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We used the simian immunodeficiency virus (SIV) molecular clone SIVmac239 to generate a deletion
construct, termed SD2, in which we eliminated 22 nucleotides at positions �398 to �418 within the putative
dimerization initiation site (DIS) stem. This SD2 deletion severely impaired viral replication, due to adverse
effects on the packaging of viral genomic RNA, the processing of Gag proteins, and viral protein patterns.
However, long-term culture of SD2 in either C8166 or CEMx174 cells resulted in restoration of replication
capacity, due to two different sets of three compensatory point mutations, located within both the DIS and Gag
regions. In the case of C8166 cells, both a K197R and a E49K mutation were identified within the capsid (CA)
protein and the p6 protein of Gag, respectively, while the other point mutation (A423G) was found within the
putative DIS loop. In the case of CEMx174 cells, two compensatory mutations were present within the viral
nucleocapsid (NC) protein, E18G and Q31K, in addition to the same A423G substitution as observed with
C8166 cells. A set of all three mutations was required in each case for restoration of replication capacity, and
either set of mutations could be substituted for the other in both the C8166 and CEMx174 cell lines.

The 5� untranslated leader sequences of both simian immu-
nodeficiency virus (SIV) and human immunodeficiency virus
type 1 (HIV-1) possess distinct functional domains that include
elements required for transactivation of transcription, initia-
tion of reverse transcription, packaging of viral RNA, and
integration of the proviral genome (7). Leader sequences
downstream of the U5 region include the major splice donor
site and are involved in encapsidation of full-length viral
genomic RNA as well as viral gene expression (11, 14–19). The
secondary structure of the HIV-1 leader sequence, located
downstream of U5, includes four stem-loop RNA motifs,
termed SL1, SL2, SL3, and SL4 (5, 13). Each of the SL1, SL3,
and SL4 elements has been shown to be involved in packaging
of viral genomic RNA (7). In addition, SL1 contains a palin-
dromic loop sequence that is thought to serve as a dimerization
initiation site (DIS) (6, 25). Mutations within SL1 have been
shown to severely diminish viral infectivity (23).

The 5� leader sequence of SIV has little sequence similarity
to that of HIV-1; however, similar secondary structures are
predicted for both (11, 24). A stem-loop structure that serves
as a putative DIS has been identified in the leader sequences of
both SIV and HIV-1. Our group has previously shown that
deletions within the DIS stem-loop of each of the viruses
HIV-1 and SIV severely impaired viral replication and that this
led to impairment of both Gag protein processing and pack-

aging of viral genomic RNA (11, 12, 19, 20). Reversion to
wild-type viral replication has been observed following dele-
tions within the DIS of HIV-1, and this has been attributed to
a series of four point mutations within distinct Gag proteins,
i.e., matrix (MA), capsid (CA), p2, and nucleocapsid (NC)
(21). In the case of SIV, deletion of presumed DIS sequences
at positions �398 to �418 yielded a construct termed SD2.
This virus was initially impaired in replication ability in C8166
cells; nonetheless, long-term passage led to a restoration of
viral replication that was shown to be due to three point mu-
tations, located in both the putative DIS (an A423G substitu-
tion) and Gag regions (K197R and G49K) (11). However, the
mechanisms whereby these mutations might contribute to the
observed rebound of viral replication capacity were not char-
acterized.

We have now extended our studies of the reversion of de-
leted SD2 viruses in both C8166 cells and CEMx174 cells and
identified a different set of compensatory mutations, i.e.,
Glu18Gln (E18G) and Gln31Lys (Q31K), both located in the
nucleocapsid protein of Gag, and the same A423G substitution
in the putative DIS, responsible for restored viral growth.

All three point mutations, i.e., A423G, K197R, and E49K,
are required for full replication of the SD2 variant. Research
involving cell lines, viral stocks, viral replication, viral protein
analysis, and packaging of viral genomic RNA was carried out
as described elsewhere (11). To shed further light on the role
of these mutations in the restoration of replication, a series of
seven SD2 derivatives were generated that represent all of the
combinations of the three point mutations previously identi-
fied. These viruses contained either one, two, or all three of the
above-mentioned mutations, as follows: SD2-A423G; SD2-
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K197R; SD2-E49K; SD2-A423G,K197R; SD2-A423G,E49K;
SD2-K197R,E49K; and SD2-A423G,K197R,E49K. As shown
in Fig. 1, each of the above-mentioned point mutations was
able to partially compensate for the SD2 deletion in C8166
cells; however, all three mutations in tandem were required for
full replication capacity, and a previously observed polymor-
phism, i.e., T310C (12), located upstream of the putative DIS,
was unable to restore even minimal viral replication.

Reversion of SD2 virus in CEMx174 cells. We also passaged
the SD2 virus over multiple generations in the CEMx174 cell
line; these studies led to recovery of a virus with wild-type
replication properties. The viral DNA fragment from the U5

region to the end of the gag gene of this reverted virus was
amplified and cloned as described previously, and six of these
clones (from two independent series of passages) were se-
quenced (11) The results show that the original SD2 deletion
had been retained in each case but that three additional point
mutations were also present. One of these was the same as that
previously identified in the aftermath of SD2 reversion in
C8166 cells, i.e., A423G, but two distinct mutations located in
the NC region were also identified, i.e., E18Q and Q31K. The
E18Q mutation (Glu3Gln) was located within the first zinc
finger domain of the NC protein, while the Q31K substitution
(Gln-Lys) was found further downstream within NC.

