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ABSTRACT

During its assembly, human HIV-1 selectively packages the tRNAY* isoacceptors, including tRNA"3, the primer for the reverse
transcriptase. However, other low molecular weight RNA species are also seen in the virus. We profiled the tRNAs packaged
into HIV-1 using microarray analysis and validated our results by two-dimensional gel electrophoresis and RT-PCR. In addition
to tRNAY* isoacceptors, tRNA*" and the rare isoacceptor of tRNA"® are also selectively packaged. In Gag viral-like particles
missing the GagPol protein, overall tRNA incorporation is reduced by >80%. This reduction is significantly greater than can be
accounted for by the reduction in tRNA™* isoacceptors, tRNA*" and tRNA"", suggesting that incorporation of other tRNAs may
also require the GagPol protein. These results demonstrate selective incorporation of non-lysyl tRNAs into HIV-1 and highlight

the application of microarrays as a novel method to study tRNA incorporation into viruses.
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INTRODUCTION

During HIV-1 assembly, the tRNADS isoacceptors, tRNADS?
and tRNA™®, are selectively incorporated into the virus
(Jiang et al. 1993). tRNA™> anneals to the primer binding
site (PBS) in the 5’ regions of the viral RNA genome, and
serves as the primer for initiating reverse transcription of
minus strand strong stop DNA. tRNA™Y2 which differs
from tRNAD® by 14 or 16 bases, is the isoacceptor of
tRNA"* and differs by 1 base pair (bp) in the anticodon
stem (Raba et al. 1979). While tRNA™*!? does not function
as a primer in HIV-1, it may play a role in the import of the
pre-integration complex into the nucleus of the infected cell
(Zaitseva et al. 2006).

Previous work has indicated that the nucleoprotein
complex involved in promoting the selective incorporation
of tRNA™* includes the viral precursor proteins Gag and
GagPol, viral genomic RNA, lysyl-tRNA synthetase (LysRS),
and tRNA"™. The formation of this complex involves
a specific interaction of Gag with both LysRS (Javanbakht
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et al. 2003) and GagPol. tRNA™"* is bound to LysRS and
interacts with the reverse transcriptase segment within
GagPol, thus stabilizing the complex (Khorchid et al.
2000). Thus, viral-like particles (VLPs) composed only of
Gag have been reported to package only LysRS, and not
tRNA™® (Cen et al. 2001).

While resolution of HIV-1 low molecular weight RNA by
two-dimensional (2D) PAGE shows the tRNA™* isoaccep-
tors to be major components of this population, other low
molecular weight species can also be seen. In this work, we
have identified some of the other tRNAs present in HIV-1
through hybridization of labeled viral RNA to human tRNA
microarrays. The microarray contains 40 DNA probes
representing all >270 human nuclear-encoded tRNA genes
as closely related families (Dittmar et al. 2006; Pavon-
Eternod et al. 2009). We validated our microarray results
by 2D polyacrylamide gel electrophoresis (2D PAGE) and
RT/PCR. We found that in addition to the tRNAY®
isoacceptors, tRNA™™ and the rare isoacceptor of tRNA™
are also selectively packaged into HIV-1. Like tRNAY, the
selective packaging of non-lysyl tRNAs also depends on the
GagPol protein of HIV.

RESULTS AND DISCUSSION

Microarray analysis of viral tRNAs

Viruses were produced from 293T cells transfected with
BH10, a plasmid coding for the BH10 strain of HIV-1. Gag
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viral-like particles (VLPs) were produced from 293T cells
transfected with GagFS(—), a plasmid coding for all HIV-1
proteins except GagPol (the frameshift in viral RNA re-
sponsible for GagPol production has been eliminated in
this plasmid). To determine the identity and abundance of
tRNAs packaged into HIV-1 and GagVLPs, we applied
a previously described microarray method, as applied in
studies of tissue-specific expression of human tRNAs
(Dittmar et al. 2006) and tRNA expression in cancer tissues
and cell lines (Pavon-Eternod et al. 2009; Zhou et al. 2009).

