
UC Irvine
UC Irvine Previously Published Works

Title
Conformational Changes in the 5′ End of the HIV-1 Genome Dependent on the 
Debranching Enzyme DBR1 during Early Stages of Infection

Permalink
https://escholarship.org/uc/item/4sj992t5

Journal
Journal of Virology, 91(23)

ISSN
0022-538X

Authors
Galvis, Alvaro E
Fisher, Hugh E
Fan, Hung
et al.

Publication Date
2017-12-01

DOI
10.1128/jvi.01377-17
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4sj992t5
https://escholarship.org/uc/item/4sj992t5#author
https://escholarship.org
http://www.cdlib.org/


Conformational Changes in the 5= End of
the HIV-1 Genome Dependent on the
Debranching Enzyme DBR1 during Early
Stages of Infection

Alvaro E. Galvis,a,b,c,d,e Hugh E. Fisher,b,c,d,e Hung Fan,a,c,d David Camerinia,b,c,d,e

Department of Molecular Biology and Biochemistry,a Division of Infectious Diseases,b Cancer Research
Institute,c Center for Virus Research,d and Institute for Immunology,e University of California, Irvine,
California, USA

ABSTRACT Previous studies in our laboratory showed that the RNA debranching
enzyme (DBR1) is not required for early steps in HIV cDNA formation but is neces-
sary for synthesis of intermediate and late cDNA products. To further characterize
this effect, we evaluated the topology of the 5= end of the HIV-1 RNA genome dur-
ing early infection with and without inhibition of DBR1 synthesis. Cells were trans-
fected with DBR1 short hairpin RNA (shRNA) followed 48 h later by infection with an
HIV-1-derived vector containing an RNase H-deficient reverse transcriptase (RT). RNA
was isolated at several times postinfection and treated with various RNA-modifying
enzymes prior to rapid amplification of 5= cDNA ends (5= RACE) for HIV-1 RNA and
quantitative reverse transcriptase PCR (qRT-PCR). In infected cells, DBR1 knockdown
inhibited detection of free HIV-1 RNA 5= ends at all time points. The difference in
detection of free HIV-1 RNA 5= ends in infected DBR1 knockdown versus control
cells was eliminated by in vitro incubation of infected cell RNAs with yeast or human
DBR1 enzyme prior to 5= RACE and qRT-PCR. This was dependent on the 2=-5= phos-
phatase activity of DBR1, since it did not occur when we used the catalytically inac-
tive DBR1(N85A) mutant. Finally, HIV-1 RNA from infected DBR1 knockdown cells
was resistant to RNase R that degrades linear RNAs but not RNAs in circular or lariat-
like conformations. These results provide evidence for formation of a lariat-like struc-
ture involving the 5= end of HIV-1 RNA during an early step in infection and the in-
volvement of DBR1 in resolving it.

IMPORTANCE Our findings support a new view of the early steps in HIV genome
replication. We show that the HIV genomic RNA is rapidly decapped and forms a
lariat-like structure after entering a cell. The lariat-like structure is subsequently re-
solved by the cellular enzyme DBR1, leaving a 5= phosphate. This pathway is similar
to the formation and resolution of pre-mRNA intron lariats and therefore suggests
that similar mechanisms may be used by HIV. Our work therefore opens a new area
of investigation in HIV replication and may ultimately uncover new targets for inhib-
iting HIV replication and for preventing the development of AIDS.

KEYWORDS DBR1, human immunodeficiency virus, reverse transcription

During mRNA splicing, excision of group II introns from pre-mRNA by the spliceo-
some results in formation of intron lariats. In lariat RNAs, a 2= hydroxyl group of an

internal guanosine or adenosine nucleotide is linked to the 5= phosphate of the excised
intron (1–3). The unique 2=-5= phosphodiester bonds in intron lariat RNAs are cleaved
by a specific debranching enzyme, DBR1, resulting in a linear RNA with 5= phosphate
that is amenable to ribonucleotide recycling (4). Formation of a lariat form of the
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genomic RNA also has been proposed to be an intermediate in the replication of the
yeast retrotransposon Ty1 (5).

Ty1 is among the best characterized of the long terminal repeat (LTR) retrotrans-
posons of the yeast Saccharomyces cerevisiae (5–8). Retrotransposons are inherited
genetic elements that resemble integrated retroviruses, and they contain LTRs. When
induced, they copy their RNAs into DNAs by reverse transcription, which are then
reintegrated into new chromosomal sites (retrotransposition). Using a genetic screen
aimed at identifying cellular factors involved in Ty1 retrotransposition, Chapman and
Boeke found that DBR1 plays a role in Ty1 retrotransposition, although its function is
not essential for cell viability (9). DBR1 mutant yeast strains produce mature cellular
mRNAs, but accumulate intron lariats, and they are defective for both Ty1 transposition
and cDNA formation (5, 6). Menees and colleagues demonstrated that the 2=-5=
phosphodiesterase activity of DBR1 is required for Ty1 retrotransposition (8). Further-
more, Cheng and Menees, reported that during retrotransposition, the Ty1 RNA forms
a 2=-5= branch characteristic of an RNA lariat, between the 5= end of the RNA and
the last nucleotide of the U3 region (5). The formation of a lariat-like structure was
proposed to assist in the first strand transfer during reverse transcription. The involve-
ment of a putative lariat in Ty1 retrotransposition, however, remains controversial.
Coombes and Boeke found that despite using a number of lariat detection methods,
they were unable to detect lariats from in vivo Ty1 RNA preparations (10). Thus, the
mechanism of DBR1’s role in Ty1 retrotransposition remains unclear.

