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Abstract Materials and Methods  

The ets oncogene superfamily codes for a family of transcriptional 
factors that are involved in gene regulation not only by autonomous DNA 
binding but also by indirect DNA binding through interaction with cellular 
factors. We have previously shown that a member of this superfamily, 
elk-l, is a sequence specific transcriptional activator, which forms a serum 
response factor (SRF) dependent ternary complex with serum response 
element (SRE) similar to p62 Tcr. We describe here an alternatively spliced 
variant of elkol named Aelk-1, which has lost the SRF interaction domain, 
negative regulatory DNA binding domain, and part of the elk-1 DNA 
binding domain. This variant elk-1 protein has lost the capacity to form a 
SRF dependent ternary complex with SRE and to activate fos transcrip- 
tion. Since this splice variant lacks part of the ets DNA binding domain, it 
binds to DNA with a specificity that is different from that of the full length 
elk-1 protein. Therefore differential splicing within the DNA binding and 
protein-protein interaction domains of transcriptional factors can gener- 
ate proteins with modulated DNA binding specificities and transcriptional 
regulation. Thus it is conceivable that variant elk-1 might function by 
competing for some of the elk-1 target sequences (like SRE) and there- 
by block the transcriptional activation offos by SRF and elk-1. Alter- 
nately, variant elk-1 protein may be the repressor, recruited by the SRE 
bound SRF for c-fos repression, or it may have an altogether different 
function. Therefore, elk-1 appears to fall in the category of genes that 
encode activators and repressors through the mechanism of differential 
splicing. 

Introduction 

The ets oncogene superfamily (1-18) codes for a family of tran- 

scriptional factors that are involved in the regulation of gene expres- 

sion by different modes by direct DNA binding (12-15, 19-24), by 

protein assisted DNA binding (13, 25), or by protein-protein interac- 

tions (21, 25-27). The elk-1 gene product codes for a sequence spe- 

cific DNA binding transcriptional activator (20) which was found to 

be homologous both functionally and antigenically to the c-fos regu- 
latory factor, p62 "rcF (25). Recently we have defined the elk-1 do- 

mains which are responsible for autonomous DNA binding, for inter- 

action with SRF2:SRE to form the ternary complexes and also for 

negative regulation of DNA binding by the full length elk- 1 protein to 
DNA (27). Previously alternative splicing in c-ets-1, erg, and sap-1 

genes have been reported (1, 6, 7, 13). In an attempt to obtain alter- 
nately spliced elk-1 transcripts, we have isolated several cDNA 
clones. Identification and a study of these alternately spliced elk-1 
products will help us in understanding the function of the elk-1 pro- 

teins because some of these elk-1 variants can act as dominant neg- 
ative mutants in vivo. 
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Nucleotide Sequence Analysis. The nucleotide sequence analysis of the 
Aelk-1 eDNA clone was carried out by the dideoxy chain termination method 
using both single and double stranded DNA templates as described previously 
(7). 

In Vitro Transcription Translation and lmmunoprecipitation of elk-1 
and Aelk-1 Proteins. Plasmids containing the full length elk-1 and Aelk-1 
cDNAs were linearized by digestion with the appropriate restriction enzyme as 
described in Fig. 1 and transcribed in vitro with SP6 and T7 RNA polymerase 
as described previously (7). The capped RNAs were translated in vitro with a 
rabbit reticulocyte lysate (Promega) in the presence of [35S]methionine. The 
labelled proteins were subjected to immunoprecipitation using recombinant 
elk-1 antisera 3 as described previously (28). 

Bacterial Expression of Recombinant elk-1 and Aelk-1 Proteins. The 
recombinant full length elk-1 protein used has been described previously (20). 
The construction, expression, and purification of the Aelk-1 and other recom- 
binant elk-1 proteins will be described in detail elsewhere. 3 

EMSA and Ternary Complex Formation. EMSA was carried out as 
described previously (20). Ternary complex formation of SRE:SRF and re- 
combinant elk proteins were carried out as described previously (27). After 
incubation at room temperature for 20 min, complexes were resolved on 4-6% 
polyacrylamide gel, followed by autoradiography of the dried gels. In vitro 
translated and recombinant SRF proteins used have been described previously 
(27). 

