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ABSTRACT

A hallmark of translation in human immunodefi-
ciency virus type 1 (HIV-1) is a —1 programmed ri-
bosome frameshifting event that produces the Gag-
Pol fusion polyprotein. The constant Gag to Gag-Pol
ratio is essential for the virion structure and infectiv-
ity. Here we show that the frameshifting efficiency is
modulated by Leu-tRNAe" that reads the UUA codon
at the mRNA slippery site. This tRNA" isoacceptor
is particularly rare in human cell lines derived from
T-lymphocytes, the cells that are targeted by HIV-1.
When UUA decoding is delayed, the frameshifting fol-
lows an alternative route, which maintains the Gag to
Gag-Pol ratio constant. A second potential slippery
site downstream of the first one is normally ineffi-
cient but can also support —1-frameshifting when al-
tered by a compensatory resistance mutation in re-
sponse to current antiviral drug therapy. Together
these different regimes allow the virus to maintain a
constant —1-frameshifting efficiency to ensure suc-
cessful virus propagation.

INTRODUCTION

Many viruses use programmed ribosome frameshifting to
increase the coding capacity of their genome and to regu-
late stoichiometric ratio between viral proteins (1-4). The
two HIV-1 genes, gag and pol, encode viral structural pro-
teins and enzymes, respectively, and overlap by 205 nt.
Synthesis of the Gag-Pol polyprotein requires —1 ribosome
frameshifting (-1FS) (5). The ratio between Gag and Gag-
Pol is crucial for virus propagation and its dysregulation is
detrimental for replication, virion formation and infectivity
of HIV-1 (6-9). The ef ciency of gag-pol —1FS in human
cellsis about 10%, ranging from 2% to 11% with different re-
porters (10-13). This—1FSef ciency has been recapitulated
in vivo or in vitro in mammalian, yeast or Escherichia coli

translation extracts (5,11,14-22), suggesting that the virus
exploits evolutionary conserved features of the translational
apparatus.

-1FS is governed by two cis-acting elements in the
MRNA, the slippery site (SS1) U; UUU, UUA; that en-
codes Phe (UUU) and Leu (UUA) in the 0-frame (5), and
a stem-loop (SL) structure downstream of the slippery site
(SL1; Figure 1A). SS1 gives rise to two frameshifting prod-
ucts, one that contains the 0-frame peptide Phe-Leu fol-
lowed by the —1-frame sequence (FLR product; Figure 1A
and B), and another with a second Phe incorporated in-
stead of Leu (FFR product). In mammalian cells 30% of
frameshifting ribosomes do not insert Leu, but are likely
to insert Phe at the same position (5). Also in E. coli, both
products are produced, with the FLR constituting about
80% of the product (5,15,23,24). Further HIV frameshift-
ing product heterogeneity may result from -2 frameshift-
ing (25). In addition, the gag-pol gene has a second, puta-
tive slippery site (pSS2) 38 nt downstream of the canoni-
cal SS1 (26-30). This slippery site is also conserved albeit
to a lesser degree than the rst slippery site (31). The se-
quence of pSS2 (U; UUU, CUUy) is not particularly slip-
pery, but a substitution of Cs with U (CsU), which ap-
pears as a compensatory resistance mutation during anti-
HIV therapy, may facilitate additional FS at this otherwise
silent site (26-28,30).

