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ABSTRACT We have utilized a recombinant vector sys-
tem designed to study gene control elements by fusing them to
the Escherichia coli galactokinase gene (galK) to examine the
effects of gene expression that result from introducing changes
into the 5’ noncoding leader region of the galK transcription
unit. We varied the length of the 5’ leader region and found no
effect on galK expression, provided that the galK initiation co-
don remained the first AUG in the transcription unit. Using
synthetic linkers, we then inserted specific sequences, each
containing a single AUG codon at a defined position within the
leader region. We found that the AUG inserts had widely dif-
ferent effects on galK expression and that the sequences sur-
rounding the inserted AUG codons determined the magnitude
of these effects. In addition, we placed these upstream inserted
AUG codons into each of the three possible translation reading
frames so that translation occurring in these frames terminates
prior to, within, or downstream of the galK initiation codon,
respectively. Single-nucleotide frameshift mutations were also
introduced into one of these constructs to shift upstream trans-
lation into the other two possible reading frames. Depending
upon where upstream translation stopped relative to the galK
initiation codon, we observed consistently different effects on
galK expression. Our results show that an upstream AUG that
interferes with downstream translation initiation exerts its
greatest effect when it translates out-of-frame through the
downstream initiator into the gene. If translation is stopped
upstream of or within the initiator, an unexpectedly high level
of expression from the downstream AUG is maintained.

In most eukaryotic mRNAs, translation initiates at the 5'-
proximal AUG codon. Based on this observation, a scanning
model was proposed to explain eukaryotic translation initia-
tion (1). The model suggested that ribosomes bound initially
to the 5’ end of a mRNA and then moved along the message
until they encountered the first AUG triplet. The model, in
its original form, implied that the only important feature was
the position of the appropriate AUG codon 5’ to all other
AUG triplets on the mRNA. Evidence has accrued which, in
general, supports this scanning mechanism (2-5). Most nota-
ble are recent experiments showing that ribosomes initiate
exclusively at the S'-proximal AUG of a preproinsulin
mRNA that contains tandemly repeated copies of the trans-
lation initiation site for the preproinsulin gene (6).

As additional eukaryotic mRNAs have been character-
ized, a number of exceptions to the “first AUG” rule have
been noted (7-9). In these messages, one or more AUG trip-
lets occur upstream of the initiator AUG. To account for
these exceptions, the scanning model was modified (3). Iv
was suggested that those AUGs that served as functional ini-
tiators were within certain sequences that were preferred.
After comparison of more than 250 cellular and viral
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mRNAs, the sequence (A/G)-C-C-A-U-G-G emerged as the
favored sequence for eukaryotic translation initiation (10).
Strong support for the importance of favored sequences
comes from recent experiments in which single nucleotide
changes were introduced near the translation start site of a
cloned preproinsulin gene (11). These mutations had dramat-
ic effects on the expression of that gene. Thus, the more
recent versions of the scanning model suggest that ribo-
somes initiate efficiently at the first AUG only if it is flanked
by favored sequences. An AUG flanked by unfavored se-
quences will be ignored, thereby allowing initiation at a
downstream AUG.

Previously, we described a recombinant vector system,
pSVK, that uses gene fusion to study eukaryotic gene regu-
latory elements (12-14). The vector system is analogous to
other gene-fusion systems (15, 16) in that gene control ele-
ments are fused in a common transcription unit with a gene
whose expression can be readily monitored. In contrast to
other gene-fusion systems, our vectors carry two separate
gene transcription units, each of which controls the expres-
sion of a different assayable, genetically selectable gene.
One is the Escherichia coli galactokinase gene (galK) and the
other is the E. coli xanthine (guanine) phosphoribosyltrans-
ferase gene (gp?) (see Fig. 1). The modular design of the vec-
tor system allows each of the regulatory elements controlling
galK expression to be removed selectively and replaced by
alternative DNA segments. Any vector changes that result in
corresponding changes in levels of galK expression are mea-
sured accurately by using gpt expression as the internal stan-
dard. Transient expression can be measured 24-48 hr after
DNA transfection; alternatively, expression can be assayed
after stable introduction of the vector DNA into the host
genome under the appropriate selective conditions (13, 18).
Both galK and gpt activity from the same cell lysate are as-
sayed by use of either a starch gel separation procedure or a
rapid filter assay technique (refs. 13 and 19; Materials and
Methods).