Mammalian Expression Plasmids. Plasmids pSG-VP16-elk-1 and pSG- 
VP16-Aelk-1 will be described in detail elsewhere) The pSG-VP16 plasmids 
contain the entire coding regions of elk-1 and Aelk-1 fused to the VP16 
transcriptional activation domain at the amino terminal end and under the 
control of the SV40 early promoter. The CAT reporter plasmid pBLSRE- 
TKCAT contains the c-fos SRE inserted at the 5' side of the HSV-TK pro- 
mote t .  3 

Tissue Culture and Transfection. NIH3T3 cells grown in Dulbecco's 
modified Eagle's medium supplemented with 10% fetal calf serum were trans- 
fected by the calcium phosphate method with glycerol shock treatment (20). 
Sixty-three h later, cell extracts were made and CAT activities were assayed 
(20). Details of the amount of plasmids used is given in the legend to Fig. 6. 

Results and Discussion 

Northern blot analysis of polyadenylated mRNA from human 

COLO 320 cells, MOLT-4, and K562 and mouse EL4 cells using the 
elk-1 eDNA probe revealed multiple transcripts (8) indicating that 
they may arise as a result of alternative processing of the elk-1 gene. 
We have made full length eDNA libraries from COLO 320 and 
MOLT-4 cells, screened with the human elk-1 eDNA probe, and 

isolated several eDNA clones. Restriction mapping, polymerase chain 
reaction analysis, and nucleotide sequence analysis of one of the 
eDNA clones revealed alternative splicing. Nucleotide sequence anal- 
ysis of this naturally occurring elk-1 variant which we have named as 
Aelk-1, shows that it codes for a -285-res idue  polypeptide with an 

estimated relative molecular mass of - 3 0  kDa unlike full length 
human elk-1 which codes for a 428-amino acid polypeptide. The 
nucleotide sequence of Aelk-1 eDNA revealed a 429-base pair dele- 
tion relative to the full length coding sequence of elk-1 (8). The rest 

3 V. N. Rao, unpublished results. 
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of the coding sequence was found to be identical to that reported 
previously for elk-I (8). The deletion removes amino acids 76 to 218 
of the full length elk-I protein (Fig. 1). 

To confirm the presence of the deduced open reading frame for 

Aelk-1 protein, the cDNA insert was subcloned in KS vectors (Strat- 

agene) downstream from the T7 RNA polymerase promoter. Sense 
RNA was made from DNA constructs in which the open reading frame 

was truncated by the use of restriction enzyme Bgl I I  (present in the 
carboxy terminal region). The RNAs synthesized in vitro by T7 RNA 

polymerase were then translated in a rabbit reticulocyte lysate in the 
presence of [35S]methionine. The largest protein bands detected mi- 

grated in sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
with an apparent molecular mass of approximately 35 kDa (Fig. 2A). 

This value is higher than what is deduced from the nucleotide se- 
quence (30 kDa). The high proline content of the Aelk- 1 protein may 

have caused this shift, inasmuch as a similar phenomenon was ob- 
served by us previously for other proline rich proteins like elk-1 and 

erg-2 (6-8). The RNA from the Bgl l I  restriction enzyme truncated 
construct yielded proteins much smaller than 35 kDa (Fig. 2A) con- 
firming that the 35-kDa protein is derived from the Aelk-1 open 
reading frame which extends beyond the Bgl l I  restriction site in agree- 
ment with our sequence data. No protein was synthesized from RNA 

transcribed from a clone with Aelk-1 cDNA in the opposite orienta- 
tion. The antigenicity of the Aelk-1 protein was further confirmed by 
immunoprecipitating the in vitro translated Aelk-1 proteins with a 
polyclonal antisera raised against the recombinant elk-1 protein. 3 
Aelk-1 protein product reacted with the elk-1 antibody (Fig. 2B) 

indicating that both elk-i and Aelk-1 are antigenically similar. Thus 

Aelk-1 has lost not only a part of the elk-1 DNA binding domain but 
it has lost entirely the negative regulatory DNA binding domain and 
also the domain which is needed for interaction with SRF (27); hence 

it cannot form a ternary complex with SRE:SRF and activate the f o s  

oncogene. 

