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A remarkably high percentage of proto-oncogene, growth factor, cellular receptor, and viral transcript
leaders contain short upstream open reading frames (uORFs), yet the significance and regulatory effects of
these uORFs have not been well characterized. In the case of the human cytomegalovirus gpUL4 (gp48)
transcript, the second of three uORFs (uORF2) inhibits translation of the downstream cistron by a process
that depends on the uORF2 amino acid coding information. To investigate the mechanism underlying this
unusual regulatory element, we adapted the toeprinting (or reverse transcriptase extension inhibition) assay
for use in detecting positions of ribosomal stalling on gp48 transcripts. Using a cell-free translation system, we
demonstrate that ribosomes arrest at the termination codon of uORF2 by a uORF2 coding sequence-dependent
mechanism. Further, the sequence requirements for ribosomal stalling are the same as for inhibition of
downstream translation. We also provide evidence for ribosomal stalling in vivo, on the natural viral mRNA.
These data support the hypothesis that the inhibition of downstream translation results from uORF2 peptide-
dependent ribosomal arrest at termination and suggest that translation termination may be a regulatory step

in expression of some eukaryotic genes.

Short upstream open reading frames (WORFs) are present in
a minority of eukaryotic mRNA leaders but are unusually
prevalent in certain subsets of genes, including those involved
in the control of cellular growth (14). The regulatory effects of
uORFs depend in part on parameters influencing translation
initiation at the AUG codon of the uORF (uAUG). Thus, if
the context of nucleotides surrounding the uAUG codon is
optimal for translation initiation (13), ribosomes are more
likely to translate the uORF instead of the downstream OREF,
while the presence of an internal ribosomal entry site down-
stream from the uAUG codon enables ribosomes to bypass the
uOREF and translate the downstream OREF efficiently (17).

In several cases, however, the impact of a uORF is not
accounted for by the efficiency of initiation at the uAUG
codon. For example, some uORFs have little or no effect on
downstream translation even though the uAUG codons are
efficiently recognized, presumably because ribosomes reinitiate
at the downstream AUG codon (1, 2, 9, 11, 12). Conversely,
uOREFs such as the second one (WORF2) in the human cyto-
megalovirus (CMV) gp48 gene transcript profoundly inhibit
downstream translation even though initiation at the uAUG
codon is very inefficient (2). These observations suggest that at
least in some cases, translational events other than initiation
determine the overall effect of the uORF.

A remarkable feature of gp48 uORF2 is that its inhibitory
effect depends on its amino acid coding information (5), a
property reported for uORFs in very few other eukaryotic
genes (reviewed in reference 8). Despite this coding sequence
dependence, uORF2 inhibits downstream translation only in
cis (5). As well, the inhibitory effect requires a termination
codon at the authentic position immediately following the
uORF coding sequences; carboxy-terminal extension of the
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uORF by only a single codon relieves the inhibition (5). The
current studies were designed to test the hypothesis, suggested
by these data, that inhibition by uUORF2 results from a block at
termination of uORF2 translation mediated by the nascent
uORF?2 peptide (2).

