
MOLECULAR AND CELLULAR BIOLOGY, Dec. 1986, p. 4558-4569 Vol. 6, No. 12
0270-7306/86/124558-12$02.00/0
Copyright © 1986, American Society for Microbiology

The MES-1 Murine Enhancer Element Is Closely Associated with
the Heterogeneous 5' Ends of Two Divergent Transcription Units

TREVOR J. WILLIAMS AND MIKE FRIED*
Imperial Cancer Research Fund, Lincoln's Inn Fields, London, WCIA 3PX, United Kingdom

Received 23 July 1986/Accepted 2 September 1986

The location in the mouse genome of the 149-base pair MES-1 element, previously isolated by its ability to
restore expression to an enhancerless selectable gene, was analyzed. The active moiety of the single-copy MES-1
element is located between the 5' ends of two divergent transcription units, SURF-1 and SURF-2, both of which
specify more than one mRNA species by differential splicing. The heterogenous 5' ends of the SURF transcripts
are separated by only 50 to 75 base pairs, and this sequence possesses a high G+C content (65%) and contains
neither the TATA and CAAT box motifs normally associated with many highly expressed genes nor the GC box
motif (Spl-binding site) associated with a number of housekeeping genes. Although MES-1 appears to have
enhancerlike properties when linked to heterologous genes, its normal genomic location suggests that it
functions as a bidirectional promoter. Thus, MES-1 may represent a new class of enhancer-promoter element.

Several sequence elements upstream from a large number
of eucaryotic genes transcribed by RNA polymerase II have
been identified as important for normal gene expression. The
TATA box sequence located approximately 30 bases up-
stream from the cap site (-30) is necessary for precise
initiation of transcription, as deletion of this sequence results
in transcription starting at heterogeneous sites (1). More
distal promoter elements are involved in the modulation of
the frequency of transcriptional initiation. One such se-
quence, the CAAT box, has been identified in several genes
at about -80, and at least for the globin genes is important
for efficient expression (17). In addition, regulatory se-
quences involved in either the tissue-specific expression of
certain genes or the ability of particular genes to respond to
environmental stimuli are often found in the distal promoter
region (for a review, see reference 14). A further class of
DNA sequence elements involved in cis activation of tran-
scription are the enhancers which are defined by their ability
to increase expression from the normal cap site of a gene in
a relatively position- and orientation-independent manner.
Enhancer elements were initially identified in viruses but
have subsequently been found in a number of cellular genes
including the immunoglobulin gene in which the enhancer
occurs in an intron downstream of the promoter after heavy-
chain rearrangement (for reviews, see references 14 and 43).
Recently some classically defined promoter elements have
been shown to display some of the properties of enhancers,
and so the distinction between promoters and enhancers has
become less rigid (15, 44).
Most of our understanding of the organization of cellular

promoters and enhancers has come from the study of highly
expressed tissue-specific genes such as those for immuno-
globulin and globin. The recent isolation of genes which are
usually constitutively expressed at low levels in all cell
types, housekeeping genes, has led to the discovery of a
different kind of promoter structure (5, 27, 30, 34, 46, 51).
Promoters for housekeeping genes are typified by their high
G+C content, the absence of TATA and CAAT box motifs,
and the presence of short direct repeat sequences and
potential binding sites for the transcription factor Spl (for a
review, see reference 24).

* Corresponding author.

The various sequence elements involved in the control of
transcription have been identified owing to their association
with cloned genes. We used an alternative approach to
isolate such sequences by their ability to reactivate a test
gene lacking its own expression sequences (9). By this
technique, a 149-base-pair (bp) fragment of mouse DNA was
isolated (originally termed H2 but now renamed MES-1,
mouse expression sequence-1) which displays some of the
properties of an enhancer (9, 52). Here we report a detailed
transcriptional analysis of the normal genomic location of
MES-1 which indicates that it lies between two divergent
transcription units. Sequence analysis of this potential bidi-
rectional promoter reveals that although it has similarities
with the promoters of housekeeping genes, it may represent
a new class of expression element.

MATERIALS AND METHODS
Genomic cloning. Total BALB/c 3T3 DNA (500 ,ug) was

digested to completion with EcoRI and fractionated on a 10
to 40% sucrose gradient. Fractions possessing the 19-
kilobase (kb) fragment containing MES-1 were identified by
Southern blotting analysis with the plasmid pBl (9) as a
probe. Positive fractions were pooled, precipitated, and
ligated into the EcoRI site of the A vector EMBL4 (10).
Approximately 5 x 104 recombinant clones were screened
with pBl as a probe, and two positive plaques were isolated
which contained identical inserts by restriction enzyme
analysis. Appropriate restriction fragments from this 19-kb
EcoRI clone, including the 0.8- and 1.0-kb BamHI frag-
ments, were then further subcloned into the plasmid pxf3
(19).

