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Upstream AUG Codons in the Simian Immunodeficiency Virus
SIVmac239 Genome Regulate Rev and Env Protein Translation

Gisela J. van der Velden, Bep Klaver, Atze T. Das, and Ben Berkhout

Laboratory of Experimental Virology, Department of Medical Microbiology, Center for Infection and Immunity Amsterdam (CINIMA), Academic Medical Center, University

of Amsterdam, Amsterdam, The Netherlands

The mRNAs encoding the Rev and Env proteins of simian immunodeficiency virus (SIV) are unique because upstream transla-
tion start codons are present that may modulate the expression of these viral proteins. This is true for the regular mRNAs, but we
also report novel mRNA splicing variants that encode up to five upstream AUG (uAUG) codons. Their influence on Rev and Env
translation was measured by mutational inactivation in reporter constructs and in the STVmac239 strain. An intricate regulatory
mechanism was disclosed that allows the virus to express a balanced amount of these two proteins. This insight also allows the

design of vector constructs that efficiently express these proteins.

he RNA genome of the simian immunodeficiency virus (SIV)

displays a complex splicing pattern with several splice donor
(SD) and splice acceptor (SA) sites (Fig. 1) to allow the expression
of all essential, regulatory, and accessory proteins (45, 51, 57).
Translation initiation on eukaryotic mRNAs generally occurs via
ribosomal scanning (34), in which translation initiation factors
interact with the 40S ribosomal subunit at the mRNA 5 cap struc-
ture. The ribosomal subunit then scans along the 5" untranslated
region (UTR) until it encounters an AUG translational start
codon in a favorable sequence context. The optimal context of an
AUG start codon in vertebrate cells is known as the Kozak con-
sensus sequence: RCCAUGG, in which a purine at position —3,C
at —1, and G at +4 have the strongest effects on the translation
initiation efficiency (32). When an AUG is not in a favorable se-
quence context, translation initiation will be inefficient, and the
ribosome may continue scanning until it encounters an AUG start
codon further downstream (32). This mechanism of leaky scan-
ning has been described for several viruses and enables these viral
mRNAs to produce more than a single protein (30, 33, 48). In
human immunodeficiency virus type 1 (HIV-1), the Vpu and Env
proteins are encoded by the same mRNA because part of the ribo-
somes ignores the upstream Vpu start codon, which is in a weak
Kozak context, and thus gains access to the downstream Env start
codon (1, 35, 47). Other retroviruses, like Rous sarcoma virus
(RSV), use upstream open reading frames (ORFs) to regulate the
level of Gag translation (17).

In STVmac239, the singly spliced Env-encoding mRNA also
encodes an upstream ORF, namely, Rev exon 1 (45, 51, 57). This
situation is rather unique, as no other SIV transcripts have been
reported to contain upstream AUGs (uAUGs) in front of the ma-
jor ORF (Fig. 1B). SIV Rev is translated from its own doubly
spliced mRNA. Surprisingly, we discovered that there is an addi-
tional uAUG codon present in these Rev and Env mRNAs. This
uAUG is highly conserved among different SIV strains. Even more
strikingly, we detected an alternative splicing event (switch from
SA6 to upstream SA5) that puts three additional uAUG codons in
front of the Rev and Env ORFs. We speculated that these multiple
uAUGs may have a regulatory function in translation of the Rev
and Env proteins. Here, we investigated the modulatory role of
these uAUGs on Rev and Env translation using subgenomic re-
porter constructs and the impact on virus replication.
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MATERIALS AND METHODS

Subgenomic reporter plasmids. For the construction of the plasmids pSIV-
SA5-rev-luc, pSIV-SA5-env-luc, and pSIV-SA6-env-luc, SIVmac239 se-
quences present in the pSIV-rtTA (15) template were PCR amplified with the
forward primer (FP) SIV-mut-HindIII (GCGAAAGCTTGGCGGATGCAT
CCACTCCA; nucleotides matching SIV sequence in bold, HindIII site in
italics) and the reverse primer (RP) SIV-mut-rev-Narl (AATGGCGCCG
GGCCTTTCTTTATGTTTTTGGCGTCTTCGCTCATAACATATCCCC
AAG; Narl site in italics), FP SIV-mut-HindIII and RP GV004 (AATGG
CGCCGGGCCTTTCTTTATGTTTTTGGCGTCTTCTCCCATACTTAC
TTGTTTGA), and FP SIV-Rev-SA6-luc (CAAAAAGCTTGCTTGGGGA
TATGTTATG) and RP GV004, respectively. The PCR products were
subsequently digested with HindIII and Narl and ligated into the corre-
sponding sites of pGL3-control (Promega). For the construction of plas-
mid pSIV-SA6-rev-luc, the oligonucleotides SIV-rev-SA6-luc and SIV-
mut-Rev-Narl were hybridized, and both strands were completed with
Klenow DNA polymerase (Roche). The resulting DNA fragment was di-
gested with HindIII and Narl and ligated into the corresponding sites of
pGL3-control. The various uAUG mutations were subsequently intro-
duced in these reporter plasmids by mutagenesis PCR (details available
upon request). All nucleotide numbers refer to the positions in the
SIVmac239 proviral DNA genome (GenBank accession number
MM33262.1).