MATERIALS AND METHODS

Plasmids, synthetic RNAs, and sequencing. Plasmid pEQ4, containing the
B-galactosidase (B-Gal) OREF in the in vitro transcription vector pBS+ (Strat-
agene) has been described previously (7). The wild-type gp48 transcript leader
construct pEQ307 and the AUG2™ mutant construct pEQ367 were constructed
by inserting the HindIII-EcoRV fragments from pEQ239 and pEQ325 (20),
respectively, into the HindIII-EcoRV sites in pEQ4. Plasmids pEQ438 and
pEQ439 were constructed by insertion of the HindIlI-BamHI fragments from
pEQ422 and pEQ429 (2), containing the gp48 leader and B-Gal OREF, into
pBS+. Plasmids pEQS505, pEQ542, and pEQ543 were generated by PCR am-
plification of pEQ366, pEQ406, and pEQ419 (5), respectively, using primers 64
(CCTTACCATGGAGCCGCTGG) and 17 (20). After cutting with Ncol and
AfiIl, each amplimer was inserted into the Ncol-Afl11 sites of pEQ438. Thus, the
uOREF in these plasmids initiates at an optimal context AUG codon (underlined
in the primer 64 sequence). The same cloning strategy was used to construct
pEQ507 and pEQS509, using plasmids pEQ409 and pEQ413, respectively, as
templates for PCR. Plasmids pEQ409 and pEQ413, each containing two uORF2
missense mutations, were constructed by using a degenerate primer-based PCR
strategy as previously described (5). The uORF2 sequences in pEQ409 and
pEQ507 contain mutations of the 10th uORF2 codon, AAA (encoding lysine) to
GAA (encoding glutamine), designated K10Q, and of CCG to ACG at codon 21
(P21T). The mutations in pEQ413 and pEQ509 are ATC to CTC at codon 19
(I19L) and CCT to ACT at codon 22 (P22T).

For in vitro transcription, the plasmids were linearized at the BamHI site
located downstream from the B-Gal termination codon, and transcripts were
synthesized by using an AmpliScribe T3 transcription kit (Epicentre Technolo-
gies) with 1.25 uCi of [a->*P]UTP (Amersham). Although the data shown in this
report resulted from experiments using uncapped transcripts, very similar trans-
lational inhibition and toeprint data were obtained with capped transcripts (not
shown).

Plasmid sequences were verified by the Tag DyeDeoxy terminator cycle se-
quencing method (Applied Biosystems) with the assistance of the Fred Hutchin-
son Cancer Research Center Biotechnology Laboratory. The dideoxy sequencing
of pEQA438 shown in Fig. 2c was carried out by using a Sequenase version 2.0
sequencing kit (U.S. Biochemical) and primer 17 (20).

Cell-free translation. After cell-free translation in nuclease-treated rabbit re-
ticulocyte lysates (RRL; Promega, Inc.), B-Gal protein synthesis and activity
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were determined as described previously (7). A standard translation reaction in
this study was performed with 0.2 ng of RNA in a 6.3-pl reaction mixture.

Toeprint assay in RRL. The toeprint assay was carried out by annealing 10 nM
32p-end-labeled primer 17 (20) to 2 ul of the translation reaction mix for 5 min
at 40°C in 10 pl containing 50 mM Tris-HCI (pH 8.3), 75 mM KCl, 3 mM MgCl,,
0.01 M dithiothreitol, and 0.25 mM deoxynucleoside triphosphates. After addi-
tion of reverse transcriptase (50 U; Superscript II; Gibco/BRL) and incubation
for 60 min at 40°C, samples were extracted with phenol-chloroform and were
analyzed on a 6% denaturing polyacrylamide gel.

Magnesium precipitation of ribosomes was performed as described previously
(18). Briefly, after addition of 3 volumes of 0.2 M MgCl,, 2% Triton N-101, and
2 mg of heparin per ml and incubation on ice for 1 h, the samples were layered
on a 4-volume cushion of 1 M sucrose-20 mM Tris-HCI (pH 7.4)-10 mM
NaCl-0.2 M MgCl,. Following centrifugation at 16,000 X g for 15 min at 4°C, the
pellet was resuspended in 10 pl of H,O.

Toeprinting and primer extension of RNA from infected cells. Human fibro-
blasts and CMV (Towne) were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% Nu-serum (Collaborative Research, Inc., Bedford,
Mass.). Cytoplasmic extracts were prepared from 150-mm-diameter plates of
uninfected cells or cells infected at a multiplicity of infection of 10 PFU per cell
as for polyribosome analysis (20) except that no cycloheximide was added. RNA
for primer extension analysis was purified from the cytoplasmic extracts by
proteinase K digestion followed by phenol-chloroform extraction and ethanol
precipitation.

