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Programmed —1 ribosomal frameshifting (PRF) is a distinc-
tive mode of gene expression utilized by some viruses, including
human immunodeficiency virus type 1 (HIV-1), to produce mul-
tiple proteins from a single mRNA. —1 PRF induces a subset of
elongating ribosomes to shift their translational reading frame
by 1 base in the 5’ direction. The appropriate ratio of Gag to
Gag-Pol synthesis is tightly regulated by the PRF signal which
promotes ribosomes to shift frame, and even small changes in
PRF efficiency, either up or down, have significant inhibitory
effects upon virus production, making PRF essential for HIV-1
replication. Although little has been reported about the cellular
factors that modulate HIV-1 PREF, the cis-acting elements regu-
lating PRF have been extensively investigated, and the PRF sig-
nal of HIV-1 was shown to include a slippery site and frameshift
stimulatory signal. Recently, a genome-wide screen performed
to identify cellular factors that affect HIV-1 replication demon-
strated that down-regulation of eukaryotic release factor 1
(eRF1) inhibited HIV-1 replication. Because of the eRF1 role in
translation, we hypothesized that eRF1 is important for HIV-1
PRF. Using a dual luciferase reporter system harboring a HIV-1
PRF signal, results showed that depletion or inhibition of eRF1
enhanced PRF in yeast, rabbit reticulocyte lysates, and mamma-
lian cells. Consistent with the eRF1 role in modulating HIV PRF,
depleting eRF1 increased the Gag-Pol to Gag ratio in cells
infected with replication-competent virus. The increase in PRF
was independent of a proximal termination codon and did not
result from increased ribosomal pausing at the slippery site.
This is the first time that a cellular factor has been identified
which can promote HIV-1 PRF and highlights HIV-1 PRF as
essential for replication and an important but under exploited
antiviral drug target.

The ability of ribosomes to maintain the correct translational
open reading frame (ORF)? is fundamental to the integrity and
fidelity of protein synthesis. However, there are a number of
examples in which elongating ribosomes are programmed to
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shift their translational ORF 1 base in either the 5" or 3" direc-
tion (—1 or +1 ribosomal programmed ribosomal frameshift
(PRF), respectively) to translate multiple proteins from a single
mRNA (1-5). HIV-1 is one example of a virus that uses this
process as an integral part of its replication cycle.

The HIV-1 Gag and Pol proteins are synthesized as p55<*€ or
p16092&-P°! polyprotein precursors using the same translation
start codon but different ORFs in the full-length viral mRNA (6,
7). The gag ORF is located at the 5’ end of the viral mRNA,
whereas the pol ORF is 3’ of the HIV-1 PRF element and out-
of-frame with the gag ORF (Fig. 1). Therefore, the enzymatic
protein products of the pol gene are only translated through a
—1 PRF event (8 —10). Importantly, the frequency of the PRF is
controlled precisely via the interaction between viral RNA cis-
acting elements and host translation factors. The frequency of
the PRF in HIV-1 is ~5% of translational events (9, 11-13) and
is essential for the morphogenesis and maturation of retrovirus
particles because fluctuations in the Gag/Gag-Pol ratio are del-
eterious to virus replication (14-16). —1 PRF occurs in all
viruses via a similar mechanism (17, 18). Two basic RNA ele-
ments have been identified which are absolutely required to
generate and regulate PRF: a slippery site and a segment of RNA
secondary structure called the frameshift stimulatory signal
(11, 17,19, 20) (Fig. 1). The slippery site consists of a stretch of
seven nucleotides that do not have a uniform sequence but span
three amino acid codons and conform to the heptameric
sequence X XXY YYZ (the gag ORF is indicated by spaces)
where X is any nucleotide, Y isan A or U, and Zis A, U, or C
(21-24). The slippery sequence of HIV-1 is U UUU UUA. The
PREF-stimulatory signal of HIV-1 is contained within a 69-base
segment (11) which forms an extended stem-loop and helps
regulate the probability of the PRF event (9, 11, 19, 20, 25-29).
This contrasts with most other viral systems containing —1
frameshift signals as they have been reported to form
pseudoknots 3’ to the slippery site.

The mechanism of PRF is hypothesized to occur at least in
part because a translocating ribosome pauses over a slippery
site sequence as a consequence of a 3" RNA structure (30). The
RNA secondary structure is thought to promote a torsional
stress that leads to the ribosome shifting one nucleotide in the
—1 direction. Following the shift in reading frame, the ribo-
some continues translation in the new ORF to produce the
p16092&""°! polyprotein of HIV-1. In the absence of PRF, the
elongating ribosomes maintain their reading frame and
encounter the gag gene stop codon resulting in the production
of the p559°¢ polyprotein. The rules governing PRF appear to
be universal in eukaryotes because it has been shown that the
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FIGURE 1. HIV-1 genome and the frameshifting region. The HIV-1 genome is shown with an expanded view
of the gag-pol transframe region, which includes the elements important for ribosomal frameshifting. The
frameshift signal is composed of the heptameric slippery site and an RNA stem-loop structure. LTR, long

terminal repeat.

