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Two heterologous prokaryotic activators, the bacteriophage A cl protein (Acl) and the 
Escherichia coli cyclic AMP receptor protein (CRP), were shown to activate transcription 
synergistically from an artificial promoter bearing binding sites for both proteins. The 
synergy depends on a functional activation (positive control) surface on each activator. 
These results imply that both proteins interact directly with RNA polymerase and thus 
suggest a precise mechanism for transcriptional synergy: the interaction of two activators 
with two distinct surfaces of RNA polymerase. 

T h e  bacteriophage A cI protein (AcI), 
which is both a repressor and an activator of 
transcriution (1 ), binds as a dimer to six , , ,  

17-base pair (bp) operators on the phage 
chromosome. In a h lvsoeen, kc1 dimers , - ,  

bind cooperatively to adjacent operators 
OR1 and 0,2 in the phage right-operator 
region (2), and the dimer bound at OR2 
contacts RNA polymerase to activate tran- 
scription from the adjacent promoter PRM 
(Fig. 1A) (3-6). The dimer bound at OR1 
(a high-affinity site) contributes only indi- 
rectly to P,, activation by helping another 
AcI dimer to bind to the weaker-affinity 
0,2 site. A t  high concentrations of AcI, a 
P,, promoter with only the 0,2 site (cen- 
tered 42 bp upstream of the transcription 
start point) can be fully stimulated (3). kc1 
binds DNA with a helix-turn-helix motif 
(7) ,  and residues specifically required for 
transcriptional activation are located along 
the solvent-exposed surface of the first helix 
(4, 5) .  Evidence suggests that kc1 uses this 
positive control (pc) surface to contact the 
u subunit of the adjacently bound RNA 
polymerase (6). 

The E.  coli cyclic AMP (CAMP) recep- 
tor protein (CRP) is an activator of tran- 
scription that regulates the expression of a 
large number of operons by binding as a 
dimer to a 22-bp recognition sequence 
when complexed with cAMP (8). CRP 
consists of a large amino domain that binds 
cAMP and mezates dimer formation, and a 
smaller carboxyl domain that binds DNA 
with a helix-turn-helix motif (9, 10). O n  
binding to its recognition site, CRP induces 
a sharp bend in the DNA (10). Unlike AcI, 
which can only activate transcription when 
bound directly upstream of the promoter 
-35 region, CRP functions when bound at 
a variety of different distances from the 
transcription start point (8, 11 ). A t  the lac 
promoter, CRP binds to a site centered at 
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position -61.5 relative to the start point of 
transcription and exerts its stimulatory ef- 
fect with a solvent-exposed loop in the 
carboxyl domain that interacts directly with 
the a subunit of RNA polymerase (12). 
CRP mutants with amino acid substitutions 
in this activation loop (residues 156 to 164) 
are defective for positive control of the lac 
promoter, but bind and bend the DNA 
normally (1 3, 14). 

To  determine whether hcI and CRP can 
function synergistically to activate tran- 
scription, we created two artificial promot- 
ers derived from a AP,,-lac2 fusion (15). 
Both promoters contain a single kc1 bind- 
ing site, 0,2, located at its natural position. 
In addition, one contains a consensus CRP 
binding site centered 93.5 bp upstream of 
the transcription start point (Fig. 1B). 
These two promoters, P,,A-50 and 
P,,A-50/CRP, contain h sequences that 
extend as far upstream as position -50 
relative to the P,, startpoint. 

We  performed experiments in the crp+ 
E.  coli strain, MC1000 (16). When ex- 
pressed at a level sufficiently high to ensure 
occupancy of the 0,2 binding site, kc1 
stimulated transcription from PR,A-50 as 
measured by both p-galactosidase (@-Gal) 
and primer extension assays (Fig. 2, A and 
B). Furthermore, a kc1 pc mutant defective 
in the ability to activate wild-type PRM also 
failed to stimulate our truncated derivative 
(17). 