We report here the use of this vector system to study the
effects of gene expression that result from systematically
varying the length and sequence of the 5' noncoding leader
region of the galK transcription unit. In particular, we exam-
ined the effects of inserting AUG-containing sequences up-
stream of the galK initiation codon. Moreover, these inserts
were positioned in all three possible translation reading
frames occurring before the galK gene. Our results suggest
that sequences immediately surrounding an upstream AUG
play an important role in determining the effect of that AUG
on downstream translation. In addition, different effects on
expression are observed depending on whether potential

Abbreviations: galK, Escherichia coli galactokinase gene; gpt, E.
coli xanthine (guanine) phosphoribosyltransferase gene; bp, base
pair(s); SV40, simian virus 40.
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FiG. 1. Schematic representation of the basic pSVK vector (17)
carrying DNA segments of various lengths in the 5’ leader of the
galK transcription unit (see text for details). The galK transcription
unit on pSVK has been described in detail (17) and consists of the
simian virus 40 (SV40) early promoter region, the galK gene, the
SV40 small tumor-antigen splice signal (t-splice site), and the SV40
early region polyadenylylation signal [poly(A) site]. A second tran-
scription unit containing the E. coli gpt gene was obtained from
pSV-gpt (15), adapted with BamHI linkers, and inserted into the
unique BamHI site on pSVK (17). Restriction sites that separate the
various regulatory elements of the galK transcription unit are also
indicated. The galK and gpt coding regions are boxed.

translation from the upstream-inserted AUG terminates be-
fore, within, or after the downstream initiation codon. The
implications of these results on the scanning model for eu-
karyotic translation initiation and the possible occurrence of
multiple primary translation products from a single mRNA
transcript are discussed.

MATERIALS AND METHODS

Vector Constructions. The construction of the basic pSVK
vector has been described in detail (12, 13). We have also
described the construction of a series of vectors, pDSAK,
which carry various segments of DNA sequence preceding
the galK gene (13, 17). Each of these pDSAK vectors was
converted to a pSVK derivative using the procedures de-
scribed in ref. 13. The vectors pSVK 100, 200, 300, 400, and
500 (Figs. 1 and 2) were derived from these pSVK deriva-
tives by inserting a second transcription unit carrying the gpt
gene, derived from the vector pSV2-gpt (15). The gpt tran-
scription unit, contained on a BamHI fragment, was inserted
into the unique BamHI site on each pSVK derivative (see
Fig. 1). The 16-base-pair (bp) synthetic linker (obtained from
G. Brown, Genetics Institute) (Fig. 3) was inserted at the
unique HindIII restriction site on the vectors pSVK 100,
200, and 300. Prior to insertion of the linker, the HindIII site
was filled in using DNA polymerase I Klenow fragment (20).
The linker was inserted in both possible orientations by stan-
dard blunt-end ligation with T4 DNA ligase (20). The result-
ing constructs pSVK 150, 250, 350, 160, 260, and 360 were
characterized by fine restriction and DNA sequencing (21)
(Fig. 4).

The vectors pSVK 151 and 152 were derived from vector
pSVK 150 by restriction with EcoRYV at the unique site posi-
tioned 30 bp upstream of the translation initiation site of the
galK gene, followed by treatment with T4 DNA polymerase
(using conditions that promote 3’ exonucleolytic activity) to
remove the 3’ overhanging end. The DNAs were then blunt-
end ligated (20). The resulting constructs were characterized
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by fine restriction and DNA sequence analysis. All other
methods used in vector constructions and characterization
were standard procedures (20).

