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Transcriptional termination between the closely linked
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We have demonstrated, using a combination of nuclear
run-off and poly(A) site competition assays, that trans-
criptional termination occurs between the closely spaced
human complement genes, C2 and Factor B, soon after
the C2 poly(A) site. A comparison of the C2 termination
signal with a functionally similar sequence downstream
of the human o2 globin gene reveals that both signals
function in an orientation dependent manner, with
subfragments of the whole signal displaying partial
effects. In the case of the C2 termination sequence a
protein binds within it, and is partially responsible for
the termination effect. We further demonstrate that the
same (or closely related) protein binds to the ME1al site
in the murine c-myc promoter, which has been implicated
in c-myc attenuation. We suggest that the termina-
tion/pause sequences positioned downstream of a gene’s
poly(A) site may constitute the general signals that elicit
transcriptional termination in genes transcribed by RNA
polymerase II.
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Introduction

Termination of transcription is defined as the release of the
elongating RNA polymerase complex from the DNA
template (Holmes et al., 1983). In the case of eukaryotic
genes transcribed by RNA polymerase II, the point at which
this occurs does not correspond to the mature 3’ end of a
mRNA molecule, which is instead generated by cleavage
and polyadenylation of the nascent transcript (Proudfoot and
Whitelaw, 1988). The mechanism of polll termination is not
understood, and only in a few cases have sequences 3’ of
polyadenylation sites been identified which are involved in
this process. Specific termination signals have, however,
been defined for polll transcribed snRNA and histone genes,
which give rise to non-polyadenylated transcripts. The
mechanism of termination appears unique to each class of
polll gene: snRNA genes possess a consensus sequence
(GU3A;3;N3;AGA) which gives rise to termination at, or close
to, the mature 3’ end of the RNA (Kunkel and Pederson,
1985; Hernandez and Weiner, 1986; and Neuman de Vegvar
et al., 1986). In the case of the closely linked, repetitive sea
urchin histone genes, termination is dependent on complex
signals within and 3’ to the gene (at least in the case of the
H2A gene). Furthermore this process occurs independently
of the 3’ end processing mechanism (Birchenmeier ez al.,
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1984; Johnson et al., 1986; Briggs et al., 1989). However,
for the mouse H2A gene, termination is dependent on mRNA
3’ end processing, possibly reflecting a less stringent require-
ment for termination 3’ to this gene (Chodchoy et al., 1991).
Termination of polll genes encoding polyadenylated mRNA
has been shown in a number of cases to require an intact
poly(A) signal, for example in human o2 globin, mouse 3
globin, adenovirus major late and polyoma virus late genes
(Whitelaw and Proudfoot, 1986; Logan et al., 1987,
Connelly and Manley, 1988, 1989a; Lanoix and Acheson,
1988). This has given rise to models which postulate that
after an RNA polymerase transcribes a poly(A) signal, it
becomes destabilized, and liable to detach from the template.
This is achieved either by release of an ‘antitermination
factor’ from the polymerase (Logan et al., 1987), or as a
result of cleavage of the RNA at the poly(A) site (Connelly
and Manley, 1988, 1989a; Proudfoot, 1989). This would
expose the nascent RNA to the actions of an exonuclease
and helicase (perhaps analogous to the prokaryotic rho factor;
see Brennan et al., 1987), resulting ultimately in the release
of the polymerase from the template.

The position of termination has been characterized for
several genes by nuclear run-off analysis, and is generally
heterogeneous, occurring over hundreds of base pairs
(Proudfoot, 1989; Citron et al., 1984; Hagenbuchle et al.,
1984). This may be the case for many mRNA genes, where
there is no need to have precise termination after the cleavage
site. However, closely spaced genes are more likely to
require closely coupled cleavage and termination; otherwise,
the polymerase transcribing one gene could read into the
promoter of a downstream gene, reducing initiation from
that promoter. This is known as promoter occlusion or
transcriptional interference, an example of which is seen in
retroviruses, where transcription from the 5' LTR prevents
initiation at the 3’ LTR (Cullen et al., 1984). In such cases,
a termination or pause sequence downstream of a poly-
adenylation site could slow down or halt the polymerase,
so enhancing its chances of being released from the template.
This was directly demonstrated for tandem o globin gene
constructs, which exhibit interference; this could be alleviated
by insertion of a mouse 3 globin or sea urchin histone
termination sequence between the genes (Proudfoot, 1986).

A termination sequence could take the form of a protein
binding site, RNA secondary structure, unusual DNA
structure, such as bent DNA, or a combination of these.
Indeed, a CCAAT box binding protein has been shown to
cause termination in the adenovirus major late promoter
(Connelly and Manley, 1989a,b). This resembles the
situation of poll genes: a specific protein, TTF-1, is required
for termination of mouse rRNA genes (Grummt et al., 1986;
Henderson and Sollner-Webb, 1986; McStay and Reeder,
1986). Thus it appears possible that a transcription factor
bound to a downstream promoter can terminate transcrip-
tion from an upstream gene; since not all proteins are able
to function in this way (Connelly and Manley, 1989a,b), the
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mechanism is unlikely to be simply providing a steric block
to polymerase elongation. Premature termination, or attenua-
tion, has been well characterized in both the human and
murine c-myc genes (Eick and Bornkamm, 1986; Bentley
and Groudine, 1988; Wright and Bishop, 1989). Attenuation
within the first exon of murine c-myc requires a 180 bp frag-
ment of this exon, which includes a potential stem—loop
followed by a T rich region. Attenuation is prevented by
deletion of a promoter element, MElal (Miller et al., 1989),
again implicating a protein in polll termination.

