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The second of three short upstream open reading frames (uORF2) in the transcript leader of the human
cytomegalovirus gp48 (gpUL4) virion glycoprotein gene inhibits downstream translation approximately 10-
fold. Remarkably, this inhibition depends on the amino acid coding information of uORF2. In the current
studies we demonstrate that expression of the cistron downstream from uORF2 depends on ribosomes
bypassing the uORF2 AUG codon (AUG2) by a leaky scanning mechanism. Replacing the nucleotides sur-
rounding the wild-type AUG2 codon with those optimal for translation initiation reduces downstream trans-
lation approximately 10-fold. Analyses of mutants in which uORF2 either overlaps or is in frame with the
downstream reading frame reveal that the initiation frequency at the wild-type AUG2 codon is surprisingly low;
rather, the majority of ribosomal subunits bypass the wild-type AUG2 codon because of its suboptimal context.
We propose a model to explain this unprecedented example of a paradoxically strong inhibitory effect of an
upstream ORF despite inefficient utilization of its initiation codon.

The 230-kb human cytomegalovirus (CMV) genome con-
tains approximately 200 genes (5), whose expression is regu-
lated sequentially during infection of cells in culture. In addi-
tion to transcription and transcript processing, translational
events modulate the kinetics and abundance of CMV protein
expression (reviewed in reference 17). For example, the tran-
scripts of several CMV genes (7, 23, 27), including the virion
glycoprotein gene gp48 (gpULA4) (2; unpublished data), accu-
mulate in cells much earlier during infection than do their
protein products. However, few details of the mechanisms re-
sponsible for translational regulation of CMV gene expression
have been elucidated.

Previous studies aiming to identify cis-acting sequences that
affect translation of CMV transcripts revealed that the second
of three short upstream open reading frames (uORF2) in the
predominant gp48 transcript (4) represses translation of a
downstream cistron (21). The inhibitory effect of uORF2 de-
pends on its amino acid coding content (6), a very unusual
property reported thus far for only a few other eukaryotic
genes (10, 18, 26). This amino acid sequence dependence sug-
gests that the peptide product of uUORF2 mediates the inhibi-
tory effect, although the peptide has not been identified in
infected cells.

Since proteins encoded by reading frames positioned down-
stream of the gp48 leader are expressed, albeit at a low level (6,
21), it is evident that the repressive effect of uORF2 is not
absolute. Insights from studies of other eukaryotic genes sug-
gest several mechanisms by which ribosomes could gain access
to an AUG codon downstream from uORF2. First, according
to the scanning model of eukaryotic translation (13), 40S ribo-
somal subunits and associated factors load onto an mRNA at
the cap site and then scan in a 3’ direction until they encounter
the first AUG codon, at which point the 60S subunit joins the
complex and protein synthesis commences. However, if the
context of nucleotides surrounding the 5'-proximal AUG
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codon is suboptimal (ACCaugG is optimal, with the under-
lined A at —3 and G at +4 being the most influential bases
[11]) or if the AUG codon is very close to the cap site (14, 22),
the 40S subunits may bypass the AUG codon, a process known
as leaky scanning. Second, in a subset of viral and cellular
mRNAs, ribosomes never encounter the upstream AUG
codon because they load onto the mRNA at an internal site
rather than at the cap (16). Finally, ribosomes may translate an
uORF but then reinitiate at the downstream AUG codon (12).

The present studies were initiated to clarify the mechanism
that accounts for translation downstream from uORF2. Our
results reveal that a surprisingly large fraction of ribosomes
bypass the uORF?2 initiation codon, AUG2, because of the
suboptimal context of surrounding nucleotides. Thus, transla-
tion of the downstream cistron results from a leaky scanning
mechanism. Understanding the mechanism underlying the par-
adoxically potent inhibitory effect of uUORF2 despite inefficient
utilization of its AUG codon is relevant to studies of the
regulation of other viral and cellular genes that contain uORFs
(15).