Cell Culture, DNA Transfection, and Enzyme Assay. Afri-
can green monkey kidney cells (CV-1), and Chinese hamster
cells (R1610, ref. 22) were propagated as described (13).
Cells at passage 10 were transfected with various vector
DNAs as described (13). The cells were harvested 24 hr
(R1610) or 48 hr (CV-1) posttransfection, and cell extracts
were prepared (23) and assayed for galK and gpt activity.
Starch gel electrophoretic assay of galK and gpt were de-
scribed previously (13, 14). galK filter assays were described
by McKenney et al. (19). gpt filter assays were performed as
described by Chasin and Urlaub (24), except that the stan-
dard reaction mixture contained 0.1 mM [8-C!*]guanine-HCIl
(48 Ci/mol; 1 Ci = 37 GBq), 1 mM 5-phosphoribosyl diphos-
phate, S mM MgCl,, 3.2 mM NaF, bovine serum albumin at
2.4 mg/ml, and 0.05 M Tris HCI, pH 7.4, in a total volume of
50 pl. The reaction was initiated by the addition of 3 ul of
cell extract and incubation was at 37°C for 40 min.

RESULTS AND DISCUSSION

Varying the Length of the 5’ Leader. In initial experiments,
we used the pSVK vector system to examine the effects of
varying the length of the 5’ leader on galK expression. We
have described previously the construction of a set of plas-
mids that carried various lengths of DNA sequence preced-
ing the translation initiation codon of the E. coli galK gene
(17). The additional upstream sequences on these vectors
were derived from the region of the bacterial genome that
normally precedes galK. Constructs, characterized by direct
DNA sequencing, carried precisely 37, 59, 74, 99, and 120
bp, respectively, of contiguous galK upstream sequence.
These vectors were used to construct a set of pSVK deriva-
tives (see the Methods and Fig. 1) that carry the various
lengths of galK upstream sequences as part of the 5’ noncod-
ing leader region of the galK transcription unit. In each case,
the upstream segment was fused precisely at the HindIII re-
striction site positioned 64 bp downstream of the early simi-
an virus 40 (SV40) promoter start site (i.e., cap site) carried
on the pSVK vector. The resulting derivatives (pSVK 100,
200, 300, 400, and 500; Fig. 2A) contain nearly identical galK
transcription units. Blot analysis of RNA produced by cells
transfected with various pSVK derivatives (including pSVK
100) show that the galK and gpt transcription units utilize the
predicted SV40 initiation and polyadenylylation signals (un-
published results; see ref. 15). The vectors pSVK 100-500 all
contain the same SV40 promoter segment, the same predict-
ed transcription start site, the same initial 64-nucleotide
SV40-derived 5’ leader sequence, the same 37-bp segment
immediately preceding the galK gene, and the same splice
and polyadenylylation signals beyond galK. They differ,
however, in that the overall lengths of their 5’ leader se-
quences vary from 101 to 184 nucleotides due to the different
lengths of bacterial sequences that have been added up-
stream of galK (Fig. 2). Most important, on four of these
vectors, pSVK 100, 200, 300, and 400, the galK initiation
codon remains the first AUG triplet occurring downstream
from the mRNA start site. Only one of the vectors, pSVK
500, contains additional AUG triplets in its leader region
(Fig. 2).