The mechanism of frameshifting on the gag-pol mMRNA
and the factors that de ne the ratio between the two —-1FS
products are unclear. The variety of proposed mechanisms
of —1FS (23), the uncertain signi cance of the second slip-
pery site, and the lack of mechanistic information about al-
ternative slippages (e.g., —2FS or +1FS) have prompted us
to study gag-pol frameshifting in real time in a fully recon-
stituted in vitro translation system. We show that FS path-
way and ef ciency are determined by the availability of Leu-
tRNAL reading the UUA codon. The potential alternative
+1and -2 slippages can also operate when other aminoacyl-
tRNASs (aa-tRNAS) are in limited supply. We show that the
UUA-speci ¢ tRNA is particularly rare in human cell
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Figure 1. —1FS on HIV-1 gag-pol mRNA. (A) Scheme of the gag-pol frameshifting site. Slippery site (SS1) and the putative second slippery site (pSS2) are
highlighted in green; the stimulatory mRNA structure element downstream of the SS1 is indicated as a stem-loop (SL1). Amino acids incorporated into
0-frame and —1-frame peptides as well as the potential —1FS routes and in vivo ef ciencies are shown below the frameshifting sites. (B) Top panel: Amino
acids incorporated into 0- and —1-frames are shown above the MRNA sequence. Bottom panel: —1FS ef ciency with the wild-type (wt) mMRNA and U,C
derivative with disrupted SS1 measured at limiting amounts of Leu-tRNAnaa®" (molar ratio 0.3 tRNA to 70S ribosome) at the end of translation (2
min). The 0-frame is the sum of MQANF and MQANFLG peptides, —1-frame corresponds to MQANFFR/FLR peptides. MQANF was identi ed based
on its position on the chromatogram while MQANFFR/FLR and MQANFLG products were quanti ed using [**C]Arg and [*H]Gly, respectively. (C)
Concentration dependence of ~1FS ef ciency on the Leu-tRNAnaa®Y (tRNAnaa®Y, closed circles) or a mixture of tRNALEY isoacceptors reading CUN
codons (tRNAnag ", open circles). —1FS product was detected using [C]Arg. (D) Change in the FS regime with the Leu-tRNAnaa Y concentration.
The ratio of FFR route (open circles) versus FLR (closed circles) route was calculated from peptides with different radioactive labels as follows. The sum
of FFR and FLR frameshifting products was calculated using [**C]Arg. To determine the amount of FLR, the mRNA was translated to the 0-frame
peptide fMet-GIn-Asn-Phe-Leu-Gly-Lys-l1le (MQANFLGKI). The presence of lle allows for separation between 0-frame MQANFLGKI and -1-frame
MQANFLR peptides. The FFR peptide was then determined by subtracting the FLR from the total Arg-containing product. (E) -1FS ef ciency in the
presence of varying concentrations of Gly-tRNASGY in the presence of excess Arg-tRNAA™Y (2 M) (green squares) or with varying concentrations of
Arg-tRNAA in the presence of 3or 6 M Gly-tRNACGY (red and light red squares, respectively).

lines derived from T-lymphocytes, the cells that are targeted and subsequent af nity chromatography of the EF-Tu-
by HIV-1. Furthermore, we have characterized the role of GTP-aa-tRNA ternary complexes on Protino Ni-1IDA 2000
the second slippery site in supporting —1FS. Multiple ways Packed Columns (Macherey-Nagel) followed by phenoliza-
to modulate the frameshifting ef ciency could help the virus tion and ethanol precipitation of aa-tRNA. tRNAnaa-Y,
to maintain the Gag to Gag-Pol ratio, which is crucial for elongator tRNAMet tRNA™" and a mixture of isoacceptors
its viability. tRNAL collectively reading all four CUN codons for Leu

were prepared by consecutive column chromatographies

on Sepharose 4B (GE Healthcare), Phenyl Sepharose (GE
MATERIALS AND METHODS Healthcare), and DEAE Toyopearl (Tosoh Bioscience).
Buffer tRNAT™ was prepared by T7 RNA-polymerase transcrip-

tion from pUC18 plasmid carrying the E. coli trp gene (40).
All experiments with prokaryotic translation components, tRNASs were charged with 1C-, or 3H-labeled or unlabeled
including kinetic measurements summarized in Supplemen- amino acids (41). Leu-tRNAnaa"®, mixture of isoaccep-
tary Table S1, were carried out in HiFi buffer (50 mM tors Leu-tRNA for the CUN codons, Met-tRNA Mt |le-
Tris—HCI, pH 7.5, 70 mM NH,CI, 30 mM KCI, 3.5 MM tRNA'"® and Tyr-tRNA™" were puri ed by reversed-phase
MgCl, 8 mM putrescine, 0.5 mM spermidine, 1 MM 1,4-  HPLC on a WP-300 RP-18 column (250 mm x 10.5 mm,
dithiothreitol (DTT)) at 37°C if not stated otherwise. Merck) equilibrated with 20 mM ammonium acetate, pH
5.0, 10 mM magnesium acetate, 400 mM NaCl using a
. gradient of 0 to 15% ethanol. Concentrations were deter-
tRNA preparation mined spectrophotometrically at 260 nm and by liquid-
70S ribosomes from E. coli MRE600, initiation fac- liquid scintillation counting where applicable (Ultima Gold
tors (IF1, IF2, IF3), elongation factors (EF-Tu, EF-G), XR, Perkin Elmer). Total human aa-tRNA was prepared
RF1, fMet-tRNA™et BODIPY-Met-tRNAMet and Phe- from HelLa S10 cell extracts. The cytoplasmic fraction of
tRNAP" were prepared from E. coli as described (32,33  the cell lysate was phenolized and aa-tRNA was puri ed
39). GIn-, Ala- and Asn-tRNA mixture, Arg-tRNAA, Gly- by anion-exchange chromatography on a HiTrap Q HP
tRNACGY, Val-tRNAVa were prepared from E. coli total column (5 ml, GE Healthcare) equilibrated with 50 mM
tRNA by aminoacylation with the respective amino acid
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sodium acetate, pH 4.5 and 10 mM MgCI, using a gradi-
entof0to 1.1 M KCI.