MATERIALS AND METHODS

Cells and virus. Human fibroblasts (HF) and CMV (Towne) were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10% Nu serum (Col-
laborative Research, Inc., Bedford, Mass.).

Plasmids. The promoterless 3-galactosidase (B-gal) plasmid pEQ3 and plas-
mids containing the CMV major immediate-early (IE) promoter/enhancer di-
recting transcription of B-gal transcripts without (pEQ176) or with (pEQ239,
pEQ325, pEQ334, and pEQ400) gp48 leader sequences have been described
previously (6, 21). The plasmid pEQ276 expresses the CMV IE1 and IE2 pro-
teins (2). To construct plasmids with AUG2 context mutations, the gp48 leader
in CMV (Towne) DNA was amplified by PCR with primers 32 (5'-GAT
CAAGCTTAATCAGTTGCCGGCCTT[A/C]JCCATG[G/CJAGCCG-3’, where
equimolar mixtures of the two bracketed bases were used at positions —3 and +4
relative to the underlined AUG2 codon) and gp48.3 (21). The PCR product was
digested with HindIII and AfIII and ligated into pEQ239 at the HindIII and AfIII
sites. Clones containing the sequences ACCatgG, CCCatgG, ACCatgC, and
CCCatgC (named pEQ422, pEQ423, pEQ424, and pEQ425, respectively) flank-
ing the AUG2 codon were identified by sequence analysis. Plasmid pEQ429, with
the AUG2 codon context ACCatgG, was constructed by using the same strategy
except that pEQ400, rather than viral genomic DNA, was used as the template
for the PCR.

The 3.5-kb Nael fragment from pEQ239 containing AUGI was ligated to the
4.9-kb Nael fragment from pEQ422 containing the optimal context AUG2 mu-
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FIG. 1. Effects of mutation of AUGI. (A) Structure of the gp48 transcript leader containing three uORFs initiating at AUG codons surrounded by the indicated
context of nucleotides. (B) Unlike AUG2, AUGTI is not required for translational inhibition by the gp48 transcript leader. The 5’ ends of the transcript leader expressed
from plasmids with no gp48 leader (open bar, pEQ176) or containing the gp48 leader (shaded bars) with wild-type AUG1 and AUG2 (pEQ239) or mutations of AUG1
or AUG2 (X) are shown (left). The mean B-gal activity (*+ standard deviation) from duplicate dishes minus that expressed by the promoterless control (pEQ3) was
determined after transfection and CMV infection as described in Materials and Methods. Accumulated B-gal mRNA from the test plasmids and the enzymatically
inactive control plasmid pEQ430 (right) was detected by Northern blot hybridization of RNA extracted from the same cells in which B-gal activity was measured.

tation ACCatgG, resulting in pEQ436. Conversely, ligation of the 4.9-kb Nael
fragment from pEQ422 with the 3.5-kb Nael fragment from pEQ239 resulted in
pEQ437, which contains the AUG1-to-UUG mutation and a wild-type AUG2
codon.

Several plasmids were constructed in which deletions of the gp48 leader
sequences resulted in overlap of uORF2 and the B-gal ORF. After pEQ334 was
cut with Xhol, treated with DNA polymerase I Klenow fragment, and religated,
sequence analysis identified one clone, pEQ346, which had lost the Xhol site as
a result of an unexpected insertion of a single G (underlined in CTCGGAG) into
the Xhol site. After pEQ422 was linearized with AfIII, blunted with mung bean
nuclease, and digested with HindIII, the 91-bp gp48 leader fragment was ligated
into pEQ176 which had been cut with Bg/II, blunted with DNA polymerase I
Klenow fragment, and then cut with HindIII, resulting in pEQ426. pEQ427 was
constructed in the same way except that the 91-bp fragment was isolated from
pEQ425.

A series of in-frame fusions of uUORF2 and B-gal were constructed by ampli-
fying pEQ325, pEQ239, pEQ422, pEQ437, and pEQ436 with primer 27 (6) and
primer 33 (5'-GATCGGTACCGGCGGGATGTATTTGC-3"). After digestion
with HindIII and Asp 718, the amplified products were ligated into pEQ176 cut
with HindIII and Asp 718, resulting in pEQ441, pEQ442, pEQ443, pEQ444, and
pEQ445, respectively.

