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Serum response factor (SRF) is a transcription factor that binds the sequence CC(A/T)6GG found in a number 

of growth factor-inducible and muscle-specific promoters. We describe the isolation and characterization of 

cDNA clones encoding a family of three human SRF-related DNA-binding proteins. Each of these RSRF 

(related to SRF) proteins contains an 86-amino-acid amino-terminal region related to the SRF DNA-binding 

domain: In RSRFC4 and RSRFC9, this region is identical, whereas that present in RSRFR2 differs by seven 

conservative amino acid substitutions. The DNA-binding specificity of the RSRF proteins, which recognize 

the consensus sequence CTA(A/T)4TAG, is distinct from that of SRF. The entire RSRF common region is 

required for DNA binding, and the differential sequence specificity of the RSRFs and SRF is the result of 

differences in the basic amino-terminal part of this domain. The RSRF proteins bind DNA as dimers and can 

dimerize with one another but not with SRF. Although the RSRF mRNAs are expressed in many cell types, 

RSRFR2 mRNA is expressed at elevated levels in several B-cell lines. Consistent with this, extracts from 

many cell types form CTA(A/T)4TAG-binding complexes that contain RSRF proteins, and oligonucleotides 

containing RSRF-binding sites function as promoter elements in transfection assays. Like SRF-binding sites, 

RSRF-binding sites are found in the regulatory sequences of a number of growth factor-inducible and 

muscle-specific genes, and we show that RSRF polypeptides are components of previously characterized 

binding activities that interact with these elements. We discuss the potential role of RSRF proteins in the 

regulation of these genes. 
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Serum response factor (SRF) is a transcription factor that 

binds to the serum response element (8RE), a short reg- 

ulatory sequence present in the promoters of many cel- 

lular immediate early genes such as c-fos and those en- 

coding cytoskeletal actins (for review, see Treisman 

1990). The SRF-binding site consensus sequence, CC(A/ 

T)6GG , is also found in a substantial number of muscle- 

specific promoters, such as those of the cardiac and skel- 

etal e~-actin genes (Minty and Kedes 1986). Functional 

analysis of both types of promoter has shown that mu- 

tations that block SRF binding abolish activity (for re- 

view, see Treisman 1990; also see Walsh and Schimmel 

1988; Walsh 1989; Sartorelli et al. 1990). Moreover, the 

SRF sites from muscle-specific promoters can act as 

growth factor-regulated promoter elements in nonmus- 

cle cells (Taylor et al. 1989; Walsh 1989; Tuil et al. 1990). 

These findings have led to the idea that SRF interacts 

with both types of promoter and that its activity is mod- 

ulated by cell type- and promoter-specific factors (Boxer 

et al. 1989; Taylor et al. 1989). 

SRF recognizes its operator as a dimer via a 90-amino- 

acid DNA-binding domain that appears unrelated to 

known DNA-binding structures. This domain comprises 

an amino-terminal basic region required for high-affinity 

DNA binding and a 50-amino-acid carboxy-terminal re- 

gion that can direct subunit dimerization but cannot 

bind DNA (Norman et al. 1988; see Fig. 8, below). The 

DNA-binding domains of the Saccharomyces cerevisiae 
regulatory proteins MCM1 and ARG80 share -70% 

identity with that of SRF (Dubois et al. 1987a, b; Norman 

et al. 1988; Passmore et al. 1988; Ammerer 1990). In 

addition, several plant proteins contain a 56-amino-acid 

region highly related to the amino-terminal part of the 

SRF DNA-binding domain (Schwarz-Sommer et al. 1990; 

Sommer et al. 1990; Yanofsky et al. 1990; Ma et al. 

1991). This region, which contains residues common to 

the entire group of proteins, has been termed the MADS 

(MCM1-Arg80--_agamous-deficiens-SRF) box (Schwarz- 

Sommer et al. 1990). Although the DNA-binding speci- 

ficity of MCM1 is clearly related to that of SRF (Hayes et 

al. 1988; Passmore et al. 1989), the binding specificities 

of the other proteins are uncharacterized. 

In addition to its function in subunit dimerization and 

DNA recognition, the SRF DNA-binding domain is suf- 

ficient to recruit to the c-los SRE a second protein, 

p62 TcF, which by itself exhibits no detectable DNA- 
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binding activity (Herrera et al. 1989; Shaw et al. 1989; 
Schroter et al. 1990). It has been suggested that the role of 
p62 TCF is t o  integrate different signal transduction path- 
ways at the SRE (Shaw et al. 1989; Graham and Gilman 
1991). The activity of many MCM1 operators is likewise 
determined by the interaction of MCM1 with a variety of 
cell type-specific or pheromone-regulated accessory pro- 
teins (Bender and Sprague 1987; Keleher et al. 1988, 1989; 
Errede and Ammerer 1989; Ammerer 1990}. As with SRF, 
these interactions require only the MCM1 DNA-bindmg do- 
main (Ammerer 1990; M. Primig and G. Ammeter, in prep.). 

In a search for other proteins that might bind the c-los 
SRE, we set out to isolate cDNAs encoding other human 
SRF-related proteins. Here, we describe the isolation of 
cDNAs encoding a family of such proteins. These RSRF 
(r_elated to SRF) proteins bind the consensus sequence 

CTA(A/T)4TAG. Intriguingly, this binding site, like the 
SRF-binding site, occurs in many muscle-specific and 
growth factor-regulated genes. Previous studies have im- 
plicated CTA(A/T)4TAG elements and their cognate 
binding factors in the activity of several muscle-specific 
promoters (Hobson et al. 1988, 1990; Braun et al. 1989; 
Gossett et al. 1989; Horlick and Benfield 1989; Mueller 
and Wold 1989; Horlick et al. 1990; Zhu et al. 1991). We 
demonstrate that RSRF proteins are components of pre- 
viously characterized cellular binding activities that in- 
teract with these promoter elements. 

Results 

Isolation of SRF-related cDNAs 

We first screened human placenta and Jurkat cell cDNA 

libraries by low-stringency hybridization with a DNA 

RSRFC4 and RSRFC9 

=>C4 

GGCGGAATTGCATTTTGTGAAAAAAGAACAAGAAT~I'TCTGCAAGGAT "A TATC TAAI ;TGC AC TT'I~FT~ :CTGATACTTCATq~FCTAATCTTGTAGAAAATTTC AGCTGTAGCCCTTGGAC 120 

--- M G R K 4 

TAGAAGCTGAAATAACAGAAGCTGTGTACGATGCATTAGc`GTATTG;L~GAAAATTAACTTTTGAATTAAA~PATTTGGAATATAAGGAAATAAGGAAAGTTGA~T~AA~TGGGGCGG~G 240 

=>C9 - > 

K I O I T R I M D E R N R O V T F T K R K F G L M K K A Y E L S V L C D C E I A 44 

AAAATAC AAATCACACGCATAATGGATG AAAGGAAC C GACAGGTCACTTTTACAAAG AGAAAGTTTGC, ATq'AATGAAGAAAGCCTATGAAC TTAGTGTGCTC~ ACTG~TAGCA 360 

L I I F N E S N K L F O Y A S T D M D K V L L K Y T E Y N E P H E S R T H S D I 84 

CTCATCA'Pi'Iq~ AAC AGCTCTAACAAACTGTTTC AATATGCTAGCACTGATATGGACAAAGTTCTTCTCAAGTATACAGAATATAATGAACCTCATGAAAGCAGAACC~C~GGATA~ 480 

Cgs T L R K K G L N G C E S P D A D D Y F E H S P L S E D R F S K L N E D S D F 

ACTTTAAGAAAGAAAGGCC TTAATGGTTGTGAGAGCC C TG ATGC TGACGATTAC q'FPGAGC ACAGTCC AC TCTC GGAGGAC AGATTC AGC AAAC TAAATGAAGATAGTGATTTT 

V E A L N K K E H R G C D S P D P D T S Y V L T P H T E E K Y K K I N E E F D N 124 

GTTGAGGCTCTGAAC AAGAAGGAACACAGAGGGTGC GAC AGCCC AGAC CCTGATACTTCATATGT(3CTAACTCC AC ATACAGAAGAAAAATATAAAAAAATTAATGAGGAATTTGATAAT 600 

<- probe 
I F K R G P - 

A'i" xTi~2 AAACGAGGC CCT ...... 

M M R N H K I A P G L P P Q N F S M S V T V P V T S P N A L S Y T N P G S S L V 164 

A~DGATGCGGAATCATAAAATCGCACCTGGTCTGCCACCTCAGAAC~i-i-i~iCAATGTCTGTCACAG1~PCCAGTGACCAGCCCCAATGCTTTGTCCTACACTAACCCAGGGAGTTCAC~G~ 720 

S P S L A A S S T L T D S S M L S P P Q T T L H R N V S P G A P Q R P P S T G N 204 

TCCCCATCTTTGGCAGCCAGCTCAACGTTAACAGATTCAAGCATGCTCTCTCCACCTCAAACCACATTACATAGAAATGTGTCTCCTGGAGCTCCTCAGAGACCACCAAGTACTGGCAAT 840 

A G G M L S T T D L T V P N G A G S S P V G N G F V N S R A S P N L I G A T G A 244 

GCAGGTGGGATGTTGAGC AC TACAGACCTCACAGTGCCAAATGGAGCTGGAAGCAGTCCAGTGGGGAATGGAq'I'IX3TAAACTCAAG AGC TTCTCCAAATTTGATTGGAGCTAC TGGTGCA 960 

N S L G K V M P T K ,~ P P P P G G G N L G M N S R K P D L R V V I P P S S K G M 284 

AATAGC TTAGGC AAAGTCATGCCTAC AAAGTCTCCC CCTC CACCAGGTGGTGGTAATCTTGGAATGAACAGTAGGAAAC C AGATCTTCGAGq'PGTC ATC C C C C C TTCAAGC AAGGGCATG 1080 

M P P L N T Q R I S S S Q A T Q P L A T P V V S V T T P S L P P Q G L V Y S A M 324 

ATGCCTCCACTAAACACCCAAAGGATCAGTAGTTC TCAAGCCACTCAACCTCTTGCTACCCCAGTCGTGTCTGTGACAACCC CAAGCTTGCCTCCGCAAGGACTTGTGTACTCAGCAATG 1200 

P T A Y N T D Y S L T S A D L S A L Q G F N S P G M L S L G Q V S A W Q Q H H L 364 

CCGACTGCCTACAACACTGATTATTCACTGACCAGCGCTGACCTGTCAGCCCTTCAAGGCTTCAACTcGCCAGGAATGCTGTCGCTGGGACAGGTGTcG•CCTc•GCAGCAGCACCAcCTA 1320 