The similarity of Ty1 to vertebrate retroviruses suggested that DBR1 might be
important for cDNA synthesis in retroviruses, including the complex retrovirus human
immunodeficiency virus type 1 (HIV-1). We previously reported a role for DBR1 in HIV-1
cDNA synthesis (11), and DBR1 has also been identified as a cellular gene important for
HIV-1 replication in a genome-wide small interfering RNA (siRNA) screen (12). Using
short hairpin RNA (shRNA)-mediated knockdown of DBR1, we inhibited the detection of
late reverse transcription products and HIV capsid protein p24 at 24 h postinfection, but
there was little effect on production of the early cDNA product known as minus-strand
strong-stop DNA. This effect could be reversed if cells were cotransfected with a DBR1
expression plasmid (11). More recently, we confirmed that DBR1 shRNA inhibits HIV-1
reverse transcription during or after the minus-strand template switch (13). Moreover,
we found that initiation of reverse transcription takes place in the cytoplasm, but
completion of reverse transcription largely takes place in the nucleus or perinuclear
region. Since DBR1 is a nuclear protein, this would be consistent with it playing a role
in completion of reverse transcription in the nucleus.

Here, we further investigated the role of DBR1 in HIV-1 replication by examining the
topology of the 5= end of an HIV-1-based vector RNA genome during early infection
with or without DBR1 knockdown. We utilized an HIV-1 vector preparation containing
a mutant reverse transcriptase, RT(E478Q), that is active in DNA synthesis but defective
for RNase H activity (14), to prevent degradation of the RNA genome during reverse
transcription. We analyzed the configuration of the 5= end of viral genomic RNA in
infected cells by digestion in vitro with several RNA-modifying enzymes followed by 5=
rapid amplification of cDNA ends (RACE) and quantitative reverse transcriptase PCR
(qRT-PCR). This approach allowed us to identify and quantify different forms of the
infecting viral genome at different times early after infection. The results provided
evidence for formation of a lariat-like structure of HIV-1 genomic RNA in cells early after
infection that required DBR1 for resolution. The temporal formation and disappearance
of this structure would be consistent with its involvement in reverse transcription at or
near the minus-strand transfer step.

RESULTS
Detection of HIV-1 RNA in infected cells by 5= RACE. In previous studies, we

determined that DBR1 plays a role in HIV reverse transcription (11, 13). Here we tested
if DBR1 might be resolving a lariat-like intermediate of the template viral RNA formed
during minus-strand transfer, as proposed for Ty1. We hypothesized that there are
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three HIV RNA genome structures at different stages of early infection and reverse
transcription: capped linear viral RNA (the genomic form in the virion), a lariat inter-
mediate, and uncapped linear RNA (Fig. 1), which occur in that temporal order. To study
the state of the RNA genome during infection, we first transfected GHOST-R5X4 cells
with the DBR1 shRNA D4 to knock down DBR1 expression or with a control shRNA with
three mismatches in the core binding sequence, M4. We previously showed that the D4
shRNA efficiently reduces DBR1 RNA levels in transient transfections (13). After 48 h, the
cells were infected with the HIV-1 vector HR-E pseudotyped with vesicular stomatitis
virus G protein (VSV-G) at a multiplicity of infection (MOI) of 0.2. To prevent degradation
of the vector RNA by the RNase H activity of reverse transcriptase during reverse
transcription, the vector was packaged with the RT(E478Q) mutant. The E478Q muta-
tion renders the RNase H subunit catalytically inactive but allows reverse transcription
up to the point of the first strand transfer (14). Cells were harvested 12 h postinfec-
tion, and phosphorylated 5= ends of viral vector RNA were detected by 5= RACE and
qRT-PCR with or without previous in vitro digestion with one or two relevant
enzymes. In the 5= RACE, an RNA oligonucleotide was ligated to RNAs containing
free 5= phosphate ends with RNA ligase, followed by qRT-PCR for HIV sequences
with an HIV primer near the 5= end (13). Copies of HIV-1 free 5= end cDNA detected
were normalized against copies of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) cDNA detected from the same cells to obtain the number of HIV-1 free 5=
end RNA copies per 2.5 �g of cellular RNA.

Preliminary analysis of HIV-1 RNA in infected cells. Analyses of RNA from vector-
infected cells at 12 h postinfection are shown in Fig. 2. Phosphorylated uncapped 5=
ends were detected in the infected cells, and inhibition of DBR1 (D4) decreased the
levels by 8.6-fold compared to cells treated with the control plasmid (M4) (treatment 1).
This suggested that DBR1 activity is necessary for appearance of the phosphorylated
uncapped (free) 5= ends. As expected, treatment of the infected cell RNA with calf
intestinal alkaline phosphatase (CIP [which removes free 5= phosphates from RNA])
abolished detection of viral RNA (treatment 2); removal of the 5= phosphate would
prevent ligation of the RNA oligonucleotide necessary for 5= RACE. Treatment of the
RNA prior to 5= RACE with tobacco acid pyrophosphatase (TAP [which removes 5= cap
structures and leaves a 5= phosphate]) did not increase the amount of detectable free
5= ends (treatment 3). This indicated that at 12 h postinfection, there was little capped

FIG 1 Potential HIV-1 RNA genome intermediate structures. (A) Capped single-strand HIV-1 RNA genome.
(B) Lariat formed by a 2=-5= phosphodiester bond between the 5= nucleotide and the last nucleotide of
the U3 region. (C) Uncapped single-strand RNA genome.
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viral RNA. Indeed, when the RNA was first treated with CIP followed by TAP, there were
no detectable ligatable HIV 5= ends (treatment 8). The difference in detection of free 5=
ends of HIV-1 RNA in the D4- versus M4-transfected cells (treatment 1) suggested that
there might be viral RNA in unresolved lariat-like forms in the D4-treated cells. When
RNA from the D4-treated cells was digested in vitro with human or yeast DBR1 enzyme
prior to 5= RACE (treatments 4 and 6), the number of detectable 5= HIV-1 RNA ends
increased to the levels detected in the control, M4-treated, cells. Furthermore, this
effect required DBR1 enzymatic activity since the yeast DBR1(N85A) mutant that lacks
enzymatic activity (15) did not increase detectable free 5= ends in RNA from D4-treated
cells (treatment 5). These data supported the hypothesis that DBR1 treatment in vitro
resolved a lariat-like structure involving the 5= end of the HIV-1 vector genome in
infected cells.