PRF signals from mammalian viruses function in yeast cells (8,
10, 31).

The model described above suggests that alteration of PRF
efficiency will result when certain aspects of the translation
elongation process are modified. We hypothesize that a subset
of translation factors involved in translational fidelity,
mRNA-rRNA interactions, or rRNA-tRNA interactions can
have a role in regulating PRF. Such factors may include elonga-
tion factors, nonsense-mediated decay proteins, translation
termination factors, ribosomal proteins, as well as factors that
modulate the activity of these processes such as kinases or
phosphatases. In addition, RNA-binding proteins or factors
that can remodel RNA structures (ATPases/helicases) might
also affect PRF.

Eukaryotic release factor 1 (eRF1) was originally identified in
a screen in the yeast Saccharomyces cerevisiae and was identi-
fied as a suppressor of nonsense mutations and designated
SUP45 (32). Subsequent genetic and biochemical analyses dem-
onstrated that SUP45 was a translational release factor which
then also became known as eRF1 (32). eRF1 adopts a tertiary
structure mimicking tRNAs (33) allowing it to recognize all
three stop codons when they enter the ribosomal A site. eRF1
then mediates peptidyl-tRNA hydrolysis at the peptidyl trans-
ferase center of the ribosome to terminate translation. Muta-
tion of eRF1 in yeast has been previously reported to promote
stop codon readthrough and to increase the frequency of +1
frameshift suppression (32).

A recent genome-wide screen for cellular factors involved
in the HIV-1 lifecycle found that “knockdown” of eRF1
inhibited HIV-1 replication (34). Because of eRF1 function in
translation, we were interested in examining whether eRF1
played a role in modulating HIV-1 PRF. In this report we
demonstrate that depletion of eRF1 increases PRF in HIV-1.
This phenomenon was caused by eRF1 depletion directly and
not by another factor affected by eRF1 depletion. Moreover,
the finding was not dependent on ribosomal pausing at the
slippery site, and it occurred independently of a stop codon
proximal to the slippery site. This result identifies for the
first time a cellular factor that is important for HIV-1 PRF,
suggests an additional role for eRF1 in translation control
and indicates that it is important to identify other factors
that modulate HIV-1 PRF to exploit this essential step in
HIV-1 replication for therapeutic intervention.
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E LTR dual luciferase construct was taken
from p2Luci (35), which harbors the
Renilla luciferase gene followed by
the firefly luciferase gene in the 0
translational reading frame. To
make EK189 containing the yeast
PGK1I promoter driving dual lucif-
erase expression along with the cor-
responding 3’ untranslated region
of the PGK1 gene, the dual lucifer-
ase markers were PCR-amplified
from p2Luci and cloned into the
BamHI-Sall-digested backbone of
EK135, for which the map will be supplied upon request. The
80-bp HIV-1 PRF signal from the HXB2 strain (11) was PCR-
amplified and inserted into the BgllI-BamHI site of EK189 pro-
ducing EK190 (slip). In similar fashion, modified versions of the
PRF signal, including one with an extra T in the slippery site and
another with a termination codon between the Renilla lucifer-
ase gene and the PRF slippery site, were inserted into EK189
resulting in EK191 (PC) and EK193 (NC), respectively.

Plasmids used for in vitro transcription/translation assays
were made by inserting PCR-amplified dual luciferase region of
EK190 (slip), EK191 (PC), or EK193 (NC) into the XhoI-Sacll
site of pRS415 to produce dual luciferase mRNA under control
of the T7 promoter and poly(A) sequence. Plasmids used for
human tissue culture experiments were made by inserting
HIV-1 HXB2 frameshift region into Sall-Sacl site of p2Luc
(35). Plasmid harboring mutated human eRF1 G183R (36) was
made by PCR, and the fragment was inserted into Apal-Pstl
site of pRS415.

Backbone of plasmids used for the Western blot analysis was
made by inserting partial glutathione S-transferase sequence,
frameshift region, hemagglutinin (HA) tag, and 3XFLAG tag
made from annealing of two oligoucleotides or PCR, into pYD1
(Invitrogen). The resulting sequence between partial glutathi-
one S-transferase and 3XFLAG were amplified by PCR and
inserted into Spel-EcoRI site of p414-GPD (37).

Yeast Strains—Yeast strains harboring the plasmid encoding
temperature-sensitive Sup45p/eRF1 (I1222S) (38) or its wild
type counterpart were kindly provided by Dr. Tobias von der
Haar and Dr. Gloria Merritt.