MRNA constructs

We used a native sequence of the gag-pol HIV-1 frameshift-
ing motif (nt 1601-1961 in the HIV-1 complete genome,
NCBI Reference Sequence NC_001802.1) cloned into pEX-
A2 vector. Mutations were introduced by site-directed mu-
tagenesis using Q5 DNA-polymerase (NEB) (42) (Supple-
mentary Tables S2-S4). mRNAs were prepared by in vitro
transcription with T7 RNA-polymerase (43,44) and puri-

ed using the RNeasy maxi kit (Qiagen) according to the
manufacturer’s recommendations. Control mRNAs used
to determine the rate of Arg-tRNAA" incorporation in 0-
frame (Supplementary Figure S3B) were made by chemical
synthesis (IBA, Gottingen) and contained an E. coli Shine-
Dalgarno (SD) sequence inserted 9 nt upstream of the start
codon AUG. For translation in bacterial translation sys-
tem, a SD sequence was inserted into the HIV mRNA 6
nt upstream of the start codon AUG. In the short mRNAs
used in the codon walk experiments, AUG was introduced
8 nt upstream of the SS1 and the length of the sequence
following the SS1 was 56 nt encompassing SL1 and pSS2.
In the MRNASs used to study +1 and -2 frameshifting, the
GGG codon (Gly) following the slippery site was mutated
to UGG (Trp) to distinguish between the —-1-, —2- and +1-
frameshifting products (10). The nearest natural AUG in
gag mRNA was used as a start codon in the long mMRNAs
to study gag-pol translation products by PAGE. The stop
codon UAG was introduced in the 0-frame 156 nt down-
stream of the AUG and 120 nt after the SS1 to allow the
separation between the 0-frame (52 aa) and —1-frame (120
aa) products. 0-, —1- and —2-frame control mMRNAs contain
respective sequence cloned in-frame with SS1 and pSS2 be-
ing mutated to prevent slippages; these MRNAs contained
324 nt after the SS1 harboring SL1, pSS2 and pSL2. HIV
MRNAs for eukaryotic translation contained the native 5’
UTR from rabbit -globin mRNA and a Kozak sequence
with an embedded AUGG site to allow for ef cient initia-
tion. The start codon AUG was placed 8 nt upstream of the
slippery site, and the next codon CAG (GIn) was mutated
to GAG (Val) to improve initiation and facilitate product
separation by HPLC. Eukaryotic mMRNAs contained 167
nt downstream of SS1 covering SL1, pSS2 and pSL2. All
MRNA sequences are listed in Supplementary Tables S2—
S4 (AUG isin bold, slippery sites are underlined, UAG stop
codon in 0-frame is in italic and mutated nucleotides are in
small letters in bold).

Preparation of initiation complexes

70S initiation complexes (IC) were prepared by incubat-
ing 70S ribosomes (1 M) with mRNA (3-10 M), ini-
tiation factors IF1, IF2 and IF3 (1.5 M each), initiator
fPH]Met-tRNA™et or BODIPY-Met-tRNA™et (2 M),
DTT (1 mM) and GTP (1 mM) in HiFi buffer for 30 min at
37°C. ICs used in the codon-walk experiments were puri ed
by ultracentrifugation through a 1.1 M sucrose cushion in
buffer A (50 mM Tris-HCI pH 7.5, 70 mM NH,4CI, 30 mM
KCI, 7 mM MgCl,) and dissolved in HiFi buffer.
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Codon-walk assay

To form EF-Tu-GTP-aa-tRNA ternary complexes (TCs),
EF-Tu (25-30 M or 3-fold excess over aa-tRNA) was in-
cubated with GTP (1 mM), phosphoenolpyruvate (3 mM)
and pyruvate kinase (0.1 mg/ml) in buffer A with DTT
(1 mM) for 15 min at 37°C. Then aa-tRNAs were added
and incubated for 1 min at 37°C. The concentrations of aa-
tRNASs were optimized to ensure the maximum binding at
their respective codon: 1.6 M each for GIn-tRNA®", Ala-
tRNAA Asn-tRNAAS" Phe-tRNAP" and Arg-tRNAA™,
1.2 M for Gly-tRNA®Y, and different concentrations of
Leu-tRNAnaa®Y as indicated. IC (0.16 M) was mixed
with TCs (about 20 M nal concentration of EF-Tu),
EF-G (1.6 M), GTP (1 mM) phosphoenolpyruvate (2.4
mM) and pyruvate kinase (0.08 mg/ml) in HiFi buffer at
37°C. Incubation times were 0—10 min for time courses or 2
min for end-point measurements. The stability of peptidyl-
tRNA binding to the ribosome was tested by nitrocellu-
lose Iter binding assay (Supplementary Figure S3D). To
prepare samples for the HPLC analysis, the reactions were
guenched with KOH (0.5 M) and hydrolyzed for 30 min
at 37°C; then the samples were neutralized by the addi-
tion of acetic acid. Translation products were separated
by reversed-phase HPLC on an RP-8 column (LiChro-
Spher100, Merck) applying an adapted gradient of acetoni-
trile (0-65%) with 0.1% tri uoroacetic acid. Eluted frac-
tions were mixed with Ultima Gold XR scintillation lig-
uid (Perkin Elmer) and analyzed by scintillation counting.
The peptide products up to MQAN were not separated
from each other, while all other peptides could be identi-