The toeprint assay was carried out by using the cytoplasmic extracts as de-
scribed for translation in RRL except that a 20-pl reaction mixture containing 11
wl of cytoplasmic extract was incubated for 5 min at 55°C prior to adding 0.1 pM
32P_labeled primer 17. After addition of the primer, the reaction mixture was
incubated for 2 min at 55°C and then for 5 min at 40°C. Reverse transcriptase
(100 U) was added, and the reaction mixture was incubated for 1 h at 40°C prior
to phenol-chloroform extraction and analysis on a denaturing polyacrylamide gel.

RESULTS

Inhibition of downstream translation in cell-free translation
assays. To simplify the analysis of the uORF2 inhibitory mech-
anism, we used a cell-free translation assay in RRL. Using
plasmids containing the wild-type or mutant gp48 leader se-
quences upstream of the B-Gal ORF (Fig. 1a), we synthesized
transcripts (Fig. 1b) and assessed their efficiencies as templates
for B-Gal translation as determined by using both [>*S]methi-
onine labeling (Fig. 1c) and B-Gal enzymatic activity assays
(Fig. 1d).

The wild-type leader in pEQ307 RNA (Fig. 1a) expressed
only slightly less B-Gal than did the control pEQ4 RNA, which
lacks gp48 leader sequences. However, mutating the nucleoti-
des surrounding AUG2 to the optimal context for translation
initiation reduced B-Gal translation 5- to 10-fold. As in trans-
fection assays (2, 5, 20), mutation of the uORF2 AUG codon
(AUG2, pEQ367) or of the last sense codon in uORF2
(pPEQ439) eliminated the inhibitory effect of the gp48 leader in
the RRL assay. RNA containing uORF2 as the only uORF
(PEQ505) expressed a low level of B-Gal in the RRL system
(Fig. 1c and d), demonstrating that neither of the other two
uORFs nor the wild-type sequences immediately 3’ from the
uORF2 termination codon are required for the inhibitory ef-
fect of the gp48 leader. Thus, even though the magnitude of
the inhibitory effect of the gp48 leader was less in the RRL
assays than in transfection assays, inhibition by the gp48 leader
depended on the uORF?2 coding sequences in cell-free trans-
lation as in vivo.

Toeprint analysis after cell-free translation. We next used
the RRL assay to examine the mechanism of inhibition by
uORF?2 and in particular to determine whether ribosomes ar-
rest after translating uORF2, as has been hypothesized (2). We
adapted the toeprint or extension inhibition assay, first devel-
oped to study prokaryotic translation (10), to detect predom-
inant positions of ribosomes on the gp48 transcript leader. In
this assay, ribosomes associated with an mRNA block the ex-
tension of an antisense radiolabeled primer by reverse tran-
scriptase at a position corresponding to the 3’ boundary of the
ribosome. The sizes of the reverse-transcribed products, as
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FIG. 1. Inhibition of downstream translation by the uORF2 leader in RRL.
(a) Transcript leaders expressed from the indicated B-Gal plasmids contain no
gp48 sequences (pEQ4), the wild-type gp48 transcript leader (pEQ307), or the
gp48 leader with mutations of the first or second AUG codon to noninitiator
sequences (X). In pEQ438, pEQ439, and pEQ505, the bases surrounding AUG2
codon are the optimal context for translation initiation, ACCAUGG (*). The
carboxy-terminal missense mutation (proline to alanine at codon 22; black rect-
angle) present in pEQ439 and a 32-nucleotide (nt) deletion downstream from
uORF?2 in pEQS505 are indicated. The position of the antisense primer 17 (20)
used in subsequent toeprint assays is indicated (arrow). (b) The quantity and
integrity of in vitro transcripts (0.5 ng), synthesized by using the indicated plas-
mids templates and labeled with [**P]UTP as described in Materials and Meth-
ods, were assessed by separation on a 6% denaturing polyacrylamide gel followed
by autoradiography. (c) The transcripts shown in panel b were translated in RRL
in presence of [**S]methionine, and the products were analyzed on a sodium
dodecyl sulfate-5% polyacrylamide gel. Molecular weight standards (in kilodal-
tons) are shown on the left. (d) The B-Gal activities in duplicate 2-pl aliquots
from RRL translation assays were determined as described in Materials and
Methods, and the means (plus standard deviations) are shown.