G Q A A L S S L V A G G Q L S Q G S N L S I N T N Q N I S I K S E P I S P P R D 404 

GGACAAGCAGCCCTCAGCTCTC~FI~TTGCTGGAGGGCAGTTATCTCAGGGTTCCAATTTATCCAq~AATACCAACCAAAACATCAGCATCAAGTCCGAACCGAF?TCACC~C~GAT 1440 

R M T P S G F Q Q Q Q Q Q Q Q Q P p p P P Q P Q p Q P P Q P Q P R Q E M G R S P 444 

CGTATGA•CCCATCGGGCTT•CAGCAGCAGCAGCAGCAGCAGCAGCAGCCGCCGCCACCACCGCAGCCCCAGCCACAACCCCCGCAGCCCCAGCCCCGACAC•GAAATGGGTCGCTCCCCT 1560 

V D S L S S S S S S Y D G S D R E D P R G D F H S P I V L G R P P N T E D R E A 484 

GTGGACAGTCTGAGCAGCTCTAGTAGCTCCTATGATGGCAGTGATCGGGAGGATCCACGGGGCGACTTCCATTCTCCAATTGTGCTTGC•CCGACCCCCAAACACTGAGGACAGAGAAGCC 1680 

L L * 4aG 
CTTC TGTAAAGCGAATGAGG ATGGAC GC GTGGGTGAC CTAAGGCTTCCAAGCTGATGTT~DGTAC.i.*~-~3TGTTACTGCAGTGACC~CCCTACATA~T~GGT~T~GGACA~ 1800 

AGTTAAATATATTTATATGTACATACATATATATATCC C TTTACATATATATGTATGTGGGTGTGAGTGTGTATGTGTC, Cs3TGTGTGTTACATACACAG~A~CAC~ACC ~ 1920 

CTCCTTGTAGGTCTGCAGATGTGTGTCCCATGGCAGACAAAGCACCCTGTAGGCACAGACAAGTCTGGCACTTCCTTGGACTACTTGTTTC GTAAAGATAACCAGTTTTTGC AGAGAAAC 2040 

GTGTACCCATATATAATTCTCCCACACTAGCTTGC AGAAACCq~AGAGGGCCCCCTACTTG.l-T-i?ATTTAACTGTGCAGTGACTGTAGTTACTTAAGAGAAAATGCT~F~TAG~CAGA~ 2160 

AGTAGAAAAGCAGGAACCAAGAAAGCAATACTGTACATAAAATGTCATTTATA.iT~CCAACCTGGCATGGGTGTCTGTTGCAAAGGGGTGCATGGGAAAGGGCTGTTGATA~C 2280 

AAACAAAACAAAAAAGCCCCACACATAACTG~i"i~i~iGCACGTGCAAAAATGTATTGGGTCAAGAAGTGATCTTTAGCTAATAAAGAAAGAGAATAGAAAACACGCATGAGATATTCAGAAA 2400 

ATA~TAGCCTAGAAATATAGAC.CATTAACAAAGTAAAATTAATATAT?AAGTTATAATTGGAATATGTCAGAAGTTTC~i-i-i.i~rA~ATTCATATCTTAAAAAq~FAAAGAAACTGA~AG 2520 

CTCATGTATATTTTATATGAAAGAAAACACCCTTATGAATTGATGACTATATATAAAATTATATTCACTACTTTTGAACACATTCTGCTATGAATTATTTATATAAGcCAAAGCTATATG 264 

( : 4 < =  C 9 < =  
TTGTAAcTTTq-Yq~q.AGAGAATAG~TTTATCTTGGTTTAACTCTTTAG~i.i~i~ATTTTAAGAGGGGAAAA~AAAAATATCTTGC~GCAG~c 2732 

Figure  1. (See facing page for legend.) 
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fragment spanning the SRF DNA-binding domain. Three 

phage were recovered, KRSRF1, KRSRF2, and KRSRF3, 

which  contain reading frames encoding polypeptides 

wi th  significant homology to the SRF DNA-binding do- 

main.  Because the sequence MKKAY/FE is present in 

both these proteins and in SRF, MCM1, and ARG80, we 

used a redundant  oligonucleotide encoding this sequence 

as a probe in an additional screen. Two more phage were 

recovered, KRSRFC4 and KRSRFC9, which  also contain 

an SRF-related region that is highly homologous to that 

of the other cDNAs. 

The complete sequences of the KRSRFR2, KRSRFC4, 

and KRSRFC9 cDNA inserts are shown in Figure 1. 

Nor thern  blot analysis of h u m a n  kidney cell RNA re- 

vealed a predominant  6- to 7-kb RSRFC4 m R N A  and a 

2-kb RSRFR2 m R N A  (data not shown); however, be- 

cause these cDNAs contain open reading frames 

bounded by upstream in-frame stop codons, we have not 

pursued the isolation of full-length cDNA clones. The 

RSRFC4 open reading f lame encodes a 486-amino-acid 

polypeptide of predicted Mr 52,250. The RSRFC9 open 

reading frame is apparently identical  to RSRFC4, apart 

from nucleotides 487-624, which  are replaced by a 132- 

nucleotide segment  that encodes a related polypeptide 

sequence (see Fig. 1). Clone RSRFR2 contains an open 

reading frame encoding a 365-amino-acid polypeptide of 

predicted M r 38,641; al though in this case we have as- 

Mammalian SRF-related proteins 

signed the first ATG in the major reading frame as ini- 

t iation codon, the reading frame extends 125 codons to 

its amino- terminal  side and our ass ignment  therefore re- 

mains  tentative. The RSRF proteins all contain an 86- 

amino-acid SRF-related amino- terminal  region wi th  

seven conservative subst i tut ions between the R-type and 

C-type proteins (Fig. 1, under l ined region). We wil l  refer 

to this region as the common  region in subsequent  dis- 

cussion. Its amino- terminal  part includes a MADS box 

closely related to all other SRF-like DNA-binding pro- 

teins, whereas its carboxy-terminal  30 amino  acids are 

unique to the RSRF fami ly  (Fig. 1; also see Fig. 8, below). 

The predicted amino acid sequences were compared 

wi th  the OWL sequence data base by using the Prosearch 

program. This  revealed no other significant sequence ho- 

mologies apart from that to other SRF-related proteins. 

Derivation of the RSRF-binding site consensus 

We produced the RSRFC4 and RSRFR2 polypeptides by 

in vitro translation and tested them for DNA-binding  

activity. They exhibited nonspecific DNA-binding activ- 

ity, but no binding to several SRE and SRE-derived se- 

quences was detectable (data not shown). We therefore 

determined the RSRF sequence specificity by using a 

binding site selection method (Pollock and Tre i sman  

1990). Complexes formed between in vitro-translated 

RSRF polypeptides and a pool of radiolabeled random 

RSRFR2 
= = =  

CGGGGGTCGCTATGGAGGAGCC GGAGATGCAGCTCAAGGGGAAGAAAGTCACGGACAAGTTCACTGAGAGCGTCTAC GTCCTGGCCAACGAGCCA~CG~CC~TACCG~A~ 120 

AGCATGTGCGTCGCTCCCTCCCCGAGCTGGCCCAGCACAAGGCAGACATGCAC.CGTTGGGAGGAGCAGAGCCAGGGAGCCATCTACACTGTGGAGTACGCcTGCAGCG•CGTGAAGAACC 240 

TGGTGGACAGCAGCGTCTACTTCCGCAGCGTGGAGGGTCTGCTCAAACAGGCCATCAGCATCC GGGACCATATGAATC-~CAG~CCCAGG~CACA~CC ~A~CCACCCCC~CCT 360 

G R K K I C I s R I L D 13 

ccTCAGCCTGATCCTGGAAGAGACTCGGGGCCCCCCAGCCTCCGCCAACCCAGACAAAGATCATTCcACTCAGCcTGC~AcGATGGGGA~~~CAGA~CC~A~c~A 480 
-3. 

O R N R O V T F T K R K F G L M K K A Y E L S V L C D C E I A L I I F N S A N R 53 

cCAAAGGAATCGGcAGGTGACGTTcACCAAGCGGAAGTTC~ATGAAGAAGGCCTATGAGCTGAGCGTGcTcTGTGAcTG~AGATA~C~A~A~CA~C~cCG 600 

L F O Y A S T D M D R V L L K Y T E Y S E P H E S R T N T D I L E T L K R R G I 93 

CCTCTTCCAGTATGCCAGCACGGACATGGACCGTGTGCTGCTGAAGTACACAGAGTACAGCGAGCCCCACGAGAGCCGCACCAACACTGACATCCTCGAGACGCTGAAGCGGAGGGGCAT 720 

G L D G P E L E P D E G P E E P G E K F R R L A G E G G D P A L P R P R L Y P A 133 

TGGCCTCGA~AGAG~TGGAGCCGGATGAAGGGCCTGAGGAGCCAGGAGAGAAG~FI~GGA~TGGCAGGCGAAGGGGGTGATCCGGCCTTG~CCCGACCCCGGC~TA~C~ 840 

A P A M P S P D V V Y G A L P P P G C D P S G L G E A L P A Q S R P S P F R P A 173 

AGCTCCTGCTATGCCCAGCCCAGATGTGGTATAC~CTTACCGCCACCAGGCTGTGACCCCAGTGGGCTTGGGGAAGCACTGCCCGCCCAGAGCCGCCCATCTCCCTTCCGACCAGC 960 " 

A P K A G P P G L V H P L F S P S H L T S K T P P P L Y L P T E G R R S D L P G 213 

AGCCCCCAAAGCCGGGCCCCCAGGCCTGGTGCACCCTCTCTTCTCACCAAGCCACCTCACCAGCAAGACACCACC~CCACTGTACCTGCCGACGGAAGGGCGGA~A~CC~C~ 1080 

G L A G P R G G L N T S R S L Y S G L Q N F C S T A T P G P P "L G S F P F L P G 253 

TGGCCTGGCTGGGCCCCGAGGGGGACTAAACACCTCCAGAAGCCTCTACAGTGGCCTGCAGAACCCCTGCTCCACTGCAACTCCCGGACCCCCACTGGGGA~CC~CCC~ 19"00 

G P P V G A E A W A R R V P Q P A A P P R R P P Q S A S S L. S A S L R. P P G A P 293 

AGGCCCCCCAGTG~CGAAGCCTGGGCGAGGAGGGTCCCCCAACCCGCGGCGCCTCCCCGCCGACCCCCCCAGTCAGCATCAAGTCTGAGCGCCTCTCTCCGGCCCCC~CCC 1340 

A T F L R P S P I P C S S P G P W Q S L C G L G P P C A G C P W P T A G P G R R 333 

GGCGACTTTCCTAAGACCTTCCCCTATCCCTTGCTCCTCGCCCGGTCCC~AGAGCCTCTGCGGCCTGGGCCCGCCCTGCGCCGGCTGCCCTTGGCCGACGGCTGGCCCCGGTAGGAG 1460 