ed by either position shift on a chromatogram or by the
radioactive label of the respective amino acid. The amount
of each product was determined as a ratio between 3H-
counts in the respective peak and total *H-counts in the elu-
ate. For samples with PH]GIly-tRNASY, [*C]Arg-tRNAA™
or [*C]Leu tRNANaa®Y, the respective peaks were calcu-
lated in pmol. Where necessary, the amount of MQAN-
FLR peptide was calculated by subtracting MQANFLG
from MQANFL in pmol. Likewise, the MQANFFR pep-
tide was calculated by subtracting MQANFLR from the
MQANFLR/FFR mixture product in pmol. Time courses
were evaluated by numerical integration in KinTek Ex-
plorer software (45). Frameshifting ef ciency was calcu-
lated as a ratio between the —1-frame peptide (MQANFFR
and MQANFLR) and the sum of —1- and all 0-frame pep-
tides (MQANF, MQANFL, MQANFLG) multiplied by
100%.

End-point translation assay of -2 / +1 mRNA

Translation of -2 / +1 mRNA was carried out as de-
scribed for the codon-walk assay, but with 0.4 M of
each GIn-tRNAC"  Ala-tRNAA2 Asn-tRNAA" 0.8 M
of Phe-tRNAP"™ 0.08 M of Leu-tRNAnaa- and0.4 M
each of Trp-tRNATP, Met-tRNAMet and Tyr-tRNA™". IC
(0.08 M) was mixed with TCs (about 10 M nal concen-
tration of EF-Tu), EF-G (1.6 M), GTP (1 mM) phospho-
enolpyruvate (2.4 mM) and pyruvate kinase (0.08 mg/ml) in
HiFi buffer at 37°C. The ef ciency of frameshifting peptide
synthesis was calculated by dividing the amount of the re-
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spective peptide in pmol by the sum of all peptides in trans-
lation excluding MQAN multiplied by 100%.

Arg-tRNAA™ incorporation assay

To form post-translocation complexes, puri ed ICs (0.16

M nal) were mixed with Phe-tRNAP™ (1.6 M) or Leu-
tRNAnaaM (0.16 M) in the presence of EF-G (0.008

M, 1/20 of the IC concentration) in HiFi buffer and in-
cubated for 1 min at 37°C. Post-translocation complexes
were then mixed with Arg-tRNAAY (1.6 M) and EF-G
(1.6 M) and reacted for 1 to 100 s at 37°C. The position of
MFR and MLR peptides was identi ed based on [**C]Arg
counts and their amounts were calculated in pmol. The rate
of Arg incorporation was estimated by exponential tting
in GraphPad Prism software.

Translation assay

IC prepared with BODIPY-Met-tRNA™et (0.08 M) was
incubated with EF-Tu (80 M), total aa-tRNA from HelLa
cells(3-10 M),EF-G (1.6 M)andRF1(0.8 M),GTP(1
mM), phosphoenolpyruvate (2.4 mM) and pyruvate kinase
(0.08 mg/ml) in HiFi buffer at 37°C as indicated in the time
course of translation or for 30 min for single-point measure-
ments. In case of B-crystallin, translation was carried out
using IC (0.02 M), EF-Tu (45 M), total aa-tRNA from
HeLa (10 M), EF-G (1 M), GTP (0.8 mM), phospho-
enolpyruvate (1.4 mM) and pyruvate kinase (0.05 mg/ml)
for 30 min in HiFi buffer at 37°C. To prepare the samples
for PAGE, the reactions were stopped with NaOH (0.4 M)
and hydrolyzed as described for the HPLC sample prepara-
tion. HEPES (0.2 M, pH 5) was added to neutralize the re-
actions. The samples were separated by Tris-Tricine gel elec-
trophoresis (46). Fluorescent peptides were visualized us-
ing an Typhoon™ FLA-9000 scanner (GE Healthcare Life
Sciences) and the band intensities were evaluated using the
MultiGauge software. Frameshifting ef ciency was calcu-
lated from the band intensities of the —1-frame product to
the sum of —1- and 0-frames products as well as of trans-
lation intermediates appearing at 20 s of translation. The
correct length of the peptides was con rmed using control
0-frame, —1-frame and —2-frame mMRNAs.