detected by electrophoresis and autoradiography, identify sites
of ribosomal stalling on the mRNA. Since a single ribosome
protects a 30- to 35-nucleotide fragment of mRNA from
RNase digestion and the decoding site is approximately in the
middle (22), the toeprint for a ribosome stalled at termination
of uORF?2 is predicted to map approximately 15 to 17 nucle-
otides downstream from the uORF2 termination codon.
Because RNA secondary structure or binding proteins,
rather than ribosomes, could create a barrier to reverse tran-
scriptase in the toeprint assay, we first analyzed the pattern
generated by toeprint analysis of wild-type and mutant gp48
leader transcripts in RRL prior to translation (Fig. 2a). After
mixing of the gp48 transcript in RRL on ice without addition of
amino acids, the predominant reverse transcription product for
each transcript mapped to the expected 5" end of the RNA.
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FIG. 2. Ribosome stalling at the gp48 uORF?2 termination site. (a) Control toeprint assay of RNA samples prior to translation. The indicated pEQ RNA samples
were mixed on ice with RRL in preparation for cell-free translation. Prior to addition of amino acids, a 2-pl aliquot from the mixture was reverse transcribed by using
32p-end-labeled primer 17, and the products were analyzed by polyacrylamide gel electrophoresis followed by autoradiography. In all panels, the lengths (in nucleotides)
of markers (M) are indicated on the left. (b) Toeprint analysis of RNAs translated in RRL. After the transcripts represented in panel a were translated in the RRL
assay for 30 min at 30°C, 2 ul of each mixture was analyzed by using the toeprint assay as described in Materials and Methods. Arrows indicate toeprint bands appearing
after translation of pEQ307, pEQ438, and pEQ505 RNAs. (c) Precise mapping of the uORF2-related toeprint site. By separation of a subset of the samples used for
panel b on a sequencing gel and comparison with the sequencing reactions using pEQ438 as a template (right), the toeprint bands in translations programmed with
pEQ438 and pEQ505 RNAs map to a position 16 to 17 nucleotides downstream from the uORF2 termination codon.

The primer extension product obtained by using pEQ505 RNA
was shorter than the other gp48 leader constructs because of
the 32-nucleotide deletion in pEQ505 (Fig. 1a). As expected,
no signal was detected with pEQ4 RNA, since it does not
contain the gp48 leader sequences complementary to the
primer used in this assay. In other experiments, using a primer
corresponding to downstream B-Gal sequences, the expected
5" end of pEQ4 was detected (data not shown).

We next analyzed the products generated by toeprint assay
of the same transcripts after translation. In addition to bands
corresponding the 5’ end of the transcripts, we detected a new
band after translation of pEQ438 and pEQ505 RNAs, both of
which contain the optimal context AUG2 codon and an oth-
erwise wild-type uORF2. As well, the same band was faint but
detectable after translation of pEQ307 RNA, containing the
wild-type gp48 leader. This toeprint band depended on initia-
tion at AUG2 and on the coding information of uORF2 since
it was not detected when either pEQ367 (AUG2 ™) or pEQ439
(proline 22 mutation) RNA was used.