S P G G T S P E R S P G T A R A R G D P T S L Q A S S E K T Q Q * 365 

ATCACCCGGTGGCACCAGCCCAGAGCGCTCGCCAGGTACGGCGAGGC~ACGTGGGGACCCCACCTCCCTCCAGGCCTCTTCAGAGAAGACCC~CA~AC~CCCCC~C~~ 1580 

GCTTGGAGGTGGGCGGCTGGACTCAATCCACCCTG~CTTTCCTTCq~CCTATTTGTGTGTATATCCACAAATAAAAC GCGCGTGGCGTCCGTGGACCAAAAAAA 1601 

Figure 1. Sequences of the SRF-related cDNA clones RSRFR2, RSRFC4, and RSRFC9. The sequences of the cDNAs are shown with 
the common SRF-related domain underlined. Clone RSRFR3, not shown, extends from about RSRFR2 position 390 to the RSRFR2 
polyadenylation site. In the case of RSRFC4 and RSRFC9, the end points of the individual cDNAs are indicated by arrows above the 
sequence; the variant region found in RSRFC9 is indicated above the main sequence. A potential polyadenylation sequence is indicated 
in boldface type, and the sequences used as probes for RNA analysis are marked by arrows. The termination codons that mark the 5' 
boundary of the open reading frames are indicated by double overlining. 
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sequence oligonucleotides were purified by immunopre- 

cipitation; the associated DNA was recovered, amplified 

with the polymerase chain reaction (PCR), and used for 

further rounds of selection. At each step, the recovered 

DNA was quantitated and tested by gel mobility-shift 

assay. For these experiments we used a truncated deriv- 

ative of RSRFC4, RSRFAC4.T, which comprises RSRFC4 

amino acids 1-105 fused to the human c-myc epitope 

9El0, to allow immunoprecipitation of the protein by 

the 9E10 monoclonal antibody (Evan et al. 1985). Lysate 

programmed with RSRFAC4.T cRNA, but not unpro- 

grammed lysate, selected an increasing proportion of in- 

put DNA with succeeding rounds of selection (see foot- 

note to Table 1A). When this DNA was used in gel mo- 

bility-shift assays with the selecting lysate, increasing 

amounts of a specific DNA-protein complex were ob- 

served (data not shown). Although the DNA was selected 

by using the truncated epitope-tagged RSRFAC4.T poly- 

peptide, full-length untagged RSRFC4 polypeptide binds 

it with comparable affinity (data not shown). 

Table 1A shows the sequences of 61 RSRFC4-binding 

site oligonucleotides present after four rounds of selec- 

tion with RSRFAC4.T. Of these sequences, 59 contain 

the consensus core element CTA(A/T)4TAG, in which 

the outer TA dinucleotides are invariant. The presence 

of this motif in each of the selected oligonucleotides sug- 

gests that it represents the RSRF-binding site. The out- 

ermost CG is highly conserved, whereas several different 

patterns of AT base pairs are found in the central region. 

Some sequence bias is observed outside the core element 

region. Of the remaining two sequences, one probably 

represents a variant with a C substitution within the 

central region, whereas the other, which appears to lack 

one of the central AT base pairs, may represent recogni- 

tion of a half-site. 

We could not detect binding of full-length RSRFR2 

protein to DNA selected by RSRFC4 nor could we select 

sites for RSRFR2 with an epitope-tagged derivative, 

RSRFR2T, containing residues 1-290. We reasoned that 

this might arise from an inhibitory effect of the carboxy- 

terminal domain of the protein on DNA binding and, 

therefore, performed site selections with an epitope- 

tagged truncated version of the protein, RSRFAR2T, 

which contains only the SRF-related region (RSRFR2 res- 

idues 1-102). Binding sites selected by this polypeptide 

are shown in Table lB. These sites are similar to those 

selected by RSRFC4 but contain a much higher propor- 

tion of half-sites that contain mismatches to the 

RSRFC4 consensus defined above. We conclude that the 

specificity of RSRFR2 DNA binding is very similar but 

not identical to that of RSRFC4. 

Interaction of RSRFC4 with natural CTA(T/A)4TAG 
elements 

We then performed binding competition and carboxy- 

ethylation interference studies to confirm that the 

CTA(A/T)4TAG element does represent the RSRFC4- 

binding site and to examine its interaction with the pro- 

tein in more detail. As will be reviewed in the Discus- 

sion, CTA(A/T)4TAG elements are found in both growth 

factor-regulated and muscle-specific promoters; we 

chose sites from both classes for detailed analysis. One, 

from the promoter of the cellular immediate early gene 

N10 (Hazel et al. 1988; Changelian et al. 1989; Ryseck et 

al. 1989), represents an example of the most common 

sequence recovered in the site selection CTATT- 

TATAG. The second, from the muscle-specific creatine 

kinase (MCK) gene enhancer, represents a variant site, 

CTAAAAATAA, identified previously as a functional el- 

ement and factor-binding site in this enhancer (Gossett 

et al. 1989; Horlick and Benfield 1989; Mueller and Wold 

1989; Horlick et al. 1990). 

To assess the significance of the conserved base pairs 

within the RSRF motif, we studied binding of RSRFC4, 

produced by in vitro translation, to the 28-bp oligonu- 

cleotide N 10WT, which contains the sequence CTATT- 

TATAG. This oligonucleotide binds RSRFC4 efficiently 

and specifically as assessed by binding competition with 

unlabeled N10WT oligonucleotide (Fig. 2A, lanes 1-4). 

The binding affinity of the N10 oligonucleotide for SRF 

is at least 100-fold lower than that of the c-los SRE {data 

not shown). We then performed binding competition 

analysis with mutant  derivatives of the N 10 oligonucle- 

otide. Oligonucleotides containing symmetrically placed 

mutations at invariant consensus positions (CCATT- 

TATGG, N10M1; C__GATTTATCG, N10M2; and 

C T T F T T ~ G ,  N10M4), fail to compete for binding 

(Fig. 2A, lanes 5-12, 17-20), whereas an oligonucleotide 

containing symmetrically placed mutations at the 

highly conserved flanking positions (GTATTTATA__G, 

N10M3) competes but at much reduced efficiency (Fig. 

2A, lanes 13-16). The N10M1 mutation creates a signif- 

icant match to the SRF-binding site consensus, and this 

site consequently has 10-fold increased affinity for SRF 

(10-fold less than the c-los SRE; data not shown). Similar 

results were obtained when the MCK oligonucleotide 

was used as probe (data not shown). 

To examine physical interactions between RSRFC4 

protein and DNA in detail, we used a carboxy-ethylation 

interference assay. RSRFC4 was produced by in vitro 

translation and allowed to bind end-labeled probes con- 

taining the N 10 and MCK RSRF sites that had been par- 

tially carboxy-ethylated by diethylpyrocarbonate (DEPC) 

treatment (Sturm et al. 1987). These probes have com- 

parable affinity for RSRFC4 (see Fig. 6B, below). Com- 

plexed and free DNA were recovered from preparative 

mobility-shift gels, cleaved by piperidine treatment, and 

fractionated on sequencing gels. Because DEPC modifies 

both A and G at position 7, it provides an assay for 

DNA-protein contacts in the DNA major groove. The 

analysis shown in Figure 2B shows that modification of 

purines at each position throughout both binding sites 

interferes with RSRFC4 binding, with the exception of 

the inner base of the invariant TA dinucleotides. At 

these positions modification of the A residues has either 

no effect (MCK site) or a small effect (N10 site) on 

RSRFC4 binding, even though these base pairs are re- 

quired for DNA binding. As will be discussed further 

below, the DEPC interference pat tem for RSRFC4 bind- 
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Table 1. RSRFC4- and RSRFR2-binding sites 