To further test this hypothesis, we treated RNA from infected cells with RNase R prior
to in vitro DBR1 incubation. RNase R is a 3=-5= exoribonuclease that degrades linear
RNAs, while the loop portions of lariat and circular RNAs remain intact (16). Prior
digestion of RNA from D4-transfected cells with RNase R had no effect on the increase
in ligatable 5= HIV-1 RNA ends after in vitro DBR-1 treatment (compare treatments 9 and
4), indicating that the great majority of HIV-1 RNA 5= ends were in a lariat-like
configuration under conditions of DBR1 knockdown, not linear. In contrast, prior RNase
R digestion of RNA from M4-transfected cells reduced the detectable ligatable 5= ends
substantially (ca. 15-fold), although some positive signal was still detected (treatment
9 versus 4). Therefore, when DBR-1 was active in infected cells, at 12 h postinfection, the
HIV-1 RNA was predominantly linear and uncapped, with a minor fraction in a lariat-like
configuration.

Temporal effects of DBR1 shRNA knockdown on detection of free HIV 5= ends
in infected cells. To more precisely determine the effect of DBR1 shRNA inhibition on
the detection of free 5=ends, we carried out infections as described in Fig. 2, the cells
were harvested 2 to 24 h postinfection, and RNA was isolated. For comparison, the
input vector preparation was also analyzed. RNAs were analyzed for free phosphory-

FIG 2 Detection of free HIV-1 5= ends following various RNA-modifying enzyme treatments. GHOST-R5X4
cells were transfected with DBR1 shRNA pHyper-D4 (D4) or DBR1 shRNA triple-mismatch pHyper-M4 (M4)
for 48 h, followed by infection with DNase-treated HIV-1 vector (HR-E) packaged with the catalytically
inactive E478Q RNase H mutant. Twelve hours later, the cells were lysed and RNA was isolated. Aliquots
of 2.5 �g of RNA were used per enzyme treatment (denoted as “�”). Where noted, in two enzyme
treatments “(1)” refers to the first enzyme used. Following enzymatic treatment, the RNA samples
underwent 5= RACE and then qRT-PCR to quantitate the copies of free 5= ends in HIV-1 RNA. Copies of
HIV-1 free 5= ends were normalized to copies of GAPDH mRNA. The data represent three independent
experiments processed for qRT-PCR in duplicate. Error bars denote standard deviations from the means.
The x axis denotes each enzymatic treatment with a number, and the identity of the enzyme or enzymes
used is shown below. Asterisks indicate values below a detectable threshold.
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lated 5= HIV-1 ends and normalized against copies of GAPDH mRNA as described above.
When HIV-1 free 5= ends were analyzed over time (Fig. 3A), the concentrations in both
the control, M4-treated, cells and D4-treated cells increased more than 24-fold between
2 and 24 h postinfection. Moreover, detection of free HIV-1 vector 5= ends was
significantly lower at all time points when DBR1 was knocked down (maximal difference
6.7-fold; P � 2.7 � 10�5). As will be shown below, essentially all of the detectable viral
RNA entered the cells by 2 h postinfection. Thus, the increase in detectable RNA in Fig.
3A reflected conversion of the 5= end of vector RNA to the linear uncapped form as
shown in Fig. 1C, and the conversion proceeded through an intermediate that required
DBR1 for resolution.

It has been reported that the HIV-1 genomic RNA packaged in the virion contains a
5= cap (17). Indeed, when the input vector RNA was analyzed by 5= RACE (Fig. 3A), the
free 5= end signal was below the threshold of detection. As expected, in vitro treatment
of RNA from input virions with TAP resulted in a strong 5= RACE signal (Fig. 3B);
moreover, treatment by CIP before TAP did not affect the strength of the 5= RACE
detection (Fig. 3C), indicating the absence of appreciable uncapped and phosphory-
lated 5= ends in the virion genomic RNA.

DBR1 does not affect HIV-1 genomic RNA decapping during infection. In the 5=
RACE results shown in Fig. 3A, it was possible that DBR1 was inhibiting decapping of
the HIV-1 genome, thereby leading to a decrease in the detection of free 5= ends. To
test this possibility, RNA aliquots from the M4 and D4 time course experiments shown
in Fig. 3A were treated with TAP (Fig. 3B) or with CIP followed by TAP (Fig. 3C) prior to
5= RACE. (Treatment of the RNA with CIP alone resulted in undetectable levels of viral
RNA 5= ends at all time points, as expected [data not shown].) In Fig. 3B, TAP treatment
would give 5= RACE signals from both capped viral RNA and linear uncapped RNA with
a 5= phosphate. Comparison of Fig. 3A and B shows that TAP increased the ligatable

FIG 3 (A to F) Analysis of HIV-1 5= ends from 2 to 24 h postinfection. Aliquots of 2.5 �g of RNA were used per 5= RACE reaction, and qRT-PCR was used to
quantitate the free 5= ends of HIV-1 vector RNA. Copies of HIV-1 free 5= ends were normalized to copies of GAPDH mRNA. Data represent three independent
experiments processed for qRT-PCR in duplicate. Error bars denote standard deviations from the means. Asterisks indicate values below the threshold of
detection. An equivalent amount of input HR-E vector (V) RNA was analyzed in parallel. (B) Aliquots of RNA were treated with TAP prior to the 5= RACE and
qRT-PCR for quantitation of free 5= ends in HIV-1 RNA. (C) Aliquots of RNA were treated with CIP followed by TAP prior to 5= RACE and qRT-PCR for quantitation
of free 5= ends in HIV-1 RNA. (D) Aliquots of RNA were treated with yeast DBR1 prior to 5= RACE and qRT-PCR for quantitation of free 5= ends in HIV-1 vector
genomic RNA. (E) Aliquots of RNA were treated with human DBR1 prior to 5= RACE and qRT-PCR for quantitation of free 5= ends in HIV-1 vector genomic RNA.
(F) RNA aliquots were treated with yeast DBR1(N85A) mutant enzyme prior to 5= RACE and qRT-PCR for quantitation of free 5= ends in HIV-1 RNA.
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HIV-1 5= RNA ends at 2 h postinfection in both the M4- and D4-treated cells, but at
other times, the differences were not statistically significant. These data suggest that at
2 h postinfection, capped viral RNA was still present, but at later times, the amounts of
capped viral RNA decreased markedly.

