed and
analyzed on SDS-12% polyacrylamide gels. No viral protein
signal was detected in the case of the BH-p2-12UAG con-
struct; this confirms that this construct was unable to produce
virus particles (Fig. 6C). Among all amino acids, W resulted in
a great accumulation of p25 (Fig. 6C) and thus had the highest
impact on processing of Pr5592¢, a result consistent with elim-
ination of viral infectivity. The levels of pr55°“¢ in some viruses
appear to be low (lanes 1, 14, 16, 17, and 19); yet, considering
the low levels of p24/25, these viruses still exhibit similar ratios
between Pr5592¢ and p24/p25 as the wild-type BH10. We fur-
ther examined levels of full-length viral RNA packaged by
various recombinant virus particles. The majority of the 19
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viruses after infection of MT-2 cells. (B) RT activity in culture supernatants at day 7 after infection. Mock represents a negative control performed

with heat-inactivated wild-type virus.

amino acids used to substitute for T at position 12 in p2 did not
markedly affect RNA encapsidation (Fig. 7). However, W re-
sulted in substantially decreased levels of viral RNA in virus
particles (Fig. 7).

A V271 mutation in CA, together with a G575A substitution
in the US region, can partially correct the attenuated infec-
tiousness caused by the T12D substitution in p2. The T12W,
T12D, and T12E mutations severely impaired infectiousness of
wild-type virus. To further study these mutations, relevant vi-
ruses were cultured in MT-2 cells over prolonged periods to
generate revertant viruses with increased growth potential. In
the case of the construct containing the T12W substitution, no
formation of syncytia was observed after 8 weeks in culture. In
contrast, the T12D and T12E mutants showed rapid syncytium
formation and high levels of RT activity after 6 weeks in cul-
ture. Conceivably, these latter substitutions may have served to
stimulate the occurrence of other compensatory mutations
that, in turn, enhanced viral replication.

Therefore, a fragment of viral DNA (nt 1 to 2430) was
amplified from the genomes of the T12D and T12E revertant
viruses. The results of cloning and sequencing of the T12E

revertant virus revealed that a G-to-A nucleotide substitution
had occurred, resulting in a change of codon GAG to AAG,
i.e., amino acid E to K, at position 12 in p2. Thus, the mutated
T12E virus was rescued by a further substitution of E to K. This
finding is consistent with the result that a substitution of T by
K at position 12 in p2 did not affect viral replication (Fig. 5).

In the case of viruses that reverted from constructs contain-
ing the T12D mutation, the results of cloning and sequencing
revealed that this mutation was retained in the viral genome.
Interestingly, however, two additional mutations were discov-
ered through this work, one in the U5 region (i.e., G575A) and
the other in the CA protein (i.e., V27I) (Fig. 3). We next
performed site-directed mutagenesis to generate constructs to
directly examine the roles of these mutations in viral replica-
tion. The results of Fig. 8 show that the G575A substitution did
not substantially improve the infectiousness of BH-p2-12D
mutated virus, while V271 had a significant effect in this regard.
Combining both G575A and V271 within BH-p2-12D had a
further positive impact on infectivity (Fig. 8). Therefore, the
V271 mutation in CA, together with the G575A substitution in
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the U5 region, appeared to be able to correct the defective
infectiousness of the T12D mutant.

The V, L, M, F, and Y amino acid residues can play the same
role as I at position 24 in NC to rescue the BH-D2 mutated
virus. MNC was frequently identified together with MP2 in
tissue culture able to rescue the BH-D2 and BH-LD3 deletion
(25). It is intriguing to know whether similar findings to those
obtained with MP2 would be observed in the case of MNC.
Toward this end, T24 was changed to each of 19 other amino
acids to generate constructs D2-MP2-NC24X (Fig. 3). The
infectiousness of the viruses from these constructs was exam-
ined by infecting MT-2 cells. The results of Fig. 9 show that V,
L, and M at position 24 in NC were able to rescue the BH-D2
mutated virus as well as did an I substitution. F and Y were less
efficient in this regard. Therefore, amino residues with long
hydrophobic side chains are favored at position 24 in NC to
compensate for the BH-D2 deletion.