We have recently investigated the mechanism of transcrip-
tional termination between the linked human o2 and «l
globin genes (separated by 3.5 kb). We identified a transcrip-
tional pause site between these two genes which, in
combination with a strong poly(A) signal, elicits transcrip-
tional termination (Enriquez-Harris ez al., 1991). We wished
to extend these observations to other polll genes to allow
a comparison of their termination signals. This study
investigates termination between the human complement
genes C2 and Factor B, located in the MHC class I region.
These are expressed simultaneously in the adult liver and
are very closely spaced (421 bp from the C2 poly(A) site
to the Factor B cap site) (Wu et al., 1987). Factor B is
expressed at several times the level of C2. This suggests that
termination of C2 transcripts occurs within the first 400
nucleotides following the C2 poly(A) signal. We present data
to show that termination does indeed occur, soon after the

C2 poly(A) site. This evidence comes from two separate
studies: nuclear run-off analysis, and a poly(A) site
competition assay. This latter procedure was validated using
the previous defined termination/pause sequence of the
human o2 globin gene (Enriquez-Harris et al., 1991). Using
the poly(A) site competition assay, we define a 156 bp
orientation specific termination sequence for the C2 gene,
which binds a protein. This same protein is also shown to
bind the MElal promoter element of murine c-myc. It is
postulated that this protein, in conjunction with some other
property of this sequence, is responsible for termination of
C2 transcription.

Results

Transcriptional analysis of the C2 — Factor B intergenic
region

Nuclei were isolated from human liver tissue and nascent
RNA chains were elongated in the presence of [a-*?P]JUTP.
The conditions were such that de novo initiation and RNA
processing should not occur; the assay is known as nuclear
run-off analysis (Weber et al., 1977; Bentley and Groudine,
1988). *?P-labelled RNA was isolated and hybridized to
excess single-stranded antisense DNA probes, derived from
the 3’ end of C2, the 5’ end of Factor B, and the intergenic
region. The precise location of these probes is shown in
Figure 1A. The signal intensity from each probe is propor-

FACTOR B
S'NON-
C2 CODING C2 NON-CODING ’ C2 Y FLANKING CODING FACTOR B CODING
‘ C2 Poly(A)SITE
(BamH1) Ncol HincIl e BamH) (BouIn) Ncol (BamH!) BstEQl B%\n
|44 | —+ !
T = T ; | [
.75 6 62 39 +550
A 6 B = (o ¢ D >
MI3 A B C D His
i # | Low exposure
High exposure
G . i 4+ o¢ amanitin

Fig. 1. A. Structure of the C2-Factor B intergenic region, showing nuclear run-off probes A—D. Numbering of sites is with respect to the C2
poly(A) site. The Ddel site is not unique. Restriction sites given in brackets are only present after the Ncol fragment has been subcloned to create
the BamHI sites (in pMLC2.B) and Bal31 deleted to give the BgllI site (in clone pMLC2.BA24); see Materials and methods. The open boxes are C2
and Factor B coding sequences, and the solid line is non-coding and intergenic DNA. B and C. Nuclear run off analysis of human liver nuclei,
using probes A—D and His. Probe M13 is M13mp19 DNA, and detects background hybridization. Probe His is mouse histone H4 DNA, and
controls for the level of polll transcription. Probes A and D gave signals above the M13 background signal in a ratio of 1:2 respectively (once the
background M13 signal is subtracted, and the number of U residues in each probe is taken into account). C. is an experiment in which nuclei were
preincubated with 3.8 ng/ul o-amanitin. Under such conditions polIl but not poll or pollll transcription is inhibited.
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tional to the number of RNA polymerases present over that
region of DNA in the liver nuclei. The only other factor
that could affect the signal is the number of U residues in
each probe; this is taken into account when calculating the
relative signals. Thus, if transcription terminates, RNA
polymerases will detach from the DNA, and the signal from
a probe 5’ to the point of termination will be greater than
the signal from a probe 3’ to this point.

Figure 1B shows two exposures of the nuclear run-off
signals obtained from liver nuclei using the probes A—D
as indicated in Figure 1A. Although these signals are
relatively low, it is clear that both probes A and D give
signals well above the M13 background. Probe D gives a
2-fold greater signal than probe A as it detects transcripts
from the 5’ end of factor B, which is expressed at higher
levels than C2 (Wu er al., 1987). The fact that the signal
from probe A is above background while those of probes
B and C are not, demonstrates that a significant degree of
transcriptional termination is occurring, probably within
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Transcription termination of human complement genes

100 bp of the C2 poly(A) site (since probe B ends 162 bp
3’ of the poly(A) site). The probe His signal in Figure 1B
is for histone H4 transcripts. These transcripts as for C2-B
(probes A —D) are clearly sensitive to o amanitin inhibition
(used at levels specific for polll transcription) as shown in
Figure 1C, confirming that the signals detected on probes
A and D derived from polll transcription.

C2 poly(A) signals

The nuclear run-off analysis described in the previous section
indicates that transcriptional termination occurs immediately
downstream of the C2 poly(A) site. We therefore carried
out experiments to delineate the C2 poly(A) site so that it
could be distinguished from adjacent termination signals. In
particular, an experiment was performed to determine how
much sequence 3’ to the A,TA; poly(A) signal is required
for poly(A) site function. Fragments of DNA containing the
C2 A,TA; and 12 bp, 46 bp and 82 bp of 3’ sequence (to
generate C2A1, C2A2 and C2A3 respectively), were cloned
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Fig. 2. A. Structure of «C2A3 and C2A1-3. The open box is the 3rd exon of the human a2 globin gene, and the solid box is a 70—140 bp segment
of C2 3’ DNA, containing the C2 poly(A) signal, and sequence up to the Bal31 end points of Al-3. The « globin poly(A) signal is mutant in clones
C2A1-3 (AATAAG), and wild type is «C2A3 (AATAAA). The S1 probe was generated by cleavage at the BStEII site in exon 3 of « globin, and
expected bands for use of the o and C2 poly(A) signals are shown. The sequence of the C2 poly(A) signal is given, with the A;TA; motif boxed,
and the positions of poly(A) cleavage and Bal31 end points Al and A2 indicated. B. S1 analysis of HeLa RNA, transfected with «C2A3 and
C2A1-3. ‘C2’ and ‘o’ denote bands from usage of the C2 and o2 poly(A) signals, respectively, and ‘t’ is a tRNA control lane. o (lane 1) is RNA-
from poa2W3'PS, a plasmid containing the wild type a2 globin gene (only gives an « poly(A) band). The band at ~170 bp is a co-transfection