Southern and Northern blotting analysis. For Southern
blotting, 16 ,ug of BALB/c 3T3 DNA was digested with either
EcoRI or HindlIl, fractionated by electrophoresis on a 0.8%
agarose gel, and transferred to nitrocellulose as described
previously (20). For Northern blotting, total cellular RNA
was prepared from BALB/c TS-A-3T3 cells (38) by the
guanidinium-CsCl method and poly(A) selected on
oligo(dT)-cellulose (25). A 5-,ug sample of poly(A)+ RNA
was fractionated on a 1% agarose-formaldehyde gel and
transferred to nitrocellulose after partial alkaline hydrolysis
(25). Hybridization conditions were identical for Southern
and Northern blotting, and both types of blot were washed to
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In addition, cDNAs T1B, T2A, and IDE were isolated from
B BB B B EcoRI this library owing to their homology to the 1.0-kb BamHI
__I 1 fragment. A second cDNA library was constructed with a
_3 4 l 818_ 3-3 single-stranded primer, Z, which was complementary to

SURF-2 transcripts and extended from the PvuII site at nt
C ° R3433 to the Hinfl site at nt R3590. The primer was annealed

-o to BALB/c TS-A-3T3 poly(A)+ RNA, and the cDNA library
was generated as described previously (54). cDNAs Hi and
J3 were isolated from this library owing to their homology to
the 0.8-kb BamHI fragment. All cDNAs were then further

28S- subcloned into the EcoRI site of the plasmid pAT153.
Sequencing. The sequence of the cDNA clones and the

genomic sequence were obtained for both strands by the
18S- dideoxy method (40) after appropriate restriction fragments

had been subcloned into either M13mp18 or M13mp19 (55).
& End-labeled DNA was sequenced as described previously

(26).

RESULTS

-06

FIG. 1. Analysis of the normal genomic location of MES-1. (A)
Restriction map of the 19-kb EcoRI fragment which contains MES-1
(shaded). The restriction sites for EcoRI and BamHI (B) are shown.
The sizes in kilobases of the fragments generated by BamHI
restriction of the 19-kb fragment are indicated. (B) Detection of a
single copy of MES-1 in the mouse genome. A Southern blot of
mouse genomic DNA digested with either EcoRI or Hindlll was
hybridized to the 149-bp MES-1 probe. The numbers on the right
show the size of the markers. (C) Northern blotting analysis of
mouse BALB/c TS-A-3T3 poly(A)+ RNA with either the 1.0-kb
BamHI fragment (lane 1.0) or the 0.8-kb BamHI fragment (lane 0.8)
as probes (see panel A). On the left are shown the positions of the
28S and 18S rRNA markers.

a stringency of 0.5 x SSC (1 x SSC is 0.15 M NaCl plus 0.015
M sodium citrate) at 68°C essentially as described previously
(20). Probes were labeled to high specific activity by nick
translation (26).

S1 mapping and primer extension analysis. Probe B used
for Si mapping analysis was 5' end labeled at the Hinfl site
at nucleotide (nt) R482 with polynucleotide kinase and
[.y-32PIATP as described previously (26), recut with BamHI,
and purified by fractionation on an agarose gel. Probe B was
annealed with either 40 ,ug of BALB/c TS-A-3T3 total RNA
or 40 pug of yeast RNA. Procedures for RNA-DNA hybrid-
ization and Si nuclease digestion were essentially as de-
scribed previously (8). Primers X, Y (see Fig. 4 and 7), and
Z (see below) were 5' end labeled as described above.
Primers X and Z were strand separated, after denaturation,
on a cracking polyacrylamide gel (26), and primer Y was
strand separated on a denaturing polyacrylamide gel. After
electroelution, the strand from each primer which was
complementary to the SURF transcripts was identified by
sequence analysis (see below). Primers were annealed to
either 1 ,ug of BALB/c TS-A-3T3 poly(A)+ RNA or 1 ,ug of
yeast RNA as described previously (8), and first-strand
cDNA synthesis was performed (18). The products of the Si
mapping and primer extension reactions were visualized by
autoradiography after fractionation on denaturing polyacryl-
amide gels.
cDNA cloning. The isolation ofcDNA T3C from a BALB/c

TS-A-3T3 cDNA library has been described previously (54).

Isolation of mouse genomic clone containing MES-1. The
149-bp MES-1 element was initially identified owing to its
ability to restore expression to a test gene lacking its 5'
regulatory sequences (9). More recently, MES-1 has been
found to display enhancerlike activity in both long- and
short-term expression assays (52). To characterize the nor-
mal status of this element in the mouse genome, MES-1 was
used to probe Southern blots of mouse DNA and was found
to occur as a single-copy (Fig. 1B). The 19-kb EcoRI
fragment containing MES-1 (Fig. 1B) was subsequently
cloned from mouse cellular DNA. The restriction map of this
19-kb clone, in which MES-1 (indicated by shading) resides
in a 0.8-kb BamHI fragment, is shown in Fig. 1A. The
sequence of this copy of MES-1, isolated from its normal
location in the mouse genome, was found to be identical to
that of the copy of MES-1 isolated in the initial experiment
(9). This indicated that the MES-1 element had not been
fortuitously generated during the transfection process but
represents a naturally occurring sequence in the mouse
genome.