Alternative splicing in the ets domain of Aelk-1 results in a variant 

protein which lacks 11 amino acids (of the total 80 amino acids) at the 
carboxy terminal region of the ets domain (Fig. 1). We do know that 
in Wilms' tumor and the early growth response family of genes, 
alternative splicing results in the introduction or deletion of part of or 
entire zinc fingers. This does not affect the DNA binding but does 
affect the binding specificities of these proteins (29). Since Aelk-1 

retains most of the elk-1 DNA binding domain it would be expected 
to bind to DNA. To test this prediction, we expressed full length 
Aelk- 1 protein in PET and Gex2T bacterial expression vectors (Fig. 3) 

as described previously (20). These proteins were partially purified 

ESI & NRD 
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t t 
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] A elk-1 (285 aa) 
del 143 aa 

elk-1 DNA Binding domain (EDB) 

< elk-1 SRF Interaction domain (ESI) 

Negative Regulatory DNA binding domain (NRD) 
Fig. 1. Structure of the coding regions of the two elk- 1 cDNA clones representing elk- l 

and Aelk-l. The deleted region [amino acid (aa) residues 76-218 of the elk-1 protein (8)] 
as a result of alternative splicing is shown. 
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Fig. 2. In vitro synthesis of elk-I and Aelk-1 proteins and their immunoprecipitation. 
In A the elk- 1 cDNA clone in Gem vector was linearized by digestion with HindIII or BglI1 
restriction enzymes and the Aeik-I cDNA in KS vector 3 was also linearized by digestion 
with HindIII or BglII enzymes and transcribed in vitro with SP6 and T7 RNA polymerase 
as described previously (8). The capped RNAs were translated in vitro with a rabbit 
reticulocyte lysate (Promega) in the presence of [35S]methionine, and subjected to poly- 
acrylamide gel electrophoresis and fluorography as described previously (8). Lane 1, 
minus RNA; Lanes 2 and 3, translation products of elk-l and elk-l truncated with BglII; 
Lanes 4 and 5, translation products of Aelk-1 and Aelk-1 truncated with BglII. Lane M, 
molecular weight standards in thousands. Full length elk-l and Aelk-1 give protein 
products with molecular weights of -58,000 and -35,000. The BglII truncated elk and 
Aelk-1 give smaller products confirming that the Mr -58,000 and 35,000 proteins are 
derived from the elk-l open reading frame initiating at residue 316. B, immunoprecipi- 
tation of the labeled elk-1 (Lane 6) and Aelk-1 (Lane 3) proteins from A with antisera 
derived from the recombinant elk- 1 protein. The single band in Lane 1 depicts the product 
of Aelk- 1 and the band in Lane 4 shows the product of elk- 1. Pre-imm, preimmunization. 
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Fig. 3. Expression of Aelk-I proteins in Escherichia coli. Full length Aelk-I protein 
(residues 1-285) was overproduced in E. coli in a Gex 2T expression system as described 
previously (20) as a fusion protein containing 25 kD GST fusion proteins at its amino 
terminal region. Bacteria containing either the Gex 2T vector alone or the Gex 2T-Aelk-l 
or Gex 2T-Aelk-l truncated with Sinai construct 3 were induced with IPTG for 2 h as 
shown. Protein extracts were fractionated on 10% sodium dodecyl sulfate-polyacrylamide 
gel and visualized by staining with Coomassie blue as described (8). Right lane, protein 
size markers. Arrows, positions of full length Aelk-1 and Aelk-l/SmaI proteins. 