Additidn of the CRP binding site up- 
stream of P,,A-50 resulted in an increase 
in lac2 transcription in the absence of AcI 
(Fig. 2, A and B), suggesting that CRP can 
stimulate the heterologous PRM promoter. 
In addition, replacement of the high-affin- 
ity consensus CRP binding site on 
P,,A-50/CRP with weaker, less canonical 
CRP binding sites decreased promoter ac- 
tivity (17). A CRP pc mutant isolated be- 
cause of its inability to stimulate transcrip- 
tion from the wild-type lac promoter (13) 
was also defective in the stimulation of 
transcription from P,,A -50/CRP (1 8). 

Thus, we conclude that CRP can bind 
to the consensus site present on the 
P,,A-50/CRP template and stimulate 
PRM transcription with its previously char- 
acterized activation loop. 

When  the P,,A-50ICRP promoter 
was assayed with both activators, 1420 U 
of P-Gal activity were produced (Fig. 
2A).  This is a value much greater than 
the 364 U expected if the effects of the 
two activators were simply additive. Prim- 
er extension analysis (Fig. 2B) demon- 
strated that this increase in  P-Gal activity 
was the result of an  increase in correctly 
initiated transcripts from our modified 
P,, promoter. W e  conclude that on our 
artificial template, AcI and CRP activate 
transcription synergistically. 

One mechanism. to explain the observed 
synergy is that each activator uses its posi- 
tive control surface to contact a distinct 
surface of RNA polymerase. This hypothe- 
sis predicts that replacement of either acti- 
vator with a pc mutant should abolish the 
synergy. T o  test this prediction, we assayed 
our artificial promoters in a Acrp E ,  coli 
strain with various combinations of wild- 
type and pc mutant forms of AcI and CRP 
(19). 

Wild-type kc1 stimulated the P,,A-50 
promoter in the Acrp strain (20), whereas 
the pc mutant AcI-E34A (5) failed to acti- 
vate P,,A-50 and actually repressed tran- 
scription below the basal level (Fig. 3 )  (21). 
Wild-type CRP stimulated the P,,A-501 

RNA polymerase +- 
CRP O R ~  
-93.5 -42 
I - 
PRM 

Fig. 1. (A) Depiction of bacteriophage A 0, region 
in a A lysogen. The diagram illustrates the three Acl 
binding sites (open boxes) and associated pro- 
moters P, and P,, (transcription start points in- 
dicated with arrows) as well as the configuration of 
proteins bound to the region. Acl dimers (depicted 
as dumbbells) bind to 0,l and 0,2 to repress 
transcription from P,. The Acl dimer bound at 0,2 
also contacts RNA polymerase to activate tran- 
scription from P,,. (B) Diagrams of artificial pro- 
moters P,,A-50 and P,,A-50/CRP. Both pro- 
moters control expression of a trp-IacZfusion (32) 
and contain an 0,3 site bearing multiple muta- 
tions (31 ). 
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CRP promoter, whereas the pc mutant 
CRP-H159L did so weakly (Fig. 3). Togeth- 
er, the two wild-type activators worked syn- 
ergistically: Cells bearing the PRMA-501 

a b c d  

a b c d  

Fig. 2. Effects of hcl and CRP on artificial pro- 
moters PRMA-50 and PRMA-5O/CRP. Promot- 
er activities of PUMA-50 (lanes a and b) and 
PUMA-5O/CRP (lanes c and d) were measured 
by (A) p-Gal assay and (B) primer extension 
assay in crp+ strain MC1000 (1 6). Assays were 
done in strains harboring a control plasmid 
(lanes a and c) or a hcl-encoding plasmid (lanes 
b and d). The position of primer extension prod- 
uct produced by correctly initiated PuM tran- 
script is indicated by "+I ." Excess, unincorpo- 
rated primer is indicated. 

CRP template and expressing both activa- 
tors produced 1360 U of P-Gal activity as 
compared with the 369 U expected if the 
effects of kc1 and CRP were additive (Fig. 
3). 

However, when the CRP pc mutant 
(H159L) (13, 22) and wild-type kc1 were 
expressed in cells bearing the P,A-501 
CRP template, the level of P-Gal activity 
produced was only 293 U (Fig. 3). This 
level of P-Gal activity is only slightly high- 
er than the 256 U expected if the effects of 
CRP-H159L and wild-type AcI were addi- 
tive. AcI stimulated transcription from the 
single-site (PRMA-50) template equally 
well in the presence of either wild-type 
CRP or CRP-H159L (Fig. 3), indicating 
that CRP-H159L did not exert a nonspecif- 
ic effect on P, transcription. We therefore 
conclude that the ability of kc1 and CRP to 
function synergistically depends on the 
presence of an intact activation loop on 
CRP. 