Transcription units are present both upstream and down-
stream of MES-1. The 1.0-kb BamHI fragment upstream of
MES-1 and the 0.8-kb BamHI fragment containing MES-1
and its 3' sequences were used to probe Southern blots of
mouse DNA, and both of these fragments were found to
exist as single-copy sequence (data not shown). Therefore,
to assess whether MES-1 was associated with any transcrip-
tion units in its normal genomic location, we used these two
unique sequence fragments to probe Northern blots of
mouse RNA. The 1.0-kb BamHI fragment identified
poly(A)+ RNA species of about 1.1 kb (Fig. 1C), termed the
SURF-1 transcripts, which extended into the adjacent 0.4-
and 3.0-kb BamHI fragments (Fig. 1A). In addition, the
0.8-kb BamHI fragment hybridized to poly(A)+ RNA spe-
cies of about 1.2 kb (Fig. 1C), termed the SURF-2 tran-
scripts, which extended into the adjacent 3.3-kb BamHI-
EcoRl fragment (Fig. 1A). To analyze the relationship be-
tween MES-1 and these two transcription units in more
detail, we isolated cDNA clones corresponding to either
SURF-1 or SURF-2 from mouse cell cDNA libraries.

Analysis of the transcription unit SURF-2. Three cDNA
clones of approximately 1 kb corresponding to SURF-2
transcripts were isolated owing to their homology to the
0.8-kb BamHI fragment. Subsequent sequence analysis
showed that, in the region where the cDNA clones over-
lapped, two of them (Hi and T3C) were identical, while the
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FIG. 2. Organization of the SURF-2 transcription unit. At the top is shown the structural map of the 19-kb EcoRI fragment which contains
MES-1 (as in Fig. 1A), and beneath this is an expanded map of the 0.8- and 3.3-kb restriction fragments. The restriction sites for BamHI,
EcoRI, and PvuII are shown. In addition, the positions of the MES-1 (diagonal hatching) and a mouse B1 repetitive sequence element (dotted
shading) are indicated. At the bottom of the figure are shown the structures of the cDNAs Hi, T3C, and J3. In both cases the vertical bar
represents the 5' end of the cDNAs and the arrow signifies both the direction of transcription and the 3' end of the mRNAs. Boxes represent
exon sequences, and the positions of the long open reading frame (closed box) and 3'-untranslated regions (open box) are indicated. Sloping
lines designate the positions of intron sequences. The position of the splice acceptor site for exon 6, which differs between the two classes
of mRNA, is shown by a number above the final exon (numbers refer to the distance to the right of the HaeII site at the 3' end of MES-1).
The size of the predicted protein products in amino acids (aa) is shown at the 3' end of the cDNAs.

third (J3) contained an additional 124 bp of sequence located
approximately in the middle of the cloned insert. To examine
the relationship of these cDNAs to MES-1 and to determine
whether the extra sequence present in clone J3 was due to
the presence of an alternative additional exon, the sequences
of the three cDNA clones were compared with the sequence
obtained from this region of the 19-kb genomic clone. A
diagrammatic representation of the structures of these two
classes of cDNA clones (H1/T3C and J3) compared with the
genomic map is presented in Fig. 2, in which the open
reading frames are shown by closed boxes and the 3'-
untranslated regions are shown by open boxes. Figure 3
shows the sequences of the two classes of cDNA compared
with the genomic sequence to illustrate the intron-exon
boundaries. Beneath the DNA sequence is shown the pre-
dicted amino acid sequence for the longest open reading
frame for both classes of cDNA.
The cDNA clones corresponding to SURF-2 were found

to start just downstream of MES-1 and to terminate at a
poly(A) addition site at nt R3803. (Nucleotide numbers
beginning with R refer to the distance to the right of the
HaeII site at the 3' end of MES-1, while those beginning with
L refer to the distance to the left of this site.) In addition, all
three cDNA clones were found to consist of six exons,
sharing the same intron-exon boundaries for the first five
exons. However, the cDNAs differ in the choice of splice
acceptor for exon 6, and this accounts for the additional 124
bp in clone J3. This clone uses a splice acceptor site at nt
R3234 and has a 570-bp final exon, while clones Hi and T3C
use a splice acceptor site at nt R3358 and have a 446-bp final
exon (Fig. 2 and 3). The two potential splice acceptors for
exon 6 both fit the consensus splice acceptor sequence

(c) jNCAG/G (32). In addition, nuclease Si mapping con-
firmed that both splice acceptor sites were used in vivo,
although 95% of the mRNA used the site at nt R3358
(Hl/T3C), while only 5% used the site at nt R3234 (J3) (data
not shown). The relatively minor usage of the splice acceptor
at nt R3234 may explain why no mRNA of 1.3 kb, corre-
sponding to J3, was seen in Fig. 1C.
The first five exons, common to both classes of cDNA,

contain a long open reading frame beginning at nt R51 and
extending into exon 6. However, the different splice accep-
tor sites used for exon 6 by J3 and H1/T3C alter the potential
coding capacity of their respective mRNAs. In the case of
mRNA corresponding to J3 there is an in-frame stop codon
shortly after the splice acceptor site at nt R3234, and so the
final exon only encodes an additional three amino acids,
generating a protein of 232 amino acids in total (Fig. 2 and 3).
In contrast, for mRNAs corresponding to Hi and T3C, exon
6 encodes an additional 28 amino acids, generating a protein
of 257 amino acids in total (Fig. 2 and 3). Thus, the potential
protein products encoded by the two classes of mRNA
would have an identical N-terminal 229 amino acids but
would differ in length and composition at their C termini.