RNA Interference—A siRNA pool composed of three siRNAs
against eRF1 (Ambion), s4838, s4839, and s4840 was employed
to transfect HeLa cells using Lipofectamine® 2000 (Invitrogen)
according to the manufacturer’s protocol. The final concentra-
tion of total siRNA was 50 nm. siRNA plus 0.2 ug of vector
plasmid were cotransfected into HeLa cells. Seventy-two hours
after transfection, the cells were collected, and RNA and pro-
tein were extracted and analyzed by real-time PCR and West-
ern blotting for RNA and protein quantification. Dual luciferase
activities of HeLa cells were assayed using the Promega Dual
Luciferase® Reporter Assay system.

Real-time PCR—Total RNA was isolated from HeLa cells
transfected with siRNA and/or vector and was purified using
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RNAqueous® phenol-free total RNA isolation kit (Ambion),
supplemented with RQ1 RNase-free DNase (Promega). The
absence of DNA contamination was confirmed by a control
excluding reverse transcriptase (RT). cDNA was obtained using
Applied Biosystems TagMan® reverse transcription Reagents
(Applied Biosystems), and aliquots were subjected to amplifi-
cation using an IQ™ SYBR Green kit (Bio-Rad). Each PCR was
carried out as follows: preheat 15 min at 95 °C, then 40 cycles of
20 sat 95 °C, 30 s at 60 °C, followed by an extension at 72 °C for
2 min. Using the comparative Ct method, gene expression was
calculated, and glyceraldehyde-3-phosphate dehydrogenase was
used as a control gene. HeLa cells treated only with vector control
were set as 100%, and the fold change in expression in siRNA and
vector-treated HeLa cells were represented as bar graphs.

In Vitro Transcription/Translation Assay—In vitro tran-
scription/translation assays were performed using TNT®
Quick Coupled Transcription/Translation Systems (Promega),
according to the manufacturer’s protocol. The mutant human
eRF1 expression vector was added to rabbit reticulocyte lysate
with the amounts noted in the figures. Following incubation at
30 °C for 5 min, 1 ug of the dual luciferase construct harboring
HIV-1RES elements or its variants were added. After additional
incubation at 30 °C for one h, Renilla and firefly luciferase activ-
ities were determined with the Dual Luciferase® Reporter
Assay system.

Determination of the PRF Ratio for Replication-competent
Virus—Six micrograms of plasmid pNL4-3 was transfected into
293T cells in a 10-cm culture plate using FuGENE 6® HD trans-
fection reagent (Roche Applied Science). After incubation at
37 °C for 48 h, virus supernatant was collected, filtered with a
0.45-pum filter, and used to inoculate HeLaT4 cell cultures in
6-well plates, which had been pretreated with siRNA for 12 h.
Virus was harvested from the infected HeLaT4 cells after incu-
bation at 37 °C for 48 h followed by analysis employing p24
ELISA and RT assays.

RT assays were performed following Willey et al. (39), except
the incubation period was reduced to 45 min. p24 assays were
carried out using RETRO-TEK HIV-1 p24 Antigen ELISA kit
(Zeptametrics).

Toeprinting Assay—The general procedure followed was
gleaned from Gould et al. (40). Two micrograms of mRNA pro-
duced from a linearized dual luciferase construct using the
RiboMAX Large Scale RNA Production system-T7 (Promega)
was added to rabbit reticulocyte lysates from TNT Quick-cou-
pled Transcription/Translation System (Promega), with and
without the plasmid encoding mutant human eRF1 (see Fig.
6A). After adding cycloheximide 15 min later and incubating at
30 °Cfor 20 min, mRNAs with attached ribosomes were reverse
transcribed with a carboxyfluorescein (FAM)-labeled primer
using Superscript III RT (Invitrogen). cDNA analysis was per-
formed using an ABI 3130 XL DNA sequencer in conjunction
with GeneMapper software (ABI).

Dual Luciferase Assay of Yeast Strain Harboring Mutant
eRF1—At least three independent, 2-ml liquid cultures of yeast
strains harboring the Slip construct and its variant (see Fig. 4),
and the wild type or mutant eRF1 genes were incubated at 27 °C
until mid log phase. After switching the temperature to 37 °C
for 1 h, 250 ul of the cultures were chilled with iced water, spun
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down, and resuspended into 250 ul of Passive Lysis buffer from
the Promega Dual Luciferase® Reporter Assay system. The
samples were freeze-thawed three times using liquid nitrogen
and water baths to break cells and 10 ul of the cell lysates were
used for dual luciferase assay using the Promega kit mentioned
above.

Western Blot Analysis—Plasmids 0S-1, 00, and PC were
introduced into yeast strains harboring plasmids encoding
either the temperature-sensitive Sup45p/eRF1 (1222S) (38) or
wild type Sup45p/eRF1. These yeast strains were switched to
the nonpermissive temperature as described previously. Pro-
tein extracts were prepared followed by electrophoresis in a
15% SDS-polyacrylamide gel with Tris-glycine buffer according
to Kushnirov (41).