Construction of the STVmac239 uAUG4 knockout mutant. The plas-
mid pSIVmac239 encodes the wild-type (wt) SIVmac239 isolate (22). For
the construction of SIVmac239-m4, the m4 mutation was first introduced
in the SIV-rtTA,,-Tat*'*? construct (53). Separate PCRs were performed
on SIV-rtTA, - Tat*°? with FP SIV-Tat-1 (GGTAGTGGAGGTTCTGG
AAGA) and RP SIV-Tat-Splice-2 (GTTGGATATGGGTTTGTTTGATG
CAGAAGATGTATT) and FP GV032 (AAAAAAGGCTTGGGGATTTGT
TATGAGCAATCAC) and RP SIV-Env-8-GV (GTTGCTGCACTATCCC
AGCC). The products were mixed and served as the template for a third
PCR with FP SIV-Tat-1 and RP SIV-Env-8-GV. This product was di-
gested with Sphl and Kpn2I and ligated into the corresponding sites in

SIV-rtTA,, - Tat"P to generate SIV-rtTA,, - Tat"°P-m4. The latter vector
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FIG 1 SIV displays a complex splicing pattern, and upstream AUGs are present in the Rev and Env mRNAs. (A) The SIV DNA genome. (B) SIV mRNA splice
variants with the encoded protein indicated on the left. The splice donor (SD) and splice acceptor (SA) sites used in SIV mRNA are indicated, along with the
regular AUG start codons (vertical lines) and the upstream AUGs (*). (C) Start codons present between SA5 and the Env start codon in the SIV RNA genome.
The uAUGs are depicted by an open circle, and the regular AUGs for Revand Env by a filled circle with the name on top. The positions of SA5 and SA6 are marked.
Below are the genomic positions and the sequence surrounding each AUG for comparison to the Kozak consensus sequence. The overlap between the uORF
starting at uAUG4 and the Rev AUG is shown in a box with AUGs in bold and the uORF4 stop codon underlined. (D) Characteristics of each uAUG. Kozak score:
a score was awarded based on the match with the Kozak consensus sequence (RCCAUGG) at positions —3 (A or G), —1 (C), and +4 (G), yielding a total score
from 0 to 3. Conservation is the percentage of SIV isolates with the respective AUG based on all (n = 72) SIV sequences in the HIV Sequence Compendium 2011
(36). Overlap lists the viral ORFs with which each uAUG-ORF overlaps. ORF size is the length of the ORF served by each uAUG, indicated by the number of

encoded amino acids (AA).

was digested with Sphl and Kpn2I, and the resulting fragment was ligated
into the corresponding sites in SIVmac239 to create SIVmac239-m4.

Cells and virus cultures. Human embryonic kidney (HEK) 293T cells
were cultured in Dulbecco’s modified Eagle medium (Gibco) supple-
mented with 10% fetal calf serum (Gibco), 40 units/ml penicillin, 40
pg/ml streptomycin, and 0.1 mM minimal essential medium nonessential
amino acids (Gibco). 293T cells were cultured to 60% confluence in 2-cm?
wells and transfected with 1 g of the SIVmac239 or SIVmac239-m4
plasmids to produce virus stocks as described previously (13). Cell-free
culture supernatants were harvested after 48 h, and virus production was
quantified by CA-p27 enzyme-linked immunosorbent assay (Advanced
Bioscience Laboratories).

The PM1 (9, 37) and 174X CEM (25, 49) cell lines were cultured at
37°C and 5% CO, in advanced RPMI 1640 (Gibco) containing 1% fetal
bovine serum (Gibco), 2 mM r-glutamine (Gibco), 15 units/ml penicillin,
and 15 pg/ml streptomycin. To assay virus replication, PM1 and
174X CEM cells were infected with equal amounts of virus (correspond-
ing to 5 ng CA-p27) for 16 h at 37°C.

Peripheral blood mononuclear cells (PBMC) were isolated from cyn-
omolgus macaques (41) and cultured as described previously (14). Cells
were activated with 2 pug/ml phytohemagglutinin for 2 days and infected
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with equal amounts of virus (corresponding to 5 ng CA-p27) for 16 h at
37°C. Cells were maintained with 100 units/ml recombinant interleukin-2
following infection.

For all replication curves, the virus level in the culture medium was
determined with a real-time PCR-based reverse transcriptase (RT) assay,
in which avian myeloblastosis virus (AMV) RT was used as the standard
(15, 39).

Luciferase assay. To quantify protein production of each construct,
293T cells were cultured to 60% confluence in 2-cm? wells and transfected
with 100 ng of a luciferase reporter construct, 0.5 ng pRL-CMV, and 900
ng pBluescript (as carrier DNA) as previously described (13). The plasmid
pRL-CMV (Promega), in which the expression of renilla luciferase is con-
trolled by the cytomegalovirus (CMV) immediate-early enhancer/pro-
moter, was cotransfected to allow correction for differences in transfec-
tion efficiency. The firefly and renilla luciferase production was measured
after culturing the cells for 48 h. Protein production was calculated as the
ratio between firefly and renilla luciferase activities and corrected for be-
tween-session variation (46).

Isolation of RNA. For RNA analysis, 293T cells were cultured in 2-cm®
wells and transfected with 1 pg of the subgenomic reporter constructs by
calcium phosphate precipitation (16). Cells were washed with phosphate-
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buffered saline (PBS) after 48 h, lysed in 350 l RLT buffer (Qiagen), and
homogenized with a QIAshredder column (Qiagen). Total cellular RNA
was isolated with an RNeasy kit (Qiagen), and contaminating DNA was
removed on the column with RNase-free DNase (Qiagen).