Transient-transfection assay and RNA analysis. Transfection by calcium phos-
phate precipitation was carried out as described previously (9). Briefly, 4 X 10°
HF in a 60-mm dish were transfected with 5 wg of test plasmid and 5 pg of
control plasmid (pEQ430). At 16 h after transfection, the cells were fed with
fresh medium and, 8 h later, were infected with CMV (Towne) at a multiplicity
of infection of 10 PFU per cell to augment transcription from the transfected
plasmids. B-gal activity and B-gal RNA accumulation were measured 48 h after
infection, as described previously (21). B-gal RNA was detected by Northern
(RNA) hybridization of whole-cell RNA as described previously (7).

B-gal stability assay. At 2 days after cotransfection of uUORF2-3-gal in-frame
fusion plasmids and pEQ276 (encoding the CMV transcriptional transactivator
genes IE1 and IE2) into HF, B-gal activity in cytoplasmic extracts was measured
as described previously (2). The cells in the remaining dishes were fed with
medium containing 100 pg of cycloheximide per ml, and B-gal activity was
measured in cytoplasmic extracts prepared at various times thereafter. At each
time point, all remaining cells were fed with fresh medium containing cyclohex-
imide.

RESULTS

Inhibition by the gp48 leader is independent of uORF1. To
clarify the mechanism of translation of the cistron downstream
from the inhibitory uORF2, we used transfection assays of
B-gal expression plasmids containing gp48 transcript leader

sequences with either wild-type or mutant nucleotide se-
quences surrounding the AUG2 codon. A peculiar feature of
the gp48 transcript leader sequence that complicated this ap-
proach was that the nucleotides flanking the AUG2 codon
(GUGaugC), which are the most important determinants of
the AUG?2 codon translation initiation context (shown in cap-
ital letters), also contain the termination codon for uORF1
(underlined). Thus, most mutations that change the context of
AUG?2 by altering position —1 or —2 (where +1 is the A of the
AUG codon) also eliminate the uORF1 termination codon,
resulting in a carboxy-terminal extension of uORF1.

To evaluate the role of uORF1, we first constructed a mu-
tant in which AUG1 was changed to UUG. We tested this
plasmid (pEQ437; Fig. 1B) and plasmids containing no gp48
leader (pEQ176), the wild-type gp48 leader (pEQ239), or the
gp48 leader with mutation of the AUG2 codon (to AAG;
pEQ325) in a transfection-infected assay as described in Ma-
terials and Methods. Elimination of AUGI slightly reduced
B-gal expression compared with the wild-type sequence. In
contrast, mutation of AUG2 completely alleviated the inhibi-
tory effects of the gp48 leader, as shown previously (21).

Northern blot hybridization of whole-cell RNA from the
same transfections, probed with a B-gal-specific probe, re-
vealed similar levels of B-gal RNA, indicating that the differ-
ences in (3-gal activities expressed by these plasmids were not
due to differences in RNA accumulation. In this and subse-
quent transfections (shown in Fig. 1 to 4), we cotransfected a
truncated, enzymatically inactive B-gal plasmid (pEQA430)
along with each test plasmid to monitor transfection efficiency,
recovery of RNA, and blotting efficiency. Consistent with pre-
vious analyses of mutants with deletions that removed AUG1
from the gp48 leader (21), these data verify that uORF1 has
little impact on downstream translation.