and subjected to electrophoretic mobility shift assay using elk-1 target 
sequences (E74, MSV LTR, PEA3, SRE, etc.) (20, 28) as probes for 
testing the sequence specific DNA binding activity of Aelk- 1 protein. 
We find that under our experimental conditions recombinant full 
length Aelk-1 protein binds strongly to E74 target sequences (Fig. 4A) 
but not to PEA3 (Fig. 4B), and MSV LTR sequences (Fig. 4C). On 
longer exposure of the autoradiogram, we could see faint bands sug- 
gesting weak binding of Aelk-1 to these sequences. Addition of ex- 
cess, unlabeled wild type E74 probe (Fig. 4A) eliminated the DNA 
binding activity, while addition of an equivalent amount of cold mu- 
tant E74 oligonucleotides (Fig. 4A), had no effect on specific binding. 
No competition was seen when a nonspecific oligonucleotide was 
used in these EMSAs (Fig. 4A). All these results show that Aelk-1 
protein binds specifically to E74 target sequences indicating that the 
amino terminal 75 amino acids of the elk- 1 DNA binding domain may 
be sufficient for sequence specific DNA binding activity. However, 
one cannot rule out the possibility that the new neighboring sequences 
in Aelk-1 may influence the modulated DNA binding specificity. 
Since Aelk-1 shows negligible binding to target sequences like PEA3 
and MSV LTR one can conclude that the 11 amino acids in the ets 

domain of elk-1 which have been deleted in Aelk-1 may be important 
for binding/recognition to PEA3 and MSV LTR target sequences but 
not to E74 target sequences. Thus a subtle change in the elk-1 DNA 
binding domain resulted in the modulation of the DNA binding spec- 
ificity of Aelk-1 protein. The affinity of binding of Aelk-1 to E74 

target sequences was found to be relatively low when compared to the 
full length elk-1 protein. 3 

The next question we asked was can Aelk-1 protein bind to the SRE 
autonomously since it has a deletion in the domain which is respon- 
sible for negative regulation of DNA binding activity (27) and also 
due to the alteration in the DNA binding specificity. We therefore 
tested the binding of full length and SmaI truncated Aelk-1 proteins 
(amino acids 1-173) (expressed in pET and Gex 2T bacterial expres- 
sion vectors) to SRE in EMSA under the conditions described previ- 
ously (20). Expression of recombinant proteins using the bacterial 
expression vectors, namely pET and Gex 2T, resulted in fusion pro- 
teins with 11 and 250 amino acids (GST domain) at the amino ter- 
minal region, respectively. To our surprise, we observed binding of 
GST-Aelk-1 fusion protein to SRE but not by Aelk-1 which was fused 
to 11 amino acids of q~10 at the amino terminal end (Fig. 4D). A 
similar result was also observed on using a GST-elk-1 fusion protein. 
These results suggest that the structural constraint imposed on the 
elk-1 DNA binding domain can be relieved by the GST domain of 
GST-elk-1 fusion protein mimicking the in vivo situation seen with 
auxiliary proteins like SRF (27). It may be possible that Aelk-1 like 
elk-1 may associate with another factor, Aelk-1 associated factor, in 

vivo to interact with SRE. 
Since we know from the nucleotide sequence analysis that Aelk-1 

lacks the domain which is needed for interaction with SRF (27), it 
would be expected not to form a ternary complex with SRF:SRE. To 
test this prediction, Aelk-1 recombinant protein which was expressed 
in pET and Gex 2T vectors (Fig. 3) and partially purified was sub- 
jected to EMSA for ternary complex formation as described previ- 
ously (20). Our results show that Aelk-1 does not interact with SRF 
and hence does not form a ternary complex with SRE:SRF (Fig. 5). 
Thus it is conceivable that Aelk-1 [since it lacks both the negative 
regulatory and elk-1 SRF interaction domains (Fig. 1) of the elk-1 
protein] can bind directly to SRE and compete for some of the target 
sequences of elk-1 and thereby block the fos  activation function of 
elk-1 and SRE 