A. RSRFC4 BINDING SITES 

mA 

77T7 

TTAA 

5 ggatcctgtcgTCGCAGGCTAT'~TATAGAACGCTCCCgaggcgaattc 

4(x2) ggatcctgtcgq~ICCGTCGTATTCTATTTATAGCq'Pgaggcgaattc 

7 ggatcctgtcgTCTCACATAAAGATGAC~TAT~TA~AQaggcgaattc 

8' gaattcgcctcTAT~TA~AGAAACGGTTAGAGCAATAcgacaggatcc 

11 ggatcctgtCgCAGTTAGTTCTAq'YTATAGATGTATCgaggcgaattc 

17' gaattcgcctcGGTCCGTGAGATGTC~TATTTATA~Tcgacaggatcc 

21' gaattcgcctcAGTGGGGTCTATTTATA~AATTGTCAcgacaggatcc 

24 ggatcctgtcgCTATTTATAC~CACGGAGTTAGTCTACgaggcgaattc 

28 ggatCCtgtCgATCGGAAGGAAGTTGATCTATTTATAgaggcgaatCc 

29' gaattcgcctcAAGCAATTACGqCM3TGGTCTAT'PTATAGGcgacaggatcc 

5.2' gaattcgcctcGCCACCACACGGGTACTATTTATA~Tcgacaggatcc 

7.2 ggatcctgtcgAGGAGGC~AT~TA~AC~TCAGTGGACgaggcgaattc 

9.3' gaattcgcctcTTACGTGACCCCGTATCTATT~A~AGcgacaggatcc 

12.2' gaattcgcctcTATTTATAGAACTAACAGGATGACTGcgacaggatcc 

12.3 ggatcctgtcgTGTATCCTATTTATAGCTCACTTI'I~gaggcgaattc 

14.3' gaattcgcctcAAGAGGTGCGTCTATTTATAGATTAAc~acaggatcc 

15.3 ggatcctgtcgTAGACTATTTATAC~CAAGCGAAGAATgaggcgaat~c 

18.2 ggatcctgtcgTCTATTTATAGTCACCCTCCCATATCgaggcgaattc 

18.3 ggatcctgtcgACGCTTATTAAGTCTATTTATAGCCTgaggcgaattc 

20.2 ooatcctgtCgCTATTTA~AC~CTAGGACGAGTCGTTCgaggcgaattc 

23.2 ggatcctgtcgAATGCGCGATGCACTATTTATAGTTCgaggcgaattc 

24.2' gaattcgcctcGGAGTCGCCTCTTAACTATTTATAGAcgacaggatcc 

30.2' gaattcgcctcATGTGGGCTATTTATAGAAATTTCAGcgacaggatcc 

9.2 ggatcctgtcgATACAACTATTTATAACTCGTTTACTgaggcgaattc 

10.3' gaattcgcctcTTGTTCTATTTATAACTTAAGAATCGcgacaggatcc 

10.2 gga~cctgtc~CTTCCACGTGTTAq'V~ATAGATTTq~gaggcgaattc 

16.2' gaattcgccCcTGCAAGCTCCq~GATTTTATT~ATAGcgacaggatcc 

11.3 ggatcctgtCgAGAAAAGCCTCTTAGAGTTATq'PATAgaggcgaattc 

3 ggatcctgtcgCACCTGAATCTATTTTTAGTTTTTrCgaggcgaattc 

12' gaattcgcctcAATCTATTTTTAGCAGGCTCGCTATGcgacaggatcc 

13 ggatcctgtcgGCCTGGCTTTCTATTTTTAGATCGTCgaggcgaattc 

19 ggatcctgtcgq~I~GGGGCTAq'PTq~AGATTTGTTATgaggcgaattc 

22 ggatcctgtcgGTTGTGCTTAAAATGTTCTATTTTTAQaggcgaattc 

26 ggatcctgtcgTAGCTATTTTTAGAATGAGATGTCCAgaggcgaattc 

30 ggatCCtgtCgACAAGATCTA~AC~2CATAGCTCgaggcgaattc 

5.3 ggatcctgtc~CTTATCAGTGATACAGTC~AT'YPT~Agaggcgaattc 

11.2' gaattcgcctcATGATCTACCTCTTCTATq'VVPAGCCcgacaggatcc 

22.2' gaattcgcctcGTTGGACGTGATGCTAq'Fr~TAGACAcgacaggatcc 

28.2 ggatcctgtcgTTAAGTGTACATCTATTTTTAGCCGAgaggcgaattc 

9 ggatcctgtcgAGCGTGTTGCTAT'F'Fq~AACTTCCTAgaggcgaattc 

16.3 ggatcctgtcgAGCCTCTTAT'PTTTAGCACCATCATCGAgaggcgaattc 

6 

i0 

18 

20.3 

27 

ii .4 

15.2 

16 

24.3 

30.3' 

19.3' 

T A T A  

23 

i 4 . 2  

19.2 

TTAT 

25 

AATT 

2 

ATTA 

7.3 

Other8 

15 

20 

RSRFC4 CONSENSUS 

A 

G 

C 

T 

ggatcctgCcgTGAGGCTATTAATAGTATAAGTGGCGgaggcgaattc 

ggatcctgtcgAGCCTAT'PAATAGCAATTTTATC4KNNgaggcgaattc 

ggatcctgtcgGAKATTCAACGGTCTATTAA~AGCGTgaggcgaattr 

ggatcctgtcgCAAATC~AT~AATAGCCTGAq'I'I~TGgaggcgaattc 

ggatcctgtcgGCGCAq'I~TATTAATAGCTGTGGAAGgaggcgaattc 

ggatcctgtcgTGTGGCTATTAATACTTTTAAGTTCNgaggcgaatCc 

~gaCcctgtcgAATCTATTAATAACATTCGCGCAGAGgaggcgaattc 

1 /2  SITE  

A 

G 

C 

T 

ggatcctgtcgATGGCTATATTTAGAAGCTGGAACTGgaggcgaattc 

ggatcctgtcgCTATA~PTAGCCTCATTTACATATAAgaggcgaattc 

gaattcgcctcCCGGCATTCTATATq~PAGATTCATTAcgacaggatcC 

gaattcgcctcGAAATTCTGATTTATAq'rTAGACTCCcgacag~atCC 

ggatcctgs 

ggatcctgtcgTTCTATATATAGACCTCCGGGAAGGAgaggcgaattc 

ggatcctgtcgGCTATATATAC~CACTCCATCTAAACGgaggcgaattc 

ggatcctgtcgCTACAATCTATTATTAGCTCGTATCTgaggcgaattc 

ggatcctgtcgATTTAACCCGAGTTACq'PATAACTGCgaggcgaattc 

ggatcctgtcgTGTT~AGTCCGAGTACTGTgaggcgaattc 

1 7  1 0  3 - - 3 8  1 5 8 2 3  - 3 8  4 1 4  1 2  5 

1 2  1 3  1 2  . . . . . . . . .  3 3  - 2 5 

4 2 3 3 5  . . . . . . . .  1 2 0  6 9 

5 1 3  2 0  3 3 8  - 3 7  3 3  3 0  1 5  3 8  - - 4 1 8  1 9  

r ~ gt c T A ta ta ta at T A g a c  at y 

36 28 7 76 16 35 

21 19 32 1 . . . .  

9 4 3 68 . . . .  

10 25 34 7 76 - 60 41 

r ~ gt c T A at ta 

B. RSRFR2 BINDING BITES 

TTTA 

22' 

14' 

23.3 

16' 

TTTT 

8 

15 

19.2 

1.2' 

23.2' 

77AA 

23 

io 

ii 

TAAT 

6' 

24' 

ATTT 

2' 

12' 

T T A T  

19 

A A T T  

1 . 3  

O t h e r s  

17 

5 

4 

9 

18 

13 

1 9 . 3  

ggatcctgtcgAACGTGCGGTATGTGCCTATTTATAC~aggcgaattc 

ggatcctgtcgTGGATAT~TATAGACCCAGGTACCATgaggcgaattc 

gaattcgcctcTAAAATAGCGGTGCTTATTTATAGTAcgacaggatcc 

ggatcctgtcgACTATGAGCTATTTATAATTTAGACGgaggcgaattc 

gaattcgcctcAATAACTATTTTTAGTACAGTTGTGTcgacaggatcc 

gaattcgcctcTACCCTTTACTTCTATTTTTAGCCACcgacaggatcc 

ggatcctgtcgCTA~TT~A~ATGTTACAGGGTGGAAgaggcgaattc 

ggatcctgtcgACGGGTGTATATGTATTTTTAGGCCAgaggcgaattc 

ggatcctgtcgAACACTATTTTTATCGTACCAATGCTgaggcgaattc 

gaattcgcctcTATTAATAGTAGTACGATTCAAGAGAcgacaggatcc 

gaattcgcctcGGATGTTGCTGCATTTATTAATAGCCcgacaggatcc 

gaattcgcctcTATTAATAAACAAGAACTACTTCGGAcgacaggatcc 

ggatcctgtcgTGGTGGTAACTTGTTCTATAATTAGTgaggcgaattc 

ggatcctgtcgTCGGTTACTATAATTAGAGTTGCTCGgaggcgaattc 

ggatcctgtcgCCGCTAATTTTAGAAATATGGTACTAgaggcgaattc 

ggatcctgtcgTGGACAAGTGC~AATTTTAGCTGTCTgaggcgaattc 

gaattcgcctcTATTATTAGCCCGGGTAGTGCTCAGCcgacaggatcc 

gaattcgcctcTAGAGTCTAAATTTAGCGTCAGAGCTcgacaggatcc 

gaattcgcctcTATTCATAGATCTATAGTGGTAGCGGcgacaggatcc 

gaattcgcctcATTTCCAGAAATAGCAAGTGTATGAAcgacaggatcc 

gaattcgcctcAAAAAATAGACTGCGATCTGATAATAcgacaggatcc 

gaattcgcctcCTTACGAGATCCATAAATAACTGCAAcgacaggatcc 

gaattcgcctcATGCTTAAAATAGGATCTCTGCTCAAcgacaggatcc 

gaattcgcctcCCGTCTGAGTCGCTTTAAATAGCGCTcgacaggatcc 

gaattcgcctcCCAAATTAGAAGGCATGATATGTTTTcgacaggatcc 

(A) RSRFC4-binding sites. DNA was selected by using rabbit 
reticulocyte lysate programmed with RSRFAC4.T cRNA, which 
encodes [RSRFC4(1-105/9E10)]. After four rounds of selection, 
DNA was purified by gel mobility shift and analyzed by DNA 
sequencing. Proportional recovery of oligonucleotide probe dur- 
ing the site selection with RSRFAC4.T lysate was 0.7%, 0.6%, 
5.4%, and 24.5%, comparable to that achieved with SRF; un- 
programmed lysate did not select specific DNA. The oligonu- 
cleotides are aligned by the homologous A/T-rich consensus 
sequence present in each and grouped according to the sequence 
of the central quartet of AT base pairs. (Below) Data are sum- 
marized as consensus sequences for whole sites and half-sites. 
To eliminate systematic sequence bias arising from overlap 
with primer sequence, only those core elements at least 3 bp 
from the primers were used to generate the consensus (Pollock 
and Treisman 1990). (B) RSRFR2-binding sites. Sequences of 
oligonucleotides selected by RSRFAR2.T [RSRFR2(1-102/ 
9El0)]. The oligonucleotides are aligned by the homologous 
A/T-rich consensus sequence present in each and grouped ac- 
cording to the sequence of the central quartet of AT base pairs. 
A number of apparent half-sites were also recovered in this ex- 
periment and are aligned so as to maximize sequence conserva- 
tion at the right. 

ing to the MCK site is identical to that published previ- 

ously for the myotube  factor MEF2 (Gossett et al. 1989). 

RSRF DNA-binding domain 

As noted above, the RSRF proteins all contain a c o m m o n  

86-amino-acid region; the amino-terminal  56 residues of 

this region comprise the MADS box homology found in 

all other SRF-related proteins. We used RSRF deletion 

mutants  to investigate the role of the common region 

and MADS box sequence in D N A  binding. Full-length 

RSRFC4 and its truncated derivative RSRFAC4.T, which  

contain the entire c o m m o n  region, bind the N 1 0 W T  oli- 

gonucleotide efficiently (Fig. 3A, lanes 1,2). However,  

D N A  binding by the deletion mutant  RSRFC4(1-69), 

which  retains the MADS box sequences  but lacks the 

carboxy-terminal part of the c o m m o n  region, is not de- 

tectable (Fig. 3A, lane 3). The entire RSRF c o m m o n  re- 

gion, including the sequences  to the carboxy-terminal 

side of the MADS box, is thus required for efficient D N A  

binding. 