Analyses of the samples as shown in Fig. 2b on a sequencing
gel mapped the toeprint band to a position approximately 116
nucleotides from the 5’ end of the mRNA or 16 to 17 nucle-
otides downstream from the T of the uORF2 termination
codon, TAA (Fig. 2c). The difference in the size of the toeprint
band obtained by pEQ505 RNA compared with pEQ438 RNA
is consistent with the 32-nucleotide deletion in pEQS505. The
same toeprint site was detected after translation of pEQ307,
pEQ438, and pEQ505 RNAs, but not pEQ367 or pEQ439
RNA, in a toeprint assay using a different primer (data not
shown). Thus, the toeprint band maps to the position expected
if a ribosome is stalled at the uORF2 termination codon.

Generation of the toeprint band and inhibition of down-
stream translation depend on the same uORF2 coding se-
quences. In previous transfection experiments (5), several mis-
sense mutations of uORF2 which alleviated the inhibitory
effects on downstream translation were identified. In contrast,
synonymous mutations within uORF2 consistently retained the
inhibitory effect. To determine whether these same sequences
were required for inhibition in the cell-free translation assay,
we translated synthetic RNAs containing uORF2 missense mu-
tations or synonymous mutations in RRL (Fig. 3). A high level
of B-Gal was expressed from each of the three RNAs
(pPEQ507, pEQS509, and pEQ542) containing uORF2 missense

mutations which eliminate the inhibitory effects of uORF2 in
transfection assays (reference 5 and data not shown). In con-
trast, the mutant with four synonymous mutations in uORF2
(pEQ543) expressed low levels of B-Gal. These data reveal that
the sequence requirements for inhibition by uORF2 are the
same in the cell-free assay as in vivo.

We next assessed the effects of these same mutations on the
toeprint assay. The toeprint band was eliminated by the mis-
sense mutations but not by the synonymous mutations (Fig. 3).
Thus, the uORF2 sequence requirements for inhibition of
downstream translation are identical to those required for gen-
eration of the toeprint band.

Role of translating ribosomes in the stalling mechanism. To
determine whether the toeprint signal was produced from tran-
scripts that were associated with ribosomes, we precipitated
ribosomes with magnesium after translation in RRL and ana-
lyzed the pelleted mRNA-ribosome complexes in the toeprint
assay (Fig. 4a). The toeprint band was evident when ribosome-
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FIG. 3. Dependence of ribosomal stalling and translational inhibition on
uORF?2 sequences. Plasmid pEQ543 contains four synonymous mutations in
codons 18 to 21 of uORF2, while the pEQ507, pEQ509, and pEQ542 each
contain two missense mutations in uORF2. After translation of the RNAs syn-
thesized from these plasmids, B-Gal activity was measured and a toeprint analysis
was performed as described in Materials and Methods. The B-Gal values are
indicated as a percentage of expression from pEQ367 RNA. Lengths of markers
(M) are indicated in nucleotides.
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FIG. 4. Characterization of the ribosome stalling signal in the toeprint assay.
(a) Toeprint analysis of magnesium-precipitated ribosome-associated RNA. Af-
ter translation of pEQ438 and pEQ439 RNA in RRL, ribosomes in a 10-pl
translation mixture were precipitated with magnesium and pelleted through a
sucrose cushion as described in Materials and Methods. After resuspension, 2 .l
of the ribosomal pellet was analyzed in the toeprint assay. Arrow indicates the
toeprint band. In all panels, lengths of markers (M) are indicated in nucleotides.
(b) Effects of EDTA incubation on the toeprint assay. After translation the
pEQ438 RNA in RRL, EDTA was added to the indicated final concentration for
5 min at 30°C. After addition of MgCl, to 20 mM to samples with 1, 2.5, and 5
mM EDTA, the toeprint assay was performed. (¢) Puromycin eliminates the
toeprint. After translation of pEQ438 RNA in RRL, puromycin was added to the
indicated concentrations. Following incubation for 5 min at 30°C, the toeprint
assay was performed.

associated RNA corresponding to pEQ438 but not pEQ439
was used.