control (rabbit 8 globin RNA), to measure for transfection efficiency.
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into the 3’ flanking sequence of the human « globin gene,
with a mutant, non-functional poly(A) signal (Whitelaw and
Proudfoot, 1986). A fourth clone, «C2A3, was identical to
C2A3, except that the « globin gene had a functional poly(A)
signal. This clone gives a measure of the relative strengths
of the C2 and « globin poly(A) signals. Figure 2A shows
maps of these clones, while Figure 2B presents the Sl1
analysis of HeLa cells transiently transfected with them.

Lanes 3 and 4 (Figure 2B) show that C2A3 and C2A2
give a strong C2 poly(A) band. C2A1, however, gives a
much weaker band (lane 5), indicating that sequences
necessary for the function of the poly(A) signal have been
removed (the band is slightly lower than for C2A3, as it
is a ‘mismatch band’, see Figure 2A). These constructs
demonstrate that a functional C2 poly(A) signal requires,
at most, 46 bp of sequence 3’ to the A,TA; motif. It is
interesting that clone «C2A3 (lane 2), gives a much stronger
C2 poly(A) band than « poly(A) band, despite the fact that
the poly(A) signal is over 100 bp downstream of that of «
globin. The C2 poly(A) signal would therefore appear to
be a strong RNA processing signal (more than « globin),
even though it has no GT or T rich region 3’ to the A,TA;
(see Figure 2A). This is in contrast to our previous finding
that poly(A) signals require such a region (Gil and Proudfoot,
1987; Levitt et al., 1989). The C2 poly(A) signal appears
to belong to a new class of efficient poly(A) signals without
a conventional downstream sequence.

A protein binds the C2-Factor B intergenic region
If there is a sequence downstream of the C2 poly(A) site
important in termination, a possible mechanism is that a
protein binds, and acts as a block to polymerase elongation.
This may be a specific termination factor, or may have a
dual role as a transcription factor for Factor B. Indeed, the
Factor B enhancer residues in a 450 bp DNA fragment, the
5’ end-of which lies 50 bp upstream of the C2 poly(A) signal;
the enhancer region contains various consensus sequences
for DNA binding proteins (Wu et al., 1987). To determine
if the region of DNA implicated in C2 termination does bind
a protein, in vitro footprint analysis was performed on a 180
bp sequence containing the 156 bp Ddel — BamHI fragment
lying 3’ to the C2 poly(A) site (see Figure 1A). The DNA
was end-labelled with [a-*’P]nucleotides, incubated with
either rat liver or HeLa cell extract, and cleaved with
.DNase I. Controls were treated identically, but contained
no extract. The cleavage products, after varying lengths of
incubation with DNase, were run on an acrylamide gel
alongside a sequence ladder of the fragment. Figure 3A
shows that a region of DNA is strongly protected from
digestion in the presence of rat liver extract; HeLa cell extract
gave an identical footprint (data not shown). The figure also
shows the sequence of the protected DNA, and its position
relative to the C2 poly(A) signal. In addition to the footprint,
there is a DNase hypersensitive site 33 bp downstream of
the 3’ end of the footprint (at +97).

Figure 3B shows a gel retardation experiment, in which
a 31 bp double-stranded DNA oligonucleotide containing the
27 bp footprinted sequence was labelled with 2P and
incubated with HeLa cell extract. Lane 1 shows that the
oligonucleotide binds a protein from HeLa extract to give
one major retarded complex. Lanes 2 —5 contain the same
amount of labelled probe and extract, with gradually
increasing amounts (10—200 times that of probe) of
unlabelled, homologous oligonucleotide, which outcompetes

4200

H—>

FOOTPRINT

A>TAs poly(A)Dde!
[l A
0

.
QT
w

+37 +64

' R < e .
5 GGCCTTGGGGGA GGGGGAGGCCAGAAT 3

B HOMOLOGOUS
COMPETITOR
< — —

MUTANT
COMPETITOR
- = s

Origin—»

Q~—+m “«M. Bl

4 6 8 9

Fig. 3. A. Footprint analysis of DNA 3’ to the C2 poly(A) signal. ‘F’
denotes the region of protected DNA, and ‘H’ a hypersensitive site
present only when protein is bound. +E and —E indicate presence
and absence respectively of rat liver extract. Each set of four lanes
was treated with DNase for 1, 2, 5 and 10 mins (from left to right).
Lanes T+C and A+G are sequence ladders, with DNA cleaved at the
bases indicated. The position of the footprint (solid block) and
hypersensitive site relative to the C2 poly(A) site is shown. The
sequence of the protected DNA is given, with a 6 bp direct repeat
indicated by arrows. B. Gel retardation of a 31 bp oligonucleotide
homologous to footprinted DNA. ‘R’ denotes a retarded protein—DNA
complex, and ‘P’ free DNA probe. Lanes 2—5 contain 10, 50, 100
and 200 ng respectively of unlabelled, wild type oligonucleotide, and
lanes 6—9 the same quantities of mutant oligonucleotide.