Arrays used for this study contain 40 probes for human
nuclear-encoded tRNAs, which represent all >270 different
human tRNA sequences as closely related families, and 22
probes for all 22 human mitochondrial-encoded tRNAs.
The array also includes 42 probes for bacterial tRNAs and
275 probes complementary to short regions in yeast and
human rRNA, which serve as hybridization and specificity
controls. Each probe is repeated 21 times in the array. After
isolation of total RNA from 293T cells, HIV-1, and Gag
VLPs, tRNAs in the sample were labeled by selective
ligation to a fluorophore-containing oligonucleotide. The
labeled samples were hybridized directly onto the array
(Fig. 1A). The 293T cellular RNA sample was included as

a reference in all array hybridizations to correct for
variations in fluorescence labeling and array manufacturing.
Since tRNA constitutes up to 30% of the total RNA, the
method requires no amplification and only 1-2 pg of total
RNA were used per array. The specificity of the array is
illustrated by the fluorescence signals derived from human
tRNA probes compared to the nonhuman tRNA probes
(Fig. 1B,C). As expected, tRNAM*H2CUY) gpd (RNAYSVUY)
are present in large quantities in the wild-type HIV sample
(Fig. 1D).

As is typically done in two-color microarray analysis, we
first analyzed the relative abundance for the nuclear- and
mitochondrial-encoded tRNAs in HIV-1 and GagVLPs
compared to the total RNA in HEK293T (Fig. 2). Each
bar indicates the ratio of viral:cellular RNA hybridization
signals for a specific tRNA, such that a ratio of 1 would
indicate similar abundance in both samples. A single ratio
value is not by itself reflective of selective packaging since the
nature of the cellular and viral RNA samples are different.
For HEK293T, the total RNA is primarily rRNA and tRNA,
whereas for HIV-1 and GagVLP, the total RNA is primarily
the HIV genomic RNA and tRNA. However, a comparative
analysis across different tRNA species indicates which tRNAs
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FIGURE 1. Detection of tRNAs by microarray analysis. (A) Array scheme. Total cellular or viral RNA were deacylated, and directly labeled with
a Cy3 or Cy5 containing oligonucleotide using T4 DNA ligase. The labeling samples with the opposite fluorophores were combined and
hybridized together on the array. (B) Array specificity. Fluorescence values for the total RNA of HEK293T using human tRNA probes and other
probes (Caulobacter tRNA, human rRNA). (C) Array images of one block in the human tRNA microarray hybridized with 293T or HIV-1. Only
Cy3 spots are shown for better visualization. The entire array contains 48 blocks, and each probe is repeated 21 times on the array. The particular
block shown contains two probes for human tRNA™**, one for tRNA*™, and one for a yeast tRNA"™ standard (SCPhe). Both images have the same
contrast for the SCPhe standard. In the array key grid, gray squares indicate probe locations for human tRNAs and open squares indicate probe
locations for nonhuman tRNA or rRNA. (D) Selected spots from Cy3-labeled 293T total RNA, wild-type HIV-1, or GagVLP, indicating that

significantly lower amounts of tRNA are present in GagVLPs.

268 RNA, Vol. 16, No. 2



Non-lysyl tRNAs in HIV

A = 4
@ HIV-1 Nuclear- ' Mitochondrial-
__O__ 2.0 encoded ! encoded
w :
= 5
> 1.6 :
()] :
O i
% :
e 1 .2 . :
C :
= H
Q :
<C 0.8 J :
= l I |
X 0.4 h |
Q T1] :
5 [ 5
T 0,044, LU L@ITﬂﬁﬁﬁﬂﬂﬁﬁﬁﬁﬁﬁﬂﬁﬁmnﬁﬁﬁﬁm_ R e Te S —
R e e