We then exploited the difference in sequence specific- 

ity between the RSRF proteins and SRF to locate the 

region of the DNA-binding  domain that determines 

binding specificity. Previous studies showed that the ba- 

sic region of the SRF DNA-binding  domain is essential  

for high-affinity D N A  binding but not for dimerization. 
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Figure 2. Analysis of RSRFC4--DNA interaction. (A) Binding competition analysis of RSRFC4 binding. Complexes were formed 
between the full-length RSRFC4 polypeptide and the N10 oligonucleotide, and varying amounts of competing oligonucleotide were 
included in the binding reactions as indicated. (Lanes 1-4) Competition by unlabeled N10WT oligonucleotide; (lanes 5-20) compe- 
tition by the mutant oligonucleotides N10M1--4 (see text). (B) DEPC interference analysis of RSRFC4 binding to the N10 and MCK 
enhancer RSRF-binding sites. Complexes between RSRFC4 and end-labeled, partially carboxy-ethylated N 10WT and MCK probes and 
unbound probes were purified from a native gel and the DNA was cleaved with piperidine. (Lanes 1,3,5,7) DNA from complexes (B); 
(lanes 2,4,6,8) unbound DNA (F). (Bottom) Sequences of the sites with a summary of the data. Symbols indicate partial interference. 

To test whether the basic region actually determines se- 

quence specificity, we analyzed the sequence specificity 

of a hybrid protein, C4/SRF, in which the basic region of 

RSRFC4 is joined to the dimerization and carboxy-ter- 

minal domains of SRF (for details, see Fig. 8, below). This 

protein was used for binding site selection, and the se- 

lected DNA was analyzed in the binding competition 

experiment shown in Figure 3B. Binding of C4/SRF pro- 

tein to the selected DNA is effectively competed by ex- 

cess unlabeled N10WT oligonucleotide but not by the 

nonbinding mutant  N 10M2; both wild-type and mutated 

c-los SRE oligonucleotides fail to compete for binding 

(Fig. 3B, lanes 1-5). These results suggest that the ma- 

jority of the selected oligonucleotides contain RSRF- 

binding sites, and sequence analysis confirmed that the 

specificity of the C4/SRF protein is virtually identical to 

that of RSRFC4 (Table 2). Differences between the basic 

regions of the RSRF and SRF DNA-binding domains 

therefore account for their different binding specificities. 

RSRF proteins dimerize specifically with each other 

The detection of SRF-related mammalian proteins raises 

the possibility that these proteins and SRF might form 

heterodimers with novel properties. To investigate this, 

we first verified that the RSRF proteins bind DNA as 

dimers and then assessed their dimerization specificity. 

Gel mobility-shift analysis was used to demonstrate that 

RSRFC4 binds DNA as a dimer and that RSRFC4 and 

RSRFR2 can form heterodimers. When full-length and 

truncated RSRFC4 proteins were produced by cotransla- 

tion, three DNA-protein complexes were detectable in 

gel mobility-shift assays, corresponding to the short and 

long RSRFC4 homodimers and the long-short heterodi- 

mer; their relative abundance is dependent on the ratio 

of the different polypeptides present (Fig. 4A, cf. lanes 1 

and 2 with lanes 3-6). Chemical cross-linking experi- 

ments confirmed that in solution RSRF proteins form 

dimers rather than higher-order oligomers (data not 
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with 5 and 6). In contrast, untagged SRF is not recovered, 

indicating that RSRFC4 and SRF do not form stable het- 

erodimers under these conditions (Fig. 4B, cf. lanes 1 and 

2 with 3 and 4). A similar series of experiments was 

performed with the RSRFR2 derivative RSRFR2.T, 

which contains residues 1-290 with a carboxy-terminal 

9El0 epitope. This protein can dimerize with RSRFR2 

and RSRFC4 but fails to interact with SRF (Fig. 4B, cf. 

lanes 7-10 with 11-14). We conclude that the RSRF pro- 

teins and SRF do not interact efficiently in solution. 

Figure 3. Analysis of the RSRFC4 DNA-binding domain. (A) 
The whole conserved region is required for high-affinity DNA 
binding. The indicated RSRFC4 polypeptides were produced by 
cell-free translation and tested for DNA binding to the N10WT 
oligonucleotide. (Lane 1) RSRFC4(1-486); (lane 2) RSRFC4(1- 
105); (lane 3) RSRFC4(1-69). (B) The basic region determines 
sequence specificity. DNA was selected by the chimeric protein 
C4/SRF [RSRFC4(1-30)/SRF(170--508)] and the 4 x selected oli- 
gonucleotide pool used for binding competition analysis with 
C4/SRF protein. (Lane 1) No competitor oligonucleotide; (lanes 
2-5) binding competition with 200-fold molar excess of oligo- 
nucleotides N10WT (lane 21, N10M2 (lane 3J, c-los SRE (lane 4), 
and c-los SRE* (lane 5). (For sequences of these oligonucleotides, 
see the text and Materials and methods.) 

shown). Similar results were obtainedwith cotranslation 

of full-length RSRFC4 and short form RSRFR2; although 

in this case, the heterodimer band was much weaker, 

suggesting that the interaction is not as strong as that of 

RSRFC4 homodimers (Fig. 4A, lanes 7-12). 

We then used an immunoprecipitation assay to inves- 

tigate whether the RSRF proteins could form stable 

dimers with SRF itself. Cotranslation in vitro was used 

to produce excess 9El0 epitope-tagged RSRFC4 short 

form (RSRFAC4.T), together with small amounts of ei- 

ther full-length RSRFC4, SRF, or a RSRFC4 derivative 

that lacks the DNA-binding domain, RSRFC4(105-486). 

Efficient and stable dimerization under the assay condi- 

tions should allow recovery of the untagged polypeptide 

by immunoprecipitation with the 9El0 antiserum. As 

expected, the untagged RSRFC4 that contains the DNA- 

binding domain is efficiently immunoprecipitated, 

whereas the RSRFC4 deletion derivative that lacks the 

DNA-binding domain is not (Fig. 4B, cf. lanes 1 and 2 

RSRF m R N A s  are expressed m m a n y  cell types 

To examine RSRF mRNA levels in different cells, we 

performed RNase protection analysis by using specific 

probes complementary to the SRF-related and carboxy- 

terminal regions of the RSRF mRNAs. Results are shown 

in Figure 5. The RSRFC4 probe spans the region of di- 

vergence between RSRFC4 and RSRFC9 and can there- 

fore differentiate between these two mRNAs. The 

RSRFC4 mRNA, which generates a 312-nucleotide prod- 

uct, appears to be ubiquitously expressed; in this analy- 

sis, all RNAs also generate the 256-nucleotide product 

characteristic of RSRFC9 mRNA {or other as yet uniden- 

tified RSRF mRNAs that diverge from RSRFC4 at the 

same point). Low levels of RSRFR2 mRNA, which gen- 

erates a 394-nucleotide product, are detected in many 

cell lines and tissues; however, elevated levels of 

RSRFR2 mRNA are found in several B-cell lines such as 

Daudi, Namalwa, and PGF. 

RSRF-like binding activities are ubiqui tous  in cell 

extracts 

We used gel mobility-shift analysis to investigate the 

expression of RSRF-like binding activities in a variety of 

cell extracts. In particular, we wished to confirm the 

presence of RSRF proteins in muscle cells, because the 

RSRF-binding site is found in muscle-specific promoters 

and the RSRFC4 DEPC interference data are identical to 

those observed previously for the myotube factor MEF-2 

(Gossett et al. 1989). We first used the N10WT oligonu- 

cleotide to examine specificity of factor binding in dif- 

ferent extracts. In each case, a single major complex was 

detected; formation of this complex was effectively pre- 

vented by excess N10WT oligonucleotide but not by the 

nonbinding mutant oligonucleotide N10M2. The com- 

plex comigrated with the complex formed with RSRFC4 

produced by cell-free translation (data not shown). Spe- 

cific complexes were observed in extracts from HeLa, 

NIH-3T3, CEM, Jurkat, Namalwa, and C2 myotubes and 

myoblasts (Fig. 6A lanes 1-21); in addition, similar com- 

plexes were observed with F9, 293, CV1, and COS-7 cell 

extracts (data not shown). Although high levels of the 

RSRFR2 mRNA are expressed in Namalwa and other 

B-cell lines, extracts of these cells formed no complexes 

distinguishable from those observed with non-B-cell ex- 

tracts (Fig. 6A, cf. lanes 1-3 with 13-15). A more exten- 

sive analysis of binding activities in HeLa and NIH-3T3 
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Table 2. The basic region determines sequence specificity 

C4/SRF BINDING SITES 

TTTA 

TTTT 

TTAA 

TATT 

TATA 

AATT  

I gaattcgcctcATTGCCCGCTTAACTATTTATAGGACcgacaggatcc 

3 gaattcgcctcTATTTATAGCTGAAATAACTCGAACGcgacaggatcc 

13 gaattcgcctcAATCACAGCGTACCTATTTATAGCCAcgacaggatcc 

S' ggatcctgtcgTCGATCTATT'PATAGTACCCATAGCTgaggcgaattc 

8' ggatcctgtcgTAATACTTTCGACAATTCTATTTATAaaggcgaattc 

18 ggatcctgtcgCTTCTATTTATAGTTATAGGTGTCCTgaggcgaattc 

19L ggatcctgtcgCTAAATT~A~TTGTCTATTTATAGAGgaggcgaattc 

11.3' ggatcctgtcgCTGCTGTGCAGACTAATCTATTTATAaaggcgaattc 

10.3' ggatcctgtcgTAAGTCTATTTATAC~ATKATTAATAgaggcgaattc 

16.2' gaattcgcctcACGTATATTAATACCTATTTATAGATcgacaggatcc 

2 gaattcgcctcCTCGAGAACTTATTTATAGATTTTATcgacaggatcc 

6 gaattcgcctcGCGGTCTATTTATAAATCGAGCACAGcgacaggatcc 

16 ggatcctgtcg CTTGACCCTGATATAGTTATTTATAaaggcgaattc 

16.3 gaattCgCctcAACACGCGGATTATTTATAGATTGGAcgacaggatcc 

9' ggatcctgtcg CCGATATCTATGGATTCTATTTTTAaaggcgaattc 

Ii.2' gaattcgcctcTATTTCTATTTTTAAAACTGATAAAAcgacaggatcc 

gaattcgcctcTAAATACATATTTCTATTAATAGTGTcgacaggatcc 

gaattcgcctcAAGTGCATACAAATCTATTAATAGTAcgacaggatcc 

gaattcgcctcACCAACTCTATATTTAGAACTAAAGGcgacaggatcc 

ggatcctgtcgCTATATTTAGAACTCTGTTCCAATTCgaggcgaattc 

4 gaattcgcctcTATCTATATATAGATTGAATGTGTCTcgacaggatcc 

10.2 ggatcctgtcgACAAAGCGCTCTATATATAGATCATAgaggcgaattc 

19R gaattcgcctcCTCTATAAATAGACAACTAAATTTAGcgacaggatcc 

C4/SRF CONSENSUS 

A 3 5 2 - 13  - 3 1 11  - 13  2 7 5 2 

O 4 3 . . . . . . . . . .  11  1 1 - 

C 1 2 2 11  . . . . . . . . .  2 1 6 

T 5 3 9 2 13  - 13  10  12  2 13  - - 3 6 5 

n n Q c T A T ta ta at T A g a at y 

1~  SITE 

A 8 11  5 - - 26  2 15  

O I0 4 2 - - - 

C 1 3 3 22  

T 7 8 16 4 26 24 11 

DNA was selected by the chimeric protein C4/SRF [C4(1-30)- 
SRF(170-508)] by using SRF antiserum, and analyzed as de- 
scribed in the footnote to Table 1. The oligonucleotides are 
aligned by the homologous A/T-rich consensus sequence 
present in each and grouped according to the sequence of the 
central quartet of AT base pairs. {Below) Data are summarized 
as consensus sequences for whole sites and half-sites. 

cell extracts with the other mutant  oligonucleotides as 

competititors showed that the binding specificity of the 

factor detected in these cells is the same as that of 

RSRFC4 {data not shown). 