The S, D, and N amino residues at position 24 in NC dra-
matically decreased the infectiousness of wild-type virus. Next,
we inserted the above substitutions of T24 into the wild-type
virus to examine their effects on viral replication. The results of
Fig. 10 show that most of the substitutions did not affect or only
moderately affected viral infectivity. The S and N mutations
substantially decreased viral replication, and D eliminated viral
infectiousness. Therefore, the wild-type virus can use most of
the 20 amino acids at position 24 in NC without affecting viral
replication. Of note, the presence of either C or H at position
24 in NC did not affect viral growth. This result implies that the
presence of C or H at position 24 in NC does not interfere with
the binding of Zn>* ion by the CCHC motif in the first zinc
finger.

Since NC is the major viral structural protein that deter-
mines viral RNA packagin efficiency, the effects of the above
NC substitutions on packaging was analyzed by RT-PCR. The
results of Fig. 11 show that the acidic amino acid residue D
displayed the most adverse impact in this regard, while G, A, S,
H, R, E, and N moderately diminished viral RNA packaging.

To gain further insight into the mechanisms whereby S, D,
and N at position 24 in NC could affect HIV-1 replication,
these mutant viruses were cultured in MT-2 cells for a pro-
longed period. Wild-type replication kinetics were observed for
S and N, while neither cytopathology nor RT activity were
detected in cultures in the case of the D mutant, even after 3
months. The results of cloning and sequencing of the S rever-
tant virus revealed that the S amino acid had been changed to
an L, which was shown to confer wild-type infectivity to the
virus (Fig. 10). In the case of the N revertant, N was retained
at position 24 in NC, while the V13 amino acid in NC was
changed to a G (Fig. 3). When T24N and V13G were recom-
bined through site-directed mutagenesis, the virus thus gener-
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FIG. 7. Levels of viral RNA in wild-type virus and in mutated
viruses harboring substitutions at position 12 in p2. Levels of full-
length viral RNA were assessed by RT-PCR through the use of primer
pair pGAGI1-pST (23). RNA samples were treated with DNase to
remove any contaminating DNA. RNA samples were also digested
with RNase A and then subjected to RT-PCR as a negative control to
exclude the possibility of DNA contamination. A negative control of
wild-type BH10 is shown in lane 1. RNA obtained from wild-type virus
was diluted 1:2 and 1:4 before RT-PCR to ensure a linear range of
these reactions (lanes 23 and 24). Additional controls were performed
with wild-type DNA of 10", 10%, 10°, and 10* copies to determine the
linear range of the reaction (lanes 25 to 28). The results represent
three independent experiments. Band intensities were quantified with
the NIH Image Program and plotted. The amount of BH10 RNA was
arbitrarily set at 1.0.

ated, i.e., BH-V13G-T24N, showed wild-type replication ca-
pacity in MT-2 cells (Fig. 12A). The results of RT-PCR
indicated that this BH-V13G-T24N recombinant virus pack-
aged wild-type levels of viral RNA (Fig. 12B).

DISCUSSION

We have previously deleted various sequences between the
primer-binding site and the 5" SD site that impact on viral
RNA packaging and dimerization. Interestingly, long-term cul-

FIG. 6. Processing of Gag precursor protein Pr559%¢ in wild-type BH10 and mutated viruses containing substitutions of the T12 amino acid in
p2. Mutations are represented by single-letter abbreviations of substituted amino acids. (A) Transfected COS-7 cells were labeled with L-[*>S]Met
and L-[*>S]Cys for 30 min and cultured for 1 h. Cells were then lysed, and the lysates were subjected to immunoprecipitation through the use of
MADb against CA (p24) Ag. The observed viral proteins, including Pr559°¢, p41, p39, p25, and p24, are labeled on the right of the gels. To clearly
visualize the p25 and p24 proteins in certain mutants, enlarged portions of the gels are shown. Mock-transfected COS-7 cells were also labeled with
L-[**S]Met and 1-[**S]Cys and serve as a negative control. (B) The intensities of the viral protein bands were quantified through the use of the NTH
Image Program, and the percentages of each viral protein in mutant or wild-type virus were plotted. (C) After 1 h in culture, labeled virus particles
were pelleted from the supernatants and analyzed on SDS-12% polyacrylamide gels. A portion of the gel was enlarged to clearly show