Northern blot analysis of RNA. After electrophoresis of 5 ug RNA on
a 1% agarose gel in 1X morpholinepropanesulfonic acid (MOPS) buffer
(40 mM MOPS, 10 mM sodium acetate, pH 7.0) with 6.5% formaldehyde
at 100 V for 4 h, RNAs were transferred onto a positively charged nylon
membrane (Boehringer Mannheim) overnight by means of capillary
force. RNAs were linked to the membrane in a UV cross-linker (Strat-
agene). The Ncol-Xbal luciferase fragment of the pGL3-control plasmid
was labeled with [a-*P]dCTP with the High Prime DNA labeling kit
(Roche). Prehybridization and hybridization of the membrane with the
probe were done in ULTRAhyb buffer (Ambion) at 55°C for 1 and 16 h,
respectively. The membrane was then washed twice for 15 min at room
temperature in low-stringency buffer (2X SSC, 0.2% sodium dodecyl
sulfate [SDS] [1X SSC s 0.15 M NaCl plus 0.015 M sodium citrate]) and
twice for 30 min at 60°C in high-stringency buffer (0.1 X SSC, 0.2% SDS).
Images were obtained using a Storm 860 phosphorimager (Amersham
Biosciences). The sizes of the luciferase transcripts were estimated using
the ethidium bromide-stained 18S and 28S rRNAs as size markers. The
amounts of ethidium bromide-stained 18S and 28S rRNAs were the same
for all samples.

Slot blot analysis of RNA. RNAs were dotted onto Zeta-probe blot-
ting membrane (Bio-Rad) using a Bio-dot microfiltration apparatus (Bio-
Rad). RNA (1 pg) was dissolved in glyoxal buffer (final concentration of
50% dimethyl sulfoxide [DMSO], 10 mM NaH,PO,, pH 7.2, and 1 M
glyoxal) and incubated at 50°C for 1 h followed by cooling. The membrane
was washed with TE (10 mM Tris-HCI, 1 mM EDTA, pH 8.0), and the
samples were loaded into the slot and blotted onto the membrane by
vacuum. The membrane was washed once with TE and once with 2X
SSC-0.1% SDS. RNAs were linked to the membrane in a UV cross-linker
(Stratagene), and the blot was hybridized, washed, and analyzed as de-
scribed above for the Northern blot. Data analysis was performed with the
ImageQuant software package. The background signal (mock transfec-
tion) was subtracted from all samples before the values were plotted.

Virus competition experiments, proviral DNA isolation, and se-
quencing. Virus competition experiments were conducted in 174X CEM
cells to determine the fitness of SIVmac239-m4 relative to the parental
wild-type (wt) SIVmac239 virus. Pairwise competitions were started by
transfecting equal amounts of each viral construct as previously described
(27,28, 55). The virus was passaged onto fresh cells at the peak of infection
when massive syncytia were observed in order to continue the competi-
tion.

For proviral DNA analysis, infected cells were pelleted by centrifuga-
tion at 1,500 X g for 4 min and washed with phosphate-buffered saline.
DNA was solubilized by resuspending the cells in TLE (10 mM Tris, 0.1
mM EDTA, pH 8.0) plus 0.5% Tween 20, followed by incubation with 200
pg/ml of proteinase K at 56°C for 60 min and subsequently at 95°C for 10
min. For the analysis of Rev-coding exon 1, proviral DNA sequences were
PCR amplified from total cellular DNA with primers SIV-Tat-2 (GGGA
ACCATGGGATGAATG) and SIV-Env-4 (CCCTGTCATGTTGAATTT
ACAGCT). The PCR product was subsequently sequenced using the Big-
Dye Terminator cycle sequencing kit (Applied Biosystems) and primer
SIV-Tat-1 (GGTAGTGGAGGTTCTGGAAGA). The sequences were
aligned using the CodonCode Aligner software package.

RESULTS

Multiple uAUGs in the SIV transcripts encoding Rev and Env
proteins. The SIV genome yields a complex array of mRNA tran-
scripts to express all viral proteins (45, 51, 57). In principle, splic-
ing ensures that the translational start codon of each protein-
encoding ORF represents the first AUG on a dedicated mRNA.
The situation seems to be more complex for the Rev ORF and in
particular the Env ORF. Rev is translated from a doubly spliced
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mRNA, whereas Env is synthesized from a singly spliced mRNA.
This Env mRNA has an upstream ORF (uORF) that encodes 23
Rev amino acids (exon 1) fused to another 50 unrelated amino
acids before a stop codon is reached. This situation gets more
complicated by two new findings. First, we discovered an addi-
tional AUG immediately upstream of the Rev start codon on the
regular Rev and Env mRNAs. Second, we detected alternatively
spliced RNAs that use SA5 instead of SA6 to create 5'-extended
Rev and Env mRNAs. This alternative splicing event has been
detected previously (45) and seems to represent a minor tran-
script. However, we observed that splicing to SA5 was increased
upon the mutation of the Tat gene in a doxycycline-controlled
SIVmac239 derivate (SIV-rtTA-Tat*>>*) (15) (unpublished re-
sults). The SA5 sequence as present in SIVmac239 is 89% con-
served throughout the different SIV strains (36), and the 11% that
differ in sequence may encode a similar splice acceptor site, as the
SIVmac239 sequence does not match the classical splice signal
(18). These SA5 transcripts do attach upstream sequences to the
Rev and Env mRNAs with three additional uAUGs (Fig. 1). We
therefore named them uAUGs 1 to 4 (Fig. 1C), the latter being the
start codon immediately upstream of the Rev start, and decided to
study their relevance for Rev and Env translation.