Determination of 5' ends of SURF-2 transcripts. The rela-
tionship between the 5' start sites of the SURF-2 transcripts
and MES-1 was determined more precisely by the comple-
mentary techniques of primer extension and 5' Si nuclease
analysis. To perform the 5' Si nuclease mapping of cap sites,
it is usually necessary to use as a probe a genomic fragment
which is kinased labeled in the first exon of the transcript and
extends into the sequences upstream from the start sites.
However, in the case of SURF-2 there were no convenient
restriction sites in the first exon to enable this approach to be
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used. Therefore, to facilitate the Si nuclease mapping, we
constructed the clone pHHA (Fig. 4). This clone consists of
the cDNA sequence of clone T3C from its 3' terminus,
corresponding to nt R3803, to the HhaI site at nt R86 in exon
1 ligated to the genomic sequence of the 0.8-kb BamHI
fragment from this HhaI site to the BamHI site at nt L139.
This enabled a 420-nt probe, kinase labeled at the Hinfl site
in exon 2 (corresponding to nt R482) and extending to the
BamHI site at nt L139 (Fig. 4, probe B), to be contiguous
with SURF-2 transcripts into the first exon and then con-
tinue upstream from the presumptive cap sites into the
genomic sequence. The probe was annealed to mouse RNA,
and Si nuclease-resistant products were fractionated on a
polyacrylamide gel (Fig. 4, lane 2). In addition, a 195-nt
single-stranded primer complementary to SURF-2 tran-
scripts was obtained from the cDNA clone Hi for primer
extension analysis (Fig. 4, primer X). The primer was kinase
labeled at the same position as probe B to allow a direct
comparison with the Si nuclease mapping data (i.e., the
Hinfl site corresponding to nt R482) and extended to the
HhaI site at nt R86. The primer was annealed to mouse
poly(A)+ RNA and elongated by reverse transcriptase. The
extended products were visualized by autoradiography after
fractionation on a polyacrylamide gel (Fig. 4, lane 4). Both
Si mapping and primer extension analyses generated multi-
ple bands ranging in size from 240 to 300 nts, with an
accuracy of 2 to 3 nts, the most abundant products being
bands of 248 nts and 267 to 273 nts. This indicated that
SURF-2 transcripts were initiated from heterogeneous sites
located between nts L16 and R43. However, within this
range the majority of the transcripts start around nt R34
(70%) and further upstream at nts R9 to R15 (25%). An
examination of the sequences upstream from these SURF-2
initiation sites revealed no obvious transcriptional control
elements such as TATA or CAAT box motifs (Fig. 8).

Analysis of transcription unit SURF-i. A similar analysis
was also performed on the SURF-1 transcription unit. Three
cDNA clones of approximately 1.0 kb were isolated owing to
their homology to the 1.0-kb BamHI fragment, and all were
found to be slightly different upon subsequent sequence
analysis. Figure 5 shows a diagrammatic representation of
the structure of these three SURF-1 cDNA clones in com-
parison with the genomic map. Figure 6 shows the sequence
of these cDNAs compared with the genomic sequence to
illustrate their intron-exon boundaries. Beneath the DNA
sequence of the three cDNAs is shown the predicted amino
acid sequence for their respective open reading frames.
Figure 6 also shows the sequence of intron 1 which contains
two copies of a 47-bp direct repeat sequence sharing 41 of 47
bp in common. In addition, a third related copy of this direct
repeat sequence which is shorter and less homologous is also
present at a site further upstream in this intron where it
spans the BamHI site.

All three SURF-1 cDNA clones begin within MES-1 and
are derived from mRNAs transribed in the opposite direction
to the SURF-2 mRNAs. In addition, all three cDNA clones
are composed of nine exons and terminate at a poly(A)
addition site at nt L3043. The intron-exon structure of the
three cDNA clones is identical for exons 1, 2, and 4 to 9 and
differs only in the choice of splice acceptor for exon 3 (Fig.
5 and 6). For the three cDNAs three different splice acceptor
sites are used: at nt L604 for clone T2A, at nt L624 for clone
T1B, and at nt L644 for clone IDE. The three potential splice
acceptor sites for exon 3 all fit the consensus splice acceptor
sequence (Q)1NTAG/G (32). In addition, nuclease Si map-
ping confirmed that all three splice acceptor sites were used

in vivo, although to various extents. Approximately 72% of
the SURF-1 transcripts appear to use the splice acceptor site
at nt L644 (IDE), less than 1% use the site at nt L624 (T1B),
and the remaining 28% use the site at nt L604 (T2A) (data not
shown).
The use of these three potential splice acceptors causes

the open reading frame encoded in the first two exons to
splice into the three different reading frames in exon 3 and so
give rise to three potentially different proteins which share a
common N-terminal 42 amino acids (Fig. 5 and 6). For
mRNA corresponding to T2A which uses the earliest splice
acceptor site at nt L604, exon 3 only encodes an additional
17 amino acids before an in-frame stop codon is reached.
Similarly, for the rare mRNA equivalent to T1B, which use
the middle splice acceptor at nt L624, exon 3 only encodes
an additional two amino acids. Therefore, the mRNAs
corresponding to T2A and TiB are only capable of generat-
ing short peptides of 59 and 44 amino acids, respectively.
However, the majority of the mRNA, corresponding to IDE,
uses the latter splice acceptor site at nt L644, and this
generates a long open reading frame extending from exons 1
to 9 capable of encoding 306 amino acids in total.