¥ g gy & Y o
///" o L o
* ¥

B = P i
8 20 Gag VLP Nuclear- : Mitochondrial-
O 2.0 encoded | encoded
) :
= |
> 1.6 !
()] |
(] '
% :
c :
-} i
0o ;
<€ 0.8- :
= :
X 04 |
()] |
= :
e !
E I I'Tlllllllllfl

£ & 6° 0 3 st R KIS P P P P

&) «’5 a f:c@eéov“’&"}) ‘c’cc'.-}"&c' .. ‘50 ‘9@ J’enpo il v}d“" f";ﬁ%&; 4@" 0\ :}‘; é«o‘qo ?‘: ‘I:i '\5 0"":;7‘& SEFEEEES €®§§§9°4\$4§§;,\!° 4-"’%}_&"“?&6‘ &

‘\d "‘0 ““0 b e
//'}/" i 3 ¥

FIGURE 2. Selective packaging of tRNAs into HIV-1. Each bar represents the HIV-1:cell ratio for a speciﬁc tRNA. DNA probes on the

microarray are complementary to either nuclear-encoded or mitochondrial-encoded tRNAs.

(A) Ratios using tRNA in wild-type HIV-1.

(B) Ratios usmg tRNA present in Gag VLPs lacking GagPol. tRNA™*"? and tRNA™* probes are indicated by gray arrows, and tRNA™" and

tRNAYAY probes are indicated by black arrows.

are selectively packaged into virions. For HIV-1 (Fig. 2A),
a majority of the nuclear-encoded tRNAs show ratios
between 0.01 and 0.2, while four tRNAs show significantly
higher ratios than 0.2. For Gag VLPs, all nuclear-encoded
tRNAs show ratios below 0.2 (Fig. 2B). These results also
indicate that the amount of tRNAs packaged into GagVLPs is

significantly reduced as compared to HIV-1. All mitochon-
drial-encoded tRNAs in both HIV-1 and GagVLPs show
values below 0.05, indicating they are not incorporated into
virions. Assuming tRNAs present in GagVLP samples repre-
sent nonselective incorporation, we use the value of 0.2 as
a cutoff for selective packaging. By this criterion, four tRNAs
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are selectively incorporated into HIV-1 virions by a factor of
twofold or more: tRNAM™VAY) (1 4) {RNAWSHACVY) (1),
tRNA2 (VYY) (0,65), and tRNAM™ET (0.4).

We next calculated from our microarray data the con-
centration of each tRNA relative to the total tRNA pop-
ulation, as determined by the percent of the total fluores-
cence signal obtained from each labeled tRNA (Fig. 3A,B).
Although this type of analysis is uncommon for two-color
microarray studies, we believe this analysis can be justified
for this tRNA study: (1) our fluorescence labeling scheme
relies only on the 3'NCCA, which is single-stranded and
universal in all tRNAs; (2) our labeling scheme does not
require reverse transcription, and is therefore less sensitive to
tRNA structure or modifications; (3) the array probes have
a nearly uniform melting temperature; and (4) there is
a very good agreement between the percent tRNAs de-
termined by the array and 2D gel electrophoresis methods,
as will be shown in Figure 3, C and D.

As expected, the tRNA™® isoacceptors represent the
majority of the total tRNA population in HIV-1 (Fig.
3A,B). tRNA""* isoacceptors together represent 35% of total
tRNA in HIV-1 versus only 4.5% in 293T cells, indicating an
eightfold selective packaging. tRNA*™ ™D represents 11%
of total tRNA in HIV-1 versus 3.4% in 293T cells, indicating
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a threefold selective packaging. Finally, tRNA"™(VAY) repre-