To measure only capped viral RNA in the infected cells, we used treatment of RNAs
with CIP (which dephosphorylates existing uncapped linear viral RNA) followed by TAP
(which removes caps, leaving a ligatable 5= end) before 5= RACE and qRT-PCR (Fig. 3C).
The amounts of capped HIV-1 RNA were highest at 2 h postinfection, and they rapidly
decreased to very low levels by 6 h postinfection (note the log scale of the graphs in
Fig. 3)— consistent with early decapping of viral genomes during infection. Moreover,
equal amounts of capped HIV-1 RNA were detectable with or without DBR1 knockdown
(D4 versus M4) at all time points. These data indicated that DBR1 is not required for
decapping of HIV-1 genomes early during infection.

DBR1 treatment in vitro restores detection of free 5= ends in RNA from DBR1
shRNA-treated cells. To further investigate the nature of the RNAs in the infected cells,
we digested the RNAs from Fig. 3A with purified yeast (Fig. 3D) or human (Fig. 3E) DBR1
enzyme prior to the 5= RACE. In vitro incubation with yeast DBR1 enhanced detectable
free 5= ends of HIV-1 RNA in the D4-treated cells to the levels detected in the control,
M4-treated, cells at each of the time points (Fig. 3D). In contrast, DBR1 treatment had
no effect on detection of 5= ends in the input virion RNA. These results indicated that
the amounts of viral RNA in the infected D4- and M4-treated cells were similar, but that
in the absence of DBR1 viral RNA accumulated in a form that could not be detected by
5= RACE. Similar results were obtained when the infected cell RNAs were digested in
vitro with human DBR1 (Fig. 3E).

To test whether the results of the DBR1 incubation were dependent on the 2=-5=
phosphodiesterase activity of DBR1, we treated the same RNAs with yeast DBR1(N85A),
which is catalytically inactive (15). We observed no significant difference between the
DBR1(N85A)-treated and untreated RNAs (compare Fig. 3A and F), indicating that the
catalytic activity of DBR1 is necessary for unmasking 5= ends of HIV-1 genomic RNAs for
5= RACE in the DBR1 knockdown cells.

Treatment of infected cell RNAs with DBR1 before 5= RACE would allow detection of
either RNAs that were in lariat-like structures or linear uncapped RNAs (Fig. 1). Thus, the
total viral RNAs in infected cells could be determined from the 5= RACE signals of Fig.
3D (or E) combined with those of Fig. 3C that quantified capped viral RNA. It was
apparent that essentially the same amounts of total viral RNA were present at all time
points and without regard to DBR1 knockdown (note the logarithmic scales). Therefore,
under these conditions of infection, uptake of virus was complete by 2 h postinfection,
and the changes in concentrations of the different 5= end forms represent conversions
between the different species.

DBR1 knockdown protects HIV-1 RNA from RNase R digestion. To determine
whether any HIV-1 vector RNA genome in infected cells is in a circular or lariat-like form,
we treated RNAs from the time course experiments in Fig. 3 with RNase R, which
degrades linear RNAs, but not loop portions of lariat RNAs or circular RNAs (15). RNase
R treatment was followed by treatment with wild-type (WT) yeast DBR1, followed by 5=
RACE (Fig. 4). For the input virion RNA, this combination of treatments did not lead to
a detectable 5= RACE signal, consistent with the absence of lariat-like structures.
Moreover, treatment of virion RNA with TAP followed by RNase R gave no signal,
indicating that the virion RNA is linear, as expected (data not shown). In contrast, by 2
h postinfection, the 5= ends of the HIV-1 RNA were in RNase R-resistant forms that could
be detected by 5= RACE after digestion with DBR1, for both M4- and D4-treated cells.
This indicated conversion of the capped linear viral RNA in the virion to a lariat-like form
that could be resolved by in vitro incubation with DBR1. Furthermore, as infection
progressed in the control, M4-treated, cells, the 5= end of the viral genome rapidly
became RNase R sensitive. By 6 h postinfection, there was a more than 7-fold reduction
in the amount of RNase R-resistant viral genome, consistent with resolution of the
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lariat-like structures into linear uncapped RNA. In our previous studies of early HIV-1
infection, completion of strong-stop cDNA synthesis and minus-strand transfer oc-
curred at 4 to 6 h after the initiation of infection (11, 12). In contrast, in the D4 DBR1
knockdown cells, the viral genome remained resistant to RNase R degradation but
resolvable by DBR1 in vitro. This result indicates accumulation of the lariat-like viral RNA
structure in these cells. Finally, regardless of DBR1 inhibition, we did not detect free
HIV-1 vector genome 5= ends when the RNA was treated with RNase R followed by
DBR1(N85A) (data not shown).

Accumulation of a cellular intron after DBR1 knockdown. We also used the infected
cell RNA samples to examine the effects of DBR1 knockdown on a cellular mRNA
intron—intron 1 of GAPDH RNA. The same RNAs were analyzed for the presence of
phosphorylated GAPDH intron 1 (presumably excised and linearized) by 5= RACE and
qRT-PCR (Fig. 5A). Inhibition of DBR1 (D4 treatment) led to a significant decrease (1.5-
to 3.5-fold; P � 0.01) in the detection of excised GAPDH intron 1 RNA; the levels did not
vary significantly from 2 to 24 h postinfection, which was expected since knockdown
was initiated 2 days before. This reduction was likely due to the accumulation of
unresolved GAPDH intron 1 lariats that were undetectable in the 5= RACE assay. The
fold difference between D4- and M4-transfected cells was relatively small—perhaps
because once a lariat was resolved by DBR1 in M4 cells, the linearized intron RNA was
relatively rapidly degraded through the nucleotide recycling pathway.