Determination of 5' ends of SURF-1 transcripts. The ab-
sence of suitable restriction sites in exon 1 precluded the
analysis of the transcriptional start sites of SURF-1 by 5' Si
nuclease mapping. However, when the most 5' sequences of
the longest cDNA clone TiB were used for 5' Si nuclease
mapping, only products corresponding to full-length protec-
tion of the SURF-1 sequences by mRNA were obtained
(data not shown). This indicated that SURF-1 transcripts
were initiated further upstream than nt L49. Therefore the
positions of these upstream start sites and their relationship
to MES-1 were determined more accurately by primer
extension analysis. A 52-nt single-stranded primer comple-
mentary to SURF-1 transcripts was obtained from the cDNA
clone TiB (primer Y, Fig. 7). The primer was kinase labeled
at the DdeI site (corresponding to nt L420) located just 5' to
the splice donor site in exon 2 and extended to an ApaI site
formed by the splicing event joining exons 1 and 2 together
(Fig. 7). Therefore, this primer essentially consists of the
exon 2 sequence of SURF-1 transcripts which is common to
all three species of cDNA. The primer was annealed to
mouse poly(A)+ RNA and extended with reverse transcrip-
tase. The sizes of the resulting products were determined by
polyacrylamide gel electrophoresis, followed by autoradiog-
raphy (Fig. 7). This experiment generated a predominant
extended product of 130 nts, although several minor bands of
133 nts and 136 to 137 nts were also obtained, which suggests
that the initiation sites for SURF-1 transcripts are
microheterogeneous. These results also indicate that 95% of
the transcripts start at nt L41, while the remaining 5%
initiate further upstream at nts L34 to L38.
Thus, the initiation sites for SURF-1 mRNAs are in close

proximity to those for SURF-2 mRNAs but on the opposite
strand (Fig. 8). Therefore, SURF-1 and SURF-2 mRNAs are
transcribed in opposite directions away from a common
upstream region centered on MES-1, which lacks obvious
transcriptional control elements, such as TATA or CAAT
box motifs, on either strand.

DISCUSSION

The 149-bp MES-1 element was initially isolated owing to
its ability to reactivate a selectable gene devoid of its own
expression sequences (9). More recently, MES-1 has been
found to display enhancerlike activity, i.e., when placed in
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FIG. 4. Determination of the 5' ends of the SURF-2 transcripts by 5' S1 nuclease mapping and primer extension. On the top is presented
a gel showing the results of the 5' S1 nuclease mapping and primer extension experiments with probe B and primer X, respectively. At the
bottom is shown a diagrammatic representation of probe B and primer X and the major products of the Si nuclease mapping and primer
extension experiments in terms of the structural map of the pHHA construct. The pHHA plasmid consists of the sequence ofcDNA T3C (Fig.
3) from the HhaI site at nt R86 to the poly(A) addition site at the 3' end of the clone at nt R3803 (stippled box), joined to the genomic sequence
of the 0.8-kb BamHI fragment from nt L139 to nt R86 (open box) (see text). The position of the 149-bp MES-1 element is indicated. The 420-nt
probe B and 195-nt primer X are illustrated by the shaded boxes at the bottom. Both probe B and primer X are 5' labeled at the Hinfl site
at nt R482, shown by an *. The major protected and extended fragments produced by probe B and primer X, respectively, are denoted by
thick lines between the pHHA construct and primer X. The thickness of the line represents the relative abundance of the product. Lanes: 1,
probe B plus yeast RNA; 2, probe B plus BALB/c TS-A-3T3 RNA; 3, primer X plus yeast RNA; 4, primer X plus BALB/c TS-A-3T3 RNA;
5 and 6, G+A and C+T Maxam-Gilbert sequence of probe B, respectively; P, untreated probe B. On the right of the gel is shown the position
of primer X and marker DNA sizes in base pairs.
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FIG. 5. Organization of the SURF-1 transcription unit. At the top is shown the structural map of the 19-kb EcoRI fragment which contains
MES-1 (as in Fig. 1A), and beneath this is an expanded map of the 0.8-, 1.0-, 0.4-, and 3.0-kb restriction fragments. The restriction sites for
BamHI, EcoRI, and BglII are shown. In addition, the positions of the MES-1 sequence (diagonal hatching), a mouse B2 repetitive sequence

element (dotted shading), and the direct repeats present in intron 1 (see Fig. 6) are indicated. At the bottom of the figure are shown the
structures of the cDNAs T2A, TMB, and IDE. In all three cases the vertical bar represents the 5' end of the cDNAs and the arrow signifies
both the direction of transcription and the 3' end of the mRNA. Boxes represent exon sequences, and the positions of the open reading frames
(closed box) and 3'-untranslated regions (open box) are indicated. Sloping lines designate the positions of intron sequences. The position of
the splice acceptor site for exon 3, which differs among the three classes of mRNA, is shown by a number above the final exon (numbers refer
to the distance to the left of the HaeII site at the 3' end of MES-1). The sizes of the predicted protein products in amino acids (aa) are shown
at the 3' end of the cDNAs.