sents 4% of total tRNA in HIV-1 versus 0.6% in 293T
cells, indicating a sevenfold selective packaging. Though
tRNA"UADY) hag 4 high selection relative to cellular RNA, it
is one of the less abundant tRNAs present in HIV-1. This
reflects the fact that tRNA"™ VA" is one of the rare tRNAs in
293T cells. The human genomic codon usage for isoleucine
has frequencies of 47% (AUC), 36% (AUU), and 17%
(AUA). In contrast, the HIV-1 genomic codon usage for
isoleucine has frequencies of 18% (AUC), 29% (AUU), and
54% (AUA) (Nakamura et al. 2000). The tRNA"(VAY)
selectively packaged in HIV only reads the AUA codon,
which is the rare Ile codon in human, but the most common
Ile codon in HIV-1. As for GagVLPs, the total amount of
tRNA packaged is reduced by 80% compared to the wild-
type HIV-1, assuming that the total RNA contains similar
amounts of viral RNA in HIV and GagVLP.

Analysis of major viral tRNA species using 2D PAGE

Total viral or Gag VLP RNA was 3’-end-labeled with
32pCp, and labeled tRNAs were resolved by 2D PAGE,
which only lets in low molecular weight RNAs into the gel.
For wild-type HIV-1 (Fig. 3D), the identity of the major
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FIGURE 3. Abundance of tRNAs in HIV-1. tRNA abundance is expressed as percent of total tRNA fluorescence signal in HEK293 tRNA (A) and
HIV-1 tRNA (B). Only nuclear-encoded tRNAs are shown. (C,D) Analysis of low molecular weight RNA in HEK293T cells, HIV-1, and Gag VLPs
by 2D PAGE. Total RNA was 3' labeled with *’pCp. For purposes of quantitative comparison, all samples used equal amounts of viral genomic
RNA, were electrophoresed in the same chamber, and exposed to either film or to phosphorimaging at the same time.
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tRNA'® isoacceptors has been previously reported (Jiang
et al. 1993), including a minor tRNA"™® isoacceptor
(Gabor et al. 2002). The species marked tRNA™" was
identified by (1) amplifying the RNA in the spot using RT/
PCR with primers specific for this tRNA, and (2) allowing
radioactivity in a Northern blot of the gel to decay, and
then hybridizing the blot with a labeled DNA probe specific
for tRNA™" (data not shown). Because the tRNA'® spot
does not stand out among the remaining spots, consistent
with the microarray abundance data, we did not attempt
the validation of tRNA" using these methods.

We also analyzed the tRNA pattern in GagVLPs (Fig.
3D). To compare the results quantitatively, the gels for the
wild-type and GagVLP samples were loaded with equal
amounts of viral genomic RNA (representing equal num-
bers of viral particles), electrophoretically resolved at the
same time in the same chamber, and exposed afterward to
film for the same length of time (Table 1). Measurements
of total radioactive tRNA species in the gel indicate that in
GagVLPs, the amount of tRNA incorporated is reduced by
84% compared to HIV-1, a result very similar to that
obtained using microarray analysis (80%). In HIV-1, the
percentage of total radioactivity present in the tRNAM™®
(37.4%) isoacceptors and tRNA™™ (9.5%) is very similar to
that determined by microarray analysis (34.6% and 10.6%,
respectively) (Table 1). Maintenance of the pattern of
selection of tRNA™* isoacceptors does not appear to be
due to a preference for labeling tRNA™* isoacceptors with
*pCp, as indicated by the 2D PAGE pattern for 293T
cellular low molecular weight RNA (Fig. 3C).

These data support a previous observation that in HIV-1
containing a deletion in reverse transcriptase and integrase
sequences, there was an eightfold decrease in tRNA™* in
the virion (Mak et al. 1994). The severe reduction or
elimination of selective packaging of tRNA"* isoacceptors
and tRNA™" in Gag VLPs suggests that other tRNAs
incorporated into virions may also depend upon interac-
tion with GagPol for their incorporation.