The sequence around the uAUGs was compared to the opti-
mal Kozak consensus sequence, which includes the sequence of
the second codon (21, 26, 29, 31). We gave the start codons a
score from zero to three based on similarity to the consensus
RCCAUGG sequence, where a point was awarded for positions
—3, —1, and +4 if these nucleotides matched. The uAUGs have
poor to moderately good scores, ranging from 0 for uAUG1 to 2
for uAUG2 (Fig. 1D). However, many of the regular HIV and SIV
start codons are also in a suboptimal Kozak context (references 48
and 59 and our own analysis). We included the Revand Env AUGs
for comparison, and both are moderately good, with a Kozak
score of 2 (Fig. 1D).

We subsequently scored the conservation of these uAUG
codons in 72 SIV isolates (36) because important regulatory se-
quence motifs are expected to be maintained during virus evolu-
tion. uAUGS 1, 2, and 3 of the alternative SA5 transcript score
moderately high at 73.6% to 80.6% conservation, but uAUG4 of
the regular SA6 transcript is highly conserved in 93.1% of the viral
isolates (Fig. 1D). Even the well-accepted start codons for Revand
Env do not yield 100% conservation (Fig. 1D). This analysis may
be influenced by selection pressure imposed by overlapping ORFs,
which are listed in Fig. 1D. uAUGs 1 and 2 overlap the Vpr and Tat
ORFs, whereas uAUGs 3 and 4 overlap only with the Tat ORF.
Thus, while uAUG4 is not unique in terms of overlap with viral
OREFs, it is highly conserved.

We next analyzed whether these uAUGs have coding capacity
in terms of the length of the corresponding ORFs (Fig. 1D). While
uAUGI encodes a 21-amino-acid peptide, all other uAUGs facil-
itate translation of maximally 2 to 3 amino acids before a termi-
nation codon is encountered. Blasting the 21-amino-acid peptide
against the NCBI protein database produced only a hit with an
N-terminally extended Rev protein from a particular SIV strain
(isolate CPZ GABI1) that lacks the stop codon of the uAUG1-ORF
(11). The potential for resumed scanning and reinitiation at the
next AUG is linked to the length of the uORF (34, 38). Another
important determinant of the reinitiation efficiency is the distance
of the uORF stop codon to the start codon of the next ORF. The
three-codon ORF initiated at uAUG4 terminates at a UGA codon
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FIG 2 Design of subgenomic reporter constructs. (A) The subgenomic re-
porter constructs. SIV sequences starting at SA5 or SA6 were placed directly
downstream of the SV40 promoter in the pGL3-control plasmid (Promega),
and the second codon of the Rev or Env ORF was fused to the luciferase gene in
order to preserve the Kozak motif. The uAUGs are depicted by white circles
and the regular start codons by black circles. (B) The inactivating mutations
for each AUG. These mutations were chosen to be silent in the overlapping Tat
OREF for future testing in the full-length SIV genome. The 4a mutation is a
single nucleotide insertion (underlined) that fuses uAUGH4 to the Rev ORF and
simultaneously inactivates the Rev AUG.

that overlaps with the Rev AUG (Fig. 1C). It has been shown that
suppression by uAUGs is most efficient when the uORF termi-
nates downstream of the initiation site of the downstream ORF,
most likely because ribosomes cannot scan backwards (34).

A SAG6-rev-luc

4 rev

control

Rev translation (RLU)

1

UAUGs Regulate Translation of SIV Rev and Env

Taken together, Rev translation from the regular SA6 tran-
script could be regulated by uAUG4, and the alternative SA5 tran-
script has three additional uAUGs that may down-modulate Rev
expression by absorbing the scanning ribosomes. Env translation
seems even more complex as it faces the Rev start codon as an
additional uAUG. We therefore set out to measure Rev and Env
translation in the SA5 and SA6 contexts by mutation of the respec-
tive uAUG codons.

Design of uAUG mutants. Subgenomic luciferase reporter
constructs were made that are driven by the SV40 early promoter
and that encode SIVmac239 sequences starting at SA5 (genomic
position 6628) or SA6 (genomic position 6769). We purposely
designed such a minimal expression cassette to avoid complexities
present in the SIV genome, e.g., the Tat-LTR (long-terminal re-
peat) and Rev-RRE (Rev-responsive element) regulatory circuits.
The luciferase reporter ORF was fused to the second codon of the
Rev and Env ORFs, thus leaving the sequence context around the
AUG codon intact (21, 26, 29, 31). This creates a basic set of four
reporter constructs: SA5-rev-luc, SA6-rev-luc, SA5-env-luc, and
SA6-env-luc (Fig. 2A). Inactivating mutations were introduced in
individual or multiple uAUGs to study the effect on Rev and Env
expression (Fig. 2B). The constructs were transfected into 293T
cells, and the amount of luciferase protein was measured after 2
days as a measure of the translational efficiency.