We used an antiserum prepared against the common 

carboxy-terminal part of the RSRFC4 and RSRFC9 pro- 

tein to confirm that complexes formed between extract 

proteins and the N10WT and MCK probes do contain 

RSRF proteins. Under the assay conditions used, our an- 

tiserum will quantitatively and specifically further re- 

tard complexes formed between in vitro-translated 

RSRFC4 and the N10WT probe (Fig. 6B, cf. lanes 1--4). 

Complexes formed by either the N10WT or MCK probes 

and C2 muscle myoblast and myotube extracts are par- 

tially reactive with this antiserum, but not with preim- 

mune serum (Fig. 6B, cf. lanes 7, 10, 13, and 16 with 6, 9, 

12, and 15). Because these complexes did not react quan- 

titatively with the antiserum, we conclude that they 

must  be heterogeneous and contain other RSRF proteins 

in addition to the RSRFC4 and/or RSRFC9 proteins. We 

obtained similar results with HeLa and NIH-3T3 cell 

extracts (data not shown). 

The RSRF-binding site defines a promoter element 

We then tested whether the RSRF-binding site can func- 

tion as a promoter element. Single or double copies of 

the wild-type or mutated N10 oligonucleotides were in- 

serted at the 5' side of the thymidine kinase (TK) pro- 

moter, which directs transcription of the chlorampheni- 

col acetyltransferase (CAT) gene in plasmid pBLCAT2 

(Luckow and Schutz 1987). Because the activity of SRF- 

binding sites is serum inducible, we tested the activity of 

each site in both serum-deprived and serum-stimulated 

cells. The parental plasmid exhibits low activity in these 

cells, and its activity is not affected by serum stimula- 

tion {Fig. 7, lanes 1,2). Insertion of one copy of the 

N10WT oligonucleotide stimulates basal activity only 

slightly, and two copies give a significant increase over 

background; however, in both cases, the activity appears 

to be slightly serum-inducible (about fivefold; Fig. 7, of. 

lanes 1 and 2 with 3-6). The serum inducibility of the 

element appears greater {up to 10-fold) when the amount 

of transfected DNA is reduced (data not shown). In con- 

trast, the N10M2 and N10M4 oligonucleotides, which 

do not detectably bind RSRF proteins, exhibit no activ- 

ity; the N10M3 oligonucleotide, which binds with re- 

duced affinity, is also inactive (Fig. 7, cf. lanes 11-16 

with 5 and 6). As expected, oligonucleotide N10M1, 

which blocks RSRF binding but contains the weak SRF- 

binding site CCATTTATGG, exhibits greater inducibil- 

ity than any of the other oligonucleotides {Fig. 7, cf. lanes 

3-6 with 7-10). 

To test whether the activity of the N10 element could 

be potentiated in vivo by overexpression of the RSRF 

polypeptides, we transfected cells with RSRF expression 

plasmids in combination with the reporter plasmids de- 

scribed above. No effects on expression of the reporters 

in either serum-starved or serum-stimulated cells were 

observed (data not shown). 

D i s c u s s i o n  

RSRF protein family 

In this report we have described the structure and prop- 

erties of a set of novel mammalian proteins that contain 

a common amino-terminal SRF-related DNA-binding 

domain. These RSRF proteins are not related to previ- 

ously characterized proteins apart from those with SRF- 

like DNA-binding domains. The carboxy-terminal re- 

gions of RSRFC4 and RSRFC9 are identical apart from a 

region of - 4 0  amino acids adjoining the DNA-binding 

domain, which may result from alternative exon usage. 

In contrast, the carboxy-terminal region of the RSRFR2 

protein is unrelated to that of RSRFC4 and RSRFC9. The 

high proportion of proline and glutamine residues in the 

RSRF carboxy-terminal domains is consistent with these 

proteins playing a role as transcriptional activators 

(Courey et al. 1989; Mermod et al. 1989). The RSRFC4 

and RSRFC9 mRNAs are expressed in many cell types, 

and RSRFR2 mRNA is expressed at especially high levels 

in B-cell lines. 

The RSRF proteins have a distinct sequence specificity 

from SRF, recognizing the consensus sequence CTA(A/ 
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Figure 4. Dimerization of RSRF proteins. (A) Analysis by DNA-binding activ- 
ity using the N10WT oligonucleotide. {Lanes 1-61 Dimerization of RSRFC4. 
Full-length RSRFC4 and the short form RSRFAC4.T were synthesized by cell- 
free translation, either individually (lanes 1,2) or together, with increasing full- 
length to short form ratio (lanes 3-6). (Lanes 7-12) Heterodimerization between 
RSRFC4 and RSRFR2. Full-length RSRFC4 and the RSRFR2 short form 
RSRFd~R2T were synthesized by cell-free translation, either individually (lanes 
1,2) or together with increasing RSRFC4 to RSRFR2 ratio (lanes 3-6). Positions 
of complexes formed by long and short form homodimers, and by heterodimers 

are indicated by LL, SS, and LS respectively. (B) Analysis by immunoprecipitation. Proteins were resolved on a 14% gel and fluoro- 
graphed. {Lanes 1-6) Coprecipitation of proteins with RSRFC4.T; (lanes 7-14) coprecipitation of proteins with RSRFR2.T. Excess 
RSRFAC4T or RSRFR2T cRNA was cotranslated with cRNA encoding full-length RSRFC4 (lanes 1,2,9,10), SRF (lanes 3,4,11,12), 
RSRFC4{103-486) (lanes 5,6,13,14), or full-length RSRFR2 (lanes 7,8). Proteins were then immunoprecipitated with the 9El0 antise- 
rum. (Lanes 1,3,5,7,9,11,13) Total proteins synthesized (L); (lanes 2,4,6,8,10,12,14) immunoprecipitated proteins {P). 

T)4TAG. Nevertheless, like SRF sites, RSRF-binding 

sites are present in a number of growth factor-regulated 

and muscle-specific promoters, as discussed below. Ex- 

tracts from many different cultured cell lines contain 

proteins that form complexes with RSRF-binding site 

oligonucleotides. These complexes react with an antise- 

rum directed against the common RSRFC4 and RSRFC9 

carboxy-terminal region and must therefore contain 

RSRF proteins. Because only a portion of the complexes 

react with our antiserum, it is probable that other, as yet 

uncharacterized, members of the RSRF family exist. 

Binding activities specific for the CTA(A/T)4TAG se- 

quence have been reported previously: Our data show 

that the RSRFC4 and RSRFC9 proteins are components 

of a binding activity referred to as TARP (Hobson et al. 

1988; Horlick et al. 1990), ARBF {Mueller and Wold 

1989), and MEF2 (Gossett et al. 1989) and indicate that 

this activity must contain multiple RSRF polypeptides. 

Variation in RSRF expression levels in different cells and 

heterodimerization of different RSRF proteins may di- 

versify further the range of RSRF-binding activities in 

the cell, with corresponding effects on the function of 

cellular RSRF-binding sites. 

SRF-like DNA-binding domain 

Seven SRF-like DNA-binding domains from human, 

plant, and yeast proteins are compared in Figure 8. All of 

the proteins contain a region of -56  residues that has 

been termed the MADS box (Schwarz-Sommer et al. 

19901. Two groups of the proteins, the RSRFs and SRF- 

MCM-ARG80, contain conserved regions of -80  amino 

acids, which comprise the MAIDS box and the adjacent 

carboxy-terminal 30 amino acids. When the sequences 

are aligned, the amino- and carboxy-terminal borders of 

these regions virtually coincide, suggesting that they 

constitute a structural domain (Fig. 8, cf. uppercase res- 

idues); however, there is little obvious homology be- 

tween the two groups in the carboxy-terminal part of 

this domain. We find that the entire RSRF common re- 

gion is required for high-affinity DNA binding, in agree- 

ment with previous studies of the SRF and MCM1 DNA- 

binding domains {Norman et al. 1988; Ammerer 1990). 

We suggest that the minimal region for high-affinity 

DNA binding by other MADS box proteins will also in- 

clude sequences to the carboxy-terminal side of the 

MADS box region. 

We showed previously that the amino-terminal basic 

part of the SRF DNA-binding domain is required for 

high-affinity DNA binding but not for subunit dimeriza- 

tion (Fig. 8; Norman et al. 1988). In this work we ex- 

tended this analysis to show that the basic region deter- 

mines the sequence specificity of the RSRF proteins and 

is thus likely to make sequence-specific protein-DNA 

contacts. In all of the SRF-like proteins apart from 

ARG80, the basic region contains two segments of pre- 

dicted R-helix: Helix I contains both conserved flame- 

work and variable residues, whereas helix II is virtually 

identical among all family members (Fig. 8). We propose 

that the amino-terminal part of the basic region, includ- 

ing helix I, is involved in sequence-specific DNA contact 

for two reasons. First, this region differs between 

RSRFC4 and RSRFR2, which our site selection analysis 

shows have subtly different DNA-binding specificities. 

Second, MCM1 and SRF, which differ significantly 
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Figure 5. Expression of RSRF mRNAs in different cell types. 
Total cellular RNA {10~g) from the indicated cell lines or yeast 
tRNA (10~g) was analyzed by RNase protection mapping by 
using probes specific for RSRFR2 (top), RSRFC4 and RSRFC9 
(middle), and ~-actin (bottom). Exposure was 16 hr apart from 
the left middle panel, which was 40 hr. Nuclease-protected frag- 
ments characteristic of intact RSRFR2 and RSRFC4 mRNA are 
marked by arrows as R2 and C4, respectively; the product 
marked as C4" is diagnostic of RSRFC9 or other variants that 
diverge from the C4 sequence at this point. (For details of probes 
used, see Materials and methods; Fig 1.). 

within the basic region, also have overlapping but noni- 

dentical sequence specificities (Hayes et al. 1988; Pass- 

more et al. 1989; J. Wynne, S. Dalton, and R. Treisman, 

unpubl.). 