We monitored galK and gpt expression from the five vec-
tor constructs introduced by DNA transfection into both
monkey (CV-1) and hamster (R1610) cells using a transient
expression assay (see the Methods). The results (Fig. 2B)
indicate that the levels of galK expression in CV-1 cells from
the pSVK 100, 200, 300, and 400 derivatives are identical.
Similar results were obtained in R1610 cells (data not
shown). The changes made in the length of the galK 5’ leader
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FI1G. 2. (A) Schematic representation of the galK transcription unit contained in a set of similarly constructed vectors (pSVK 100-500)
carrying 5’ noncoding leader regions of different lengths. The position of the galK gene is indicated, as is the length of various portions of the
leader region and other ATG codons occurring in the leader. Each of these vectors carries the same SV40 early promoter segment (pSV40), the
same transcription start site (cap site), the same 5’ leader segment derived from the gal operon of E. coli (»). These vectors differ only in the
length of the E. coli gal operon DNA segment (------) introduced between the 64-bp and 37-bp 5’ leader segments. See text for other details. (B)
E. coli galK and gpt activities measured in CV-1 African green monkey kidney cells after transfection with vectors pSVK 100-500. Fluorograph
shows the activity in cell extracts that have been subjected to starch gel electrophoresis (17). galK and gpt gene product activities were
quantified by scanning the fluorograph using a Zenith laser densitometer. Ratios of galK and gpt gene product activities were determined and
expressed as percents relative to the galK/gpt ratio obtained for pSVK 100. Values given are the average of three independent transfection

experiments; values never deviated from the average by more than 20%.

had no effect on expression in either cell type. Apparently,
the galK initiation signal is recognized with the same effi-
ciency when placed at any of the different distances relative
to the mRNA cap site. In contrast to the results obtained
with the vectors pSVK 100-400, the pSVK 500 derivative
showed a decrease of =75% in galK expression. The galK 5'
leader region in this vector is only 21 nucleotides longer than
that of pSVK 200, and thus, the added leader length is not
likely to be responsible for the reduction of galK expression.
Instead, the decrease is more likely due to the occurrence of
the three additional AUG codons contained within this 21-
nucleotide segment. Presumably, one or more of these up-
stream AUGs competes for translation with the downstream
galK initiation codon. Surprisingly, however, the galK initi-
ation codon is still recognized with =25% efficiency in
pSVK 500 even though three different AUG codons are posi-
tioned upstream. The results presented below provide an ex-
planation for this rather high residual initiation from the
downstream AUG codon.

Inserting AUG-Containing Sequences into the Leader. Our
rationale was to use the pSVK 100, 200, and 300 vectors to
examine the effects of systematically introducing specific
AUG-containing sequences into the 5’ noncoding leader on
the galK transcription unit. The approach was to insert small
DNA segments, each containing a single AUG codon
flanked by different sequences, at defined locations in the 5’
leader region of the galK transcription unit and then monitor
the effect on galK expression. For this work, we obtained a
16-bp synthetic DNA linker (generously provided by G.
Brown, Genetics Institute) that encoded one AUG triplet on
each of its DNA strands (Fig. 3). This linker was inserted in
both orientations at the unique HindIII restriction site posi-

tioned 64 bp into the 5’ leader region of the galK transcrip-
tion unit on the vectors pSVK 100, 200, and 300 (Fig. 3).
Irrespective of its orientation, this linker adds a single AUG
codon into the 5’ leader sequence upstream of galK. In one
orientation the inserted AUG is flanked by the favored se-
quence (A-C-C-A-U-G-G) for eukaryotic translation initia-
tion, whereas in the opposite orientation the AUG is sur-
rounded by an unfavorable sequence (U-C-C-A-U-G-G). In
particular, the favored sequence contains the requisite pu-
rine three nucleotides 5' to the AUG, whereas the unfavored
sequence encodes a uridine residue at this position. The
downstream authentic galK initiator is flanked by the rather
favorable sequence G-A-A-A-U-G-G.

Six vector derivatives, three containing the favored AUG
sequence (pSVK 150, 250, and 350; Fig. 4) and three contain-
ing the unfavored AUG sequence (pSVK 160, 260, and 360;
Fig. 4) were obtained and characterized by fine restriction
and direct DNA sequencing. All six constructions were as-
sayed for transient expression in both CV-1 monkey cells
and R1610 hamster cells. The results (Fig. 5) indicate that the
two different AUG sequences had widely different effects
on galK expression.