AUG2 codon context effects in transcripts with otherwise
wild-type gp48 leaders. Although the wild-type gp48 leader
inhibits downstream translation approximately 90% (6, 24)
(Fig. 1), the downstream cistron is still expressed to a measur-
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FIG. 2. Effects of AUG2 codon context mutations on downstream translation in transcripts containing the full gp48 transcript leader. Control (open) and gp48
leader (shaded) plasmids expressing transcript leaders containing the indicated mutations in AUG1 (X) and in the nucleotides surrounding AUG2 (left) were
transfected into HF, and the cells were infected with CMV. As in the wild-type gp48 transcript leader, uORF?2 in these plasmids is 22 codons long and terminates 141
nucleotides upstream of the B-gal AUG codon. B-gal activity (middle) and RNA levels (right) in duplicate dishes were measured as described in the legend to Fig. 1.

able level. Several mechanisms could account for this expres-
sion downstream from uORF2. A fraction of ribosomes might
bypass AUG2 either because scanning ribosomes fail to rec-
ognize the AUG2 codon (for example, because the context of
surrounding nucleotides is suboptimal) or because ribosomes
might load onto the transcripts at an internal ribosome entry
site. Alternatively, ribosomes might translate uUORF2 and then
reinitiate at the B-gal AUG codon. To distinguish among these
mechanisms, we constructed mutants with alterations in the
nucleotides adjacent to the AUG2 codon. If the nucleotides
flanking the AUG2 codon are suboptimal for translation ini-
tiation and allow ribosomes to leak past AUG2, improving the
AUG2 codon context should result in a further reduction in
B-gal expression. In contrast, if either an internal ribosomal
entry or reinitiation mechanism is responsible for B-gal expres-
sion, improving the context of AUG2 would not be expected to
reduce -gal expression.

We constructed mutations in the gp48 leader involving
nucleotides —3 to —1 and +4 relative to AUG2 and analyzed
expression from the mutant plasmids in transfection assays
(Fig. 2). Similar to previous experiments, the wild-type gp48
leader in pEQ239 reduced B-gal expression approximately 10-
fold in this experiment. Changing the AUG2 codon context to
the optimal sequence, ACCaugG (pEQ436; Fig. 2), further
reduced B-gal activity to a near-background level. In these
experiments, the limit of detection is approximately 1 to 2% of
the level expressed by the control construct that has no gp48
leader (pEQ176).

In addition to improving the context for translation initiation
at the AUG2 codon, the AUG2 context mutations in pEQ436
also eliminate the uORF]1 stop codon and change the second
codon of uORF2 from glutamine to glutamate (Q2E). To
distinguish which of these features was responsible for the
reduction in B-gal expression from pEQ436 compared with the
wild-type construct (pEQ239), we constructed additional mu-
tants and assayed their 3-gal expression in transfection assays.
pEQ422 contains the same optimal AUG2 codon context as
pEQA436 but also has a mutation eliminating the AUG1 codon

(Fig. 2, pEQ422). Like pEQ436, pEQ422 expresses near-back-
ground B-gal activity, indicating that the increased inhibition in
pEQ436 did not result from the extension of uORF1. The
inhibitory impact of the gp48 leader in constructs containing
the optimal context AUG2 codon depends on the coding in-
formation of uORF2, as does the uORF2 with a wild-type
AUG?2 codon (6), since mutation of the proline at codon 22 to
alanine (P22A) relieved most of the inhibitory impact of the
leader (compare pEQ429 with pEQ422).

Like pEQ422, mutants pEQ423, pEQ424, and pEQ425
share the mutation eliminating the AUG1 codon but have
different nucleotides surrounding AUG2 (Fig. 2). Compared
with the optimal context AUG2 codon (pEQ422), changing
either the —3 or the +4 base to the suboptimal base cytosine
(pEQ423 and pEQ424, respectively) resulted in a slight but
reproducible increase in B-gal expression. A greater level of
B-gal activity was expressed from a plasmid in which both the
—3 and +4 bases are cytosines (pEQ425). Weakening the
AUG?2 codon context by changing the A to C at the —3 posi-
tion increased downstream translation (compare pEQ422 with
pEQ423 and pEQ424 with pEQ425). It was not possible to
distinguish whether the effects of changing the +4 nucleotide
from C to G were due to changes in translation initiation
frequency at AUG2 or to the Q2E change in uORF2. Al-
though the level of accumulated B-gal RNA corresponding to
pEQ424 and pEQ425 appeared to be increased compared with
that of RNA expressed by the other plasmids in this Northern
blot, in other experiments (not shown) there was no consistent
difference in accumulation of RNA expressed by the 3-gal
expression plasmids shown in Fig. 2. These results suggest that
a measurable fraction of ribosomes bypass the wild-type
AUG?2 codon as a result of its suboptimal context.