RESULTS

Depletion of eRF1 Increases HIV-1 PRF—Recently, genome-
wide screening utilizing RNA interference technology was
employed to identify cellular factors involved in HIV-1 replica-
tion. We hypothesized that genes involved in translation iden-
tified in these screens might affect HIV-1 PRF. To test this
hypothesis, seven genes (eRF1, SSB, EIF2C3, EIF3H, DMITIL,
PIGH, and PIGY) identified by Brass et al. (34) were examined
to determine whether they played a role in HIV-1 PRF. The
results demonstrated that knockdown of only one gene, eRF1,
altered the PRF ratio. Initially, a loss-of-function analysis was
performed using RNA interference (Fig. 2). HeLa cells were first
treated with siRNAs for 72 h. Each gene was targeted with three
different siRNAs simultaneously at a total concentration of 50
nM. The siRNAs targeting eRF1 knocked down the mRNA to
approximately 20% of control levels with a corresponding
depletion of eRF1 protein to ~20% of the mock control (Fig. 2,
Band C). The scrambled duplex negative control did not result
in depletion of eRF1 mRNA or protein (Fig. 2, B and C). Next,
HeLa cells were transfected simultaneously with siRNA and
dual luciferase reporter constructs, p2Luc or p2Luc-FS, which
contain the Renilla luciferase gene (rluc) in the 5" position and
the firefly luciferase gene (fluc) in the —1 frame in the 3’ posi-
tion (Fig. 2). p2Luc-FS contains the HIV-1 PRF signal placed
between the luciferase genes, whereas p2Luc serves as a nega-
tive control yielding a background frameshifting ratio. Renilla
and firefly luciferase activities were measured 72 h after trans-
fection, and the fluc/rluc ratio was calculated and normalized
to the control ratio obtained with p2Luc-FS in mock siRNA-
treated cells (Fig. 2). There was approximately a 2-fold increase in
PRF in cells when eRF1 was depleted (Fig. 2D). A 2-fold increase in
PREF strongly inhibits HIV-1 replication (42). These results suggest
that eRF1 is involved in regulating HIV-1 PRF and that further
investigation of eRF1 modulation of HIV-1 PRF was warranted.

eRFI1 Knockdown Increases the Pol/Gag Ratio of Replication-
competent Virus—We next asked whether eRF1 depletion
altered the Pol/Gag ratio in a live virus assay using the HIV-
1NE*3 strain. HeLaT4 cells were transfected with siRNA target-
ing eRF1 mRNA for 12 h followed by infection with HIV-1""-3
(Fig. 3). Forty-eight hours after infection, viral supernatant was
harvested followed by measuring p24<2¢ levels via ELISA and
by assaying for RT activity utilizing a standard enzymatic assay
(39). It was found that the RT/p24<?€ ratio increased by almost
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FIGURE 2. Depletion of eRF 1 protein increases PRF in HeLa cells. HeLa cells harboring construct p2Luc-FS or
p2Luc were treated with 50 nm siRNA, knocking down eRF1 expression. SD represents a scrambled duplex
negative control. A, schematic representation of p2Luc-FS and p2Luc. p2Luc-FS contains the firefly luciferase
gene (fluc) and the Renilla luciferase gene (rluc) separated by the HIV-1 PRF signal with fluc being in the —1
reading frame relative to rluc. p2Luc represents a negative control in which rluc and fluc are not separated by
the PRF signal while fluc is still maintained in the —1 reading frame. B, eRF1 mRNA levels resulting from the
indicated treatments measured via quantitative real-time PCR. C, eRF 1 protein expression levels monitored via
Western blotting with relative levels being quantified using a Phosphorlmager (Molecular Dynamics). D, rela-
tive frameshift ratios were determined by measuring the fluc to rluc activities and normalizing to the values
obtained from mock treated cells containing p2Luc-FS. This experiment was done in triplicate. Error bars, £S.D.

A) HeLaT4 cell B)
2.0
2
| T 1.5
" =)
Treat with siRNA £
for 12 h before infection E
! 2 1.0
] Infect with HIV-1NL43 ‘ E
l =
2
‘ Analyze 48 h post infection ‘ w® 051
E i
» <
Enzymatic p24 assay
RT assay by ELIZA 0.0

40 nM 10 nM SD

Relative frameshifting ratio = RT / p24 Concentration of siRNA against eRF1

FIGURE 3. Depletion of eRF1 protein promotes PRF of replication-competent virus. A, strategy for analyz-
ing the effect of eRF1 knockdown on PRF of replication-competent HIV-1 in HeLaT4 cells. Replication-compe-
tent HIV-1N"*> was used to infect HeLaT4 cells in which eRF1 was knocked down with eRF1-specific siRNAs
beforehand. Forty-eight hours after infection, supernatant was harvested from infected cells, and RT levels (for
pol gene expression) were obtained by measuring enzymatic activity and normalizing to known amounts of RT
protein while p24 levels (for gag gene expression) were assessed via ELISA. Relative frameshifting ratios were
determined by dividing the RT concentrations by the p24 concentrations, normalizing to control samples
treated with scrambled duplex (SD). B, relative frameshifting ratios obtained. Each value was averaged from
three independent samples. Error bars, £S.D.