Although the MADS box region presumably repre- 

sents a conserved structural unit present in all of the 

proteins, the significance of the divergent carboxy-termi- 

nal segments of these DNA-binding domains remains 

unclear. The DNA-binding domains of SRF-like proteins 

have other functions such as subunit dimerization and, 

in the case of SRF and MCM1, interactions with acces- 

sory proteins; perhaps these functions are differentiated 

by their divergent carboxyl termini. Our experiments 

with chimeric RSRF-SRF proteins suggest that the spec- 

ificity of dimerization is not determined solely by the 

variable carboxy-terminal region (R. Pollock and R. Tre- 

isman, unpubl.). Preliminary experiments suggest that 

the RSRF proteins do not interact with p62 TCF {A. Rog- 

ers, R. Pollock, and R. Treisman unpubl.), but it remains 

possible that accessory proteins, as yet uncharacterized, 

can associate with RSRF DNA-binding domains. 

The binding activity of the SRF DNA-binding domain 

can be modulated by phosphorylation at a casein kinase 

II site located - 5 0  residues to its amino-terminal side 

(Manak et al. 1990; Manak and Prywes 1991; Marais et 

al. 1991). No such kinase sites are present in the RSRF 

proteins. However, it remains possible that the apparent 

inactivity of the intact RSRFR2 protein in in vitro DNA- 

binding assays might reflect a failure to make appropri- 

ate modifications of the protein in the cell-free transla- 

tion system. Further studies are needed to clarify this 

issue. 

Interaction of RSRF proteins with DNA 

The consensus for the RSRFC4-binding site, CTA(A/ 

T)4TAG, was determined by binding site selection in 

vitro. The symmetrically placed invariant TA dinucle- 

otides presumably reflect similar contacts made by the 

two subunits of the protein; and in agreement with this 

idea, symmetrically placed mutations at these positions 

block DNA binding. The closer spacing of invariant di- 

nucleotides of the RSRFC4 site compared with the SRF 

site presumably reflects differences in the positions and 

character of residues within the RSRF basic region that 

contact the DNA. RSRF sites are not perfectly symmet- 

ric, with the asymmetric sequences TTTT and TTTA 

preferred in the central region. Other SRF-like DNA- 

binding domains such as SRF and MCM1 also bind se- 

quences with some degree of asymmetry (Passmore et al. 

1989; Pollock and Treisman 1990; J. Wynne and R. Tre- 

isman, unpubl.). Outside the central AT-rich core se- 

quence, there is a strong preference for the flanking 5'C 

and 3'G. 

A significant proportion of the oligonucleotides se- 

lected by the RSRFR2 DNA-binding domain and a small 

number of oligonucleotides selected by RSRFC4 contain 

mismatches at one of the conserved TA dinucleotides 

and thus resemble half-site matches to the RSRFC4 con- 

sensus. Mismatches of this type in SRF sites cause a 5- to 

10-fold reduction in binding affinity (Leung and 

Miyamoto 1989) but have relatively little effect at 

MCM1 sites (Passmore et al. 1988; Tan et al. 1988; J. 

Wynne and R. Treisman, unpubl.). It is therefore possible 

that single mismatches at invariant positions have only 

small effects on RSRFC4 binding; therefore, the spec- 

trum of RSRF-binding sites in vivo may be somewhat 

broader than our deduced consensus. 

We examined the physical interactions between 

RSRFC4 and two naturally occuring binding sites by 

DEPC interference analysis. The interference pattern at 

the mouse muscle creatine kinase gene enhancer site is 

identical to that reported previously for the MEF-2-bind- 

ing activity (Gossett et al. 1989). Assuming that in this 

assay, interference with binding reflects direct preven- 

tion of DNA-protein contact, our data suggest that the 

RSRF proteins make major groove contacts with the 

DNA throughout one complete turn of the DNA helix. A 

similar analysis of SRF also shows major groove DNA- 

protein contact throughouts one helical turn (S. Dalton 

and R. Treisman, unpubl.). 

Potential target promoters for RSRF proteins 

We screened the GenBank nucleotide sequence data base 

for matches to the sequence (C/T)TA(A/T)4TA(G/A) 

with the Nsearch motif search program (M. Sternberg, 

pers. comm.). RSRF-binding sites were considered poten- 

tially functional if they satisfied one or more of the fol- 
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Figure 6. Detection of RSRF proteins in extracts from different cell types. (A) Analysis of nuclear extracts by binding competition. 
Extracts (10 txg) were analyzed by gel mobility-shift analysis with the N10WT oligonucleotide as probe, in the presence of either no 
competitor oligonucleotide (lanes 1,4,7,10,13,16) or with a 100-fold molar excess of N10WT {lanes 2,5,8,11,14,17) and N10M2 (lanes 
3,6,9,12,15,18) oligonucleotides. The major specific complex {C) comigrates on these gels with that formed by full-length RSRFC4 
produced in vitro. (B) Reactivity of C2 cell RSRF-like proteins with anti-RSRFC4/C9 antiserum. Proteins were analyzed with the MCK 
(lanes 1,8-10,14--16) and N10WT {lanes 2-7,11-13) probes. (Lanes 1-4) RSRF protein produced by in vitro translation (1 Ixl); (lanes 
5-10), C2 myoblast extract proteins; (lanes 11-16) C2 myotube proteins. Binding reactions were preincubated with preimmune serum 
(lanes 3,6,9,12,15) or immune serum (lanes 4, 7,10,13,16). The positions of the main RSRF complex and the immunoreacted complexes 

are indicated. 

lowing criteria: (1) occurrence wi th in  known promoter 

elements  of the gene concerned; {2) repeated occurrence 

of the mot i f  wi th in  short lengths of D N A  close to RNA 

ini t iat ion points or enhancer elements;  (3) evolutionary 

conservation of single e lements  in different species; and 

(4) occurrence at positions at which  proteins are bound 

in vivo. The results of the search show that in general, 

RSRF-binding sites occur as potential  regulatory ele- 

ments  in the same type of genes as SRF-binding sites, 

namely  growth factor-regulated or muscle-specific pro- 

moters. The significance of m a n y  other matches  to the 

consensus remains  unclear. Many Alu repeat sequences 

contain potential  RSRF sites, as well  as a number  of 

TATA boxes, raising the possibil i ty that RSRF proteins 

may  regulate the access of TFIID, as observed wi th  cer- 

tain homeo box proteins (Ohkuma et al. 1990; K. Vis- 

vanathan and S. Goodbourn, pers. comm.). 

Many promoters and enhancers of muscle-specif ic  or 

muscle-enhanced genes contain RSRF-binding sites, and 

in several cases, their  functional  significance has been 

confirmed directly by gene transfer experiments  and pro- 

tein-binding studies. These binding sites contr ibute to 

the in vivo activi ty of the MCK (Gossett et al. 1989; 

Horlick and Benfield 1989) and myos in  l ight-chain 1/3 

(Donoghue et al. 1988; Wentworth  et al. 1991) gene en- 

hancers, and the myos in  l ight-chain type 2A (Braun et al. 

1989; Zhu et al. 1991) and creatine kinase B (Hobson et 

al. 1988, 1990) promoters. These sites have been shown 

Figure 7. P r o m o t e r  ac t iv i ty  of in tac t  and 

mutated RSRF-binding sites in NIH-3T3 
cells. One or two copies of the indicated 
RSRF-binding site oligonucleotides (see 
Fig. 2C) were inserted into pBLCAT2, and 
the resulting plasmids were transfected 
into NIH-3T3 cells. Cells were either se- 
rum starved for 50 hr {lanes 1,3,5, 
7,9,11,13,15) or serum starved and restim- 
ulated for 8 hr {lanes 2,4,6,8,10, 
12,14,16). Activity of the cotransfected 
B-galactosidase reference plasmid varied 
< 1.5-fold between the transfections. 

GENES & DEVELOPMENT 2337 

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Pollock and Treisman 

Figure 8. SRF-like DNA-binding domains. Partial sequences of the SRF, MCM1, ARG80, Ag, Def, and the RSRFC4 and RSRFR2 
proteins are shown. Shown are regions of SRF sufficient for DNA binding (solid line) and dimerization (double dashes). Positions of 
identity or highly conservative substitution between all family members are indicated by heavy and light shading, respectively, and 
these residues are indicated below the sequences. The solid triangle above the RSRFC4 sequence indicates the location of the 
restriction site used to generate C4/SRF; the shaded triangle indicates the location of the restriction site used to generate RSRFC4(1- 
69). {Bottom) The extent of the basic and hydrophobic regions of the DNA-binding domains, two predicted regions of c~-helix (Elio- 
poulos et al. 1982), and the specificity-determining region of the RSRFs (for discussion, see text). 

to bind common factors with an RSRF-like binding spec- 

ificity both in vitro (Hobson et al. 1988; Gossett et al. 

1989; Horlick et al. 1990) and in vivo (Mueller and Wold 

1989); as discussed above, the RSRFC4 and RSRFC9 pro- 

teins are components of these binding factors. RSRF sites 

present in muscle-specific promoters appear to be func- 

tionally interchangeable with sites that are not in 

strictly muscle-specific promoters (Horlick et al. 1990). 

Several nonmuscle promoters regulated by extracellu- 

lar signals contain RSRF-binding sites, including those of 

the cellular immediate early genes NlO/nur77/NGF1-B 

and c-jun (Hattori et al. 1988; Hazel et al. 1988; Mil- 

brandt 1988; Brunet  al. 1989; Ryseck et al. 1989) and the 

Epstein-Barr virus (EBV) BZLF1 gene (Flemington and 

Speck 1990). The precise roles of these sites in the reg- 

ulation of these genes remain unclear. The N10 gene 

contains sites at - 2 6 2  and -297,  which both bind 

RSRFC4 in vitro {this study; R. Pollock and R. Treisman, 

unpubl.), and at - 894 (Changelian et al. 1989; Ryseck et 

al. 1989). The c-jun RSRF-binding site, at -59 ,  is in a 

conserved region required for activation of Jun transcrip- 

tion by protein kinase C in HeLa TK-  cells (Angel et al. 