AUG?2 codon context effects in transcripts with overlapping
uORF2 and B-gal reading frames. In earlier studies (21), we
were puzzled to find that a deletion mutant of the gp48 leader
that resulted in overlap of uORF2 (extended at its carboxy
terminus) and the B-gal ORF expressed high levels of B-gal
activity (pEQ334 in Fig. 3). Even after discovering that alter-
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FIG. 3. AUG?2 codon context effects on downstream expression in deletion constructs with overlapping ORFs. Deletion of sequences between the termination codon
of uORF2 through the 3’ end of the gp48 leader (dotted line) generated mutant transcripts (left) which contain an extended uORF2 (shaded) that terminates
downstream from the B-gal AUG codon. Insertion of a single nucleotide in pEQ436 generated a carboxy-terminal extension of uORF2 in an alternative reading frame
compared with pEQ344, pEQ426, and pEQ427. Mutations in the AUG2 codon context are shown. B-gal enzymatic activity (middle) and mRNA accumulation (right)
were assayed after transfection and CMV infection as described in the legend of Fig. 1.

ations of the amino acid coding content of uORF2 inactivated
its inhibitory properties (6), we expected that such mutants
would express reduced levels of B-gal since ribosomes trans-
lating the extended uORF2 would not be likely to have access
to the B-gal AUG codon. Several mechanisms could account
for the efficient expression of B-gal from such transcripts: (i)
ribosomes might initiate at the AUG2 codon in these tran-
scripts but undergo a frame shift into the B-gal reading frame;
(ii) a large percentage of ribosomes might bypass AUG2 by a
leaky scanning mechanism; or (iii) after translating, uORF2
ribosomes might scan backwards (19) and reinitiate at the
B-gal AUG codon.

To distinguish among these possibilities, we constructed ad-
ditional plasmids with deletions creating an extended uORF2
that overlaps with the B-gal ORF (Fig. 3). The unintentional
insertion of a single extra nucleotide at the junction of the gp48
leader sequences and the polylinker adjacent to the B-gal ORF
created pEQ346, containing an extended uORF2 that termi-
nates 43 nucleotides downstream from the B-gal AUG codon.
In transfection assays, pEQ346 expressed a high level of B-gal
similar to pEQ334 (Fig. 3). While it is conceivable that a
frameshift site was fortuitously created in constructing pEQ334
or pEQ346, it would be extremely unlikely if these two con-
structs, which differ by only a single base pair, both contained
frameshift sites that are highly efficient yet shift the ribosome
frame +1 in one case and —1 (or +2) in the other case. These
data argue against frame shifting as the explanation for high-
level B-gal expression from pEQ334 and pEQ346.

We next changed the AUG2 codon context in the plasmids
with overlapping ORFs. If downstream expression results from
leaky scanning at the AUG2 codon owing to its suboptimal
context, improving the context should reduce -gal expression.
However, if either frame shifting or backward scanning fol-
lowed by reinitiation is responsible, improving the AUG codon
context should increase, or at least not reduce, 3-gal expres-
sion. Plasmid pEQ426, with an optimal-context AUG2 codon,
expressed very low levels of B-gal. In contrast, plasmid
pEQ427, with a weak-context AUG2 codon, expressed high
levels of B-gal, similar to expression by the wild-type AUG2
codon construct pEQ334. These data are most consistent with
a leaky scanning mechanism accounting for translation down-
stream from the wild-type AUG2 codon.