Impact of uAUGs on Rev translation. The effect of uAUG
mutation on Rev translation from SA5-rev-luc and SA6-rev-luc
was measured. We will first discuss Rev expression from the reg-
ular SA6-rev-luc transcript (Fig. 3A). The wt Rev-luc construct, in
which one uAUG is present (uUAUG4), produces relatively little
luciferase activity (13%) compared to the unrelated SV40-lucifer-
ase control construct. Interestingly, inactivation of uAUG4 stim-
ulates Rev-luc expression approximately 4-fold, providing the
first evidence that Rev translation is profoundly down-modulated
by the capture of scanning ribosomes at uAUG4. To prove that
uAUGH4 is indeed recognized as a translational start codon, we
made an additional construct in which the uAUG4 start was con-

SA5-rev-luc

23 4rev

1068

Rev translation (RLU)

FIG 3 Protein expression of subgenomic Rev reporters. 293T cells were transfected with the SA6-rev-luc reporter constructs (A) or with the SA5-rev-luc reporter
constructs (B). Both constructs encode the firefly luciferase gene. Cells were cultured for 2 days, and the intracellular firefly luciferase level (relative light units
[RLU]J) was measured to quantify luciferase production, using renilla luciferase produced from the cotransfected pRL-CMV plasmid as an internal control. The
ratio between firefly and renilla luciferase was calculated, and the results of 14 measurements (means * standard errors of the means [SEM]) are shown. The
mean value is shown next to each bar. Statistical analysis performed by one-way analysis of variance (ANOVA) demonstrated that luciferase production differed
significantly between SA6-rev-luc (wt) and mutants 4 and 4a (A; ***, P < 0.0001); luciferase production differed significantly between SA5-rev-luc (wt) and
mutants 4, 4a, and 1234 (B; ¥, P < 0.05). Control, cells transfected with pGL3-control; mock, cells transfected with pBluescript plasmid instead of firefly

luciferase-encoding plasmid.
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Env translation (RLU)

FIG 4 Protein expression of subgenomic Env reporters. 293T cells were transfected with the SA6-env-luc reporter constructs (A) and with the SA5-env-luc
reporter constructs (B). Luciferase production was analyzed as described for Fig. 3. Results of 14 measurements are shown (means * SEM). The mean value is
shown next to each bar. Statistical analysis indicated that luciferase production differed significantly between SA6-env-luc (wt) and mutant 4rev (A). There is also
a statistically significant difference in luciferase production between SA5-env-luc (wt) and mutant 1234rev (B).

nected to the luciferase ORF by a single nucleotide insertion that
simultaneously inactivates the Rev AUG (Fig. 2B). This 4a variant
produced about twice as much luciferase as the wt Rev-luc fusion,
confirming that uAUG#4 absorbs a significant fraction of the scan-
ning ribosomes to suppress Rev translation.

We next analyzed the impact of uAUGI to uAUG4 inactivation
in the context of the alternative SA5-rev-luc transcript (Fig. 3B).
The wt SAS5 transcript is an even weaker Rev-luc expresser than the
wt SA6 construct, as demonstrated by the modest 9% expression
level compared to the control SV40-luciferase construct. This
could be due to the presence of four uAUG motifs. Inactivation of
uAUGI did not increase Rev translation, but the combined inac-
tivation of uAUGI to uAUG3 showed a small, although not sig-
nificant, stimulatory effect. Inactivation of uAUG4 again demon-
strated a profound increase of Rev translation. Removal of all
uAUGs (construct 1234) caused an even greater 6.5-fold induc-
tion. The latter transcript expresses approximately 60% of the
amount of luciferase produced by the SV40-luciferase control.
Upon fusing uAUGH4 to luciferase in variant 4a, we measured in-
creased luciferase production (2-fold higher than with the wt con-
struct), which again demonstrated that the upstream start codon
is actively used by scanning ribosomes. These combined results
indicate that uAUG4 and, to a lesser extent, uUAUGs 1, 2, and 3 in
the SA5 context play a regulatory role to modulate Rev translation.

Impact of uAUGSs on Env translation. Next we tested the im-
pact of uAUG motifs on Env translation. The regular SA6 tran-
script encodes two upstream start codons: uAUG4 and AUG-Rev
(Fig. 4A). The wt Env-luciferase transcript clearly exhibits more
luciferase activity than the control SV40-luciferase construct,
which contrasts with the poorly translated Rev-luciferase tran-
script. In light of the scanning mechanism, it seems remarkable
that the third start codon (Env) is used much more efficiently than
the second start codon (Rev), in particular as both have a reason-
ably good Kozak signature (Fig. 1C). It is also remarkable that
inactivation of uAUG4 and inactivation of AUG-Rev had a small
negative impact on Env translation, while inactivation of both
uAUGs increased Env expression nearly 2-fold. These seemingly
complex results can be understood when involving a suppressive
effect of uUAUG4 on Rev translation (as observed in Fig. 3) and of
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AUG-Rev on Env translation. In the wt context, with both uAUG4
and AUG-Rev present, this results in an indirect positive effect of
uAUGH4 on Env translation, and Env translation is reduced upon
uAUGH4 inactivation (compare constructs wt and 4 in Fig. 4A). In
the absence of AUG-Rev, uAUG4 has a suppressive effect on Env
translation, and uAUG4 inactivation now increases Env transla-
tion (compare mutants rev and 4rev).