FIG. 1. Growth curves of reverted viruses in C8166 cells. Compensatory mutations located within both the DIS, i.e., A423G, and the Gag
region, i.e., K197R and E49K, were introduced into the SD2 construct. The resultant constructs were then transfected into COS-7 cells. Equivalent
amounts of recovered viruses, based on levels of p27 antigen (10 ng/106 cells), were used to infect C8166 cells, Viral replication was monitored by
reverse transcriptase (RT) assay of culture fluids. Mock infection denotes exposure of cells to heat-inactivated wild-type (WT) virus as a negative
control.

FIG. 2. Growth curves of reverted viruses in CEMx174 cells. The second set of compensatory mutations, located in the DIS, i.e., A423G, and
the NC region, i.e., E18Q and Q31K, were introduced, either alone (A) or combined (B), into the SD2 construct. The resultant constructs were
transfected into COS-7 cells. Equivalent amounts of virus thereby recovered were used to infect C8166 cells based on levels of p27 antigen (10
ng/106 cells). Viral replication was monitored by reverse transcriptase (RT) assay of culture fluids. Mock infection denotes exposure of cells to
heat-inactivated wild-type (WT) virus as a negative control.

VOL. 75, 2001 NOTES 11921



Site-directed mutagenesis was then performed to introduce
each of these NC mutations, alone, together, and in combina-
tion with the A423G substitution, into the SD2 genome. This
was performed using the QuickChange site-directed mutagen-
esis kit (Stratagene, La Jolla, Calif.) (11, 21, 22) and the fol-
lowing primer pairs, nc1-1 (5�-GTGTTGGAATTGTGGGAA
ACAGGGACACTCTGCAAGGC-3�) and nc1-2 (5�-GCCT
TGCAGAGTGTCCCTGTTTCCCACAATTCCAACAC-3�)
for E18Q and nc2-1 (5�-GCAGAGCCCCAAGAAGAAAGG
GATGCTGGAAATGTGG-3�) and nc2-2 (5�-CCACATTTC
CAGCATCCCTTTCTTCTTGGGGCTCTGC-3�) for Q31K.

Different combinations of these point mutations were also
generated using the same methods. The resultant constructs,
termed SD2-E18Q; SD2-Q31K; SD2-E18Q,Q31K; SD2-
A423G,E18Q; SD2-A423G,Q31K; and SD2-A423G,E18Q,
Q31K, were then transfected into COS-7 cells, and the virus
particles thereby recovered were assayed for viral replication
capacity in CEMx174 cells. The results in Fig. 2 show that
various of these mutations could individually contribute to
recovered viral growth but that full restoration of replication
capacity required the combination of all three mutations, i.e.,
SD2-A423G,E18Q,Q31K.

FIG. 3. Replication capacity of wild-type (WT) and mutated viruses in C8166 cells or CEMx174 cells. Equivalent amounts of virus were used
to infect cells based on levels of p27 antigen (10 ng/106 cells). Viral replication was monitored by reverse transcriptase (RT) assay of culture fluids.
Mock infection denotes exposure of cells to heat-inactivated wild-type virus as a negative control. (A) Growth curves of the second set of SD2
reverted viruses in C8166 cells. (B) Growth curves of the first set of SD2 reverted viruses in CEMx174 cells.
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Our findings on the involvement of mutations in NC are
consistent with studies of HIV-1 that showed that the NC
protein is the major domain within Gag that recognizes the
encapsidation signals present within leader sequences (2–4).
The NC protein contains two zinc finger motifs that contribute
to its specific interactions with viral RNA (8–10), and our data
point to a role for NC in interactions between Gag and RNA
leader sequences. Of course, the p6 protein is also important in
the incorporation of viral proteins into virions and is involved
in encapsidation of viral RNA (1, 9, 22). Mechanistic studies
are in progress to assess the role of each of the mutations
identified above in restoration of viral replication.

The two sets of compensatory mutations can restore viral
replication equally in each of the cell lines C8166 and
CEMx174. We next tested the infectiousness of viruses con-
taining each of the above-described sets of mutations in both
cell types. Figure 3 demonstrates that the mutations that had
emerged in CEMx174 cells, i.e., A423G, E18Q, and Q31K,
were also able to rescue the SD2 deletion in C8166 cells and
that the A423G, K197R, and E49K mutations rescued viral
replication in CEMx174 cells.

Moreover, the infectiousness of SD2 deleted viruses, con-
taining either of these sets of mutations, but not individual
substitutions, was similar to that of wild-type virus in CEMx174
cells, as determined by assay of 50% tissue culture infective
dose per nanogram of p27 antigen (results not shown).

Thus, we have shown that both sets of compensatory muta-
tions selected in these studies were able to act interchangeably
to restore viral replication, regardless of the cell type in which
the virus was grown. Of course, it is conceivable that either the
same mutational patterns or different ones may have been
observed in either of the cell lines studied had either additional
replication studies been performed or different conditions for
cell growth been employed. Nonetheless, it is not trivial that
the escape mechanisms for lentiviruses, grown under condi-
tions of stress as demonstrated here, are apparently not re-
stricted to single pathways, and this is the first demonstration
of such plasticity on the part of a lentiviral genome.
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