FIG 4 DBR1 knockdown in infected cells protects viral RNA from in vitro RNase R digestion. The same RNA
samples used in Fig. 3 were treated with the RNase R followed by yeast DBR1 prior to 5= RACE and
qRT-PCR for quantitation of free 5= ends in HIV-1 RNA. The data represent three independent experi-
ments processed in duplicate. Error bars denote the standard deviations from the means. The asterisk
indicates values below a detectable threshold.

FIG 5 DBR1 knockdown affects GAPDH intron 1 accumulation. The same RNA samples used in Fig. 3 were treated as follows. In each case, the data represent
three independent experiments processed in duplicate. Standard deviations from the means are denoted by whiskers. (A) RNA underwent the 5= RACE reaction,
and qRT-PCR was used to evaluate the ratio of free GAPDH intron 1 5= ends to total GAPDH mRNA. (B) Aliquots of RNA were treated with yeast DBR1 prior to
5= RACE and qRT-PCR for free 5= ends in GAPDH intron 1 RNA. (C) RNA was treated in vitro with RNase R followed by yeast DBR1 prior to 5= RACE and qRT-PCR
for detection of free 5= ends in GAPDH intron 1 RNA normalized to total GAPDH mRNA.
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Treatment of the RNA from the D4-treated cells with yeast DBR1 before 5= RACE
resulted in a substantial increase (�30-fold) in detection of the GAPDH intron 1
(Fig. 5B), consistent with the great majority (�95%) being “trapped” in a lariat structure
that could be resolved by DBR1 in vitro and detected by 5= RACE. In contrast, in
M4-treated cells, nearly 5-fold-lower levels of intron 1 RNAs were detected after DBR1
treatment, indicating that DBR1 knockdown led to accumulation of GAPDH intron 1 in
lariats. As expected, treatment of the RNAs with the catalytically inactive DBR1(N85A)
mutant, produced no change in the detection of GAPDH intron 1 free 5= ends
compared to the untreated samples (not shown).

Finally, the RNAs were first treated with RNase R followed by DBR1 and 5= RACE. The
majority of the GAPDH intron 1 RNA in the D4-treated cells was protected from RNase
R digestion and could be detected by 5= RACE after treatment with active DBR1 enzyme
(Fig. 5C). In contrast, no GAPDH intron 1 5= ends were detected when the RNAs were
treated with RNase R followed by DBR1(N85A) (not shown). Thus, knockdown of DBR1
caused an accumulation of GAPDH intron 1 RNA in an RNase R-resistant form, consis-
tent with a lariat. For the control, M4-treated, cells (no DBR knockdown) there was a
small but significant difference (P � 0.01) in the detected GAPDH intron 1 RNA between
the samples treated or not treated with RNase R prior to DBR1 incubation and 5= RACE
(Fig. 5B versus C). This would be consistent with the presence of some resolved and
linearized introns in these cells, along with introns in lariat forms.

DISCUSSION

In this report we investigated the mechanism by which DBR1 mediates HIV-1
replication. We previously showed that knockdown of DBR1 by an shRNA decreased
HIV-1 cDNA synthesis and replication (11, 13). The studies described here investigated
the nature of the viral genome during the first 24 h of infection by focusing on the state
of the 5= end of the viral RNA. Features of these experiments included comparison of
cells with and without DBR1 knockdown and use of a viral vector preparation contain-
ing RT with the E478Q mutation that allowed analysis of the genomic RNA without the
complication of RT-mediated degradation of the template RNA. Our studies employed
5= RACE to detect free (uncapped and phosphorylated) 5= ends of genomic RNAs, and
qRT-PCR of the products allowed improved analysis. In addition, in vitro digestion of
RNAs from infected cells with different RNA-modifying enzymes prior to the 5= RACE
allowed us to distinguish capped linear viral RNA, viral RNA in a circular or lariat-like
configuration, and uncapped linear viral RNA. Input viral vector RNA was capped and
linear, as expected, but in infected cells, the viral RNA was converted rapidly (beginning
by 2 h postinfection) into other forms. In control cells, the temporal order of these
forms was (i) capped linear, (ii) lariat-like, and (iii) uncapped linear, and the timing was
consistent with resolution of the lariat-like form concomitant with minus-strand transfer
during cDNA synthesis. In DBR1 knockdown cells, there was an accumulation of
lariat-like structures as well as a decrease in uncapped linear viral RNA, consistent with
a requirement for DBR1 to resolve the lariats into linear viral RNA. In support of this, in
vitro incubation of RNA from infected DBR1 knockdown cells with purified DBR1
enzyme increased the amount of ligatable 5= viral RNA ends. Moreover, this was
dependent on the catalytic activity of DBR1. The accumulation of lariat-like viral RNAs
in infected DBR1 knockdown cells was also consistent with the persistence of the 5= end
of viral RNA in a form that was resistant to RNase R. The results reported here are
consistent with formation and resolution of a lariat-like structure involving the 5= end
of HIV-1 RNA during reverse transcription in infected cells, as previously proposed for
yeast Ty1 retrotransposition.

Previous studies suggesting an RNA lariat during yeast Ty1 retrotransposition have
been controversial. The original study by Cheng and Menees indicated that the 5= end
structures of the Ty1 RNA in wild-type and dbr1 mutant yeast strains were differentially
accessible by 5= RACE (5). In their study, they pretreated the RNAs with phosphatases
and pyrophosphatases prior to annealing the RNA oligonucleotide to enable amplifi-
cation of only capped RNAs; they compared the results with reactions where there was
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no pretreatment, which would detect all uncapped RNAs. They found that in dbr1
mutants, there was little or no detection of free 5= ends regardless of the treatments,
while in wild-type controls, 5= ends were detectable in both the capped and uncapped
forms (5). However, the results were not reproduced by Coombes and Boeke (10), who
used the same 5= RACE strategy and a semiquantitative RT-PCR analysis as well as
sequencing of the amplified product. The latter investigators reported that there was
no difference in the sequenced amplified products and no obvious difference in the
amplification of 5= ends between wild-type and dbr1 mutant samples. These differing
results prompted development of our strategy for analysis of the 5= ends of HIV-1 RNA
in infected cells, which employed 5= RACE and qRT-PCR and which allowed identifica-
tion of differences that may not have been evident in standard or semiquantitative
RT-PCR. Moreover, in vitro digestion of the infected cell RNAs with different RNA-
modifying enzymes prior to 5= RACE allowed us to distinguish capped, lariat-like, and
linear uncapped RNAs; the results with the different enzymes were internally consistent.