We tried to confirm some of these results in the context of the
alternative SA5 transcript that has five uAUG codons (constructs
1234 and Rev) in front of the Env ORF (Fig. 4B). The impact on
Env translation varied for the SA5-specific uAUGs: luciferase pro-
duction was slightly reduced for mutant 1 and moderately in-
creased for the combination mutant 123. Inactivation of uAUG4
resulted in a greater reduction of Env translation, both in the wt
context (compare wt with mutant 4) and with multiple mutations
(compare mutant 123 with mutant 1234). Removal of all uAUGs
in mutant 1234rev boosted Env expression approximately 2-fold.
The positive impact of uUAUG4 and the negative impact of AUG-
Rev on Env translation were thus confirmed in the SA5 context,
but the effect of uAUGs 1, 2, and 3 was less pronounced. We also
tested the 4a mutant that connects uAUG4 with the Rev ORF. Asa
result, uUAUG4 will no longer interfere with translation of the Rev
ORF, which potentially suppresses downstream Env translation.
Indeed this manipulation enforced Env suppression, consistent
with the idea that uUAUG4 absorbs more ribosomes than AUG-
Rev.

RNA stability. To rule out any differences in transcription
and/or mRNA stability of the different luciferase constructs, total
cellular RNA was isolated from the transfected cells, and the lucif-
erase transcripts were analyzed by Northern blotting (Fig. 5). Dif-
ferences in size between the four sets of luciferase constructs cor-
relate with the expected transcript length. All Rev-luc and Env-luc
constructs showed a higher transcript level than the SV40-lucifer-
ase control that lacked virus-derived sequences. Moreover, a
slightly higher level of transcript was observed for the SA6-env-luc
set compared to the SA5-env-luc set. These results indicate that
the viral sequences can influence transcript production or stabil-
ity. Importantly, there were no visible differences in transcript
level among constructs within a set. As a loading control, the
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FIG 5 Northern blot analysis of reporter transcripts. 293T cells were transfected with the wt and mutant Rev-luc (A, C) and Env-luc (B, D) plasmids. (A, B) After
48 h, total cellular RNA was isolated and size-separated on a denaturing gel, and the reporter RNA was visualized with a **P-labeled luciferase probe by Northern
blotting (control, pGL3-control; mock, pBluescript). (C, D) The 18S and 28S rRNA markers of the Rev-luc transfected cells (C) and the Env-luc transfected cells
(D) were identified by ethidium bromide staining and used as a loading control.

rRNA was stained with ethidium bromide (Fig. 5C and D). The
amount of rRNA was the same for all samples.

To confirm these results, the luciferase mRNA level of the
transfected cells was quantified by RNA slot blot analysis. We se-
lected the mutants that exhibited the most deviant translation
effect (Fig. 6). In each of the four transcript sets, the selected
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uAUG mutants yielded an amount of RNA comparable to that of
the respective wt construct, indicating that there is no difference in
RNA expression level within each set. These data confirm the re-
sults of the Northern blot analysis and indicate that the differences
in luciferase expression of the mutant constructs (Fig. 3 and 4) are
solely due to translational effects.
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FIG 6 RNA slot blot analysis of reporter transcripts. Total cellular RNA was isolated as described for Fig. 5, dotted onto a membrane, and hybridized with a
*2P-labeled luciferase probe for quantification. The results of 5 measurements are shown (means = SEM) after subtraction of background signal (mock
transfection). Statistical analysis was performed and showed no significant differences between the wt and uAUG-mutated constructs for each group.
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FIG 7 Virus replication studies. (A) PBMC isolated from cynomolgus ma-
caques were infected with equal amounts of 293T-produced SIVmac239 (wt)
and SIVmac239-m4 (m4) virus (5 ng CA-p27). Replication was monitored by
measuring the RT level in the culture supernatant. The results shown are rep-
resentative of 2 independent experiments, and similar results were obtained
with different amounts of virus input. (B) Virus competition experiments were
conducted in 174 X CEM cells. Pairwise competitions were started by transfect-
ingan equimolar mixture of wt and mutant viral DNA constructs as previously
described (27, 55, 56). The proviral DNA was analyzed by sequencing at several
time points. The original input DNA (day 0) was included as a control, in
which the double A/U signal (arrow) demonstrates the presence of a wt-m4
mixture.

Virus replication and virus competition experiments. To
demonstrate the importance of the uAUGs in virus replication,
uAUG4 was knocked out in the SIVmac239 molecular clone. This
uAUG had the largest effect on translation in the luciferase re-
porter constructs, and it is the only uAUG present in the regular
SAG6 transcript. The uAUG in SIVmac239 was inactivated by in-
troducing the same nucleotide substitution as that used in the
luciferase construct (Fig. 2B), which was silent in the overlapping
Tat ORF.

Replication of SIVmac239 and the mutant SIVmac239-m4 was
tested in the PM1 and 174 X CEM cell lines, which express the CD4
and CCRS5 receptors (9, 25, 37, 49). Virus replication was moni-
tored by measuring the virion-associated reverse transcriptase
(RT) activity that accumulates in the culture supernatant. Surpris-
ingly, SIVmac239-m4 replicated efficiently in both cell lines (data
not shown). Therefore, we infected peripheral blood mononu-
clear cells (PBMC) isolated from cynomolgus macaques to study
replication on primary cells. STVmac239-m4 replicated efficiently
on PBMC as well (Fig. 7A).