In monkey cells, the three constructs carrying the favored
AUG expressed galK =90% less efficiently than did the par-
ent vectors. In contrast, the three vectors carrying the unfa-
vored AUG showed only a 50% reduction in galK expres-
sion. We obtained similar results using the hamster cell line
(Fig. 5). Assuming that the observed interference with galK
expression correlates directly with the relative ability of the
two different AUG sequences to be recognized by the trans-
lational machinery of the cell, then the favored sequence is
recognized about five times as well as the unfavored se-
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PYXXATGX GCCATGG FiG. 3. Schematic representation of the inser-
tion of a 16-bp linker into the unique HindIII site in
GGAQCCATGGTTCTAG CTAGA@CCATGGATC/Q the leader region of pSVK 100, 200, and 300 (see
~— - \ / — Fig. 2 and text for details). The linker is shown in-
\\\ \\ // /// serted in both possible orientations and ATG co-
~ \ / _ — dons (bold) and flanking sequences are underlined.
~- Vi —— Also shown is the consensus “favored” and “unfa-
~V— vored” sequence for eukaryotic translation initia-
Cap Variable tion sites (10). Py, pyrimidine nucleotide; X, any
pSV40 Site 64 bp Distance A TG (gal K) "nucleotide. The circled residue indicates the resi-
due in the linker at the important position —3 nu-
cleotides upstream of the ATG. All other designa-

Hind Il tions are as in Figs. 1 and 2.
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FiG. 4. Schematic representation

FAVORED
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Cap of the six vector derivatives that re-
pSVK 250 pSV40 Site  ACCATGG 99 bp l TGA I sult from the insertion of the synthet-
ic linker (Fig. 3). The name of each
vector and the position and orienta-
Cap tion of the synthetif: linker are indi-
pSVK 150 pSV40 Site ACCATGG 37 bp IE‘E ] catgd. Also shown is the position at
b which translation initiating from the
inserted ATG will terminate (stop co-
Cap don) relaltive to the gg{ﬁ( ci)g(i)ngzgg-
. quence. In vectors p s ,
PSVK 350 pSV40 Site ACCATGG 59 be TAA I J 360 translation terminates within the
galK initiation codon (ATGA). Two
codons upstream and in-frame with
the galK sequence is a chain-termi-
UNFAVORED nating codon (TAA). This stop signal
Cap prevents any translation initiating up-
pSVK 160  pSV40  Site  TCCATGG 37 bp | ﬂ1 stream of galK from reading through
in-frame with the galK gene (e.g.,
pSVK 350). DNA sequencing indicat-
Cap ed that pSVK 260 had undergone a
PSVK 360  pSV40  Site TCCATGG 59 bp [1ea ] single-base-pair deletion during inser-
— tion of the synthetic linker and thus
has 98 bp (rather than 99 as in pSVK
Cap 250) between the linker and the galK
pSVK 260 pSV40 Site TCCATGG 98 bp TGA coding sequence. All other designa-

— — tions are as in Figs. 1 and 2.

quence. Apparently, the sequence flanking the AUG codon,
in particular, the residue in the —3 position, plays a major
role in determining the efficiency with which a particular

Position of Percent
stop codon galK/gpt
Vector in relation to
ATG of galK CV-1 R1610
1. pSVK100 —_ 100 100
2. pSVK200 - 100 100
3. pSVK300 —_— 100 100
4. pSVK150 Within =10 =20
5. pSVK250 Beyond =10 =5
6. pSVK350 Before =10 =20
7. pSVK160 Beyond ~50 =65
8. pSVK260 Within =50 =65
9. pSVK360 Within =50 =65
Gel assay 1..2..8 . 4:.5.6..7--8 8
galk ~ -
| EEETSe e Rme:
cpm x 1073