Transcription termination of human complement genes

50bp
FP
HincIl
Sty1| BspM1 BamH1 BspMi Banl
cz } } YAWS + ? H—FFACTOR B mRNA]
-496 AjTA, -381 -343 -260 -58 -43 PLASMID °/e CONVERSION
-43 -496 SV40
| — FBp-9 26-9°
-43 -381
[ — S TAT ) FBp-n 27-3%
-58 =343
( — }—Sl TAT ] FBp-12 35.6%
-58 -260
P m({—— "} SN TAT ) - o
FPDIMER_. FBp-13 1°/,
-43 -260
C —— }—S CTAT ] FBp-10 2°
— @ TAT ] SVICAT 0-7%

Fig. 4. The diagram illustrates restriction fragments of the Factor B upstream region cloned in reverse orientation into the Ndel site of pSVICAT
(Gorman et al., 1982). This plasmid requires enhancer activity in order to express CAT from the SV40 early promoter. Relative CAT activities are
given for these constructs transfected into HepG2 cells; assays were done in duplicate, using volumes of extract containing equal amounts of
[B-galactosidase activities from a cotransfected 3-Gal expressing plasmid. Restriction sites are numbered relative to the Factor B mRNA cap site. F.P.
denotes the footprint described in Figure 3A, and F.P. dimer a dimerized 31 bp oligonucleotide containing this sequence. The solid box is the SV40
early promoter, and open boxes are C2, Factor B and CAT mRNA sequences as indicated. Arrows indicate the orientation of DNA fragments with

respect to the C2—Factor B intergenic region.

the probe for the protein present; thus no probe is retarded.
Lanes 6—9 contain gradually increasing amounts of
unlabelled, mutant oligonucleotide (5 Gs mutated to Ts: see
Materials and methods), which competes with the probe for
the protein to a much lesser extent. This demonstrates that
the protein—DNA interaction is specific for the footprinted
DNA sequence.

These two in vitro assays have shown that a protein binds
to the C2 3’ flanking DNA, 37—64 bp 3’ to the C2 poly(A)
site. The sequence of the footprinted region is shown in
Figure 3A: it contains a [GsA] direct repeat. As described
below, this sequence is homologous to the MElal site in
the murine c-myc promoter, and, to a lesser extent, to the
MEIla2 site (Asselin er al., 1989) (see Figure 7). The MElal
sequence is required for c-myc expression, so it is possible
that the transcription factor to which it binds also participates
in Factor B expression.

C2 termination region DNA binding protein is not
associated with the Factor B enhancer

It has previously been reported by Wu ez al. (1987) that the
Factor B gene is activated by a liver specific enhancer
positioned in the C2-Factor B intergenic region and over-
lapping with the C2 poly(A) signal. We therefore wished
to determine whether or not the DNA binding protein we
described in the previous section is part of the Factor B
enhancer. The fact that this protein is detected in HeLa cell
nuclear extracts (see previous section) indicates that it is not
liver specific and is therefore unlikely to be responsible for
this liver specific enhancer activity. Even so, ubiquitous
transcription factors often act in association with tissue
specific ones to activate tissue specific enhancers or
promoters.

Figure 4 shows a set of plasmid constructs based on
pSVICAT (Gorman et al., 1982) which has the CAT gene
driven by the SV40 early promoter. As shown by Wu ez al.
(1987), the insertion of the Factor B enhancer in reverse
orientation upstream of the SV40 promoter (as in plasmid
FBp-9) confers high level liver specific expression. In
contrast FBp-10, which has a truncated enhancer fragment,
gave only low levels of expression. We constructed the

additional plasmids FBp-11, 12 and 13 to test the role of
the protein binding site described above in the factor B
enhancer. Plasmids FBp-11 and 12 delete the 5’ side of the
enhancer to just before and after the footprint region
respectively. As indicated FBp-9, 10 and 11 all gave nearly
equal, high levels of CAT activity when transfected into the
liver cell line HepG2. This result indicates that the DNA
binding protein is not part of the factor B enhancer. By way
of confirmation of this result, a dimer of the footprint
oligonucleotide (Figure 3) was inserted into FBp-10 to
generate FBp-13. However, this construct was still inactive,
as indicated by the low CAT activity value obtained for
FBp-10 and 13 (comparable to pSVICAT). From these
results we can conclude that the DNA binding protein
footprinting to the termination region of the C2 gene is
unlikely to be directly associated with the factor B enhancer.
Such observations make it more plausible that this protein
may have a direct role in C2 termination.

A 156 bp fragment of C2 3’ flanking DNA behaves
as a termination sequence: the protein binding site is
partially responsible

We have devised an assay for identification of putative
termination signals. The assay is based on poly(A) signal
competition where a strong poly(A) site is positioned
immediately downstream of a weaker poly(A) site. Normally
the strong poly(A) site will be predominantly utilized.
However, insertion of transcriptional pause or termination
sequences between the two poly(A) sites will favour greater
usage of the weaker upstream poly(A) site. The strong,
synthetic poly(A) site or SPA (Levitt et al., 1989) was cloned
45 bp downstream of the weaker o globin poly(A) signal
in a plasmid containing the human « globin gene; a unique
site between the two poly(A) signals allows insertion of
possible termination sequences. Relative usage of the signals
is determined by S1 analysis of cytoplasmic RNA from
transiently transfected HeLa cells (see Figure 5A). In this
parent clone, SPA*, the o poly(A) signal is used in only
8% of mRNA (Figure 5B, lane 2). Any fragment of DNA
inserted between the poly(A) signals will alter this figure.
A ‘neutral’ sequence will merely increase the spacing
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Fig. 5. A. Diagram of SPA™, showing relative positions of & poly(A) and SPA signals. The open box is exon 3 of human o2 globin; S1 probes are
generated by cleavage at the BstEIl site, and the bands expected from use of the o poly(A) and SPA signals are shown. Putative termination or
pause sequences can be inserted into the Xbal site between the two poly(A) signals. B. S1 analysis of SPA«, and SPAC2a clones. ‘SPA’ and ‘a’
denote use of the SPA and o poly(A) signal respectively. No co-transfection control is required, as it is the ratio of the two bands which is
measured. The figures beneath the lanes represent the percentage use of the « poly(A) signal, i.e. the proportion of the signal in the lower, «, band.
‘SPA™’ (lane 3) is RNA from a plasmid containing the SPA in the antisense orientation and so only gives an « band. This shows that SPA bands
are from use of the SPA, not read-through transcripts which are polyadenylated at some other site. Co is a tRNA control lane. C. SI analysis of