The difference in replication between SIVmac239-m4 and the
wt virus was too small to detect in our replication assays, but such
assays are often not sensitive enough to detect minor fitness dif-
ferences. We therefore performed a more sensitive competition
experiment with the mutant and wt virus. An equimolar mixture
of the wt and mutant STVmac239 plasmids was transfected into
174X CEM cells. The virus was passaged onto fresh cells at the
peak of infection when massive syncytia were observed in order to
continue the competition. At the same time, cell samples were
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taken for DNA isolation, PCR amplification, and population-
based sequence analysis. On 174 XCEM cells, the wt virus out-
competed the uAUG4 knockout virus within the short time frame
of 14 days (Fig. 7B). This indicates that there is a significant loss of
fitness upon uAUG4 inactivation, which we approximate to be
around 20% (27, 54, 56). Similar results were obtained in PM1
cells (data not shown). Thus, although the uAUG4 knockout vari-
ant replicates efficiently on several cell lines and PBMC, the pres-
ence of uUAUGH4 is required for optimal viral replication.

DISCUSSION

A survey of the 5" UTR sequences of diverse HIV-1 isolates indi-
cated the absence of uAUG codons (48, 59). It has been argued
that uAUG codons are actively counterselected because they
would interfere with the process of ribosomal scanning and trans-
lation of the viral proteins (3). Indeed, the introduction of such
uAUG codons by mutation can severely hamper HIV-1 replica-
tion (12, 23), and scanning was recently confirmed as the major
translation mechanism in HIV-1 (5). This does not mean that
internal ribosome entry site (IRES)-mediated translation could
not also occur under specific circumstances (7, 8, 20, 24, 43, 52,
58). In agreement with the scanning mode of translation, there are
rarely any uAUGs present in the large variety of mRNAs produced
by HIV and SIV. An exception in HIV is the bicistronic mRNA
that encodes both Vpu and Env (1, 47), and this mRNA also con-
tains a minimal uORF (35). We now describe a major exception
for SIV.

In SIV, we identified two uORFs in the Env mRNA: a minimal
OREF directed by uAUG4 followed by the Rev ORF that runs into
the Env ORF. This uAUG4 is highly conserved among SIV strains,
implying that its presence has a purpose, in particular because it
could be inactivated by a mutation that is silent in the overlapping
Tat ORF. We constructed subgenomic luciferase reporters to
quantify the effect of uUAUG4 on Rev and Env translation. The
results show that Rev is strongly downregulated by uAUGH4 (Fig.
8A), while Env is upregulated (Fig. 8B). The latter effect can be
explained by the negative effect of Rev translation on Env transla-
tion. uUAUG4 may stimulate Env translation by blocking ribo-
somal access to the Rev AUG, which otherwise would suppress
Env translation. These data suggest that uAUG4 actively recruits
ribosomes that subsequently encounter a translational stop codon
just downstream of the Rev AUG, thus bypassing the Rev ORF. We
assume that these ribosomes can reinitiate scanning on the Rev-
Env mRNA toward the Env AUG. Similar regulatory scenarios
have been described previously for HIV-1 Vpu and Env transla-
tion (1, 35, 38) (Fig. 8C) but also in other viruses and eukaryotes
(34, 40, 44, 50).

We also described an alternative mRNA for Rev and Env that is
produced by splicing at SA5 instead of SA6, which adds three more
uAUGs upstream of Rev and Env. This alternative splicing event
has been described previously (45) but appears to occur at a low
frequency (unpublished data). It is possible that the alternative
mRNAs encode new ORFs and novel viral proteins, but their cod-
ing capacity is rather restricted (Fig. 1C). Colombini et al. (11)
described that uAUGTL is the translation start codon for Rev in
isolate CPZ GAB1. However, in SIVmac239 and most other iso-
lates, a stop codon results in the translation of a 21-amino-acid
polypeptide before the Rev ORF is reached. We tested the regula-
tory effect of the additional SA5-encoded start codons on Rev and
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FIG 8 Regulation of Rev and Env translation in HIV-1 and SIVmac239. Sche-
matic representation of the SIV doubly spliced Rev mRNA (A), SIV singly
spliced Env mRNA (B), and HIV-1 singly spliced Env mRNA (C). The SIV Rev
and Env mRNAs mostly result from splicing at SA6, but transcripts spliced at
SA5 have been observed. Similarly, the HIV-1 Vpu and Env mRNAs mostly
result from splicing at SA5, but splicing at SA4 has been observed. The ORFs
are boxed, with the dedicated ORFs in gray and the uORFs in white. (A) The
presence of uAUGH4 has a suppressive effect on Rev translation. Alternative
splicing at SA5 adds three more uAUGs: 1, 2, and 3. (B) SIV Env mRNA has
two uAUGs: uAUG4 and AUG-Rev. The presence of the Rev AUG has a sup-
pressive effect on Env translation. uAUG4 has a downregulating effect on Rev
translation and thus an indirect stimulatory effect on Env translation. Alter-
native splicing at SA5 adds three more uAUGs to the Env mRNA: uAUGs 1, 2,
and 3. (C) HIV-1 Env mRNA has two uAUG codons: the Vpu AUG and a mini-
mal uORF directly upstream of Vpu. The HIV-1 uORF has a suppressive effect on
Vpu translation and thus an indirect stimulatory effect on Env translation (35).
Alternative splicing at SA4 will result in an additional uORF for the Env mRNA:
the Rev AUG, which has a suppressive effect on Vpu translation (1).