The role of ribosomes in generating the toeprint band was
also assessed by toeprint analysis after dissociation of ribo-
somes from pEQ438 mRNA by using EDTA followed by ad-
dition of Mg®>* to enable the reverse transcriptase reaction
(Fig. 4b). Incubation in 2.5 or 5 mM EDTA caused the toeprint
band to vanish. The band corresponding to the 5’ end of the
RNA was still evident, demonstrating that reverse tran-
scriptase functioned under these conditions. Together, the
data in Fig. 4a and b support the conclusion that ribosomes
loaded on the gp48 leader at the uORF2 termination codon
are responsible for the toeprint band.

To determine whether translating ribosomes are needed to
generate the toeprint band, we assessed the impact of puro-
mycin, a drug which releases nascent peptides from translating
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ribosomes, on the toeprint assay. Incubation of the translation
reaction mixture containing pEQ438 RNA with puromycin
reduced the intensity of the toeprint (Fig. 4c). The band cor-
responding to the 5’ end remained detectable, confirming that
puromycin did not affect reverse transcriptase activity. This
reduction in the toeprint signal by puromycin suggests that
translation is required for ribosomal stalling at the uORF2
termination codon.

Ribosomal arrest in vivo. Since the uORF2 coding se-
quences required for translational inhibition are the same in
cell-free translation and in vivo assays, we tested the prediction
that ribosomes arrest at termination of uORF2 translation in
vivo as in the cell-free translation system. We first analyzed
that 5'-end structure of the authentic gp48 mRNA in infected
cell extracts at early (16 h) and late (71 h) times after CMV
infection. By primer extension analysis of purified RNA (Fig.
Sa), we detected the expected abundant early mRNA and the
minor late gp48 transcripts (3).

We next performed a toeprint assay using mock-infected or
CMV-infected cell cytoplasmic extracts. Because these extracts
possessed an activity that degraded or dephosphorylated the
labeled oligonucleotide primer used in the toeprint assay (data
not shown), we heated the extracts as described in Materials
and Methods prior to adding the primer. Using this assay, we
detected a toeprint band at exactly the same position as the
one observed in cell-free assays (Fig. 5b). The 5’-end band of
438 RNA was slightly larger than that of the viral mRNA as a
result of sequences derived from the polylinker in the in vitro
transcription plasmid.

Finally, we prepared mock-infected and CMV-infected cell
extracts after addition of puromycin (Fig. 5c). Incubation with
puromycin in vivo eliminated the toeprint band just as oc-
curred in the cell-free assay (Fig. 4c). These data suggest that
the mechanism responsible for ribosomal arrest at the termi-
nation codon of uORF2 in the cell free system also operates on
the authentic viral mRNA in vivo.

DISCUSSION

Several features of gp48 uORF2-mediated inhibition are not
fully accounted for by the hypothesis that efficiency of initia-
tion at an uAUG codon is the primary factor responsible for
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FIG. 5. Toeprint analysis of gp48 transcripts in CMV-infected cell lysates. (a) Primer extension reaction. Human foreskin fibroblasts (107) were mock infected or
infected with human CMV until 16 or 71 h postinfection (hpi); 0.3 pg of RNA purified from cytoplasmic extracts was reverse transcribed at 50°C after annealing to
primer 17. The positions of the predominant early (E) and the minor late (L) transcription start sites are indicated. In all panels, lengths of markers (M) are indicated
in nucleotides. (b) Toeprint of gp48 transcript in CMV-infected cell lysates. The cytoplasmic extracts used for panel a were subjected to toeprint analysis adapted for
use with cell lysates as described in Materials and Methods. The arrow indicates the toeprint band. Lane 438 shows the toeprint analysis of pEQ438 RNA after
translation in RRL and demonstrates the same size toeprint as seen in infected cells. A slightly larger band corresponding to the transcript 5’ end in lane 438 result
from polylinker sequences in the in vitro transcription plasmid. (c) Effect of puromycin in vivo. Toeprint analysis was performed on mock-infected or 24-h-infected
cytoplasmic extracts as for panel b or after incubation for 30 min in medium containing 100 uM puromycin.
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inhibition of downstream translation. For example, utORF2 is a
potent inhibitory sequence even though initiation at its AUG
codon is very inefficient (2). A second unusual property of
uORF2 is that its coding content and termination codon are
required for inhibition, implicating the putative uORF2 pep-
tide as the mediator of the inhibitory effect, yet uUORF2 func-
tions only in cis (5). These observations led to the suggestion
that termination, rather than initiation, of uORF?2 translation
is primarily responsible for inhibition of downstream transla-
tion. The studies reported above support a model in which
ribosomes arrest at termination of uORF2 translation by a
mechanism that depends on the nascent uORF2 peptide and
that these stalled ribosomes obstruct other ribosomes from
gaining access to the downstream ORF (2).