We found a significant difference in the detection of 5= HIV-1 RNA ends between
DBR1 shRNA-treated cells and controls (Fig. 3A), although it was not an absolute
difference as was reported by Cheng and Menees (5) for yeast Ty1 retrotransposition.
Analogous to the results of Coombes and Boeke (10), we could detect both capped and
uncapped 5= ends regardless of DBR1 inhibition, but in our studies, we found quanti-
tative differences in the signals from control and DBR1 knockdown cells. This could be
due to the fact that we employed a more sensitive qRT-PCR assay for quantification or
that our studies were on HIV-1 employing shRNA knockdown versus yeast Ty1 retro-
transposition in WT and dbr1 mutant strains of S. cerevisiae.

In our previous study (13), we found that DBR1 was necessary for HIV-1 cDNA
synthesis in infected cells under our standard conditions. However, if nuclear import of
viral particles was blocked by the presence of a truncated form of the nuclear import
factor CPSF-6, cDNA synthesis still occurred, but in this case it was cytoplasmic. Under
these conditions, cytoplasmic cDNA synthesis was not DBR1 dependent. Thus, there
appear to be both DBR1-dependent and -independent mechanisms of reverse tran-
scription, although under standard conditions the DBR1-dependent mechanism seems
to predominate. The existence of DBR1-independent reverse transcription could also be
related to the fact that complete reverse transcription of viral RNA into double-stranded
DNA can occur during in vitro incubation of isolated retroviral virions in the absence of
added cellular factors, although it is inefficient (18).

Taken together, these results support a model in which lariat formation of viral
genomic RNA is important for minus-strand transfer, with DBR1 being required to
resolve the lariat to allow reverse transcription to proceed. Future experiments will
focus on further elucidating the lariat-like structure, identifying cellular factors involved
in its formation, and testing the overall model.

MATERIALS AND METHODS
Construction of siRNA expression vectors. The shRNA expression vector pHyper was a gift of

Vicente Planelles, and we have described it previously (13). Briefly, the vector expresses a 23-nucleotide
hairpin-type shRNA with a 6-nucleotide loop. The 19-nucleotide DBR1 sequence for D4, CTTGCTGTGCT
GCGGCGAC, was used to create the DBR1 shRNA plasmid, designated pHyper-D4. The 19-nucleotide
DBR1 triple-mismatch sequence for M4, CTTCCTGTACTGCAGCGAC, was used to create the DBR1 shRNA
plasmid designated pHyper-M4.

Preparation and titration of HIV vector stocks. The pCMVΔR8.2-E478Q plasmid was derived from
pCMVΔR8.2 (19, 20); both plasmids encode HIV-1 structural proteins and only differ in that pCMVΔR8.2
E478Q encodes the RNase H catalytically inactive reverse transcriptase mutant RT(E478Q) (14). The pMDG
plasmid expressed the vesicular stomatitis virus G protein (VSV-G) (19, 20). The pHR-E vector plasmid
contains a truncated HIV-1 env gene and the HIV-1-derived cis-acting sequences necessary for packaging,
reverse transcription, and integration. Viral vector stocks were prepared by triple transfecting 293T cells
(3.0 � 107 cells in 500-cm2 plates) with 75 �g each of the pHR-E, pCMVΔR8.2-E478Q, and pMDG plasmids
coprecipitated with calcium phosphate. Two days posttransfection, culture supernatant was collected
and frozen at �80°C until needed. VSV-G-pseudotyped HIV-1 vector virions in the supernatant were
quantified using quantitative real-time PCR (qPCR).

Cell culture, DNA transfection, and infection. GHOST-R5X4 cells have been extensively described
previously (21). GHOST-R5X4 cells were cultured in Iscove’s modified Dulbecco’s medium (IMDM)
containing 10% fetal bovine serum (FBS), 50 �g/ml gentamicin, and 500 �g/ml G418. Human embryonic
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kidney 293T cells were cultured in IMDM supplemented with 10% FBS and 50 �g/ml gentamicin.
GHOST-R5X4 cells were seeded overnight at 106 cells per well in a six-well plate prior to transfection. Cells
were transfected using Lipofectamine (Invitrogen) according to the manufacturer’s instructions at a ratio
of 1 �l of Lipofectamine per �g of plasmid DNA. Forty-eight hours after transfection, cells were infected
with DNase I-treated viral stocks of VSV-G-pseudotyped HR-E containing the RNase H-deficient RT(E478Q)
mutant. Cells were harvested for RNA isolation using TRIzol (Invitrogen) according to the manufacturer’s
instructions.