SPAC?2 oligonucleotide clones as in Figure 5B.

between the signals, resulting in a small increase in use of
the « signal. A sequence that causes termination or pausing
the polymerases will have a more drastic effect: termination
causes fewer SPA signals to be transcribed, so reducing
usage of this signal, whereas a sequence that pauses
polymerases increases use of the o poly(A) signal, since it
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prolongs the period in which only this signal is present in
the transcript. It is unlikely that a fragment altering relative
use of the signals could do so by favouring recognition of
one signal, for example by providing the o poly(A) signal
with a more efficient downstream region. This is because
the downstream sequences of poly(A) sites have been
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Fig. 6. Analysis of subfragments of the « pause site and C2 termination sequences of the poly(A) site competition assay. A. Diagram showing the
156 bp Ddel—BamHI C2 fragment in relation to the C2 poly(A) site. The solid block is the region of footprinted DNA. The solid lines represent
subfragments cloned into SPA*, positioned beneath their exact location in the C2 3’ flanking region. Constructs SPAC2g*/~ contain two separate
fragments cloned adjacent to each other. The figures give the percentage use of the o« poly(A) signal on S1 analysis of the clones, in sense (+) and
antisense (—) orientations, as in Figure 5B (S1 analysis not shown for these clones). The sequence of the 156 bp fragment is shown beneath the
subfragments. B. Diagram showing the locations of five subfragments (a2 —6) of the o globin pause site (1) present in clones SPAal—6. The
figures give the percentage use of the o poly(A) signal for each clone. The sequence of the 92 bp pause site is given, with its position downstream

of the a poly(A) signal indicated.

demonstrated to show position dependence and only function
immediately following the 3’ cleavage site (McDevitt et al.,
1987; Gil and Proudfoot, 1987). Sequence added at the clon-
ing site is too far 3’ to the o poly(A) site to have any signifi-
cant influence on the o poly(A) site signals.

To validate the use of SPA* as an assay system for
termination signals, we inserted the previously defined o
globin gene pause site (Enriquez-Harris ef al., 1991) between
the two competing poly(A) signals in SPA™ to make
SPAal. As indicated in Figure 5B (lanes 4 and 5), the «
pause site sequence activates the upstream o poly(A) site
in an orientation specific manner. In a similar but more
pronounced effect, the 156 bp Ddel —BamHI fragment 3’
of the C2 poly(A) signal (SPAC2a) also gave an orientation
specific activation of the upstream « poly(A) site. Thus,
SPAC2a* (lane 6) enhances the relative use of the o signal
so that it is used in ~50% of transcripts, whereas the reverse
orientation (lane 7) only has a slight effect, probably entirely
due to spacing. This result is consistent with the C2 156 bp
fragment causing termination downstream of the o poly(A)
site, in an orientation specific manner.

We next wished to determine whether or not the protein
binding site is responsible for the C2 termination effect. The
31 bp wild type and mutant oligonucleotides described
previously (wo and mo respectively) were therefore cloned
into SPA™, as monomers (both orientations) and dimers (+
orientation only, e.g. SPA(wo),"). Figure 5C shows the S1
analysis of these clones. The wild type monomer gives a
small but orientation specific termination or pausing effect,
while the mutant gives a similar but less orientation
dependent effect. The difference between wild type and
mutant dimers is much more pronounced with the wild type
dimer giving an effect nearing that of the 156 bp C2
fragment. As shown in Figure 3B, the mutant oligonucleotide
still displays some capacity to bind the protein since at high
concentrations it does compete with the wild type
oligonucleotide for protein binding. This weaker binding
effect of the mutant oligonucleotide may account for the
greater difference seen between the dimers of the two
oligonucleotides. Therefore coupled with the gel retardation
data shown in Figure 3B, these data suggest that the effects
seen with the oligonucleotides in this assay are due to a
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protein which binds more strongly to the wild type sequence,
especially as a dimer. However, the effect of inserting a
single oligonucleotide downstream of the « poly(A) signal
is considerably smaller than that of the 156 bp fragment
containing this sequence. We therefore conclude that this
fragment contains other sequences contributing to the
termination or pausing effect.

Dissection of the « globin and C2 pause
site/termination sequences

Six different subfragments of the 156 bp C2 terminator
fragment were inserted, in both orientations, into SPA*,
and the resulting clones analysed as in Figure 5. The
positions of these sequences within the 156 bp fragment, and
the percentage use of the « poly(A) signal for each clone,
is shown in Figure 6A. All of the fragments give an effect,
mostly orientation specific, but none as great as that for
SPAC2a*. The clone SPAC2b* (+40 to +162) is almost
as active as SPAC2a*, suggesting that sequence 3', not 5',
to the footprint is important. Furthermore SPAC2b lacks any
of the C2 poly(A) site downstream sequences defined in
Figure 2. The possible activation of the o poly(A) site by
insertion of C2 poly(A) site downstream sequences can
therefore be discounted. Thus the putative C2 termination
sequence resides in a 156 bp fragment of DNA from +6
to +162 past the poly(A) site. This region contains the
protein binding site, but this is only partially responsible for
the termination effect.

