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Here, we describe a cell-based in vivo assay that probes the specific interaction between nucleocapsid (NC)
protein and Psi (W) RNA, the human immunodeficiency virus (HIV) packaging signal. The results demonstrate
for the first time a specific NC-W interaction within living cells. The specificity and applicability of the assay
were confirmed by mutational studies of NC and deletion-mapping analyses of W-RNA as well as by testing the
in vivo NC-binding effects of NC-aptamer RNAs identified previously in vitro. This assay system would
facilitate further detailed studies of the NC-W interaction in vivo and the screening of various anti-HIV

molecules targeting NC and the specific interaction.

The human immunodeficiency virus (HIV) nucleocapsid
(NC) protein derived from the Gag polyprotein precursor is
involved in multiple steps of the viral life cycle (4, 16) such as
viral replication (26), including the strand transfer reactions
during reverse transcription (2, 32), migration of the preinte-
gration complex (8, 17, 20), integration (9), and, most impor-
tantly, packaging and assembly of the viral genomic RNA (15,
30). A number of genetic mutation studies of HIV have sug-
gested that viral genomic RNA packaging is mediated by a
specific interaction between the NC domain of the Gag and Psi
(W) RNA sequence, a so-called packaging signal, located in the
HIV 5’ long terminal repeat region (1, 6, 18, 24, 25).

However, studies of NC function with respect to the inter-
action with ¥ RNA have thus far relied on either mutational
studies using a proviral DNA clone (1, 18, 25) in vivo or in vitro
analyses such as nitrocellulose filter binding (10, 13), or gel
mobility assays (7, 12, 29) using purified recombinant Gag or
NC protein. Although those assays revealed important roles
for NC, they have limitations in that (i) the direct binding of
NC to ¥ RNA in vivo was not fully addressed in the former
assays, (ii) the in vivo situation could hardly be reflected in the
latter experiments, and, more importantly, (iii) none of them is
suitable for specifically screening antiviral agents against NC,
which is now regarded as a highly promising target for new
anti-HIV drugs (14) and which might overcome the current
HIV drug resistance problems, as it is conserved in all HIVs
and retroviruses (11). Thus, the development of an easy, spe-
cific, and functional assay that can probe the NC-¥ RNA
interaction in vivo is needed for multiple reasons. Moreover,
Bacharach and Goff recently described a cell-based genetic
assay using a yeast three-hybrid system that could probe the
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interaction between HIV Gag and ¥ RNA (3). However, they
were able to detect the interaction between HIV Gag and ¥
RNA but were unable to detect the specific interaction be-
tween NC and ¥ RNA in cells. That result raises the as-yet-
unsolved question of whether NC by itself can bind the ¥ RNA
in vivo specifically or whether other portions of Gag are nec-
essary for the specific interaction in vivo.

To this end, we set out to examine the specific interaction
between NC and ¥ RNA in vivo by developing a cell-based
assay. The assay is based on the idea that if NC binds ¥ RNA
specifically, this could hinder the translation of reporter gene
transcripts containing the ¥ RNA sequence upstream of the
translation initiation codon. We thus prepared pMV1psi-LacZ,
in which a lacZ open reading frame is immediately fused to the
W sequence derived from ARV-2/SF2 and placed downstream
of the IPTG (isopropyl-B-D-thiogalactopyranoside)-inducible
trc promoter and operator. The reporter plasmids employed
in this study have a tetracycline resistance gene and a pl5A
replication origin derived from pACYC184 (New England Bio-
Labs). For efficient NC expression, we employed vector pJC1,
which harbors an ampicillin resistance gene, a pMB1 replica-
tion origin (a relative of the ColEl origin), and lacI? as de-
scribed previously (31).