2-fold in cells treated with eRF1 siRNAs at a concentration of 40

Mutant eRFI1 Increases HIV-1
PRFin Yeast—The results described
above showed that the depleting
eRF1 with low concentrations of
siRNAs altered the PRF ratio
whereas scrambled duplex controls
had no effect upon PRF. It is possi-
ble, however, that these observa-
tions were due to “off-target” sSiRNA
effects. To rule out this possibility,
we examined whether inhibition of
eRF1 activity enhances PRF in
another system. We chose to utilize
the yeast S. cerevisiae as a model sys-
tem for further testing because it
has been reported that the HIV-1
PRF signal could direct frameshift-
ing in this system (10). A yeast strain
was employed in which the endoge-
nous eRF1 allele was inactivated and
replaced with a plasmid expressing a
temperature-sensitive mutant of
the eRF1 gene (1222S) (38) (Fig. 4).
The efficiency of PRF was deter-
mined using dual luciferase reporter
constructs (Fig. 4). To deplete eRF1,
the temperature-sensitive mutant
was expressed in yeast cells, and 1 h
before monitoring luciferase activi-
ties the temperature was changed
from the permissive temperature,
27 °C, to the nonpermissive temper-
ature, 37 °C. When the reporter har-
bored the HIV-1 PRF signal and fluc
in the —1 frame, PRF increased
more than 3-fold in the presence of
mutant eRF1, whereas no signifi-
cant change in the ratio was found
using control plasmids PC (with
rluc and fluc in the 0 reading frame)
and NC (with a stop codon inserted
between rluc and the slippery site)
(Fig. 4C). These results clearly indi-
cate that depletion of eRF1 observed
above did not result from off-target
siRNA effects and that the effect is
observable in diverse biological sys-
tems. This result is consistent with
our previous results indicating the
eRF1 is important in modulating
HIV —1 PRF and establishes a
genetic system to investigate the
universality of this phenomenon.

Transdominant Mutant of eRF1
Enhances PRF in Rabbit Reticulo-

cyte Lysate—We also tested whether the effects upon PRF could

nM (Fig. 3). This result is in good agreement with those obtained  be reproduced in rabbit reticulocyte lysates. The goal of this

using the dual luciferase model system (Fig. 2).
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experiment was to determine whether the increase in frame-
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FIGURE 4. Effects of the temperature-sensitive mutant allele of eRF1
(Sup45 1222S) on PRF in yeast cells. A, yeast strain and strategy used for
analyzing the effect of eRF1 mutation on the HIV-1 PRF. Yeast cells, from
which endogenous eRF1 was deleted, were transformed with a plasmid har-
boring either wild type eRF1 or temperature-sensitive eRF1 alleles and vari-
ous dual luciferase constructs. After a 1-h incubation at 37 °C to deactivate
temperature-sensitive eRF1, fluc and rluc activities were determined and rel-
ative frameshifting ratios obtained. B, reporter constructs. Basic backbone of
these constructs was made by inserting the HIV-1 PRF between the two lucif-
erase genes with all of the constructs using the PGKT promoter in the yeast
pRS416 plasmid. Slip represents the reporter construct with fluc in the —1
reading frame relative to rluc. PCis a positive control vector in which rluc and
fluc are in the same reading frame; NC represents a negative control in which
a stop codon was inserted between rluc and fluc 5’ to the PRF signal. C, rela-
tive frameshifting ratio determined by dividing fluc activity by the rluc activity
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shifting is directly due to eRF1 depletion rather than other
genes whose expression is affected by eRF1 depletion. The
advantage of using the TNT rabbit reticulocyte lysates (Pro-
mega) is that it is an iz vitro translation assay that was treated
with micrococcal nuclease, so expression of genetic informa-
tion is tightly controlled by what plasmids are added to the
reaction. A trans-dominant mutant of the human eRF1 gene,
G183R, was used to repress endogenous eRF1 function (36).
The G183R mutation is at the first glycine of the “GGQ motif ”
in the M domain of eRF1 and is essential for hydrolysis of pep-
tidyl-tRNA in the ribosome. Dual luciferase reporter constructs
were again employed, including the HIV PREF (slip), PC, and NC
variants as described in the previous section. Increasing
amounts of the mutant eRF1 plasmid were introduced into the
transcription/translation-coupled rabbit reticulocyte lysates as
described in Fig. 5. The results demonstrated a dose-dependent
increase in the level of PRF, reaching an approximately 3-fold
increase of frameshifting efficiency at the highest concentra-
tion of the mutant eRF1 plasmid. The dose-dependent increase
in frameshifting also correlated with increased expression of a
de novo synthesized protein corresponding in molecular mass
with mutant eRF1 (Fig. 5D). These results are consistent with
the results above indicating that eRF1 is directly modulating
HIV-1 PRF.