Translation of HIV mRNAs in a fully reconstituted homolo-
gous mammalian in vitro translation system

40S and 60S ribosomal subunits from Hela, translation
initiation factors elF1, elF1A, elF2, elF3, elF4A, elF4B,
elF5, elF5B, translation elongation factors eEF1A and
eEF2 as well as Met-tRNAMet were prepared according to
published protocols (47,48).

48S I1C (0.3 M) was formed by incubating 40S subunits
with a 2-fold molar excess of elF2, elF3 and elF4B, a 3-
fold excess of elF1, elF1A and elF4A, a 3-fold excess of
mRNA and a 5-fold excess of [PH]Met-tRNAMet in mam-
malian translation (MT) buffer (20 mM Tris-HCI, pH 7.5,
100 mM KCI, 2.5 mM MgCly,, 0.25 mM spermidine, 1 mM
ATP and 0.5 mM GTP) for 15 min at 37°C. To form 80S IC,
an equal volume of MT buffer containing elF5 (0.4 M),
elF5B (0.5 M) and 60S subunits (0.6 M) was added. The
initiation reaction mix was incubated for 8 min at 37°C.

An elongation reaction mix was prepared by incubating
eEF1A (10.5 M),eEF2 (5 M), elongator tRNA mix (100

M total human tRNA aminoacylated with Val, Ala, Asn,
Phe, Leu, Arg, and Gly), phosphoenol pyruvate (3 mM), 1
mM MgCl, and pyruvate kinase (0.1 g/ 1) in MT buffer
for 8 min at 37°C. In experiments shown in Supplemen-
tary Figure 4F [**C]Leu and [*H]Arg were used; in Figure
5F only [*H]JArg was radioactive labeled. To start transla-
tion, an equal volume of the elongation reaction mix was
added to the initiation reaction mix and incubated for 4
min at 37°C. Sample preparation for HPLC, HPLC anal-
ysis and quanti cation of radioactive peptides were done
as described above for the bacterial translation system.
—1-frame peptides were identi ed based on [*H]Arg. In the
presence of Leu, total translation ef ciency was quanti ed
using [**C]Leu and the frameshifting ef ciency was calcu-
lated as a ratio between Arg-containing peptides and to-
tal translation products multiplied by 100%. In the ab-
sence of Leu, total translation ef ciency was calculated us-
ing —1-frame control, which shows the maximum level of
frameshifting peptide produced under the given conditions.
Here the frameshifting ef ciency was calculated as the ratio
between Arg-containing wt peptides and —1-frame control
peptides multiplied by 100%.

Quanti cation of tRNA levels using gqRT-PCR

Sup-T1 cells were derived from non-Hodgkin’s T-cell lym-
phoma isolated from a pleural effusion of an 8-year-old
male and subcloned on soft agar. Jurkat cells were derived
from human T-cell lymphoblast. PM1 cells are a deriva-
tive of HUT78, a human cutaneous T-cell lymphoma cell
line derived from peripheral blood of a patient with Sezary
syndrome. 174xCEM cells are a fusion product of human
B-cell line 721.174 and a human T-cell line CEM. 293T
is an epithelial cell line derived from human embryonic
kidney cells and expressing large T antigen. Information
about cell lines is taken from https://aidsreagent.org/ and
http://www.lgcstandards-atcc.org/.