either orientation at various positions 5' to a heterologous
gene, MES-1 activates transcription initiating from the cap
site of the test gene (52). Therefore, it was of interest to
determine whether MES-1 was associated with any tran-
scripts in its normal genomic location. The results presented
here demonstrate that MES-1 occurs as a single-copy se-

quence in the mouse genome and that the active region of
MES-1 is located between two divergent transcription units,
SURF-1 and SURF-2 (Fig. 8).
Recent results have demonstrated a functional overlap

between enhancer and promoter elements for the control
sequences present upstream of the interferon and metal-
lothionein genes (15, 44). Similarly, although MES-1 can

behave as an enhancerlike element when linked to a heterol-
ogous gene, its normal genomic position suggests that it
functions as a bidirectional promoter. SURF-1 transcripts
initiate at one major site and several minor sites within
MES-1, while the presumptive cap sites for SURF-2 tran-
scripts are dispersed over a 60-bp region both within and to
the right of MES-1 (Fig. 8B). There are no obvious TATA or
CAAT box motifs within the 5'-flanking region of either
transcript; instead, the region has a high G+C content (65%)
and contains a 10-bp direct repeat sequence (9) (Fig. 8B). In

the above respects this region resembles the promoter of a
housekeeping gene (5, 27, 30, 34, 46, 51). Housekeeping
genes are so called because they tend to be expressed at a
low level in many cell types. Preliminary results suggest that
the same is true of the SURF-1 and SURF-2 transcripts (T.
Williams, unpublished observation). However, the promot-
ers of the housekeeping genes so far analyzed all contain the
sequence GGGCGG or its complement CCGCCC, termed
the GC box, which acts as a binding site for the cellular
trans-acting factor Spl (for a review, see reference 24). In
contrast, the region described here lacks both the GC boxes
typical of the promoters of housekeeping genes and the
alternative Spl-binding sites identified in the acquired im-
mune deficiency virus long terminal repeat (22) and so may
represent a different class of promoter.

It might be expected that bidirectional promoters would
need a complex organization of various sequence elements
to enable RNA polymerase II to initiate transcription in
either direction. However, it should be noted that many
promoter and enhancer elements are capable of functioning
in either orientation (for a review, see reference 43; also see
references 6, 16, 23, 28). Indeed, it has been suggested that
the function of the TATA box is to determine both the
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cgaa - 4* bp - L947atgctgt ttctataqGTCCAAC(ATCr GGCTGACTTATC/Ar-TArrAr TCTTCAl;CT ACCCCATCCT ACCgtgagt
VaI-GnArgArgLysTrpLysLeuLysLeulIeAi1G1uLeuG1uSerArgValetAlaGluProI leProLAuProAlaAs IDE

LlSS9qtggctgcec - 0. S kb - ccttttctccettatgCCCAlGAGAAAATTTGACTACAGGCCATlACTcAaCGccCAcTccACTCTCACrCTACATATGpProMetCluLeuLysAsnLeuGlu?yrArgProValLysVaLArgGlyHisPheAspH,sSerLysCluLeuTyr I leet

L1679
CCTUC0GACCA1'GGATCCTn?CCGArAGCGCGCAGATGCr-GCAGACTATCCTCAACT rAAr.TVG0GCCCATCTA?TTArtAccr-ccA T clACSSOCCqtg9gqtqtg*cat
Pt oAr gThrNtVa lAapPr oV lArgG 1 uAlIAr gAspAlaG lyArqLeu3erSer Thr G I uSerG lyA 1aH 1sveV& lThr ProPheN 1 CysSerAspL*uG1
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ttVtatt*ttgttct-gATCACCAhTCC7GCGTT6TAGGTTTCTTCCCAGrAAGMAATIICrACCCAtAAGlAA C L.&at
yV-lThr I leLeuValAsnArgGlyPheValProArgLysLyeVlAsnProGluThrArgClnLysClycln
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72 bp - tgccttctcttgta*GCCAGG CTAATTGGCATArlrAG CTCAcAr cACCOGCCCrlVTTCCCGAGAArGCCArAA TCAlT/iT

ValL.uGlyGluValAspLeuValGlyl leValArgLeuThrGluAsnArgLyaProPheValProCluAsnSerProGluAroAsnHlsTrpTyr IDE

L2777
TATCGAGACCCGAC'TAtGCCAAGATAACA0GGAGCGGACCCCAIfITCA'TnAGA?CAGACTT1Cgt atgtgtggtcagc - 250 bp - actcctgtctccacagA CACCACACC
TyrArgAspLeuGluAlaNetAlaLys I leThrGlyAlABpProl lePhel leAspAlaAspPheN lsSerThrAi IDE

L2931
CCCCGGCGGGCCCATrGAGGACAGACGAGAGT'GACGTCTGGCAATGAGCACAT1TCAGA CATCC?TACCi'1tqttagt cctg - 46 bp - ctctttca&cc&caqGTACOCAcCMT
aProGlyGlyProl leGlyGlyGlnThrArgValThrLeuArgAsnGluHismNetGlnTy r I leLeuThrTr ptyrrClyLeuc IDE