Figure 6B shows a similar dissection of the human o2
globin gene’s pause site, which causes transcriptional
termination when placed downstream of a strong poly(A)
signal (Enriquez-Harris et al., 1991). This 92 bp sequence,
which does not appear to bind a protein (data not shown),
and has no sequence homology with the C2 termination
sequence. Five subfragments of the « pause site, generated
by Bal31 deletion, were inserted into SPA™ in sense and
(for three fragments only) antisense orientations. These
clones, and the resultant percentage usage of the « signal,
are shown in Figure 6B. None of these sequences gives the
entire effect seen with the 92 bp fragment (Figure 5B), so
it must be concluded that most, if not all, of this sequence
is required. (Clone SPA«a6, however, shows very little
activity and is the only clone which lacks the 13 bp sequence
at the 3’ boundary of the 92 bp fragment.) The 2 globin
pause site, therefore, resembles the C2 termination sequence
in that a specific sequence of DNA, much longer than a
protein binding site, is responsible for pausing/terminating
RNA polymerases, in an orientation specific manner.

The C2 protein binding site and the murine c-myc
ME1a1 site bind an identical, or closely related,
protein

Following the demonstration that the C2 binding site is
partially responsible for the termination effect seen in
Figure 5, and the observation that it bears homology to a
c-myc promoter element, the two sites were compared in
a gel retardation assay. Figure 7B shows the sequences of
the two oligonucleotide probes used in the assay, a 24 bp
sequence containing the c-myc MElal site and the 31 bp
C2 sequence used previously (see Figure 3B). These
oligonucleotides were labelled with 2P and incubated with
HeLa cell extract and varying amounts of unlabelled
oligonucleotide competitors: a non-specific 31 bp sequence,
the 31 bp C2 sequence, and the 24 bp c-myc sequence.
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Figure 7A shows the result of one such gel retardation
experiment. Lanes 1 —6 show that both C2 and c-myc probes
bind a protein specifically (the probes cannot be outcompeted
by a 500-fold excess of an unrelated sequence). The retarded
complex appears identical in size for both probes, suggesting
that they are binding the same protein. Lanes 7—9 and
10—12 contain gradually increasing amounts of unlabelled
C2 oligonucleotide, with C2 and c-myc probes respectively.
This competes with both probes to the same extent. Lanes
13—15 and 16 —18 are similar experiments, but substituting
unlabelled C2 with c-myc oligonucleotide. Again, this
competes with both probes, but to a slightly less extent than
the C2 competitor. These competition experiments show that
the C2 binding site recognizes a protein that is very similar,
if not identical, to that binding the murine MElal site. The
fact that the C2 site competes more efficiently than MElal
suggests that this sequence binds the protein with greater
affinity (although this may be caused by differences in probe
length).

Finally, Figure 7B compares the nucleotide sequences of
the C2 and c-myc protein binding sites. As indicated, both
sequences possess the identical PuPuG;AG4PuPuG,
sequence element. Significantly the asterisked nucleotide
positions in the c-myc sequence have been shown to be
required for protein binding by methylation interference
experiments (Asselin ez al., 1989). Most of these critical
nucleotides fall within the common sequence motif between
C2 and c-myc.

Discussion

We have shown that termination of the C2 gene occurs
immediately after the polyadenylation site. Furthermore, a
156 bp fragment from this region behaves as a terminator
in an indirect assay system. Within this fragment is a binding
site for a protein, identical or closely related to that binding
the c-myc MElal motif, which is partially responsible for
this termination effect. As described in the Introduction, there
are two models for transcriptional termination of mRNA
genes. One postulates that an antitermination factor leaves
the polymerase as it passes a poly(A) signal, so destabiliz-
ing it (Logan et al., 1987). The other states that cleavage
at the poly(A) signal results in degradation of the nascent,
uncapped transcript, leading to termination (Proudfoot,
1989). Both models predict that closely spaced genes require,
in addition to a poly(A) signal, a pause site to slow down
elongating polymerases (such as that characterized for o2
globin), or a ‘termination sequence’, to halt or further
destabilize polymerases. Such signals would ensure that
termination follows swiftly after cleavage and polyadenyla-
tion. They may also be important for genes where termina-
tion controls differential splicing or poly(A) site usage, for
example in the immunoglobulin heavy chain constant region
(Mather et al., 1984). The C2 termination sequence defined
here is consistent with either model for termination. We
suggest that a strong poly(A) signal coupled with a
termination sequence or pause site constitutes a signal for
termination. Such a signal was created when the « pause
site was placed 3’ of the SPA (Enriquez-Harris et al., 1991),
and a similar signal appears to be present 3’ of C2, where
a termination sequence lies downstream of the strong C2
poly(A) site. Other examples of termination sequences have
been found, both in vitro (Kerppola and Kane, 1988;
Resnekov and Aloni, 1989; Baek et al., 1986; Dendrick




Transcription termination of human complement genes
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Fig. 7. A. Gel retardation of oligonucleotide homologous to the C2 3’ footprint (C2) and to the c-myc MElal promoter footprint (myc). P(C2) and
P (MYC) indicate unbound probes (C2 and myc respectively), and R the retarded DNA —protein complex. 1 ng of each probe was competed with

10 100 and 50 ng of unlabelled non-specific, C2 and myc oligonucleotides, as shown above the retardation (increasing amounts of competitor towards
the head of each arrow). B. Sequence comparison of the C2 and c-myc MElal oligonucleotides. G residues in the myc sequence found selectively in
the unbound form when methylated are indicated by asterisks (Asselin er al.. 1989).

et al., 1987) and in vivo (Frayne and Kellems, 1986; Logan
et al., 1987; Connelly and Manley, 1989a). The sequences
of the C2 termination sequence and o pause site are given
in Figure 4C and D respectively.