Env translation but scored relatively minor effects compared to
the impact of uAUGH4.

uAUGH4 had the greatest impact on translation of both Revand
Env in the subgenomic reporter constructs and is the only uAUG
present in the regular SA6 transcript. Virus competition experi-
ments showed that inactivation of this uAUG in SIVmac239
slightly reduced virus replication (Fig. 7B), which demonstrates
that the presence of uAUGA4 is required for optimal viral replica-
tion. The presence of regulatory loops such as the Tat-LTR and
Rev-RRE circuits makes SIV a complex system to study the effects
of uAUGs on the translation of specific proteins. The increased
translation of Rev in the uAUG4 knockout mutant would theoret-
ically result in an earlier switch from spliced to unspliced SIV
mRNAs, resulting in reduced Tat expression and less transcrip-
tional activation. The earlier switch to singly spliced Env and un-
spliced Gag-Pol mRNAs does not necessarily lead to increased Env
protein levels, as its translation would be less efficient due to the
absence of uAUGH4 and an increase in ribosomal capture by the
Rev AUG.

In general, we believe that the ORFs served by the many uAUG
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codons do not serve a protein-coding role but rather a regulatory
role during the process of translation. This is most obvious for the
ultrashort ORFs served by uAUGs 2, 3, and 4. We cannot formally
exclude a role for the ORF1-encoded 21-amino-acid polypeptide
and the 73-amino-acid protein that results from AUG-Rev usage
on the singly spliced Env mRNA (Fig. 8B). The latter protein con-
sists of a 23-amino-acid Rev domain (exon 1) that is connected to
50 unrelated amino acids. This exon 1 Rev domain does lack the
critical motifs for RRE RNA binding and nuclear localization that
are encoded by Rev exon 2 (2). There are other viral examples
where the major role of significant parts of ORFs concerns the
regulation of mRNA translation instead of an encoded protein
function (4). Thus, we believe that these uORFs serve regulatory
purposes to allow fine-tuning of viral gene expression. The SIV
situation is particularly complex due to the presence of the many
spliced mRNA variants. For instance, AUG-Rev is obviously crit-
ical for Rev translation on the Rev mRNA, and it simultaneously
suppresses Env translation on the Env mRNA, which necessitates
the presence of uAUG4 to suppress Rev translation. But this
uAUG4-mediated suppression of Rev translation cannot be abso-
lute in order to allow Rev expression from the Rev mRNA. We do
not know whether the presence of uUAUG4 is important to im-
prove Env translation, reduce Rev expression, or both. Too much
Rev expression may be detrimental because it could trigger an
untimely switch from spliced to unspliced RNA, which causes
reduced Tat expression and consequently suboptimal viral gene
expression. Furthermore, Rev overexpression may be toxic for the
cell (42). The efficacy of translation may also be influenced by
other factors, such as the presence of RNA hairpins upstream of
the AUG that inhibit ribosome scanning (19), the accessibility of
the AUG within an RNA structure, and the binding of cellular
proteins to the viral RNA (6, 10).

The information gained in this study helps us to design opti-
mized SIV Rev expression vectors. If these vectors contain the
sequence from SA6 onward and uAUG4 is inactivated, the expres-
sion level is increased 4-fold compared to that of the wt vector
(Fig. 3). If the Rev expression vector contains the sequence from
SA5 onward, removal of all uUAUGs will increase the expression up
to 6.5-fold. Env expression can also be optimized by inactivation
of the uUAUGs (uAUG4 and AUG-Rev) in the SA6 context.

Several HIV and SIV mRNAs do contain additional ORFs
downstream of the dedicated ORF. For instance, the HIV-1 Tat
mRNA can potentially also encode Rev and Nef from downstream
sequences. However, early studies indicated that the scanning
mechanism is operational such that only the dedicated 5" ORF is
served by ribosomes (38, 48). Nevertheless, some of the dedicated
5" ORFs have a relatively weak AUG codon in a suboptimal Kozak
context, allowing leaky scanning that can trigger translation of the
downstream ORF. The Env mRNA for both HIV-1 and SIV is
exceptional in that an ORF is situated upstream of the dedicated
Env ORF. Early HIV-1 studies indicated that the upstream Vpu
OREF has a weak AUG to allow sufficient leaky scanning and thus
Env translation (38, 48). Two recent studies revealed even more
regulatory aspects of HIV-1 Env translation. First, a uAUG was
described immediately upstream of the Vpu ORF, which could
thus affect Vpu expression and indirectly Env translation (Fig.
8C). Inactivation of this uAUG reduced Env expression, consis-
tent with the idea that this uAUG augments access to the down-
stream Env ORF (35). Second, alternatively spliced HIV-1 RNAs
with a 5" extension (SA4 in Fig. 8C) were analyzed for the impact
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of the additional uAUG (AUG-Rev) on Vpu and Env translation
(1). There is a rather surprising parallel in the HIV-1 and SIV
scenarios for Env translation (Fig. 8). Both Env mRNAs have a
uORF (Vpu in HIV-1, Rev in SIV) and a uAUG very close to the
start of that uORF (uUAUGH in SIV), and alternative 5’-extended
transcripts have been reported (using SA5 in SIV, SA4 in HIV-1)
that add more uAUGs (uAUGs 1, 2, and 3 in SIV; AUG-Rev in
HIV-1). Thus, the Env mRNAs seem unique among the many
HIV and SIV transcripts in exhibiting a complex level of transla-
tional regulation.
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