Enhanced PRF Is Not Correlated with Increased Ribosomal
Pausing—Previously, —1 ribosomal frameshifting was shown
to be stimulated by ribosomal pausing at the slippery site in
both the yeast L1 killer virus system as well as in a novel model
system (43, 44). One possibility for the increase of PRF when
eRF1isdepleted is that the rate of translational termination was
decreased resulting in stacking of ribosomes 5’ to the stop
codon increasing ribosomal pausing at the slippery site. To test
this hypothesis, a toeprinting assay was carried out (45, 46). In
this assay, a labeled DNA primer is annealed to an mRNA fol-
lowed by primer extension with RT. If RT encounters a factor or
complex bound to the mRNA at a specific location, the primer
extension will be inhibited, and the position of the factor or
complex can be ascertained from the size of the extended DNA
product after resolution in a DNA sequencing gel. mRNA con-
taining the HIV-1 PRF signal was produced using the RiboMAX
large scale RNA production system-T7 and added to rabbit
reticulocyte lysates (Promega) in the presence or absence of the
trans-dominant eRF1 mutant human allele. Cycloheximide was
subsequently added to the reaction to inhibit translation elon-
gation and arrest ribosomes on their mRNA template (Fig. 6). A
FAM-labeled DNA primer was then annealed to the mRNAs
containing the PRF signal followed by DNA elongation with
RT. The labeled DNA products were then analyzed using an
ABI 3130 XL DNA sequencer.

The results demonstrated that in the absence of eRF1 mutant
protein, four peaks were observed within 120 -320 bases from
the primer. Peak a corresponds to the TAA termination codon
which was anticipated to reveal paused terminating ribosomes
(Fig. 6). Peak b corresponds to the 3’ side of the PRF stem-loop

normalizing the samples to wild type eRF1 plus slip construct sample. Each
value was average from three independent samples. WT, wild type; MT,
mutant. Error bars, =S.D.
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FIGURE 5. eRF1 has a direct effect on frameshifting in a cell-free transcription/translation system. A, flow-
chart of strategy. B, dual luciferase constructs used. Similar to the constructs in Fig. 4, three constructs were
made: slip for measuring PRF site directed frameshifting, PC as a positive in-frame control,and NC as a negative
control with a stop codon between the reporter genes. The T7 promoter was used to express RNAs in this
system. C, relative frameshifting ratios determined by dividing the fluc activity by the rluc activity normalizing
to lysates with the slip construct in the presence of endogenous active eRF1. Each value was the average of
three independent samples. WT and MT stand for endogenous wild type eRF1 and mutant eRF1 plasmid,
respectively. Error bars, +S.D. D, de novo synthesized proteins labeled with [**S]methionine followed by SDS-
PAGE and autoradiography. Numbers shown on top of the image correspond to the amount of the plasmid
encoding mutant-eRF1 and incubation time after adding the plasmid to the lysate.

also expected because the stem-loop should perturb RT elon-
gation. Peak ¢ corresponds to ribosomal pausing at the PRF
slippery site due to the ribosome encountering the stem-loop.
Peak d was an unexpected peak that mapped to sequence within
the rluc gene. We do not know why this sequence caused a peak,
although in the control sample without rabbit reticulocyte
lysates it is still evident along with the peak at the 3’ side of the
stem-loop, indicating that it involves RNA secondary structure.
When mutant eRF1 was added to the system, it did not appre-
ciably change the toeprint. As anticipated, none of the RT elon-
gation arrest peaks is visible in the no-RNA control. Taken
together, these results suggests that the stimulation of PRF by
eRF1 depletion is not due to increased pausing of ribosomes at
the termination signal stacking ribosomes behind it and
increasing the pause rate over the slippery site.

— 1 Frameshifting Does Not Occur at a Stop Codon Proximal
to the Slippery Site upon eRF1 Depletion—Another potential
explanation for the effects observed above is that eRF1 deple-
tion promotes —1 frameshifting at a stop codon proximal to the
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at the PRF versus at the stop codon.
Construct 0S-1 contains a stop
codon between the HA and
3XFLAG epitopes: the HA epitope
is in the 0 reading frame and the
3XFLAG in the —1 reading frame
(Fig. 7). 0S-1 was introduced into
yeast strains harboring mutant or
wild type eRF1 and the protein pro-
duced was monitored by Western
blot analysis. If frameshifting occurs
at the termination codon, then a
16.2-kDa fusion peptide harboring
both the HA and 3XFLAG tags
would be observed on blots probed
with both anti-HA and anti-FLAG
antibodies. In contrast, if frame-
shifting occurs at the slippery site of
the PRF signal, a 16.4 kDa band
would be observed in the anti-FLAG
blot but not in the anti-HA blot (Fig.
7). Protein products produced with-
out frameshifting at either the PRF
signal or the stop codon will yield a
13.5-kDa product that can be visu-
alized in the anti-HA blot but not
the anti-FLAG blot.