Concluding remarks

At this time, we do not know why non-lysyl tRNAs are
selectively packaged into HIV-1. We cannot rule out the
possibility that non-lysyl tRNAs are packaged as by-

TABLE 1. Quantitative comparison of microarray and 2D PAGE results

products of tRNA™* packaging and play no relevant role
in retroviral biology. Like tRNA"*"2 non-lysyl tRNAs may
also facilitate the import of the pre-integration complex
into the nucleus (Zaitseva et al. 2006). Since the lysyl-tRNA
(LysRS) and asparagyl-tRNA (AsnRS) synthetases belong to
the same structural group (class IIB) (Delarue and Moras
1993), it is possible that tRNA™™ incorporation is due to
a secondary interaction with LysRS. However, the human
tRNA™™ and tRNA™* sequences differ by over 30 nucleo-
tides (nt), suggesting that they are indeed different species
and that any function played by tRNA*" and tRNA"™"* is
not interchangeable. Interestingly, tRNA"VAY) is rare in
human cells, but reads the most common Ile codon in the
HIV-1 genome. Selective incorporation of tRNA"(VAY)
into HIV-1 may facilitate translation of key HIV-1 proteins.
Regardless, our result has a practical bottom line: tRNA
profiling by microarray is a very useful and convenient tool
that can be easily applied to the studies of other viruses or
other biological processes for which unknown tRNA species
need to be identified. Aside from retro-viruses, early
reports show that (—)sense single-stranded RNA viruses
also contain multiple, unidentified tRNA species in the
virion (Kolakofsky 1972; Isaac and Keene 1981). Our tRNA
microarray method can be readily applied to determine
whether selective packaging also occurs in other viruses.

MATERIALS AND METHODS

Microarray analysis

The tRNA microarray experiment , described in detail by Dittmar
et al. (2006) and Pavon-Eternod et al. (2009), consists of four
steps starting from total RNA: (1) deacylation to remove remain-
ing amino acids attached to the tRNA; (2) selective Cy3/Cy5
labeling of tRNA; (3) hybridization on commercially printed
arrays; and (4) data analysis.

Deacylation

Total viral (0.25 pg/nL) or cellular RNA was spiked with three
tRNA standards (Escherichia coli tRNAM, E. coli tRNAT", and
yeast tRNA™) at 0.67 pmol each/pg total RNA. The mixture was
incubated in 100 mM Tris-HCI (pH 9.0) at 37°C for 30 min. The
solution was neutralized by the addition of an equal volume of 100
mM Na-acetate/acetic acid (pH 4.8) plus 100 mM NaCl, followed
by ethanol precipitation. Deacylated total
RNA was dissolved in water, and its integrity
verified by agarose gel electrophoresis.

Cy3/Cy5 labeling

HIV-1 HIV-1 GagVLP GagVLP
YotRNA (microarray) (2D PAGE) (microarray) (2D PAGE) {RNA in the total RNA mixture was selec-
Lys3 17.7 = 0.3 13.5 = 1.5 3.4 = 0.2 40 = 0.8  tively labeled with either Cy3 or Cy5 fluo-
Lys1,2 16.9 = 1.5 239 * 33 44 £ 0.5 6.5 = 0.2 rophore using an enzymatic ligation method
Asn 10.6 = 1.4 9.5 = 1.1 4.6 £ 0.5 6.0 = 0.9 previously described (Dittmar et al. 2006).

GagVLP [all tRNA]J/HIV1T [all tRNA] = 20 *= 2% (microarray); 16 * 3% (2D PAGE).

The ligation reaction relies on an 8-bp
RNA:DNA hybrid helix containing a Cy3
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or Cy5 fluorophore pre-attached to the loop and an overhang
complementary to the universally conserved 3’CCA nucleotides
present in all tRNAs (Fig. 1A). The ligation reaction was carried
out overnight (~16 h) at 16°C with 0.13 pg/pL total RNA in 1X
T4 DNA ligase buffer, 0.5 U/nL T4 DNA ligase (USB Corporation,
70042X), 15% DMSO, and 4.5 uM labeling oligonucleotide.

Hybridization

Hybridization was performed at 60°C overnight (~16 h) with 1-2 g
each of Cy3- or Cy5-labeled total RNA as previously described
(Dittmar et al. 2004). Multiple arrays were run using the 293T cell
reference sample labeled with either Cy3 or Cy5.