It is not known how termination sequences and pause sites
cause an RNA polymerase to slow down or stop transcribing.
For C2 termination, it appears that a DNA binding protein
is important. The protein also binds to the MElal site of
murine c-myc, which is located between the two promoters,
P1 and P2 (Asselin et al., 1989). Deletion of this site inhibits
P2 expression, causes an increase in P1 expression and also
prevents attenuation in exon 1 (Miller er al., 1989). The
protein binding to MElal may be participating directly in
attenuation, or, if attenuation only occurs when P2 is used,
it may act by controlling the relative usage of P1 and P2,
causing termination of P1 transcripts within the P2 promoter.
This is highly reminiscent of the C2—Factor B system,
where the identical (or closely related) protein is required
to terminate transcription from an upstream gene, preventing

readthrough into the downstream promoter. The protein is
present in a variety of cell types (Asselin ez al., 1989), and
may participate in termination of a range of genes. Sequences
homologous to MElal are also found in the attenuation
regions of murine genes c-myb and c-fos (S.Wright,
unpublished data).

The protein binding region was found to be insufficient
to give the maximal termination effect, although it does
contribute to it. Some other property of the 156 bp fragment
appears to act in concert with the protein to promote
termination. Others have suggested that RNA secondary
structure is involved in termination, for example in the
chicken 8" globin gene (Pribyl and Martinson, 1988) and
the SV40 late gene premature termination sequence (Hay
et al., 1982). However, neither the C2 terminator nor «
globin pause site are predicted to have any significant
structure in the RNA. It is probable, then, that some property
of the DNA is important. One possibility is that the DNA
is ‘bent’. It is interesting that protein binding caused a
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hypersensitive site to appear, 33 bp 3’ of the footprint. This
raises the possibility that protein binding alters the physical
structure of the DNA. Certain sequences are known to be
prone to forming a bent conformation, but only do so when
a protein binds, for example the lac promoter of E.coli,
which bends when it binds CAP (Wu and Crothers, 1984).
It is difficult to predict the tendency to bend from primary
sequence, but bent DNA is typically AT rich on one side
of the helix. Both the o pause site and C2 termination
sequence are A rich (40% and 29% respectively). Intrigu-
ingly, the sequences of other terminators are AT rich: for
example, those of histone H2A (A rich) (Johnson et al.,
1986; Briggs et al., 1989), SV40 (AT rich, with a bend in
the DNA) (Hsieh and Griffith, 1988) and rho independent
prokaryotic terminators (hairpin loop, then T rich) (Platt,
1987). Certainly for procaryotes, this functions to weaken
the interaction between the nascent RNA and the DNA
template. The SV40 late gene premature terminator and the
c-myc attenuator possess sequences which could form stable
RNA stem—Iloops, followed by T rich regions, which are
both required for termination, demonstrating that more than
one structural motif is required to form a functional
termination signal, at least in these examples.

Both the o globin pause site and C2 termination sequence
are orientation dependent. If the protein acts as a simple
block to polymerase elongation, its binding sequence would
also be expected to work in both orientations. However, not
all proteins cause termination, and the adenovirus CCAAT
box, which terminates transcripts from the adenovirus MLP,
only functions in one orientation (Connelly and Manley,
1989a,b). Other terminators are also orientation dependent,
for example those of human histone H3.3 and human c-myc
genes (Kerppola and Kane, 1990). These terminators were,
in addition, shown to contain bent DNA, although this was
insufficient to cause termination. The protein binding site
involved in C2 termination is asymmetric, and only worked
in the sense orientation in the poly(A) signal competition
assay. We therefore postulate that C2 termination requires
an orientation specific interaction between RNA polymerase
II, an asymmetric protein, and some other, as yet undefined,
property of the DNA sequence.

Materials and methods

Plasmid constructions

The HindIII fragment of ‘Cos10’, containing the 3’ end of C2, 5' end of
Factor B and the intergenic region, was cloned into pAT153 to give pH1.3Ba
(Wu et al., 1987). The 890 bp Ncol fragment of this was cloned into the
BamHI site of plasmid pML(C,AT) (Sawadogo and Roeder, 1985), which
contains the adenovirus MLP and a G-less cassette cloned into pU13, to
give pMLC2.B. Ligations were of blunt-ended fragments, filled in with
the Klenow fragment of DNA polymerase.

NRO probes. Two BamHI—Hincll fragments of pMLC2.B (A,B), a
BamHI—Bg/1l fragment of pMLC2.BA24 (from Bal deletion of pMLC2.B;
see below, and Figure 1A) (C), a BstEll — Bg/II fragment of pH1.3BA (D),
and the Pvull—AfIll fragment of the mouse histone H4 gene (His) were
filled in and blunt-end ligated into M13mp9 cut with Hincll. The antisense
orientation was screened for by restriction fragment analysis.

aC2poly(A) clones. pMLC2.B was linearized at the Xbal site (3’ to the
Factor B sequence), and Bal31 exonuclease used to delete in both directions.
Endpoints were blunt-ended and ligated with Bg/II linkers to give pMLC2.BA
clones. Hinclll—Bg/ll fragments of pMLC2.B1A1, A2 and A3 (with 12,
46 and 82 bp of sequence 3’ of A;TA3) were blunt-end ligated into the
Pvull site of «2W3'PS or o2M3'PS (Whitelaw and Proudfoot, 1986).
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CAT clones. The 336 bp Styl—Banl and 285 bp BspMI fragments from
pMLC2.B were inserted in the reverse orientation into the Ndel site of
pSVICAT (Gorman eral., 1982) to generate FBp-11 and FBp-12
respectively. The 31 bp wild type oligonucleotide (see gel retardation method
for sequence) was cloned as a dimer in sense orientation into the BspMI
site of FBp-10 (Wu et al., 1987), to generate FBp-13. FBp-9 and FBp-10
are gifts from R.D.Campbell.