The results are consistent with
frameshifting at the slippery site
within the PRF signal and not at the
stop codon for both wild type and
mutant eRF1 (Fig. 7). Both the wild type and mutant eRF1 sam-
ples produced a 16.4 kDa band in the anti-FLAG blot, and these
bands display the same mobility as the predominant band of the
PC wild type control, which was designed as a control to pro-
duce the same 16.4-kDa protein as its major product (Fig. 7,
anti-FLAG blot, lanes 1, 2, and 5). In addition, a 16.2-kDa pro-
tein, which would result from frameshifting at the stop codon
and be detectable in the anti-HA blot, is not produced by 0S-1
in either the presence or absence of mutant eRF1 as evidenced
by the absence of a 16.2 kDa band in the 0S-1 lanes which would
have exactly the same mobility as the predominant band for the
00 controls (Fig. 7, anti-HA blot, lanes 1-4). The predominant
proteins produced by 0S-1 and detected in the anti-HA blot are
consistent with the 13.5-kDa protein product which should be
produced when frameshifting does not occur. There are minor
bands in lanes 1 and 2 of the anti-HA blot running at ~22 kDa,
suggesting that there is some translational readthrough down-
stream of the 3XFLAG epitope. It should be noted that the
primary bands for control 00 (Fig. 7, lanes 3 and 4 of anti-FLAG

slip slip slip
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FIGURE 6. Toeprinting indicates that mutant eRF1 does not promote ribosomal stacking at the PRF signal. A, flowchart of toeprinting assay. mRNAs
transcribed from the linearized dual luc HIV-1 construct in vitro were added to rabbit reticulocyte lysates with or without the mutant eRF1 plasmid. After adding
cycloheximide to arrest the ribosomes, mRNAs were reverse transcribed with a FAM-labeled primer downstream of the PRF signal. B, schematic representation
of where peaks a, b, ¢, and d from panels C-E map including location of the primer. The starred line with arrow represents the binding position of the
FAM-labeled primer. Peaks a, b, and c correspond to pausing at the in-frame stop codon, the stem and loop, and the slippery site, respectively. Peak d maps to
a likely secondary structure in rluc. C, fragment analysis data from the sample with mutant eRF1. D, sample without mutant eRF1 plasmid. £, sample without
incubation in rabbit reticulocyte lysate. F, no-mRNA control. RRL, rabbit reticulocyte lysate; MT, mutant; CHX, cycloheximide; AU, arbitrary unit.

blot) run a bit slower than the 0S-1 bands in the anti-FLAG blot
(Fig. 7, lanes 1 and 2 of the anti-FLAG blot); this is likely due to
the amino acid content being different at the decoded HA sec-
tion of the gene products because in the case of 00, HA is in the 0
reading frame whereas in the case of 0S-1, HA is in the —1 reading
frame so the amino acid content is different. Also, it should be
pointed out that there are other bands running slower than the
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major bands in lanes 3 and 4 of the anti-FLAG blot (Fig. 7), again
probably due to stop codon readthrough downstream of the
3XFLAG epitope which is exacerbated upon inhibition of eRF1.
Taken together, the anti-HA and anti-FLAG blots are consistent
with —1 frameshifting being enhanced at the HIV-1 slippery site
upon eRF1 knockdown and not at a proximal termination codon

(Fig. 7).
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FIGURE 7. Depletion of eRF1 does not cause —1 frameshifting at a 0-frame stop codon proximal to the frameshift signal. A, constructs used in this assay
encode HA and 3 XFLAG epitopes 3’ to the HIV-1 PRF signal. The numbers —1,0,and + 7 above HA and 3 XFLAG indicate their reading frame. Positions of a stop
codon between HA and 3 XFLAG tags are indicated for two constructs including their reading frame in parentheses. UP refers to the coding sequence upstream
of the PRF signal and is a fusion between a portion of glutathione S-transferase and the Xpress epitope. The potential protein products obtained from the
constructs in the event of frameshifting at a stop codon between HA and 3 XFLAG (FS at Stop), frameshifting at the HIV-1 PRF (FS), and no frameshifting (NoFS)
are indicated. Thin wavy lines represent peptides not encoding an epitope marker. It should be noted that construct PC was made by inserting an extra U at the
slippery site. B, constructs were introduced into either the yeast wild type strain or the eRF1 mutant strain and cultured overnight at 27 °C followed by switching
to 37 °Cfor 1 h and subsequent extraction of samples. The samples were then subjected to electrophoresis in a 15% polyacrylamide gel followed by transfer
to polyvinylidene difluoride filters. The blots were then probed with either anti-HA or anti-FLAG antibodies as described under “Experimental Procedures.” WT

and Mt stand for wild type and mutant, respectively. M stands for protein markers.