AUG2 codon context effects in transcripts with in-frame

fusions of the uORF2 and 3-gal reading frames. To investigate
the efficiency of translation initiation at the AUG2 codon more
directly, we constructed plasmids in which uORF2 is fused
in-frame to the B-gal ORF. In these plasmids, the uORF2
termination codon, the intercistronic sequences, and the B-gal
AUG codon have been deleted. In previous studies we found
that deletion of the uORF2 termination codon eliminated the
coding sequence-dependent inhibitory effect of the uORF2.
Thus, B-gal expression from these in-frame fusion constructs
provides a direct measure of the initiation frequency at the
AUG2 codon. Compared with the wild-type AUG2, which
expressed low but detectable levels of B-gal (pEQ444 and
pEQ442), the optimal-context AUG2 codon constructs ex-
pressed approximately 20- to 30-fold more B-gal (Fig. 4, com-
pared pEQ444 with pEQ443 and pEQ442 with pEQ445). The
increased expression initiating from the optimal-context
AUG?2 codon was independent of the AUGI1 codon, again
indicating that AUG1 and uORF1 do not affect translation in
these assays. Northern hybridization analysis showed that dif-
ferences in B-gal RNA accumulation did not account for the
differences in B-gal activities expressed by the wild-type AUG2
codon constructs compared with the optimal-context construct.
These data confirm that the wild-type AUG codon is used
inefficiently compared with an optimal-context AUG2 codon.

Mutation of the second codon of uORF2 does not affect
protein stability. Mutation of the +4 nucleotide at AUG2
codon from C to G changes the initiation context but also
affects the amino acid coding information of uORF2. Thus, the
effects of some our mutations involving the +4 position could
be due to changes in the encoded proteins rather than to
changes in translation initiation rates. Since the second amino
acid in proteins is thought to be a major determinant of protein
stability (24), we investigated the relative stability of proteins
initiating with the wild-type AUG2 codon encoding glutamine
at codon 2, compared with the optimal-context AUG2 with
glutamate at codon 2. As detailed in Materials and Methods,
we measured the stability of uORF2-3-gal fusion proteins in
transfected cells by serially measuring B-gal activity in cells
after addition of cycloheximide to prevent new protein synthe-
sis (25). The half-lives of uORF2-B-gal fusion proteins were
similar (approximately 15 h) regardless of the second codon of
uORF2 (Fig. 5). Although we were unable to perform studies
of the stability of the 22-codon uORF2 (because we have not
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yet been able to detect the uORF2 peptide), these data support
the conclusion that the increased inhibition by the optimal-
context AUG2 codon results from the increases in translation
initiation at AUG2, not from changes in the uORF2 peptide.

DISCUSSION

Although uORFs are found in 5 to 10% of eukaryotic genes
and in an even higher proportion of genes involved in control
of cellular growth and differentiation (15), their regulatory
effects have been investigated in only a few cases. The limited
number of such studies is in part due to the belief that many of
these uORFs are inconsequential because their initiation
codons are surrounded by a suboptimal context of nucleotides.
Our studies of gp48 uORF2 demonstrate that this assumption
is invalid.

The magnitude of the inhibitory effect of gp48 uORF2 de-
pends not only on its coding content but also on the efficiency
of translation initiation at AUG2. When the wild-type AUG2
codon is replaced with the optimal-context mutation in plas-
mids with an otherwise wild-type uORF2, 3-gal expression is
reduced to background levels (Fig. 2). These results are con-

-
o-lo

Relative B-gal expression

0.1

T T T T T T
0 5 10 15 20 25 30 35

Time (h)

FIG. 5. Stability of uORF2-B-gal fusion proteins. uORF2-B-gal in-frame
fusion plasmids, containing the either the wild-type AUG2 codon (pEQ444) (O)
or the optimal-context AUG2 codon (pEQ443) (O) were cotransfected into HF
with a plasmid expressing the CMV transcriptional transactivator genes IE1 and
1E2. At 2 days later, B-gal activity was measured immediately and after cells were
incubated in medium containing cycloheximide as described in Materials and
Methods. The relative B-gal activity at each time point, compared with the
activity expressed immediately prior to addition of drug (¢ = 0), is plotted on a
logarithmic scale. Lines were generated by the linear least-squares method.
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FIG. 4. Effects of the AUG2 codon context in in-frame fusion constructs. Plasmid pEQ441, containing no B-gal initiation codon, or in-frame fusion plasmids in
which B-gal synthesis results from translation initiation at the gp48 AUG2 codon were transfected into HF. After CMV infection, both B-gal enzymatic activity (middle)
minus the background expressed in cells transfected with pEQ441 and mRNA accumulation were assayed as described in the legend to Fig. 1.