Cells bearing the P,A-5O/CRP tem- 
plate and expressing a kc1 pc mutant 
(E34A) and either wild-type CRP or CRP- 
H159L produced very low levels of P-Gal 
activity, 83 and 37 U, respectively, indicat- 
ing that the ability of CRP and AcI to work 
synergistically also depends on the presence 
of a functional activation surface on AcI. 
These values are even lower than those 
obtained in the presence of either wild-type 
CRP alone or CRP-H159L alone (266 and 
106 U, respectively). This inhibitory effect 
of the kc1 pc mutant is consistent with the 
observation, mentioned above, that AcI- 
E34A not only fails to stimulate, but actu- 
ally represses, P, transcription from the 
PRMA-50 template by a factor of roughly 3. 

Although other prokaryotic regulators of 
transcription have been reported to act syn- 
ergistically, in these cases only one of the 
proteins (the target factor) is thought to 
interact directly with RNA polymerase; the 
other protein (or support factor contributes 
only indirectly to activation (23). The ef- 
fects of the activators are synergistic be- 
cause the support factor (or factors), when 

bound to its site, either facilitates the bind- 
ing of the target factor to its DNA site [as is 
the case, for example, with the kc1 dimer 
bound at OR1 (see above)] or enhances its 
ability to interact productively with RNA 
polymerase (24). 

Studies with artificial promoters have 
suggested, however, that two DNA-bound 
activators might both be capable of inter- 
acting directly with RNA polymerase. A 
pair of CRP dimers can work synergistically 
to activate transcription from a lac promot- 
er derivative bearing two CRP binding sites, 
one centered at position -61.5 (the natural 
location of the CRP binding site at the'lac 
promoter) and the other at position -93.5 
(25). Because cooperative DNA binding of 
the two CRP dimers apparently could not 
account for the observed synergy, it was 
suggested that each CRP dimer might in- 
teract directly with RNA polymerase. 

In another study, S. Busby and col- 
leagues (26) demonstrated synergistic acti- 
vation by a pair of CRP dimers bound to a 
synthetic promoter bearing CRP binding 
sites centered at positions -41.5 and 
-90.5. Using two experimental approaches, 
they showed that the H159L substitution 
(see above) eliminates the stimulatory ef- 
fect of the distally bound dimer, thus pro- 
viding evidence for a direct contact be- 
tween the distally bound dimer and RNA 
polymerase. The synergy was also seen 
when the anaerobic regulator FNR was 
bound at the distal position instead of CRP. 

The simplest inference from our data is 
that when bound on our two-site template, 
kc1 contacts the u subunit of RNA poly- 
merase and CRP contacts the a subunit 
(Fig. 4). In creating the artificial templates 
used here, we have not altered the position- 
ing of OR2 relative to PRM, and as men- 
tioned above, recent evidence suggests that 
AcI uses its activation surface to contact the 
u subunit of the adjacently bound RNA 
polymerase (6). In the case of CRP, studies 
with the lac promoter indicate that, when 
bound at position -61.5, CRP uses its ac- 
tivation loop (amino acids 156 to 164) to 

Fig. 3. Effects of wild-type and P,,&SO promoter 
positive control mutants of Xcl 
and CRP on artificial promoters 
PUMA-50 and PRMA-5O/CRP. 
Promoter activities of PUMA-50 
(columns a, c, e, g, i ,  and k) and 
PUMA-50/CRP (columns b, d, f ,  
h, j, and I) were measured by 
B-Gal assav in Acrr, strain 

, .,., 

B P,&-50tCRP promoter 

J ~ ~ 4 3 ~ c r ~ 3 9  (19). ~ s s a ~ s  were 2 
done in the presence of either 
wild-type CRP or a CRP pc mu- 
tant (CRP-H159L) (22), with either 0 
no Acl, wild-type Xcl, or a Acl CO'Um": 

pc mutant (Xcl-E34A) (21), as CRP: WT WT WT pc pc pc 
indicated. I :  - WT pc m p c  