Transformants harboring pMV1psi-LacZ and pJC1 resulted
in only about 10% of the B-galactosidase activity of the trans-
formants not containing the NC vector. In contrast, the pMV1-
LacZ control vector lacking the W sequence showed nearly the
same 400 units of B-galactosidase activity in either the pres-
ence or the absence of the NC vector (Fig. 1A). Western blot
analysis revealed a good correlation between B-galactosidase
activity measured by an ONPG (2-nitrophenyl-B-p-galactopy-
ranoside) assay and the amount of B-galactosidase protein in
the transformants (Fig. 1B). Also, slot and Northern blots
showed that the level of lacZ mRNA was not influenced by the
presence of NC (Fig. 1A and D). It appears rather that NC
stabilizes the lacZ transcript containing the ¥ sequence more.
Thus, these results together demonstrate that the specific in-



6152 NOTES
Induction
A um“'hnm 0 1 2 3 [ 1 2 3
- Psi
"/“w o
B\ N

v

3 A

—0— pMV1-LacZ + pJC1(-NC)
—8— pMV1i-LacZ + pJC1

—7— pMV1ipsi-LacZ + pJC1(-NC)
—v— pMVipsi-LacZ + pJC1

i

'

-

100

B -galactosidase activity (unit)

T T T T T

ohr 1hr 2hr 3hr ahr
Induction time

J. VIROL.

Induction
time (hour)

‘ B. Control

pMV1psi-LacZ + pJC1{-NC)
B. pMV1psi-LacZ +pJC1
Control. Competent JM109 alone

C

Psi NC . ’ " ’
+ - A
+ + B.
D o 1 2 3 0 1 2 3
il I

A:+psif=NC B:+psii+ NC

FIG. 1. Translation inhibition caused by the HIV type 1 (HIV-1) NC-V interaction. (A) Visualization and quantitative analysis of the ONPG
assay for translation inhibition due to the interaction of HIV-1 NC and ¥ RNA. JM109 was doubly transformed with the indicated individual
vectors shown in the insert, and their lacZ reporter gene activities were determined by ONPG assay. (B) Western blot analysis of the expression
of B-galactosidase. A and B indicate JM109 cells cotransformed with pMV1psi-LacZ containing W sequence and pJC1(-NC) or pJC1, respectively.
Control indicates nontransformed JM109 cells. The band in the control originates from the endogenous inactive partial lacZa peptide of IM109
(lacZAM15) cells; it served as an internal control for the amounts of cell lysates used in the analysis. The cotransformants and JM109 were
harvested at the indicated times after IPTG induction. Cell lysates were loaded onto a 10% sodium dodecyl sulfate-polyacrylamide gel and
subjected to Western blot analysis. (C and D) Slot blot (C) and Northern blot (D) analyses. Total RNA was prepared from cotransformants A and
B as described above. Ten micrograms of DNase I-treated total cellular RNA was loaded onto each lane and subjected to slot blot and Northern

analysis.

teraction of NC with the W sequence inhibits the translation of
reporter transcripts containing an upstream ¥ RNA sequence.

The pMVlpsi-LacZ reporter system, designated the “W-
ATG-dependent vector,” employed thus far, however, has lim-
itations for further manipulations because of the dependence
of lacZ translation on the AUG in the SL4 of the ¥ sequence
as shown in Fig. 2A. Thus, we also set out to develop another
lacZ reporter vector system independent of the AUG codon.
Plasmids pMV1/A-psi and pMV1/AS-psi, in which the ATG of
the ¥ sequence is in frame with a stop codon (TAA) placed
between the newly engineered ribosome binding site and the
ATG of lacZ, were generated and designated the “¥-ATG-
dependent vector” (Fig. 2A). Using the resulting vectors, we
found again that B-galactosidase activity was repressed only in
cotransformants harboring the NC expression vector and the
pPMV1/A-psi vector. In the absence of either NC or ¥ se-
quence, a high level of B-galactosidase activity was observed
(Fig. 2B). pMV1/AS-psi gave the same results as pMV1/A-psi
(data not shown). The inhibition of 3-galactosidase expression
due to the specific NC-¥ interaction could also be demon-
strated nicely on X-gal (5-bromo-4-chloro-3-indolyl-B3-p-galac-
topyranoside) plates as shown in Fig. 2C. Inhibition was
equally evident using the ¥ sequence from HIV isolate NL4-3
(data not shown) and with Gag (albeit a little less efficiently
than with NC) but not with Tat, another RNA binding protein
in HIV (5) (Fig. 2D), indicating that inhibition is specific to NC
or Gag and the W sequence.