Filter assay 1 2 3 4 5 6 7 8 9

[C'“|galactose-1-phosphate 188 190 218 50 15 32 218 107 175

[C"#]guanosine-5- 26 35 57 33 31 20 62 15 43
monophosphate

Fi1G. 5. (Top) Expression of galK relative to expression of gpt
for the vectors described in Figs. 2 and 4. DNA transfections with
each vector were carried out both in CV-1 monkey cells and R1610
hamster cells. Assays were performed and quantified as described in
the Methods and the legend to Fig. 2 (13, 14, 19, 24). Values are
expressed as percentages relative to the galK/gpt ratio determined
for pSVK 100 (as in Fig. 2B) and are averages of four independent
experiments. (Bottom) A representative starch-gel assay and filter
assay of galK and gpt activities measured for the nine vectors shown
above (corresponding numbers) transfected into galK~ gpt~ R1610
hamster cells. The gel assay is a fluorograph, as in Fig. 2B. The filter
assay gives radioactivity from [C!*]galactose and [C*]guanine con-
verted to the appropriate phosphorylated derivatives by the bacteri-
al galK and gpt activities.

AUBG is recognized as an initiation codon. These results are
in complete accord with those recently obtained by Kozak
(10).

Translation Reading-Frame Effects. In the experiments re-
ported above, similar results were obtained using either the
monkey or hamster cell lines. However, using the hamster
cell line, we detected reproducible differences in expression
among the three vectors carrying the favored AUG sequence
(pSVK 150, 250, and 350; Fig. 5). These differences were
discernible in the hamster cell line because of the higher lev-
els of expression that could be obtained (apparently due to
more efficient DNA transfection) and also because of the
high accuracy of the filter method used to assay extracts
from these cells (see the Methods). Our results showed that
the pSVK 250 derivative exhibited ~75% lower galK expres-
sion than did the other two vectors, pSVK 150 and 350. The
three vectors differ only in that the inserted linker occurs in
different positions relative to the galK initiation codon. It is
most interesting that the position of the insert places the add-
ed AUG codon in these vectors into each of the three possi-
ble reading frames occurring upstream of the galK gene. As
shown in Fig. 4, translation occurring from the various in-
serted AUG _codons terminates before (pSVK 350), within
(pSVK 150, ATGA), or downstream of (pSVK 250) the galK
initiation codon. Our results suggest that the galK AUG is
used least efficiently when translation initiating upstream
continues out-of-frame well beyond this codon (i.e., termi-
nates 98 codons into the galK gene, as in pSVK 250). In
contrast, stopping translation before (as in pSVK 350) or
even within (as in pSVK 150) the galK initiation codon re-
sults in increased utilization of this AUG. We did not ob-
serve any such reading-frame effects among those vectors
that carried the unfavored AUG sequence (pSVK 160, 260,
and 360; Figs. 4 and 5). Apparently, the inserted AUG codon
in these vectors is poorly recognized and, thus, its reading
frame is unimportant.

Frameshift Mutations. The results obtained above suggest-
ed that translation initiating upstream of a gene can differen-
tially affect its expression, depending on where this transla-
tion terminates. However, since the vectors used in our
study have different length 5’ leader regions and differently
positioned AUG inserts, we could not rule out the possibility
that these factors were affecting our results. In an effort to
examine more directly the effect on galK expression result-
ing from alteration of the upstream translation reading
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frame, we introduced frameshift mutations into the pSVK
150 vector between the inserted AUG sequence and the galK
initiation codon (see the Méthods). In particular, two pSVK
150 derivatives were characterized (pSVK 151 and 152, Fig.
6) that contained one and two nucleotide deletions, respec-
tively; these deleted residues frameshift the upstream trans-
lation into the two other possible reading frames. In pSVK
151, translation traverses well beyond the galK initiator,
stopping within the galK gene (as in pSVK 250), whereas in
pSVK 152 translation stops upstream of the galK initiation
codon (as in pSVK 350). However, unlike the situation with
pSVK 250 and 350 (Fig. 4), the pSVK 150, 151, and 152 vec-
tors are identical except for the single and double nucleotide
deletions.