To investigate the mechanism of gp48 uORF?2 inhibition, we
first assessed the effects of uORF2 on downstream translation
in a cell-free translation assay. The key criterion that this
cell-free assay must fulfill to be considered reliable for these
studies is that inhibition by the gp48 transcript leader display
the same cis-acting sequence requirements for inhibition as
were determined previously using in vivo assays. Indeed, inhi-
bition by the gp48 leader in the RRL assays is dependent on
the AUG2 codon and on the coding information of uORF2,
identical to results of in vivo assays (2, 5, 20). The strong
inhibitory effect of the optimal context uORF2 construct (Fig.
1, pPEQ438) compared with the wild-type construct (pEQ307)
in the cell-free translation system is consistent with the con-
clusion, derived from in vivo studies, that a leaky scanning
mechanism enables ribosomes to bypass the wild-type AUG2
codon.

One difference between the cell-free and in vivo systems is
that the magnitude of the inhibitory effect of the gp48 leader is
less in the RRL assay than in in vivo assays. For example, the
optimal context AUG?2 constructs inhibit downstream transla-
tion approximately 100-fold in intact cells (2) but only 5- to
10-fold in the RRL assay (Fig. 1 and 3). Similarly, the wild-type
leader inhibits translation 10-fold in vivo (2, 5, 20) but is, at
most, minimally inhibitory in the cell-free assay (Fig. 1). This
diminished inhibitory effect in the RRL assay may reflect a
reduced translational capacity of the RRL compared with in-
tact cells. A prediction of the ribosomal stalling model (2) is
that the impact of a stalled ribosome will be most evident after
multiple additional scanning 40S ribosomal subunits have en-
countered the blockade created by the stalled ribosome. If the
translational capacity of RRL is short-lived, then the ability to
detect the effect of the blockade will be limited. Regardless of
the cause of this difference in the sensitivity, the uORF2 coding
sequence-dependent inhibition in the RRL assay suggests that
this cell-free system is useful for evaluating the mechanism of
uORF?2 inhibition.

Experiments using the toeprint assay (10), adapted for use in
our system, suggest that ribosomes stall at termination after
translating uORF2. The toeprint band (i) maps to the position
expected to result from a ribosome stalled at termination
codon of uORF2 (Fig. 2), (ii) depends on the association of the
RNA template with ribosomes (Fig. 4), and (iii) requires trans-
lation of uORF2 (Fig. 2 and 4). The absence of the toeprint
band in assays using missense mutants reveals that the ribo-
somal stalling is prolonged at termination after translation of
the wild-type uORF2 compared with the mutants.

Although ribosomal pausing has been detected at termina-
tion codons in other eukaryotic mRNAs (6, 15, 22), we are not
aware of any examples in which termination of translation has
been demonstrated to be the primary regulatory event control-
ling gene expression in a eukaryotic system. In our studies,
detection of the toeprint band correlates well with inhibition of
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downstream translation; it is present after translation of RNAs
with inhibitory gp48 transcript leaders but not after translation
of RNAs with uORF2 mutations that alleviate the inhibition
(Fig. 1 to 3). These data support the hypothesis that the ribo-
somal stalling is responsible for inhibition of downstream
translation.