To examine the effect of the NC zinc finger mutations on the
interaction with ¥ RNA and thus validate the specificity of our
assay further, we employed three kinds of NC zinc finger mu-
tants (a gift of R. Gorelick at NCI) with cysteine-to-serine
replacements such as SSHS/CCHC, CCHC/SSHS, and SSHS/
SSHS in place of the two original CCHC/CCHC zinc fingers as
described previously (19). In the SSHS/SSHS mutant (pJC-
DB612), reporter activity was inhibited by about 20 to 25%
compared to that without NC protein, as seen in the lower
panel of Fig. 3A. While the second zinc finger mutant (pJC-
DB1352) still interacted with the W sequence as wild-type NC
(over 90% inhibition), the first zinc finger mutant (pJC-
DB1351) gave only about 60 to 65% repression, indicating that
the first zinc finger is more important than the second zinc
finger. This was confirmed further when we tested another NC
mutant (pJC-EJNC6) expressing an NC of 37 amino acids
instead of 55 amino acids (wild type). It generated 75% inhi-
bition of reporter gene activity, which is stronger than the first
zinc finger mutant but a little less than the second zinc finger
mutant (Fig. 3A, lower panel). This result demonstrates for the
first time that the NC having only the first zinc finger is still
capable of specifically interacting with the ¥ sequence. None
of these proteins repressed any B-galactosidase activity when
the reporter vector did not have the ¥ sequence, as shown in
Fig. 3A (upper panel). These results are in good agreement
with previous studies where the two zinc finger sequences were
shown to be functionally nonequivalent in binding to W and in



VoL. 81, 2007

A

NOTES 6153

Reporter vector : pMV1/A vs. pMV1/A-psi

SL1 500 4 —<— PMV1/A +pJC1(NC)
g —&— pMV1/A +pJC1
GG S —o— pMV1/A-psi + pJCI(-NC)
&, g Sk SL3 SL4 < 400 | —v pMVIApsi + puCt o

s A B

&% )

& ] 1 e

1 H & :

= 200 4

ucmcame.\gaaan anavuuud “ammJ Aeuavua 'g 906 %

iid ]

Y-ATG dependent VECtor SL1-—SL2w mreGLBewrmmermenm msu... < 100
i ?

W-ATG independent Vector SLi....$L2u . e SL3 e ATG SL4-RES. TAA ATG| LacZgene | @ | -~
ohr 1hr 2hr 3hr anr
Induction time
c D Reporter vector : pMV1/A-psi
JC1
w0 | o Srcar
—d— pre-GAG
—o— pJC1|-NC)

a. pMV1/A-psi +pJC1{-NC)

b. pMV1/A-psi + pJC1

200 4

B -galactosidase activity (unit)

Ohr 1hr 2 hr 3 hr 4 hr

Induction time

FIG. 2. Translation inhibition assay with the W-ATG-independent reporter vector. (A) Schematic representations of the sequence organiza-
tions upstream of the lacZ reporter gene in the W-ATG-dependent and W-ATG-independent vector systems. The possible secondary structure
of the HIV-1y; 4.5 ¥ sequence is shown at the top. The location of the HIV-1 splicing donor site is marked with an arrowhead, and the original
translation start codon (AUG) of the HIV-1 Gag polyprotein is shown by open lettering in dark circles. ¥-ATG-dependent vector refers to lacZ
translation initiation starting from the AUG start codon located in the SL4 region of the ¥ sequence. The W-ATG-independent vector initiates
the translation of lacZ at its own AUG (underlined) downstream of ¥ RNA (see the text for more details). Dotted lines indicate the same sequence
as that in the ¥ RNA sequence. (B) Effect of NC on ¥-ATG-independent expression of lacZ. (C) Visualization of NC-W-mediated lacZ translation
inhibition on agar. The effect of the interaction between NC and the W sequence on p-galactosidase expression in JM109 was monitored using agar
plates containing 2% X-gal and 70 pM IPTG. At the left and right are JM109 transformants containing pMV1/A-psi without NC (a) and with NC
(b), respectively. (D) Effect of Gag polyprotein and Tat protein on W-ATG-independent expression of lacZ. The expression vectors used are

indicated in the insert. All experiments were performed three times.