293T (DSMZ-German Collection of Microorganisms
and Cell Cultures, ACC 635) cells were maintained in Dul-
becco’s modi ed Eagle medium (DMEM, Pan Biotech)
supplemented with 10% fetal calf serum (Biochrom, FCS)
and 1% of 100x concentrated penicillin/streptomycin
(pen/strep) mix (Pan Biotech). For subculturing, cells were
detached by resuspension in phosphate-buffered saline
(PBS [293T]) or incubation with trypsin/EDTA solution
(Pan Biotech). The human T-cell lines 174xCEM (NIH
AIDS Reagent Program, NIH272, (49)), PM1 (50), Sup-T1
(NIH AIDS Reagent Program, NIH100, (51)) and Jurkat
(NIH AIDS Reagent Program, NIH177, (52)) were main-
tained in Roswell Park Memorial Institute 1640 medium
(RPMI, Pan Biotech) supplemented with 10% FCS and
1% of 100> concentrated pen/strep mix. For subculturing,
culture medium containing the suspension cells was cen-
trifuged (600 = g, 10 min, room temperature). Then, the su-
pernatant was discarded and pelleted cells were resuspended
in 10 ml RPMI medium. Further, 1 ml of this suspension
was added to a new culture ask and lled up with 19 ml of
RPMI medium.
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Cellular tRNA levels for tRNAyaaY, tRNAcac™Y,
tRNAyac Y and tRNAcac Y were quanti ed using a strat-
egy published by (53). Total cellular RNA was extracted us-
ing the RNeasy Mini Kit (Qiagen) according to the manu-
facturer’s protocol. After elution, the RNA content was de-
termined spectrophotometrically. To eliminate potentially
co-isolated DNA from the samples, 0.5 g RNA was incu-
bated with DNase | (New England Biolabs) in a nal vol-
ume of 10 | for 30 min at 37°C and nally heated to 65°C
for 5 min to inactivate the enzyme. The primer for the re-
verse transcription entailed a tRNA-speci ¢ sequence and
a stem-loop sequence (53). The tRNA-speci ¢ primer was
the same for tRNAyuaat®" and tRNAcac" (complemen-
tary to positions 47-55) and different for tRNAcacY? and
tRNAyac¥? (complementary to positions 62-70) (Supple-
mentary Table S5). cDNA synthesis was performed as de-
scribed in the manufacturer’s instructions (for gene-speci ¢
primers) using the SuperScript Il First-Strand Synthesis
System (ThermoFisher Scienti ¢) and 5 | of DNase I-
digested RNA (0.25 g). Input RNA was removed by incu-
bation with RNase H. To determine the levels of the tRNAs,
tRNAUAALeu, tRNACAGLeu, tRNAUAcvaI and tRNACAcvaI
as well as 18S rRNA (housekeeping gene control), quan-
titative PCR (gPCR) was performed employing the Quan-
tiTect SYBR Green Kit (Qiagen) according to the manu-
facturer’s protocol on a Rotorgene Q device (Qiagen). The
primers used for q°PCR were taken from (53); the forward
primer for the gPCR is highly speci ¢ to each tRNA and
the reverse primer is universal (Supplementary Table S5).
For each run, technical triplicates were analyzed for each
sample and reactions containing water instead of template
cDNA were used as negative control. Cycle conditions were
chosen as follows: one cycle at 95°C for 15 min, followed by
45 cycles consisting of 15 s at 94°C, 30 s at 60°C and 30 s
at 72°C. Finally, a linear temperature increase from 60 to
90°C with a ramp of 1°C per step and each step lasting 5
s was performed to obtain a melting curve for each reac-
tion. In order to compare tRNAyaa-"/tRNAcac and
RNAyacY@/ tRNAcacY? tRNA ratio between cell lines,
cycle threshold (c;) values for each tRNA were normalized
against the respective c; values for 18S rRNA.

RESULTS
Two regimes for —1FS on the gag-pol slippery site

We rst aimed to solve the mechanism of —1FS on the
HIV-1 mRNA. For the mechanistic work, we used the
fully reconstituted translation system from E. coli, be-
cause the overall ef ciency and the ratio of the FLR
and FFR products is similar in mammalian cells and in
E. coli (5,15,23,24), the functional centers of the ribo-
somes where frameshifting takes place are highly con-
served between eukaryotes and prokaryotes (54), and it
is not feasible to prepare materials for the reconstituted
eukaryotic translation system in amounts needed for this
type of analysis. We rst tested the potential routes for
frameshifting. The model HIV-1 gag-pol mRNA encom-
passes the natural frameshifting site with the translation
start codon AUG three codons upstream of the slippery
site (Figure 1B). We formed a 70S initiation complex with
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the mMRNA and fMet-tRNA™et and started translation
by the addition of ternary complexes of elongation fac-
tor (EF)-Tu-GTP with the desired combination of puri-

ed aa-tRNAs and EF-G-GTP. Consecutive amino acid
incorporation results in a 0-frame peptide fMet-GIn-Ala-
Asn-Phe-Leu-Gly (MQANFLG) and the —1-frame peptides
fMet-GIn-Ala-Asn-Phe-Leu-Arg (MQANFLR) or fMet-
GlIn-Ala-Asn-Phe-Phe-Arg (MQANFFR). Peptides were
analyzed by reversed-phase HPLC (RP-HPLC) (Supple-
mentary Figure S1). The overall frameshifting ef ciency
was determined as a yield of —1-frame Arg incorporation
relative to the sum of —1- and O-frame peptides. With the
MRNA containing a native slippery sequence, a large frac-
tion of peptides contains Arg (Figure 1B), indicating ef -
cient —1FS. As expected, the U,C mutation, which changes
the SS1 sequence to U UUC UUA (5), abolishes FS (Figure
1B and Supplementary Figure S3A).