1864 SCIENCE VOL. 265 23 SEPTEMBER 1994 



RNA polymerase 

Fig. 4. Model for synergistic activation of our arti- 
ficial promoter by hcl and CRP. We propose that 
both the hcl dimer (dumbbells) and the CRP dimer 
(striped figure) interact directly with RNA poly- 
merase. Possible target sites on RNA polymerase 
are discussed in the text. 

contact the a subunit of RNA polymerase 
near its COOH-terminal end (12). We  
therefore think it likely that this same tar- 
get site is contacted by CRP bound at po- 
sition -93.5 on our artificial template, 
though we cannot exclude the possibility 
that when bound at this unusual position 
CRP uses its activation loop to contact 
some other target site on the polymerase. A 
recent demonstration that the a subunit 
can bind DNA (27) prompted the sugges- 
tion that the functional consequence of the 
interaction between CRP and a at the lac 
promoter might be the stabilization of con- 
tacts between a and upstream promoter 
DNA (27). O n  our artificial template, per- 
haps CRP bound at position -93.5 facili- 
tates the association of a with the DNA in 
the region spanning the two activator bind- 
ing sites. 

Our report demonstrates that E. coli 
RNA polymerase bound at a single promot- 
er can respond directly to at least two dif- 
ferent activators, which in this case likely 
contact its u and a subunits. In being able 
to respond simultaneously to more than one 
regulator, the bacterial RNA polymerase 
resembles the basal transcription apparatus 
in eukaryotes, which is thought to respond 
to multiple activators at a typical complex 
promoter (28). Our findings with an artifi- 
cial promoter in E. coli raise the possibility 
that bacterial RNA polymerases might in- 
teract with more than one transcriptional 
activator at some natural promoters (29). 
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Complementation by SR Proteins of Pre-mRNA 
Splicing Reactions Depleted of U1 snRNP 

John D. Crispino, Benjamin J. Blencowe, Phillip A. Sharp* 

Individual small nuclear ribonucleoproteins (snRNPs) U1, U2, and U4/U6 were removed 
from nuclear extracts of HeLa cells by antisense affinity depletion. Addition of a highly 
purified preparation of SR proteins fully restored splicing activity in reactions depleted of 
U1 snRNP but did not reconstitute splicing in reactions depleted of the other snRNPs. 
Affinity selection experiments revealed that spliceosomes lacking U1 snRNAformed in the 
U1 snRNP-depleted reactions reconstituted with SR proteins. Thus, high concentrations 
of SR proteins facilitate the assembly of precursor messenger RNA (pre-mRNA) into a 
spliceosome in the absence of interactions with U1 snRNP. 

p r e - m ~ ~ ~  splicing takes place within a 
large complex termed the spliceosome, 
which contains four snRNP particles ( U l ,  
U2, U4/U6, and U5) and also many non- 
snRNP protein factors ( I ) .  SR proteins 
belong to a family of non-snRNP splicing 
factors that are highly conserved from 
Drosophila to primates and contain exten- 
sive repeats of the diamino acid sequence 
serine-arginine (2). Proteins of the SR 
family have been implicated both in con- 
stitutive splicing and in the regulation of 
alternative splicing (3). Recent work sug- 
gests that SR proteins function during an 
early step in the commitment of a sub- 
strate to splicing (4), facilitate the bind- 
ing of U1 snRNP to the 5' splice site (5),  
and also bridge interactions between the 
5' splice,-site and the branch site (6). 
Here, we show that high concentrations 
of SR proteins circumvent the require- 
ment for U l  snRNP in the pre-mRNA 
splicing reaction. 

Antisense 2'-O-methyl oligoribonucleo- 
tides were used to deplete HeLa cell nuclear 
extracts of either U1, U2, or U4N6 snRNPs 
(7). These extracts were not active for the 
splicing of added pre-rnRNA, but comple- 
mented each other in any pairwise com- 
bination (Fig. ID) (7, 8). Depleted nucle- 

Center for Cancer Research and Department of Biology, 
Massachusetts Institute of Technology, Cambridge, MA 
02139, USA. 