accumulation of p25 protein in the W mutant.
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ture of all the mutated viruses gave rise to the MP2 and MNC
compensatory mutations in the Gag protein (23, 25). In this
study, we further showed that, in addition to the MP2 (T12I in
p2) substitution that was identified in culture, amino acids V,
L, M, and C at position 12 in p2 can also rescue the aforemen-

J. VIROL.

tioned deletions. Among them, V, L, I, and M rescued the
impaired infectivity of the mutated viruses to similar levels,
while C acted in this regard to a lower extent. Similar findings
were made with the MNC mutation (T24I in NC). Screening
studies identified six amino acids, including V, L, I, M, F, and
Y, at position 24 in NC that can help to rescue the deletions;
among these, F and Y are the least efficient.

Our data argue that a nucleotide change from C to T in the
MP2 and MNC mutations did not exert compensatory effects
in a cis manner. The results of cotransfection experiments
demonstrated that the nucleotide change from C to T in MP2
and MNC did not overcome the crippled packaging efficiency
of the LD3 viral RNA (Fig. 2). Furthermore, the V, L, I, and
M amino acids are coded for by different nucleotides, yet they
all can rescue the LD3 deletions when present at position 12 in
p2 and at position 24 in NC. Therefore, it is the hydrophobic
nature of the substituted amino residues at position 12 in p2
and at position 24 in NC, rather than the altered nucleotides
themselves, that rescued the deletion mutations.

One question concerning these findings is why only the I
residue was identified in culture if the V, L, and M amino acids
can also replace the T12 in p2 or T24 in NC to rescue the
mutated viruses. This may simply be because only a single
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FIG. 9. (A) Effects of various substitutions of the T24 residue in NC on the infectiousness of the BH-D2 mutated viruses. Each substitution
is represented by the single-letter abbreviation of amino acids. (B) The RT activity of each virus at day 7 after infection is plotted to clearly show
the difference of infectiousness between viruses. For details, refer to Fig. 4.
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nucleotide change, i.e., ACC—AUC, is required to achieve a
T-to-I substitution; however, each of the other amino acid
changes require mutations at two or three base positions. It is
also noted from the above results that the V, L, I, and M
residues are identified both in p2 and in NC as the most
efficient ones in the rescue process. Since V, L, I, and M are
selected from 20 amino acids and all contain long hydrophobic
side chains, we hypothize that specific interactions of a hydro-
phobic nature involving these residues in p2 and NC with other
sequence of Gag or with viral RNA are essential to the rescue
of the BH-D1, BH-D2, and BH-LD3 mutated viruses.

In addition to SL1, several other RNA elements are also
involved in HIV-1 RNA packaging. Based on their affinity to
the Gag protein, as assessed by in vitro binding experiments,
the involved RNA elements can be divided into two groups.
The TAR and poly(A) hairpin show low affinity for Gag, while
SL1 and SL3 exhibit high affinity (5, 8). It is understood that
SL1 and SL3 contribute to the packaging process through their
tight binding to Gag, yet the mechanism remains elusive by
which TAR and the poly(A) hairpin affect RNA packaging.
Because of the multipartite nature of packaging signals, mu-
tation of either one of these signals cannot totally exclude viral
RNA from virus particles. Moreover, the mutated viruses may

revert by modifying the Gag protein to increase its binding
affinity to the unchanged packaging signals, so that the RNA
packaging in the mutated viruses can be restored to wild-type
levels. Our compensation analysis of the SL1 sequence may be
an example of this kind.