In principle, —1FS can occur at the decoding step of the
translation elongation cycle, when only peptidyl-tRNA is
bound in the P site of the ribosome while the A site is va-
cant (15,55), or during translocation, when two tRNAs to-
gether with the MRNA move through the ribosome (56-59).
If slippage occurred during decoding, the —1FS ef ciency
must depend on the competition between the 0-frame and
—1-frame aa-tRNAs, Leu-tRNA and Phe-tRNA, for bind-
ing at the UUUA sequence in SS1. In fact, the addition of
Leu-tRNAnaa® (E. coli tRNA that reads the UUA and
UUG codons; the anticodon is indicated as a subscript; N is
a post-transcriptionally modi ed nucleotide) dramatically
lowers the —1FS ef ciency from about 50% in the absence
to 12% in the presence of Leu-tRNAnaa™Y (Figure 1C). In
contrast, a mixture of near-cognate Leu-tRNA isoacceptors
that collectively read the CUN family of Leu codons has
no effect. The high —1FS ef ciency observed in the absence
of Leu-tRNAnaa®" indicates that ribosomes can slip into
the —1-frame prior to, and independent of, Leu incorpora-
tion. By estimating the ratio of Leu, Phe and Arg incorpo-
ration into the —1-frame product, we can determine how the
-1FS pathway changes with the Leu-tRNAnaa - concen-
tration (Figure 1D). In the absence of Leu-tRNAnaatY,
only the FFR product is formed. Upon addition of Leu-
tRNAnaa®, the FLR product becomes prevalent. Thus,
frameshifting at the gag-pol slippery site can switch between
two regimes and their prevalence depends on the concentra-
tion of the critical tRNA.

After Leu incorporation, the —1FS can follow different
routes: it can take place either during tRNA transloca-
tion or upon decoding of the following Gly codon. Again,
if frameshifting took place during decoding, the O-frame
Gly-tRNACY and -1-frame Arg-tRNAA™ should compete
for binding to the ribosome. This is, however, not observed,
as the —1FS ef ciency is independent of Gly-tRNASY and
Arg-tRNAA™ concentrations (Figure 1E). This nding sug-
gests that slippage and commitment to the new reading
frame occur after Leu incorporation, but prior to decod-
ing of the next codon by Gly- or Arg-tRNA. This is similar
to the well-studied cases of —1FS on IBV 1a/1b and dnaX
MRNAs, where slippage occurs at a late stage of transloca-
tion of the slippery-site tRNAs, and suggests a similar two-
tRNA frameshifting mechanism (55-60).
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Figure 2. tRNA limitation results in -1, +1 and —2FS. Top panel shows the
model MRNA and peptides synthesized in all frames. tRNAs for QANF
were added to all translation reactions; in addition, Met (M), Leu (L),
Trp (W) and Tyr (Y) were added in the ‘all present’ sample; —-M, —-L,W
and —-M,L,W indicate the aa-tRNAs that were omitted from the respec-
tive translation reaction. Positions of peaks were determined using [**C]-
labeled Tyr, Met, Leu or Trp. Two-tailed two-sample equal variance t-test
was performed between marked samples; blue lines for +1 peptides and red
lines for —2 peptides. n.s., not signi cant, * indicates P < 0.05, *** is P <
0.001.

The UUA codon is particularly rare in human cells
and the respective Leu-tRNAnaa™®" is underrepresented
is some cell types (see below and (53)). Because forma-
tion of the -1-frame FFR product depends on the slip-
page at the *hungry’ UUA codon, we further tested whether
this allows also —2 and +1FS. We note that normally such
slippage events would lead to premature termination due
to stop codons appearing in the -2 or +1 frames down-
stream of the frameshifting site and that such peptides are
dif cult to detect in vivo, but alternative slippage events
could change the ratio between the Gag and Gag-Pol
polyproteins. To distinguish between the products of the 0-,
-1-, —=2- and +1-FS, we changed the GGG (Gly) codon
following the slippery site into UGG (Trp) (Figure 2 and
Supplementary Figure S2), a mutation that does not af-
fect the —1FS ef ciency in vivo in human cells (10). In
addition to the aa-tRNAs needed for translation of the
MQANFL sequence, we added puri ed Trp-tRNATP (W),
elongator Met-tRNAM®et (M) and Tyr-tRNA™" (Y). The
expected O-frame peptide is now MQANFLW and the -1-
frame peptides are MQANFFM and MQANFLM. Shift-
ing into the +1-frame should yield MQANFY and into the
—2-frame MQANFFY and MQANFLY. When all required
aa-tRNAs are present, the —1-frame peptides account for
about 25% of product, consistent with the —1FS ef ciency
on the native gag-pol sequence in the presence of equimo-
lar amounts of Leu-tRNAynaa"® and ribosomes (Figure
2), whereas the amounts of the +1 and -2 peptides are
small. When Met-tRNAMet js omitted, —2FS increases more
than 2-fold, whereas the +1FS is not changed. —2FS is en-
hanced because —1FS exposes a ‘hungry’ Met codon in the
A site, which favors the slippage. In the absence of Leu- and
Trp-tRNA, -1FS ef ciency increases to 45%, as expected,;
—2FS is unchanged; and again a small amount of the +1-
frame product is formed. Without addition of Leu-, Trp-

and Met-tRNA, the products of all three alternative frames
are found. These data suggest that -2 and +1FS can occur
when one or more of the aa-tRNAs are lacking; however,
when all aa-tRNAs are available the —1FS pathway is preva-
lent.