I L3051

ysAiaAlaThrSer?yrLeuTrpPheGlnLysPheValArgArgThrProI leMet"' IDE

L3111
cagtetgaaaccgttttacaggqgccactcgcgccaacecaaat aaccaaagqcagtcaa

FIG. 6. Comparison of the sequences of the cDNAs T2A, T1B, and IDE with the genomic sequence of the SURF-1 transcription unit. The
sequence is presented from the first nucleotide to the left of the HaeII site at the 3' end ofMES-1 (nt Li) to a position 3' of the poly(A) addition
site of the transcription unit. Nucleotide numbers above the sequence refer to their positions in the genomic fragment. The locations of
restriction sites referred to in the text are shown by a single line above the DNA sequence. Uppercase letters refer to sequences present in
the cDNAs (see below), while lowercase letters refer to 5'-flanking, 3'-flanking, or intronic sequences. The position and size of the introns
are indicated, and the location of the direct repeats present within intron 1 are shown by arrows beneath the sequence. The putative poly(A)
addition signal is denoted by double underlining, and the poly(A) addition site is shown by a small vertical arrow. The positions of the three
different splice acceptors for exon 3 are indicated by the large vertical arrows (T2A, T1B, and IDE) above the DNA sequence. The 40 nts
which represent part of an exon for cDNA T2A and part of an intron for IDE and partly intron and exon sequence for TlB (between nts L604
and L643) are denoted by italicized uppercase letters. The predicted amino acid sequence of the long open reading frame for all three classes
of cDNA is shown beneath the DNA sequence and, with reference to the primer extension data presented below in Fig. 7, is presented from
the ATG codon at nt L45. (The most 5' cDNA clone only extends to nt L49.) The notation T2A/T1B/IDE in the right margin indicates that
this amino acid sequence is common to all three classes of cDNA. IDE, however, refers to the amino acid sequence that would only be
encoded by mRNAs which use the splice acceptor site at nt L644, i.e., corresponding to cDNA IDE. Similarly, TiB and T2A refer to the
amino acid sequence that would only be encoded by mRNAs which use the splice acceptor sites at nts L624 and L604, respectively. Note
that the sequence of MES-1 at nts L70 to L71 has been amended to rectify an error in the previously published sequence (9).
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FIG. 7. Determination of the 5' ends of the SURF-1 transcripts by primer extension analysis. On the left is presented a gel showing the
results of the primer extension analysis with primer Y. At the right is shown a diagrammatic representation of primer Y, 5' labeled at the DdeI
site, and the major products of the primer extension analysis (as described in the legend to Fig. 4) in terms of the SURF-1 transcription unit.
A structural map of the 5' end of the SURF-1 transcription unit, indicating the 5'-flanking and intron sequences (open boxes) and exon

sequences present in cDNA TiB (stippled boxes), is shown to the right of the gel (Fig. 6). Below this is shown the structural map of the 5'
end of cDNA TiB (stippled box) which was used toconstruct primer Y. Lanes: 1, primer plus yeast RNA; 2, primer plus BALB/c TS-A-3%3
RNA. On the left of the gel is shown the position of primer Y and marker DNA sizes in base pairs.

direction of transcription and the location of the cap site (7).
Bidirectional promoters may also facilitate the coordinate
expression of two genes by the same regulatory elements.
For example, the ability of the divergently transcribed GAL]
and GALIO genes of Saccharomyces cerevisiae to respond
to galactose is controlled by a galactose-responsive up-
stream activator sequence located between the two genes
(13). Similarly, studies on the MATa mating-type locus in S.
cerevisiae have identified one sequence motif which acts as
an upstream activator sequence for the divergently tran-
scribed al and aL2 genes and another motif which is involved
in the diploid-specific repression of the transcription of both
genes (45). In addition, coordinately regulated divergent
transcription units have also been found in the genomes of
Drosophila species and Bombyx species (11, 12, 21, 49).
However, the expression of divergent transcripts which
share common upstream promoter elements need not neces-
sarily be coordinately controlled, as, for example, for the
his3-petS6 genes of S. cerevisiae (48). Although these genes

share a common AT-rich sequence element important for
their constitutive expression, only the transcription of the
his3 gene is induced in response to amino acid starvation.
The early and late regions of simian virus 40 and
polyomavirus, which are expressed at different stages of the
lytic cycle (50), can also be viewed as divergent transcription
units sharing common promoter elements which are not
coordinately regulated. It will be of interest to determine
whether the expression of the SURF-1 and SURF-2 tran-
scription units is differentially or coordinately regulated.

In addition to the MES-1-associated element, other poten-
tial bidirectional promoters have also been described in the
mammalian genome (2, 7, 31, 39). In particular, opposite-
strand transcripts have been detected which are homologous
to the 5'-flanking region of the housekeeping gene
dihydrofolate reductase (DHFR) in both mouse and hamster
DNA (2, 7, 31). In common with SURF-1 and SURF-2, both
divergent transcripts associated with the DHFR promoter
initiate at multiple sites and lack a correctly positioned
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5' CCATCACAGC AGCCATCTTT CAGCACTTCC GCCACCCACA AATCTGCTrC C¶TCCGGGAC GGCGCTCTGT CTCACGTGGT GGCTGCGGCG TCAGATGGGC ATCTCCGATC ATGGACGAAC 3'