1988). Our in vitro-binding studies show that this site 

can bind both RSRFC4 and HeLa cell RSRF-like proteins 

(R. Pollock and R. Treisman, unpubl.); it also appears to 

be bound by protein in vivo (V. Bardwell and R. Treis- 

man, unpubl.). The phorbol ester-responsive promoter of 

the EBV BZLF 1 gene contains a both a consensus RSRF- 

binding site and a number of apparent half-sites that can 

nevertheless cross-compete for factors binding to the 

c-jun RSRF site (Flemington and Speck 1990). Potential 

binding sites for both SRF and RSRF proteins are also 

found in the immediate early enhancers of both simian 

and human cytomegalovirus (Boshart et al. 1985; Jeang 

et al. 1987), although, again, the biological significance 

of these sites remains obscure. 

Function of RSRF proteins in vivo 

In mouse NIH-3T3 cells, RSRF sites function as posi- 

tively acting promoter elements that are slightly induc- 

ible by serum stimulation. Because mutations that block 

RSRF binding also block activation, it is likely that this 

reflects the binding of RSRF-related proteins in vivo. 

However, although these properties suggest that the 

RSRF proteins themselves are involved in transcrip- 

tional activation, we have not consistently observed 

transcriptional activation in transient transfection ex- 

periments with RSRF cDNAs. The serum inducibility of 

RSRF sites suggests that the activity of the RSRF pro- 

teins may also be linked to extracellular signaling path- 

ways. It is thus reasonable to propose that RSRF pro- 

teins, like SRF, are involved in the regulation of both 

muscle-specific and growth factor-regulated transcrip- 

tion. 

There are two major ways in which the activity of 

RSRF sites may be differentially regulated. The first way 

is by expression of different RSRF proteins in different 

cell types. For example, the high levels of RSRFR2 

mRNA in B-cell lines suggest that this protein is ex- 

pressed at elevated levels in B cells, and we are currently 

developing RSRFR2-specific antisera to test this directly. 

A previous report proposed that  the types of factors that 

interact with the MCK enhancer RSRF site may change 

upon fusion of C2 myoblasts (MBF1) to myotubes 

(MEF2; Gossett et al. 1989); however, we observed no 

such change in our experiments. A second mechanism 
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for different ial  regu la t ion  would  be by the in te rac t ion  of 

ub iqu i tous  RSRF prote ins  w i t h  cell-specific accessory or 

associa ted proteins .  Th i s  v iew has  also been invoked  pre- 

v ious ly  to expla in  the  func t ion  of SRF- and RSRF-bind- 

ing si tes  in  bo th  muscle-speci f ic  and ub iqu i tous ly  

g rowth  fac tor- inducible  p romoters  (Taylor et al. 1989; 

Walsh  19891 Hor l i ck  et al. 1990; Sartorel l i  et al. 19901. 

Because m a n y  muscle-speci f ic  genes conta in  b ind ing  

si tes  for myogen ic  factors such  as the  M y o D - E 1 2  com- 

plex in close p r o x i m i t y  to e i ther  RSRF- or SRF-binding 

sites, an a t t rac t ive  poss ib i l i ty  is tha t  the  myogen ic  fac- 

tors can specif ical ly  in te rac t  w i t h  bo th  the  RSRFs and 

SRF itself. Th i s  poss ib i l i ty  is in t r igu ing  because the  

RSRF and SRF D N A - b i n d i n g  domains  are of a c o m m o n  

s t ruc tura l  class tha t  is k n o w n  to par t ic ipate  in  transcrip- 

t ion  factor in te rac t ions .  

M a t e r i a l s  a n d  m e t h o d s  

Isolation and sequencing of RSRF cDNA clorles 

Phages KRSRFR1-)tRSRFR3 were identified by screening ~,gtl 1 

eDNA libraries from human placenta (Clontech) and Jurkat T 

cells (Krissansen et al. 1986) with an SRF DNA-binding domain 

probe (SmaI-BglII; nucleotides 779-1094; Norman et al. 1988) 

at low stringency. ;~RSRFR1 appears to lack an A residue at 

codons 4-5 and was not examined further. Phages )tRSRFC4 and 

)tRSRFC9 were recovered from the placental library by using the 

redundant MKKAY/FE oligonucleotide probe as described {Nor- 

man et al. 1988). The KRSRFR2 and KRSRFC4 inserts were se- 

quenced completely on both strandsl the sequence of KRSRFC9 

was confirmed by using appropriate oligonucleotide primers. 

Plasmids 

All plasmids were constructed by standard and PCR methods 

and verified by sequence analysis; full details are available on 

request. Plasmids for in vitro translation of RSRFC4 and 

RSRFR2 polypeptides were based on pT7[3Sal, in which trans- 

lation is directed by the human B-globin 5'-untranslated region 

and initiation codon (Norman et al. 1988), and were linearized 

with EcoRI for transcription by T7 polymerase. Underlined se- 

quences indicate the 9El0 epitope (Evan et al. 1985). Plasmid 

pT7C4(1-486) encodes RSRFC4 amino acids 1-486. Plasmid 

pT7AC4.T encodes RSRFC4 amino acids 1-105/MEQKLISEEDLN- 

MLESTCRST (XbaI used to linearize). Plasmid pT7C4{ 105--486) 

encodes M/RSRFC4 amino acids 105-486.Plasmid pT7C4/SRF 

encodes RSRFC4 amino acids 1-30/SRF amino acids 170--508, 

derived from pT7AATG (Norman et al. 1988). Plasmid 

pT7R2(1-365) encodes RSRFR2 amino acids 1-365. Plasmid 

pT7R2.T encodes RSRFR2 amino acids 1-290/MEQKLISEEDLNM. 

Plasmid pT7AR2.T encodes RSRFR2 amino acids 1-102/ 

MEQKLISEEDLNM. Plasmids for RNase protection probes 

were constructed from pT7C4(1--486) and pT7R2(1-365), and 

linearized with NcoI for transcription, pC4SP6 contains 

RSRFC4 nucleotides 230-542 and generates protected frag- 

ments of 312 and 256 nucleotides from RSRFC4 mRNA, and 

RSRFC9 mRNA, respectively. Plasmid pR2SP6 contains 

RSRFR2 nucleotides 444--838 and generates a 394-nucleotide 

protected fragment with RSRFR2 mRNA. For ~/-actin mRNA, 

pSP6~/-actin (Enoch et al. 1986) was used. 

Plasmids pN10.WTx 1, pN10.WTx2, pN10.M1 x 1, pN10.M1 x2, 

pN10.M2x2, pN10.M3 x2, and pN10.M4x2 contain one or two 

copies of the appropriate oligonucleotide inserted into the XbaI 

site of pBLCAT2 (Luckow and Schutz 1987) in the sense orien- 

tation. 

O ligonucleoti des 

Oligonucleotides were synthesized on an Applied Biosystems 

380A machine. 

MKKAY/FE: ATGAA(G/A)AA(G/A)GC(A/T/C/G)T(T/A)(T/ 

C)GA 

N10WT: ctagAGGAAAACTATTTATAGATCAAAT/ctagA- 

TTTGATCTATAAATAGTTTTCCT 

N10M1: ctagAGGAAAACCATTTATGGATCAAAT/ctagAT- 

TTGATCCATAAATGGTTTTCCT 

N 10M2: ctagAGGAAAACGATTTAT__CGATCAAAT/ctagAT- 

TTGATCGATAAATCGTTTTCCT 

N10M3: ctagAGGAAAA _GTATTTATA__CATCAAAT/ctagAT- 

TTGATGTATAAATACTTTTCCT 

N10M4: ctagAGGAAAAC3-~-TTTA.~AGATCAAAT/ctagAT- 

TTGATCTTTAAAAAGTTTTCCT 

MCK: ctagaCTCGCTCTAAAAATAACCCTGTC/ctagaACA- 

GGGTTATTTTTAGAGCTAGC 

SRE: ctagAGGATGTCCATATTAGGACATCT/ctagAGATG- 

TCCTAATATGGACATCCT 

SRE*: ctagAGGATGTCGATATTACGACATCT/ctagAGAT- 

GTCGTAATATCGACATCCT 

Dimerization immunocoprecipitation assay 

Binding reactions were set up on ice, comprising 20 Ixl of buffer 

E (Pollock and Treisman 1990), 0.1 ~1 of 9El0 ascites fluid, 1 ~1 

of rabbit anti-mouse IgG and 5 ~l of reticulocyte lysate, and 

were then added to 10 ~1 of packed volume of protein A-Seph- 

arose beads (Pharmacia) preequilibrated in buffer E. After mix- 

ing in the cold for 3 hr, the beads were washed three times with 

1 ml of cold buffer E without BSA. The beads were boiled in 

SDS-PAGE loading buffer, and the eluted proteins were resolved 

by SDS-PAGE. 

Antibodies 

RSRFC4 codons 272-486 (BglII-EcoRI) were fused in-frame to 

glutathione S-transferase in plasmid pGEX2; fusion proteins 

were purified as described (Smith and Johnson 1988). Rabbits 

were immunized three times at 14-day intervals with 200 ~g of 

fusion protein in Freund's adjuvant and test-bled after 10 days. 

For antibody supershift experiments, binding reactions were in- 

cubated with 0.2 ~xl of immune or preimmune serum for 30 rain 

before addition of probes. 

Cell culture and transfection 

Mouse NIH-3T3 cells were transfected with 5 ixg of test plasmid 

and 2 ~g of pJATLACZ (M. Ellis, unpubl.; transfection effi- 

ciency control) by using the DEAE-dextran method (Sompayrac 

and Danna 1981), followed by shock with medium containing 

10% dimethylsulfoxide (DMSO) for 2 min and 4 hr incubation 

in medium containing 0.1 mM chloroquine. Cells were then 

kept in Dulbecco's modified Eagle medium {DMEM)/0.5% se- 

rum for 42 hr; for serum stimulation, cells were refed with me- 

dium containing 15% FCS for 8 hr. Cell extracts were prepared by 

standard methods, and 40 txg was analyzed for CAT and [3-ga- 

lactosidase activities (Sambrook et al. 1989); [3-galactosidase ac- 

tivities varied < 1.5-fold between individual transfections. 

Other procedures 

RNA preparation and analysis, DNA sequencing, and oligonu- 

cleotide labeling were performed by standard methods (Sam- 

brook et al. 1989). In vitro translation of capped synthetic mR- 

NAs, binding site selection, gel mobility-shift assays, and nu- 

clear extract preparation were as described previously (Dignam 

et al. 1983; Norman et al. 1988; Pollock and Treisman 1990); 
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DNA binding reactions contained 0.2 txg of poly [d(I-C)]. DEPC 

interference was performed as described (Sturm et al. 1987) by 

using probes made by PCR from plasmids containing the 

N10WT and MCK oligonucleotides inserted into the XbaI site 

of pBLCAT2. 
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