DISCUSSION

The results described here indicate that the translation ter-
mination factor eRF1 plays a direct role in HIV PRF based upon
four lines of evidence. First, employing a dual luciferase
reporter separated by the HIV-1 PRF signal, we showed that
depletion of eRF1 in mammalian cells using RNA interference
knockdown resulted in an ~2-fold increase in PRF (Fig. 2). Sec-
ond, RNA interference knockdown of eRF1 in cells infected
with replication-competent HIV-1 increased the Gag-Pol/Gag
ratio also about 2-fold as assessed by ELISA to monitor p2452#
expression and enzymatic activity to measure RT levels (Fig. 3).
Third, when yeast cells harboring a conditional mutant of eRF1
were shifted to a nonpermissive temperature, —1 frameshifting
was enhanced by a similar magnitude as above suggesting that
the earlier findings were not due to off-target effects of siRNA
and that the effect is global in nature (Fig. 4). Fourth, when a
trans-dominant mutant of eRF1 was added to rabbit reticulo-
cyte lysates, there was a dose-dependent increase in PRF, pro-
viding a fourth confirmation of the effect and implying that
the effect is directly due to eRF1 inhibition and not due to
expression of another gene product because of eRF1 deple-
tion (Fig. 5). Interestingly, the increase in the frequency of
PRF was not dependent upon a proximal termination codon
suggesting that frameshifting was not being modulated at a
stop codon proximal to the PRF signal (Fig. 7). Thus, eRF1 is
the first protein factor identified that has a direct role in
modulating HIV-1 PRF.
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The change in PRF resulting from reduction of eRF1 may
appear on the surface to be modest, However, the 2—3-fold
change in frameshifting efficiency was shown to be well within
the range that would lead to inhibition of viral replication. Pre-
vious results have demonstrated that a 2-fold change in HIV-1
PRF dramatically inhibits HIV-1 replication (14—16). There-
fore, the inhibition of virus replication resulting from the
knockdown eRF1 expression observed by Brass et al. (34) taken
with the results presented here suggest that this inhibition is at
least in part due to an alteration in the Gag/Pol ratio.

Several lines of evidence are consistent with the notion that
eRF1 is a factor involved in PRF. For example, in Escherichia
coli, Horsfield et al. (47) placed a slippery sequence UUU UUU
A between marker genes and found that overexpression of
defective RF2, an E. coli termination factor, increased the
frameshifting ratio. Furthermore, Park et al. (48) demonstrated
that a [PSI+] yeast strain, in which its phenotype is caused by
mutation of eRF3, showed increased —1 frameshifting at a
UUU UUU A slippery site. In both publications, the reporter
constructs did not contain a defined downstream stimulatory
signal as in the case of the stem-loop within the HIV-1 PRF
signal, and a proximal stop codon was placed ~9 bases down-
stream of the slippery site. In this report, the constructs con-
tained the entire HIV-1 PRF signal, including the slippery site as
well as the downstream stimulatory signal. Thus, the results
obtained here are more broadly applicable to HIV-1 gene
expression. Furthermore, the in vitro translation assays pre-
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sented here indicate that the phenomenon is a direct effect of
eRF1 depletion.

It has been reported that ribosomal pausing over the slippery
site is a key factor influencing —1 frameshifting (43, 44). Thus,
we utilized toeprinting to examine if inhibiting eRF1 resulted in
increased ribosomal pausing at the slippery site. The toeprint
indicated that ribosomal pausing at the slippery site was not
augmented in the presence of a trans-dominant eRF1 mutant in
rabbit reticulocyte lysates (Fig. 6). Moreover, enhanced frame-
shifting was independent of a proximal termination codon, sug-
gesting that there is another mechanism that accounts for these
observations. It is possible that eRF1 forms a yet to be identified
complex with other factors, and this complex can augment —1
frameshifting. There is ample evidence that eRF1 binds to other
factors. Multiple methods indicate that eRF1 has at least 32
cellular binding partners (Saccharomyces Genome Data base).
eRF1 might also interact with HIV-1 viral proteins because it
was previously reported that eRF1 binds to Moloney murine
leukemia virus RT and plays a role in suppression of the termi-
nation codon separating the gag and pol genes in Moloney
murine leukemia virus (49). Thus, it will be interesting to deter-
mine whether eRF1 binds to any HIV-1 viral proteins or
whether down-regulation of already identified binding partners
also perturbs HIV-1 PRF. In any event, the work described is the
first example of a cellular factor which when depleted promotes
HIV-1 PRF, and it suggests that it should be possible to identify
other factors affecting this essential aspect of HIV-1 replication.
Thus, these findings highlight that HIV-1 PRF is a target that
can be exploited in the future for antiviral drug development.
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