Alleviation of the translational inhibition both in vivo (5)
and in cell-free translation assays (Fig. 1 and 3) implicates the
peptide product of uORF?2 in the inhibitory mechanism. Sim-
ilarly, elimination of the toeprint band by missense mutations
in the cell-free assays (Fig. 2 and 3) suggests that the uORF2
peptide mediates ribosomal stalling. An alternative possibility
is that the mutations act by altering the RNA sequence or
structure in the vicinity of termination codon. However, syn-
onymous mutations of four nucleotides near the carboxy ter-
minus of uORF2 do not eliminate the uORF2-mediated trans-
lational inhibition or ribosomal stalling (Fig. 3). Moreover,
elimination of the uORF2 effects by missense mutations of
sequences more than 30 nucleotides upstream from the termi-
nation codon (pEQS542; Fig. 3) and thus external to the stalled
ribosome (22) is unlikely to result from changes in the RNA
structure near the termination codon. Finally, inhibition of
translation by puromycin eliminates the toeprint band. Thus,
although we have not yet been able to detect the peptide
product of uORF2, these data strengthen the hypothesis that
the nascent peptide of uUORF2 is synthesized and mediates the
ribosomal stalling.

Nascent peptides cause ribosomal stalling in other systems
(16, 22). For example, ribosomal pausing occurs after transla-
tion of the signal peptide in proteins destined for entry into the
secretory pathway (22). The small size (22 codons) of uORF2,
the critical role of its carboxy-terminal codons (5), and the
requirement for the termination codon immediately after the
coding sequences suggest that, in contrast to signal peptides
which induce ribosomal pausing after emerging from the ribo-
some, gp48 uORF?2 likely acts within the ribosome. Though we
do not know the structural basis for the inhibitory effect of the
nascent uUORF2 peptide, we hypothesize that it interacts either
with an intrinsic component of the ribosome, such as a ribo-
somal protein, or with a translation factor, such as eukaryotic
peptide release factor, in a manner that delays or prevents a
step in the termination reaction. Further studies of the uUORF2
should aid in dissecting the mechanism of delayed as well as
normal termination in eukaryotic translation.

Finally, in previous in vivo assays (2, 5, 20) as well as the
RRL assays reported here, we analyzed translation of chimeric
RNAs containing the gp48 transcript leader fused upstream of
reporter gene cistrons. The successful adaptation of the to-
eprint assay to cytoplasmic extracts enabled an assessment of
the translational state of the authentic viral mRNA. The de-
tection of the same toeprint signal by using viral mRNA ex-
pressed in vivo and by using chimeric RNAs in the cell-free
translation system provides the first evidence that control of
translation of the viral gp48 gene operates through the same
ribosomal stalling mechanism characterized in studies using
reporter gene constructs. The significance of this translational
mechanism for the virus or the infected cell remains unknown.
Since, in its current form, the toeprint assay is not quantitative,
the presence of the toeprint band at early and late times after
infection does not reveal whether the ribosomal stalling is
constitutive or regulated during the CMV infectious cycle. We
anticipate that refinements in the toeprint assay will enable
more informative investigations of gp48 translational control
during CMV infection and will facilitate a broad range of
studies of ribosomal pausing during translation and of protein-
mRNA interaction in other in vivo systems.
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CMYV gp48 is one of only five eukaryotic genes reported thus
far in which the inhibitory effect of a uORF appears to depend
on its amino acid coding sequence (2, 4, 11, 21; reviewed in
reference 8). Additional examples of sequence-dependent reg-
ulatory uORFs will likely emerge from studies of translational
control of the large number of uORF-containing eukaryotic
mRNAs involved in control of cellular growth and differenti-
ation (14). On the basis of studies of gp48 uORF2-mediated
inhibition, the potential for regulation of other genes at the
level of translational termination deserves investigation.
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