Poly(A) competition clones. SPA* (originally a2W3'PSA3SPA) was
created by insertion of an EcoRI— HindIII fragment containing the SPA in
the Smal site of a pUC119 polylinker into the Bg/II linker of A3C (Levitt
et al., 1989), downstream of the intact a2 globin gene. SPA™ has the SPA
inserted in the opposite (antisense) orientation. Oligonucleotide or fragments
containing portions of the C2 termination region or the a2 pause site were
blunt-end ligated into the Xbal site of SPA™ (see Figure 4 for details).

Transfection and RNA analysis

HeLa, 293 and HepG2 cells were transfected using calcium phosphate
precipitates, left on the cells (~50% confluent) for 8—10 h (or 4 h for
293 cells, followed by a 10% glycerol shock). 20 ug of test plasmid was
used per 15 cm plate. Cytoplasmic RNA was isolated after 36 —48 h; for
details of RNA preparation and S1 analysis, see Johnson er al., 1986. All
plasmids were cotransfected with 7 ug of RBSVpBR328, expressing SV40
T antigen, to promote replication (Grosveld et al., 1982). S1 probe/RNA
hybrid digestion products were subjected to electrophoresis through 4%
polyacrylamide 7.3 M urea gels, and autoradiography performed at —70°C
with intensifying screens.

(3-Gal and CAT assays

HepG2 cells were transfected using the calcium phosphate precipitation
method. Cells were harvested 48 h after removal of the precipitate. Cellular
lysates were prepared by three rounds of freeze —thawing. Lysates were
assayed for 3-galactosidase activity as described by Herbomel ez al. (1984).
CAT assays were performed as described by Gorman et al. (1982). CAT
assays were quantified by cutting chloramphenicol and three acetyl
chloramphenicol spots from the TLC plate and counting them in a liquid
scintillation counter.

NRO analysis

Human liver nuclei were prepared according to the method of Graves et al.
(1986). In essence, about 10 cm? of liver was homogenized (using a
polytron homogenizer), in a buffer containing 0.25 M sucrose. The
homogenate was filtered through nylon, made up to 0.5% NP40, and
rehomogenized. The homogenate was mixed with an equal volume of buffer
containing 2.6 M sucrose, and layered on top of a third buffer, containing
2.1 M sucrose, in a centrifuge tube. This was spun in a swing-out rotor
(SW28) at 26 000 r.p.m. for 45 min at 0°C to pellet the nuclei. Nuclei
were incubated at 37°C for 5 min in the presence of 44 mM Tris pH 8.3,
6.3 mM MgCl,, 0.08 mM EDTA, 173 mM KCl, 0.29 mM rATP, rGTP,
rCTP, 200 xCi [a-?P]rUTP and 30% glycerol. Nuclei treated with
3.8 ng/ul a-amanitin were pre-incubated for 15 min at 37°C. Elongation
was terminated by the addition of ~200 U of RNase-free DNase (Boehringer
Mannheim), and incubation at 37°C for 45 min. Deproteinization was
achieved by addition of 25 ug of proteinase K, and 275 ul of 0.2 M Tris
pH 7.5, 0.3 NaCl, 2% SDS, 25 mM EDTA, followed by incubation for
30 min at 37°C. RNA was phenol—chloroform extracted, ethanol
precipitated and resuspended in 50 ul TE (10 mM Tris, pH 7.5, 1 mM
EDTA) and then 50 pl hybridization solution (4 x SSC, 10X Denhardt’s,
200 pg/ml sonicated herring DNA, 0.2% SDS, 50% formamide, 10%
dextran sulphate). The RNA was heated at 85°C for 5 min, then hybridized
to M13 single-stranded probes immobilized on nylon filters. Filters were
washed in 0.5 X SSC, 0.1% SDS at 65°C for 30 min, and autoradiography
performed as above. For further details, see Enriquez-Harris et al. (1991)
and Whitelaw and Proudfoot (1986).

DNase footprinting and gel retardation assays

The footprinting probe was obtained by filling in (using Klenow and
radiolabelled nucleotides) the Bg/II site of the 180 bp Psrl—Bglll fragment
of SPAC2a”, which contains the 156 bp Ddel—BamHI fragment of
pPMLC2.B, followed by purification from a 4% polyacrylamide gel.
150—250 counts of probe (measured on a Geiger monitor) was incubated
with and without 6 ul rat liver extract or 4 ul HeLa cell extract per time
point, in 10 mM Tris pH 7.5, 50 mM NaCl, 1 mM EDTA, 5% glycerol
and 10 pg of poly(dIdC) (Pharmacia). Extracts were prepared according
to Dignam er al. (1983). After 15 min at room temperature, 2U of RQ1
DNase were added, and aliquots removed after 1 — 10 min. After phenol —
chloroform extraction and ethanol precipitation, samples were resuspended
in a formamide dye mix, and equal numbers of counts loaded onto a 6%




acrylamide 7.3 M urea gel. Sequencing (Maxam and Gilbert. 1980) was
carried out on the 180 bp probe, and run alongside the DNase I products.

Gel retardation was performed using 31 bp oligonucleotides homologous
to the footprinted region (5'-CTGGCCTTGGGGGAGGGGGAGGCCA-
GAATGA-3', wild type, and 5'-CTGGCCTTGGGGGATTTTTAGGC-
CAGAATGA-3', mutant). The 24 bp c-myc oligonucleotide is shown in
Figure 5. These were annealed to their complementary strands. to generate
competitor DNA, or (one strand end-labelled with ["ZP] using
polynucleotide kinase, and gel purified), to generate probe. 1 ul of HeLa
cell extract was incubated for 5 min with 2 ug of poly(dIdC) in the glycerol
buffer described previously, with or without competitor DNA (from
10—500 ng). One nanogram of probe (wild type oligonucleotide) was added.
and after a further 20 min, the products were run on a 6% acrylamide gel
at 350 V. Autoradiography as before.
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