viral packaging (13, 18, 21, 27, 28). Next, we also examined the
contributions of the four stem-loops (SL) in the ¥ sequence to
the binding of NC. A series of combinations of the four stem-
loops in the ¥ sequence were cloned into pMV1/A and exam-
ined for interactions with NC. The results, as shown in Fig. 3B,
demonstrated that (i) only the full-length ¥ sequence had the
highest binding affinity, indicating that SL1, SL2, SL3, and SL4
each contribute to some extent to NC binding; (ii) SL123 or
SL.234, containing three stem-loops, had more activity than any
of the two stem-loop structures except SL34, and SL234 had a
little more activity than SL123, emphasizing the contribution
of SL4; (iii) SL34 was more active than SL12 or SL23; and (iv)
SL3 and SL4 alone each had substantial binding activity, point-
ing to the importance of SL3 and SL4. These mapping results
suggest that although maximal binding requires the full se-
quence of W, SL3 and SL4 are the major determinants of the
NC-¥ interaction in vivo. The fact that we observed differen-
tial translation inhibition activities by NC with the various SL

regions of the ¥ sequence tested points to the usefulness of
our assay in terms of its specificity and sensitivity and also
suggests that this assay system could be used effectively to
further dissect the residues of ¥ RNA in vivo that are critical
for NC binding.

Finally, we examined the applicability of our assay by testing
whether the aptamers identified in vitro could also interact
with NC in this cell-based assay. We inserted some of the
systematic evolution of ligands by exponential enrichment
(SELEX) RNA aptamers, isolated previously by Lochrie et al.
(23) and in our laboratory (22), in place of the ¥ sequence in
PMV1/AS and measured lacZ expression in the presence and
absence of NC (Fig. 4). In each case, we observed an inhibition
of translation, which is indicative of a specific interaction between
NC and the aptamers. This suggests that the assay may also be
used to screen and identify high-affinity NC binding RNA mole-
cules in vivo without going through the rather laborious complex
in vitro selection method that has been used thus far.
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FIG. 3. (A) Effect of mutations of NC protein on the translation
inhibition assay. pJC-DB1351, pJC-DB1352, pJC-DB612, and pJC-
EJNC6 are described in the text. Data from ONPG assays of wild-type
and mutant NC proteins with pMV1/A, a control reporter vector not
containing ¥, and with vector pMV1/A-psi are shown in upper and
lower panels, respectively. (B) Interaction strengths of different re-
gions of the ¥ stem-loop sequence with NC using our cell-based assay.
Shown are 3-galactosidase activities of individual reporter vectors ex-
amined in the absence (black bar) and presence (gray bar) of NC. The
percentages of lacZ inhibition that indicate B-galactosidase activity
obtained with NC compared to that without NC are also shown. All
experiments were performed three times.
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FIG. 4. Effect of various SELEX RNAs on NC binding in the

cell-based assay. The SELEX RNA aptamers described in the text

were cloned into pMV1/AS, resulting in (A) pMV1/AS-SW8.4 and

(B) pMV1/AS-SES8-6. They were tested for translation inhibition of

lacZ in the presence or absence of NC. All these experiment were
performed three times.

In conclusion, we have developed a cell-based in vivo assay
that probes the specific interaction between NC and ¥ RNA,
demonstrating for the first time the ability of the specific in-
teraction of NC by itself with W within living cells. This assay
provides an easy and efficient means of studying the NC-¥
interaction in detail in vivo and may also facilitate the screen-
ing and identification of antiviral chemicals and bioactive mol-
ecules against NC and the NC-¥ interaction.
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