5= RACE and RNA enzyme treatments. RNA was quantified by measuring the absorbance at 260
nm. RNA (2.5 �g) was treated with 2 U of DNase I (Fermentas) in 10 �l to remove contaminating DNA
followed by heat inactivation of the enzyme (37°C for 20 min, 60°C for 5 min). RNA was then
phenol-chloroform extracted and ethanol precipitated prior to subsequent treatments. RNA was treated
when noted, with RNase R (Epicentre) according to the manufacturer’s instructions. Two units of enzyme
was used to treat the RNA at 37°C for 1 h. RNA was then phenol-chloroform extracted and ethanol
precipitated prior to subsequent treatments. When noted, the RNA underwent debranching by incuba-
tion with DBR1. Yeast DBR1 and DBR1(N85A) were a gift from Beate Schwer (Weill Cornell Medical
College, New York) (15). Human DRB1 was a gift from Eric Montemayor (University of Texas Health
Sciences Center, San Antonio). Incubation with DBR1 was carried out as described previously (15) in 20
�l of 50 mM Tris-HCl (pH 7.0), 4 mM MnCl2, 2.5 mM dithiothreitol (DTT), 25 mM NaCl, 0.01% Triton X-100,
0.1 mM EDTA, and 0.15% glycerol at 30°C for 90 min. RNA was then phenol-chloroform extracted and
ethanol precipitated prior to subsequent treatments. Activity of the debranching enzymes was assayed
by qRT-PCR using primers for the 5= end RNA oligonucleotide and GAPDH intron. RNA was treated when
noted with calf intestinal alkaline phosphatase (CIP [New England BioLabs]) in 10 �l of 50 mM Tris-HCl
(pH 7.9), 100 mM NaCl, 10 mM MgCl2, and 1 mM DTT at 25°C for 1 h. RNA was then phenol-chloroform
extracted and ethanol precipitated prior to subsequent treatments. The RNA was treated when noted
with tobacco acid pyrophosphatase (TAP [Epicentre]) in 10 �l of 50 mM sodium acetate (pH 6.0), 1 mM
EDTA, 0.1% �-mercaptoethanol, and 0.01% Triton X-100 at 37°C for 1 h. RNA was then phenol-chloroform
extracted and ethanol precipitated prior to ligation. All RNA samples underwent an RNA ligation reaction
utilizing T4 RNA ligase I (New England BioLabs) according to the manufacturer’s instructions. The RNA
oligonucleotide utilized was G5-RNA (CGACUGGAGCACGAGGACACUGACAUGGACUGAAGGAGUAGAAA).
The reaction was carried out in 20 �l with 2 U of enzyme at 37°C for 1 h. RNA was then phenol-chloroform
extracted and ethanol precipitated for qRT-PCR.

Real-time qRT-PCR. RNA was reverse transcribed using a first-strand cDNA synthesis kit (Fermentas)
following the manufacturer’s instructions. The total cDNA volume of 20 �l was frozen until real-time
qPCR was performed. After thawing for PCR experiments, the cDNA was diluted 1:10 in distilled water
(dH2O), and 2 �l of diluted cDNA was used for each PCR. Each PCR mixture contained 7.5 �l SYBR green
PCR master mix (Fermentas), 2 �l of template, and 1 �M each primer in a 15-�l reaction mixture. The RNA
oligonucleotide-specific primer GeneRacer 5O (CGACTGGAGCACGAGGACACTGACAT [nucleotides 1 to
26]) and HIV-1-specific primer AA55 (CTGCTAGAGATTTTCCACACTGAC [nucleotides 635 to 612]) were
used to detect free HIV-1 5= ends. The RNA oligonucleotide primer G5O-15F (CGACTGGAGCACGAG
[nucleotides 1 to 15]) and the GAPDH intron 1-specific primer GAPDH intron-1-93 (GGTGGGAACAGGTC
CCCT [nucleotides 93 to 76]) were used to detect free GAPDH intron 1 5= ends. The forward and reverse
primer sequences for amplifying GAPDH were CAAATTCCATGGCACCGTCAA (nucleotides 264 to 284) and
GTTGCTGTAGCCAAATTCGTTGT (nucleotides 333 to 314). Relative HIV-1 copy number was calculated by
dividing the HIV-1 copy number (determined from the appropriate standard curve) by the GAPDH copy
number.

ACKNOWLEDGMENTS
We thank Eric Montemayor for human DBR1 enzyme and Beate Schwer for mutant

and wild-type yeast DBR1 enzyme.
This work was supported in part by grant ID07-I-124 from the California HIV-AIDS

Research Program to David Camerini. Support of the UCI Center for Virus Research, UCI
Cancer Research Institute, and the Chao Family Comprehensive Cancer Center is
acknowledged. Alvaro Galvis was supported by the UCI Medical Scientist Training
Program, grant T32-GM08620.

REFERENCES
1. Keller W. 1984. The RNA lariat: a new ring to the splicing of mRNA

precursors. Cell 39:423. https://doi.org/10.1016/0092-8674(84)90449-5.
2. Ruskin B, Krainer AR, Maniatis T, Green MR. 1984. Excision of an intact

intron as a novel lariat structure during pre-mRNA splicing in vitro. Cell
38:317–331. https://doi.org/10.1016/0092-8674(84)90553-1.

3. van der Veen R, Arnberg A, Van der Horst G, Bonen L, Tabak H, Grivell L.
1986. Excised group II introns in yeast mitochondria are lariats and can
be formed by self-splicing in vitro. Cell 44:225–234. https://doi.org/10
.1016/0092-8674(86)90756-7.

4. Ruskin B, Green MR. 1985. An RNA processing activity that debranches RNA
lariats. Science 229:135–140. https://doi.org/10.1126/science.2990042.

5. Cheng Z, Menees TM. 2004. RNA branching and debranching in the
yeast retrovirus-like element Ty1. Science 303:240 –243. https://doi.org/
10.1126/science.1087023.

6. Karst SM, Rütz ML, Menees TM. 2000. The yeast retrotransposons Ty1
and Ty3 require the RNA lariat debranching enzyme, Dbr1p, for efficient
accumulation of reverse transcripts. Biochem Biophys Res Commun
268:112–117. https://doi.org/10.1006/bbrc.1999.2048.

7. Roth JF. 2000. The yeast Ty virus-like particles. Yeast 16:785–795.
https://doi.org/10.1002/1097-0061(20000630)16:9�785: :AID-
YEA550�3.0.CO;2-L.

8. Salem LA, Boucher CL, Menees TM. 2003. Relationship between RNA

Galvis et al. Journal of Virology

December 2017 Volume 91 Issue 23 e01377-17 jvi.asm.org 10

https://doi.org/10.1016/0092-8674(84)90449-5
https://doi.org/10.1016/0092-8674(84)90553-1
https://doi.org/10.1016/0092-8674(86)90756-7
https://doi.org/10.1016/0092-8674(86)90756-7
https://doi.org/10.1126/science.2990042
https://doi.org/10.1126/science.1087023
https://doi.org/10.1126/science.1087023
https://doi.org/10.1006/bbrc.1999.2048
https://doi.org/10.1002/1097-0061(20000630)16:9%3C785::AID-YEA550%3E3.0.CO;2-L
https://doi.org/10.1002/1097-0061(20000630)16:9%3C785::AID-YEA550%3E3.0.CO;2-L
http://jvi.asm.org


lariat debranching and Ty1 element retrotransposition. J Virol 77:
12795–12806. https://doi.org/10.1128/JVI.77.23.12795-12806.2003.