*To whom correspondence should be addressed. 

ar extracts were assayed for the presence 
of snRNAs by Northern (RNA) hybrid- 
ization (Fig. 1A).  In the reaction depleted 
of U1 snRNP, the amount of this snRNA 
was reduced approximately to a thou- 
sandth of the previous amount, whereas 
the levels of the nontargeted snRNAs 
were not greatly affected. 

Fractions containing SR proteins com- 
plemented splicing of a P-globin substrate 
in reactions depleted of U1 snRNP (Fig. 
ID).  Preparations of purified SR proteins 
were derived from nuclear extracts of 
HeLa cells as described (2) (Fig. 1B). A 
typical SR preparation also contained a 
small amount of contaminating snRNAs 
that were degraded by digestion with mi- 
cro.cocca1 nuclease. The resulting prepa- 
rations contained no detectable snRNAs 
when analyzed by Northern hybridization 
(Fig. 1C). 

After' digestion with micrococcal nucle- 
asecSR preparations retained the ability to 
restore splicing to reactions depleted of U1 
snRNP (Fig. ID). This resistance contrast- 
ed with the sensitivity of both the nuclear 
extract and the U2 snRNP-depleted ex- 
tract, which did not restore splicing to a U1 
snRNP-depleted reaction upon nuclease 
treatment (Fig. ID). Nuclear extract and 
U2 snRNP-depleted extract probably com- 
plement the absence of U1 snRNP by con- 
tributing functional U1 snRNPs; degrada- 
tion of the U1 snRNA would be expected 
to render these preparations inactive. This 

suggests that the activity of the SR prepa- 
ration is not the result of residual U1 
snRNA. The effects of SR proteins were 
specific, because their addition had little 
effect on the extent of splicing of mock- 
depleted reactions and, in addition, did not 
restore splicing to either U2 snRNP- or 
U4/U6 snRNP-depleted reactions (8). In 
titration experiments, the concentration of 
SR proteins required to complement the U1 
snRNP-depleted reactions was approxi- 
mately 10-fold greater than that of the en- 
dogenous concentration (8). 

The activity of SR preparations com- 
plementing a U1 snRNP-depleted reac- 
tion was dependent on the particular pre- 
mRNA. The p-globin substrate was the 
most active under these conditions, whereas 
an adenovirus premRNA substrate, Adl,  
was also spliced (Fig. 2A), but at approxi- 
mately 10% of the level observed in the 
mock-depleted reaction. In the case of the 
Ad1 substrate, addition of SR proteins to 
the mock-depleted reaction resulted in the 
activation of a cryptic 5' splice site that is 
located 125 nucleotides downstream of the 
normal splice site (Fig. 2B). Both sites were 
also active in the U1 snRNP-depleted re- 
action supplemented with SR proteins. A 
third substrate, pPIP85A, which is largely 
based on sequences in the Ad1 pre-mRNA 
but with many sequence variations, was not 
active for splicing upon addition of SR pro- 
teins to U1 snRNP-depleted reactions (8). 
Thus, there is a sequence specificity for 
splicing in the absence of U l  snRNP and in 
the presence of high concentrations of SR 
proteins. 

To  investigate further the role of SR 
proteins in the facilitation of splicing in 
U1 snRNP-depleted reactions, spliceo- 
somes were formed in reactions contain- 
ing 0.2 kg of substrate RNA that had 
been synthesized with biotinylated uridine 
triphosphate (9). This amount of substrate 
corresponded to at least a 100-fold excess over 
the minute amounts of U1 snRNA in the 
depleted reactions. Biotinylated p-globin 
pre-mRNAs were incubated under splicing 
conditions for 40 min in mock-depleted, U1 
snRNP-depleted, and U2. snRNP-depleted 
reactions either with or without added SR 
proteins; the extent of splicing was assayed by 
addition of a trace amount of labeled substrate 
(Fig. 3A). 

The spliceosomes from these reactions 
were recovered by chromatography on 
streptavidin agarose beads; and the bound 
RNA was analyzed by Northern blot anal- 
ysis (Fig. 3B). All six snRNAs were associ- 
ated with the spliceosome in reactions con- 
taining mock-depleted extract. The addi- 
tion of excess SR proteins had a small stim- 
ulatory effect on splicing and also on the 
amount of snRNAs in spliceosomes. Trace 
amounts of U2, U4, U5, and U6 snRNAs 
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