3' GGTACTGTCG TCGGTAGAAA CTCGTGAAGG CCCTGGCTCT TTAGAcGAAG GAAGGCCCTG CCGCGAGACA GAGTGCACCA CCGACGCCGC AGTCTACCCG TACAGGCAG TACCTGCTTG 5'

L60 L30 Ll R;I R30 R60

SURF-1
FIG. 8. Spatial arrangement of SURF-1 and SURF-2 transcription units. (A) Structural map of the 19-kb EcoRI fragment containing

MES-1 (Fig. 1A) illustrating the location and orientation of the SURF-1 and SURF-2 transcription units with respect to this map. In addition,
the position of a third transcription unit which overlaps SURF-2 at its 3' end is indicated (54). (B) Sequence of the region around the HaeII
site containing the initiation sites of the SURF-1 and SURF-2 transcripts (see panel A). The 5' ends of the SURF-1 and SURF-2 transcripts
are indicated by arrows below or above the sequence, respectively (the prominence of the initiation site is proportional to the width of the
arrow; dashed arrows represent very minor start sites). The nucleotide numbers are given beneath the sequence. The locations of both the
10-bp direct repeat (solid lines) and the USF-binding site (41) (dashed line) are shown in between the two strands of the sequence. The position
of the HaeII site (starting at nt R1) marking the right boundary of MES-1 is shown by a double row of dots in between the two stands of the
sequence.

TATA or CAAT box motif in their 5'-flanking regions.
However, the putative murine bidirectional promoters asso-
ciated with MES-1 and DHFR differ in several respects.
First, the distance between the major start sites of SURF-1
and SURF-2 (50 to 75 bp) is much shorter than the distance
between the major start sites of the divergent transcripts
associated with the DHFR promoter (approximately 130 bp)
(2, 7). Second, as noted above, the MES-1 region lacks the
GC boxes which are characteristic of the promoters of
housekeeping genes such as DHFR. In addition, although
both putative bidirectional promoters contain direct repeat
sequences located between the major initiation sites of the
divergent transcripts, these repeats are much shorter for
MES-1. The potential importance of the 10-bp direct repeats
associated with MES-1 was demonstrated in the initial
deletion studies (9). A unidirectional deletion which re-
moved the left copy of this repeat correspondingly greatly
reduced the ability of MES-1 to activate the transcription of
a heterologous gene. In addition, because of the short
distance between the 5' ends of the two transcription units,
some of the elements involved in the regulation of expres-
sion of SURF-1 and SURF-2 may actually be present outside
MES-1 and perhaps within the transcription units them-
selves. One such potentially important motif, located outside
MES-1 and bordering the SURF-2 transcription unit, is the
sequence TCACGTGG (Fig. 8B) which represents the core
recognition site for the trans-acting factor USF in the
adenovirus major later promoter (41).
The SURF-1 and SURF-2 transcription units are located

in unusually close proximity for mammalian genes. Further-

more, two other transcription units have been identified at
this locus. One of these additional transcription units, en-

coding a differentially regulated 3.0-kb poly(A)+ RNA spe-
cies, overlaps SURF-2 at its 3' end (54) (see Fig. 8A). The
fourth transcription unit, which remains to be fully charac-
terized, ends 70 bp from the 3' end of SURF-1 (T. Williams,
unpublished observation). The significance of the tight clus-
tering of these four transcription units is presently under
investigation.
Both SURF-1 and SURF-2 are capable of generating more

than one species of poly(A)+ RNA by differential splicing.
Normally, such internal differences in mRNAs derived from
the same primary transcript are the result of the presence or
absence of a particular exon (3, 29, 37). However, in some
instances such diversity may also be generated by the use of
alternative splice donors (33, 35) or acceptors (4, 42) for the
same exon. This latter mechanism is also responsible for the
generation of the different SURF-1 and SURF-2 poly(A)+
RNA species. Two different transcripts generated by differ-
ential splicing were identified from the SURF-2 transcription
unit (Fig. 2 and 3). Both SURF-2 transcripts contain long
open reading frames and could encode proteins of approxi-
mately 250 amino acids. Three different transcripts gener-
ated by the use of alternative splice acceptor sites were
identified for the SURF-1 transcription unit (Fig. 5 and 6). In
this instance only the major mRNA species (IDE) contains a
long open reading frame which would encode a protein of
approximately 300 amino acids. The other two minor mRNA
species could only code for short peptides of 59 and 44 amino
acids. Whether these minor RNA species are functional

EcoRI

3.0kb
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mRNAs or represent nonfunctional transcripts (generated by
the splicing apparatus recognizing fortuitous splice acceptor
sequences) remains unclear at this time.

In summary, most of our knowledge of mammalian ex-
pression sequences has been obtained from the study of
highly expressed or differentially regulated genes. More
recently, the study of the 5'-flanking sequences of the small
nuclear RNA genes (47), ribosomal protein genes (53), and
housekeeping genes (5, 27, 30, 34, 46, 51) has revealed that
various alternative promoter structures also exist. The ex-
pression selection technique used to isolate MES-1 (9)
enables other such alternative enhancer-promoter structures
to be isolated without relying on the necessity of initially
cloning a companion gene. Indeed, it may turn out that these
alternative promoter designs, including the potential bidirec-
tional promoter described here, are a more widespread
feature of the mammalian genome than they appear to be at
present.
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