sistent with reduced expression downstream from the gp48
leader, expressed from retroviral vectors, upon mutation of the
nucleotides flanking the wild-type AUG2 codon to an optimal
context (3). In plasmids with deletions of the gp48 leader that
create an extended uORF2 overlapping the B-gal ORF, the
wild-type AUG2 codon had no measurable effect on down-
stream translation, whereas the optimal-context AUG2 mutant
inhibited downstream translation more than 10-fold (Fig. 3).
Finally, studies of in-frame fusions of uORF?2 to the B-gal ORF
revealed a greater-than-10-fold increase in (-gal expression
with the optimal-context AUG2 compared with the wild-type
AUG?2 (Fig. 4). Together, these three sets of data are most
consistent with the interpretation that compared with the num-
ber of ribosomes that initiate at an optimal-context AUG2
codon, only approximately 10% of ribosomes initiate transla-
tion at the wild-type AUG2 codon.

Although we cannot completely exclude the possibility that
the effects of the optimal-context mutations are due to changes
in the peptide encoded by uORF2 (Q2E) rather than to
changes in the translation initiation frequency at AUG?2, sev-
eral lines of evidence support the latter interpretation. First,
comparison of plasmids with the same nucleotide at the +4
position (and thus the same second codon of uORF2) but
different nucleotides at the —3 position clearly demonstrates
that at least some of the differences in B-gal expression be-
tween the wild-type and the optimal-context mutants are not
due to differences in the uORF2 peptide (Fig. 2). Instead,
these differences are probably due to the major impact of the
nucleotide at the —3 position on translation initiation (11).
Second, in previous studies (21), all mutants with carboxy-
terminal extensions of uORF2 expressed high levels of B-gal,
similar to those for controls lacking uORF2, suggesting that
effects of uORF2 mutants with carboxy-terminal extensions are
not dependent on the peptide sequence. Therefore, the reduc-
tion in B-gal expression when the AUG?2 context is optimized
in transcripts with overlapping ORFs (Fig. 3) most probably
reflects increased translation initiation at AUG?2 rather than a
change in the peptide product of the extended uORF?2. Finally,
the Q2E mutation does not have a significant effect on protein
stability, at least when expressed at the beginning of a uORF2-
B-gal fusion protein (Fig. 5). Thus, our data are most consis-
tent with the effects of AUG2 context mutations being medi-
ated by changes in translation initiation rates at AUG?2 rather
than by changes in the encoded peptide.

The relative inefficiency of translation initiation at the wild-
type AUG2 codon (GUGaugC) is not totally unexpected. For
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example, in Kozak’s studies highlighting the key role of nucle-
otides at the —3 and +4 positions in determining translation
initiation efficiency, changing the initiation codon context from
GUUaugU to AUUaugG increased translation sevenfold (11).
A corollary of these observations, supported by an increasing
number of examples (reviewed in reference 8), is that some or
perhaps even most eukaryotic transcripts may express alterna-
tive proteins by initiating at AUG codons downstream from a
5'-proximal but suboptimal AUG codon.

Besides gp48, only a very few other eukaryotic gene tran-
scripts have been shown to contain uORFs that inhibit down-
stream translation by a mechanism that depends on the amino
acid coding information of the uORF (10, 18, 26). In one of
these, the S-adenosylmethionine decarboxylase gene (Ado
MetDC), leaky scanning has recently been shown to play an
important role. The AdoMetDC uOREF inhibits downstream
translation in T-cell lines but is ignored in other cell types
because of the proximity of the AUG codon to the cap site
(20). These studies suggest that regulation of the leakiness at
an upstream AUG codon may be a general mechanism for
fine-tuning gene expression downstream from uORFs in other
genes.