Kinetics of FFR and FLR —-1FS pathways

To understand the kinetic switch between the two differ-
ent —1FS regimes, we monitored translation and —1FS ef-

ciency using the codon-walk approach (56) in the absence
and presence of Leu-tRNAnaa®Y. Rate constants were cal-
culated by global tting of the time courses using numeri-
cal integration according to the models shown in Figure 3.
As additional information, we estimated the rate constants
of Arg and Gly incorporation in independent experiments
using model MRNAs without frameshifting elements (Sup-
plementary Figure S3B and C).

For the —1FS model in the absence of Leu-tRNAnaaY,
we introduced the steps that result in the formation
of MQANF and the -1FS products MQANFF and
MQANFFR. In addition, we introduced two reaction
branches that account for the incomplete conversion of the
70S IC into products as follows. Because a fraction of initi-
ation complexes does not enter translation, we introduced a
step that accounts for this unproductive population (M —
M, non-reactive). We also noticed that MQANF-tRNAP"®
in the absence of the A-site ligand tends to slowly dissoci-
ate from the ribosome (Supplementary Figure S3D); to ac-
count for this loss of peptidyl-tRNA we introduced the re-
spective drop-off reaction. Global tting of the time courses
using numerical integration yielded a unique solution for
all rate constants (Figure 3A and B; Supplementary Table
S1). The step leading to the incorporation of the second
Phe is slow, 0.01 s, compared to all translation steps,
which are at least 10 times faster. MQANFF peptides do
not accumulate and are converted to the —1-frame peptide,
MQANFFR. Thus, the incorporation of the second Phe
residue is the rate-limiting step of frameshifting that com-
mits the ribosome to —1-frame translation.

In the presence of Leu-tRNAnaa-®", the ribosome syn-
thesizes the 0-frame MQANF peptide and then either con-
tinues translation with Leu incorporation in the O-frame
or shifts into the —1-frame before Leu-tRNAnaa®" can
bind. If Leu is incorporated, the 0-frame MQANFL prod-
uct can partition between the 0-frame MQANFLG and the
-1-frame MQANFLR. Global tting of the time courses
gives well-de ned rate constants for most of the steps (Fig-
ure 3C-E). The rate-limiting step for the —1-frame FFR
pathway has a rate constant of 0.03 s, similar to that
for the isolated FFR pathway. The ef ciency of the FFR
pathway depends on the ratio of the rates of —1-slippage
and Leu-tRNAnaa®" binding. While the rate of slippage
is constant, the rate of Leu-tRNAnaa"® binding increases
with concentration. This explains why the addition of excess
Leu-tRNAnaa Y inhibits the FFR route. At high concen-
trations of Leu-tRNAnaa®Y, the probability to bind Leu-
tRNAnaa® to the A site is higher than to slip into the —
1 -frame. At this condition, the FFR pathway is suppressed
and only the FLR pathway remains operational. After Leu
incorporation, the —1FS ef ciency of the FLR route is de-
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Figure 3. Kinetic mechanism of —1FS. (A) Time courses of translation in the absence of tRNAynaa®" reading the UUA codon. Peptides are MQAN
(gray circles), MQANF (purple triangles), MQANFF (orange circles) and MQANFFR (red squares). Global ts are shown as continuous lines. The top
panel shows amino acids in 0-frame and FFR —1-frame and respective codons on the mRNA. (B) Kinetic model of the FFR pathway in the absence
of tRNAnaa®Y. Rates of all steps are calculated by global tting. (C and D) Time courses of translation in the presence of limiting concentrations of
tRNAnaa Y (C, 0.3-fold per ribosome) and near-saturating concentrations of tRNAnaaY (D, 1-fold per ribosome). Peptides are MQAN (gray circles),
MQANF (purple triangles), MQANFL (blue downward triangles), MQANFLG (green diamonds) and MQANFFR/MQANFLR (red squares). Global

ts are shown as continuous lines. The top panel shows amino acids in 0-frame and —1-frame and respective codons on the mRNA. (E) Kinetic model of
the FFR/FFL pathways in the presence of tRNAnaa Y. Rates of all steps are calculated by global  tting. 0- and —1-frames are indicated by dotted arrows.
*Incorporation of Leu-tRNAnaa " is a bimolecular reaction and its rate depends on the concentration of tRNAyaa Y. The two rates correspond to
0.3- and 1.0-fold excess of tRNAynaa " over ribosomes, respectively.
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