9. Chapman KB, Boeke JD. 1991. Isolation and characterization of the gene
encoding yeast debranching enzyme. Cell 65:483. https://doi.org/10
.1016/0092-8674(91)90466-C.

10. Coombes CE, Boeke JD. 2005. An evaluation of detection methods for
large lariat RNAs. RNA 11:323–331. https://doi.org/10.1261/rna.7124405.

11. Ye Y, De Leon J, Yokoyama N, Naidu Y, Camerini D. 2005. DBR1 siRNA
inhibition of HIV-1 replication. Retrovirology 2:63. https://doi.org/10
.1186/1742-4690-2-63.

12. König R, Zhou Y, Elleder D, Diamond TL, Bonamy GM, Irelan JT, Chiang
CY, Tu BP, De Jesus PD, Lilley CE, Seidel S, Opaluch AM, Caldwell JS,
Weitzman MD, Kuhen KL, Bandyopadhyay S, Ideker T, Orth AP, Miraglia
LJ, Bushman FD, Young JA, Chanda SK 2008 Global analysis of host-
pathogen interactions that regulate early-stage HIV-1 replication. Cell
135:49 – 60. https://doi.org/10.1016/j.cell.2008.07.032.

13. Galvis AE, Fisher HE, Nitta T, Fan H, Camerini D. 2014. Impairment of
HIV-1 cDNA synthesis by DBR1 knockdown. J Virol 88:7054 –7069.
https://doi.org/10.1128/JVI.00704-14.

14. Cirino NM, Cameron CE, Smith JS, Rausch JW, Roth MJ, Benkovic SJ, Le
Grice SF. 1995. Divalent cation modulation of the ribonuclease functions
of human immunodeficiency virus reverse transcriptase. Biochemistry
34:9936 –9943. https://doi.org/10.1021/bi00031a016.

15. Khalid MF, Damha MJ, Shuman S, Schwer B. 2005. Structure-function

analysis of yeast RNA debranching enzyme (Dbr1), a manganese-
dependent phosphodiesterase. Nucleic Acids Res 33:6349 – 6360. https://
doi.org/10.1093/nar/gki934.

16. Suzuki H, Zuo Y, Wang J, Zhang MQ, Malhotra A, Mayeda A. 2006.
Characterization of RNase R-digested cellular RNA source that consists of
lariat and circular RNAs from pre-mRNA splicing. Nucleic Acids Res
34:e63. https://doi.org/10.1093/nar/gkl151.

17. Chiu YL, Ho CK, Saha N, Schwer B, Shuman S, Rana TM. 2002. Tat
stimulates cotranscriptional capping of HIV mRNA. Mol Cell 10:585–597.
https://doi.org/10.1016/S1097-2765(02)00630-5.

18. Hooker CW, Harrich D. 2003. The first strand transfer reaction of HIV-1
reverse transcription is more efficient in infected cells than in cell-free
natural endogenous reverse transcription reactions. J Clin Virol 26:
229 –238. https://doi.org/10.1016/S1386-6532(02)00121-X.

19. Zufferey R, Dull T, Mandel RJ, Bukovsky A, Quiroz D, Naldini L, Trono D.
1998. Self-inactivating lentivirus vector for safe and efficient in vivo gene
delivery. J Virol 72:9873–9880.

20. Zufferey R, Nagy D, Mandel RJ, Naldini L, Trono D. 1997. Multiply
attenuated lentiviral vector achieves efficient gene delivery in vivo. Nat
Biotechnol 15:871– 875. https://doi.org/10.1038/nbt0997-871.

21. Mörner A, Björndal Å, Albert KewalRamani J, Littman VN, Inoue DR,
Thorstensson R, RFenyö EM, Björling E. 1999. Primary human immuno-
deficiency virus type 2 (HIV-2) isolates, like HIV-1 isolates, frequently use
CCR5 but show promiscuity in coreceptor usage. J Virol 73:2343–2349.

HIV 5= End and DBR1 Journal of Virology

December 2017 Volume 91 Issue 23 e01377-17 jvi.asm.org 11

https://doi.org/10.1128/JVI.77.23.12795-12806.2003
https://doi.org/10.1016/0092-8674(91)90466-C
https://doi.org/10.1016/0092-8674(91)90466-C
https://doi.org/10.1261/rna.7124405
https://doi.org/10.1186/1742-4690-2-63
https://doi.org/10.1186/1742-4690-2-63
https://doi.org/10.1016/j.cell.2008.07.032
https://doi.org/10.1128/JVI.00704-14
https://doi.org/10.1021/bi00031a016
https://doi.org/10.1093/nar/gki934
https://doi.org/10.1093/nar/gki934
https://doi.org/10.1093/nar/gkl151
https://doi.org/10.1016/S1097-2765(02)00630-5
https://doi.org/10.1016/S1386-6532(02)00121-X
https://doi.org/10.1038/nbt0997-871
http://jvi.asm.org

	RESULTS
	Detection of HIV-1 RNA in infected cells by 5 RACE. 
	Preliminary analysis of HIV-1 RNA in infected cells. 
	Temporal effects of DBR1 shRNA knockdown on detection of free HIV 5 ends in infected cells. 
	DBR1 does not affect HIV-1 genomic RNA decapping during infection. 
	DBR1 treatment in vitro restores detection of free 5 ends in RNA from DBR1 shRNA-treated cells. 
	DBR1 knockdown protects HIV-1 RNA from RNase R digestion. 
	Accumulation of a cellular intron after DBR1 knockdown. 

	DISCUSSION
	MATERIALS AND METHODS
	Construction of siRNA expression vectors. 
	Preparation and titration of HIV vector stocks. 
	Cell culture, DNA transfection, and infection. 
	5 RACE and RNA enzyme treatments. 
	Real-time qRT-PCR. 

	ACKNOWLEDGMENTS
	REFERENCES