Although parameters such as the AUG codon context or
5’-end proximity that influence AUG codon recognition may
modulate the effects of uORFs, knowledge of these parameters
is insufficient for predicting the impact of uORFs. For exam-
ple, even an optimal-context AUG codon may be neutral with
respect to downstream translation (1) (Fig. 2, pEQ429). Con-
versely, the studies presented in this paper demonstrate that
even an inefficiently recognized upstream AUG codon can
dramatically affect downstream translation. We are not aware
of any other gene transcript in which a uORF with an ineffi-
ciently utilized AUG codon has a potent inhibitory effect on
downstream translation. Our results emphasize the need for
further studies to define the full set of parameters that deter-
mine the regulatory effects of uORFs.

If the vast majority of ribosomes bypass AUG2, how does
uORF?2 exert its inhibitory effect? In Fig. 6 we present a model
of translational inhibition by uORF2. Initially, 40S subunits
scan past the wild-type AUG2 codon because of its poor con-
text and translate the downstream ORF. Approximately 1 in 10
ribosomes initiates at AUG?2 and translates uORF2. Some as
yet uncharacterized interaction of the nascent peptide product
of uORF2 with the ribosome and the mRNA prevents or
delays the normal events required for termination of transla-
tion. The stalling of the ribosome during translational termi-
nation creates a roadblock that obstructs subsequent ribo-
somes from scanning past uUORF2. This stalling phase may be
prolonged such that no protein product of the downstream
OREF is synthesized by the vast majority of transcripts. Thus,
even though only a minority of ribosomes initiate at AUG2,
they can exert a lasting inhibitory effect on downstream trans-
lation.

In mutants containing the optimal context AUG2 codon, the
majority of ribosomes initiate at the AUG2 codon. If the re-
mainder of the uORF?2 is wild type, the ribosomes again stall at
termination, resulting in an even greater reduction in down-
stream expression than occurs with the wild-type AUG codon
(Fig. 2). However, if the uORF?2 peptide contains a mutation
such as P22A (Fig. 2, pEQ429), the ribosomes terminate effi-
ciently at the end of uORF?2 but are able to reinitiate transla-
tion at the B-gal AUG codon.

This model accounts for the strong inhibitory effect of
uORF?2 despite inefficient initiation at the wild-type AUG2
codon and is consistent with the observations that uORF2 acts
only in cis (6) and that mRNAs containing uORF2 cosediment

TRANSLATIONAL INHIBITION DESPITE A LEAKY AUG CODON 1035

h

¥ 1

r :

2 UORF2 '
_g —m o df\r———Fx_ (@ :
o .
£ l H
= 1
[= '
© )
O 1
(2] ]
2> )
= < ®
3 ? F ,
K :
—_ Ll

| |

& '
& :
G 5 e ——— ©
o ]
C ]
£ ,
s | :
w 1
° :
-~ '

5 ar— e @
8 P ]
8 D '
= . H
- ' 1

FIG. 6. Model of translational inhibition mediated by gp48 uORF2. (a) Dur-
ing an initial leaky scanning phase, most 40S ribosomal subunits leak past AUG2
because of its poor context and translate the downstream ORF. (b) Eventually,
a 40S subunit recognizes AUG2 and translates uORF2. (c) The nascent uUORF2
peptide prevents efficient termination of translation and results in the ribosomal
stalling. The ribosome-peptide complex creates a roadblock that obstructs scan-
ning of subsequent 40S past AUG2 to the downstream AUG codon. (d) Even-
tually, termination and release of the mRNA may occur and enable further use
of the mRNA for downstream translation (dotted line).

predominantly with monosomes in sucrose gradients (6, 21).
However, many questions about this regulatory system remain
unanswered. For example, although no viral factors are re-
quired for the inhibitory effects of uORF2 (3), we do not know
whether viral factors participate in countering the inhibition
during infection. Work is in progress to clarify this issue and to
test additional predictions of the model.
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