Data analysis

Arrays were scanned using a GenePix 4000b scanner (Axon
Instruments) to obtain fluorescence intensities and the Cy5/Cy3
ratio per pixel at each probe spot. For both Cy3 and Cy5
wavelengths, PMT gain was set at 600 and power at 100%. These
settings were chosen to provide optimal signal without saturation.
Array images were generated and analyzed using GenePix 6.0
software. The median Cy5/Cy3 ratio per pixel at each probe spot
was normalized to an average value of the three tRNA standards
prior to subsequent analysis.

Plasmids

BHI10 is a simian virus 40-based vector that contains full-length
wild-type HIV-1 proviral DNA. BH10.P— is a simian virus 40-
based vector that contains full-length wild-type HIV-1 proviral
DNA with a single point mutation at position 25 of the protease
region, converting Asp25 to Arg25. Transfection of BH10.P—
produces noninfectious viral particles containing wild-type geno-
mic RNA and unprocessed precursor proteins Gag and GagPol
(Gottlinger et al. 1989).

Cell culture and transfection

HEK-293T cells were grown in complete Dulbecco’s modified
Eagle’s medium (DMEM) plus 10% fetal calf serum (FCS), 100 U
of penicillin, and 100 wg of streptomycin/mL. For the production
of viruses or viral-like particles (VLPs), HEK-293T cells were
transfected with BH10 or BH10.FS— using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions.

Virus isolation

Forty-eight hours after transfection of 293T cells with plasmids
coding for wild-type or mutant HIV-1, the virus-containing
culture supernatants were collected. Viruses were pelleted from
culture medium by centrifugation in a Beckman 45 Ti rotor at
35,000 rpm for 1 h. The viral pellets were then purified by
centrifugation in a Beckman SW41 rotor at 26,500 rpm for 1 h
through 15% sucrose onto a 65% sucrose cushion. The band of
purified virus was removed and pelleted in 1X TNE in a Beckman
45 Ti rotor at 40,000 rpm for 1 h (Cen et al. 2001).

RNA purification, 2D PAGE, and RNA analysis

Total cellular or viral RNA was extracted from cell or viral pellets by
the guanidinium isothiocyanate procedure, and dissolved in 5 mM
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Tris buffer, pH 7.5 (Cen et al. 2001). To determine the packaging
pattern of tRNAs in the viruses, 2D PAGE of **pCp-3'-end-labeled
total viral RNA was performed as described previously (Jiang et al.
1993). Hybridization to dot blots of viral RNA and tRNAs was
carried out with **P-5'-end-labeled DNA probes complementary
to genomic RNA nucleotides 791-807 (5'-CTGACGCTCTCGCAC
CC-3"), and to the 3’ terminal 18 nucleotides of tRNA™* (5'-TGG
CGCCCGAACAGGGAC-3') and tRNA*™ (5'-TGGCGTCCCTGG
GTGGGC-3"). Phosphorimaging was used to quantitate the relative
amount of HIV-1 genomic RNA per sample and the relative
amount of tRNAs.

Identification of tRNA*" by sequencing

The **pCp-labeled RNA species in spot 4 was excised from a fresh
2D PAGE gel, eluted overnight, and ethanol precipitated, as
previously described (Wei et al. 2005). RT/PCR was performed
upon the purified RNA from spot 4 using ThermoScript RT/PCR
system with Platinum Taq (Invitrogen Life Technologies). The
primer for reverse transcript to synthesize cDNA of tRNA was
5'-TGGCGTCCCTGGGTGGGCTC-3'. PCR was carried out by using
a pair of internal primers (forward primer: 5'-GTGGCGCAATGC
GTT-3'; reverse primer: 5'-TGGGTGGGCTCGAA-3"). The PCR
products were inserted into the pCR4-TOPO vector (Invitrogen
Life Technologies) and individual clones were sequenced.
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