We monitored transient galK and gpt expression from the
three constructs in the hamster cell line. The results (Fig. 6)
are consistent with those obtained above for pSVK 150, 250,
and 350. Stopping upstream translation at or before the galK
AUG (pSVK 150 and 152, respectively) resulted in =3.5-fold
higher levels of galK expression than when translation was
allowed to read through the galK AUG into the gene. One
possible explanation for this effect is that ribosomes termi-
nating upstream or within the galK AUG can reinitiate at this
AUG, thereby increasing galK expression. Alternatively,
but perhaps less likely and more contradictory to the scan-
ning model, ribosomes may initiate independently at the au-
thentic galK AUG, and this interaction may be inhibited by
the read-through translation from upstream. These results
provide an explanation for the high basal level of galK
expression observed with the pSVK 500 derivative (Fig. 2B).
The 5' leader of the galK transcript from this vector con-
tained three AUG triplets upstream of the galK initiator, yet
continued to express galK at 25% efficiency (relative to gpt
expression). Two of these three upstream AUGs are flanked
by unfavorable sequences (U-U-U-A-U-G-G and G-A-A-A-
U-G-C), but the third AUG (G-U-U-A-U-G-A) should com-
pete favorably with the galK initiator. However, translation
initiating from any of these upstream AUG triplets would
terminate before or within the galK initiator, thereby allow-
ing galK expression.

Implications. We have varied the distance between the
transcription start site and the translation initiation codon of
the galK transcription unit from 101 to 163 nucleotides with-
out affecting gene expression. This result implies that the
translation efficiency of an initiation codon can be main-
tained at different distances from the 5’ cap site. In contrast,
when sequences containing one or more AUG triplets were
introduced into the leader, galK expression was affected and

. Percent

FAVORED galK galK/gpt
pSVK 160 ACCATGG 37 bp TGA 20
pSVK 151 ACCATGG 36 bp TGA 6

Y —

F1G. 6. Schematic representation of the galK transcription unit
in pSVK 150 (as in Fig. 4) and in two different derivatives obtained
by deleting 1 (pSVK 151) and 2 (pSVK 152) bp from the leader re-
gion between the synthetic linker insert and the galK gene (see text
for details). Also shown are the galK/gpt activities determined for
each vector. These activities were measured (as in Fig. 5) by the
filter assay method and are expressed as percentages relative to the
galK/gpt value determined for pSVK 100. Values given are averages
of three independent transfection experiments with R1610 hamster
cells. All other designations are as in Figs. 2—4.

pSVK 182 ACCATGG 35 bp

Proc. Natl. Acad. Sci. USA 81 (1984)

the magnitude of the effect varied considerably depending
upon the sequences flanking the inserted AUG codons. Our
results, as well as the results of others (4, 10), suggest the
existence of sequence determinants close to the AUG that
are important for mediating translation efficiency. This fea-
ture is reminiscent of the situation known to exist in prokary-
otes.

In addition, we found that an upstream AUG that inter-
feres with initiation downstream does so most effectively
when its translation reading frame traverses the downstream
initiator and continues into the gene. If the reading frame is
terminated either before or within the downstream initiator,
then substantial expression occurs from the downstream sig-
nal. We emphasize, howéver, that this effect is of secondary
importance when compared to the effect of the AUG flank-
ing sequences.

Most important, our results imply that the factors control-
ling the efficiency of translation initiation in eukaryotic sys-
tems may be far more complex than the initially proposed
concept of “first AUG on a monocistronic mRNA.” AUG
codons positioned 5'-proximally on a mRNA may well be
important determinants of downstream translation efficien-
cy. Moreover, the apparent ability of multiple AUGs on a
singlé RNA to be recognized differentially (due to their posi-
tion, flanking sequences, and translation reading frame) im-
plies that multiple translation products can be derived from
the same transcript. In fact, overlapping in-frame translation
starts have already been found (25, 26), and it is possible that
entirely separate cistrons may exist on a single epkaryotic
mRNA. :
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