The nuclear magnetic resonance (NMR) structure of the
NL4-3 NC and the SL3 RNA complex indicated a direct con-
tact between the 124 residue of NC and SL3 RNA, which
implies that 124 participates in packaging (12). However, the
24th position of NC in BH10 is occupied by a T residue. Since
multiple RNA elements are involved in the packaging process,
although the NC of BH10 contains a T24 residue and may
show a low affinity to SL3, interactions of NC with SL1 or other
viral RNA elements may still allow the virus to recruit wild-
type levels of viral RNA. However, when the SL1 RNA se-
quence is deleted, a T241 change is necessary to strengthen the
interactions between NC and SL3 RNA, such that the mutant
virus can package wild-type levels of viral RNA. Since V, L,
and M contain similar hydrophobic side chains to I, they may
establish similar interactions with SL3 RNA when present at
position 24 in NC and correct the defective viral RNA pack-
aging in the mutated viruses.

Another interesting finding is that a substitution of T24N in
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FIG. 11. Viral genomic RNA levels in the BH10 viruses containing
various substitutions of the T24 residue in NC. Substitutions are rep-
resented by the single letters of amino acids. Viral RNA from viruses
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primer pair pGAG1-pST (23). The intensity of each band was quan-
tified by the NIH Image program and plotted.

the first zinc finger motif of NC in BH10 can be compensated
for by another point mutation, i.e., V13A in the same zinc
finger. According to the NMR structure of NC and the SL3
RNA complex, the V13 and 124 amino acid residues, together
with F16 and A25, form a hydrophobic cleft to which the G of
SL3 can bind. Moreover, V13 and 124 contribute to the for-
mation of a compact structure of NC by hydrophobic interac-
tions with F6 (12). Therefore, V13 and 124 are important
residues in NC. It is possible that substitution of T24 in BH10
with N may introduce steric interference with the V13 residue
and further lead to distortion of NC conformation. The G
amino acid contains an -H as its side chain and therefore can
release the possible steric hindrance when substituted for V13.
This issue needs to be tested by NMR analysis of the mutated
NC protein binding to the SL3 RNA.

It is also interesting that the V271 substitution in CA can
stimulate growth of the BH-p2-12D mutant. V27 is located in
aregion that forms “helix 1” in the CA protein (14, 15) (Fig. 3).
Both crystallographic and mutagenesis studies suggest that
proteolysis between MA and CA is followed by refolding and
that the helices of two distinct CA molecules, including “helix
1,” then create a new CA-CA interface essential for the for-
mation of a condensed conical core (36). The V271 mutation
may adjust this process to correct deficits caused by the T12D
mutation in p2. On the other hand, identification of the V271
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FIG. 12. (A) Infectiousness of the BH10 wild-type virus and the
BH-T24N, as well as BH-V13G-T24N mutated viruses in MT-2 cells.
(B) Viral genomic RNA levels in the wild-type and mutated viruses
determined by RT-PCR using primer pair pPGAG1-pST. RNA samples
of each virus were diluted 1:2 and 1:4 to ensure the linear range of the
reactions. Wild-type viral DNA standards of 10', 102 10? and 10*
copies were used to determine the linear range of reactions. Lane 1,
viral RNA from viruses equivalent to 200 pg of CA Ag; lane 2, 100 pg
of CA Ag; lane 3, 50 pg of CA Ag. Intensity of RNA signals was
quantified using the NIH Image program with the levels of wild-type
BH10 arbitrarily set at 1.0.

mutation in CA also suggests possible interactions of p2 with
certain regions of CA.

Proteolytic cleavage of Gag gives rise to four distinct pro-
teins, i.e., MA, CA, NC, and p6. Although the structure of each
of these proteins has been determined, their conformation
within the context of the Gag protein is not fully resolved. The
fact that wild-type virus can successfully accommodate 15 of 20
amino acids at position 12 in p2 suggests that this residue is not
normally involved in crucial interactions with other regions of
Gag. However, the presence of some amino acids at this posi-
tion, e.g., W, D, or E, may conceivably exert negative effects on
Gag conformation and may, therefore, result in abnormal Gag
processing, RNA packaging, and viral replication. The V, L, I,
and M substitutions may have established novel interactions
that are crucial for the viability of the deleted virus but insig-
nificant in regard to wild-type virus.
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