We know from our previous work that elk-1 shows SRF-dependent 
SRE binding in vitro using partially purified full length recombinant 
elk-1 protein (25, 27). In order to study whether elk-1 requires DNA 
bound SRF for recruitment to the SRE in vivo and to show that &elk- 1 
does not interact with SRF in vivo, we used a strategy based on the 
principle used by Chien et al. (30) to study protein-protein interaction. 
Our approach is based on the observation that a transcription activator 
domain can function even when it is recruited indirectly to a promoter 
by protein-protein interaction rather than by direct DNA binding. We 
cloned the open reading frame of elk-1 and Aelk-1 cDNAs in frame 
with the sequences of the transcriptional activation domain of the 
(herpes simplex virus) VP16 downstream of the SV40 early promoter, 
pSG-VP16. 4 Since the pSG-VP16-elk-I and pSG-VP16-Aelk-1 con- 
tain a potent transcriptional activator domain, transcriptional activa- 
tion of a pBLSRE-TKCAT reporter plasmid using the endogenous 
SRF can be used to monitor the recruitment of pSG-VP16-elk-1 to the 
c-fos SRE in NIH3T3 cells. The pSG5-VP16-elk-1 and pSG-VP16- 
Aelk-1, SV40 early promoter based expression plasmids, were 
cotransfected into NIH3T3 cells with the CAT reporter plasmid 
pBLSRE-TKCAT in which the CAT reporter gene is under the control 
of a c-fos SRE inserted at the 5' side of the herpes simplex virus TK 
promoter. Cells transfected with pSG-VP16-elk-1 plasmid showed 

l 1-fold increase in reporter CAT gene activity (Fig. 6) and cells 
transfected with pSG-V 16-Aelk-1 plasmid showed no increase in CAT 

gene activity (Fig. 6). These results confirm our observation that 

4 E. S. P. Reddy and V. N. Rao, unpublished results. 
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Fig. 4. DNA-binding properties of Aelk-I fusion protein by EMSA using 32p-labeled E74 (A), PEA3 (B), MSV LTR (C), and SRE (D) oligonucleotide probes. Lysates of BL21 
cells containing either the PET-Aelk-I or GEX 2T-Aelk-13 or only the PET vector or GEX 2T vector were incubated with 32p-labeled oligomeric probe and analyzed on a native 6% 
polyacrylamide gel as described previously (20). The oligomeric probes used for EMSA were described previously (20, 27). (A) Lane 1, free E74 probe; Lane 2, PET vector; Lanes 
3-6, PET Aelk-I plasmid extracts; Lane 4, competition with 3 pg of unlabeled nonspecific probe; Lane 5, competition with the same amount of unlabeled wild type E74 probe; Lane 
6, competition by the same amount of mutant E74 probe. (B) Lane 1, free PEA3 probe; Lanes 2 and 6, PET and GEX 2T vectors; Lanes 3, 4, and 7, PET-elk-l, pET-elk-1/Acc 1 and 
GEX 2T elk-l/Acc 1 plasmid extract; Lanes 5, 8, and 9, PET Aelk-l, GEX 2T-Aelk-1 and GEX 2T-Aelk-l/Sma 1 plasmid extracts. (C) Lanes 1, 2, and 5, GEX 2T-Aelk-1/SmaI, GEX 
2T-Aelk-1, and PET Aelk-1 plasmid extracts; Lanes 3, 6, and 7, GEX 2T-elk-1/Acc 1, pET-elk-1/Acc 1, and PET-elk-1 plasmid extracts; Lanes 4 and 8, GEX 2T and PET vector extracts; 
Lane 9, free MSV LTR probe. (D) Lane 1, free SRE probe; Lanes 2, 6, and 8, GEX 2T, GEX 3X, and PET vector extracts; Lanes 4, 5, and 11, GEX 2T-Aelk-l, GEX 2T-Aelk-1/SmaI 
and PET-Aelk-I extracts; Lanes 3, 7, 9, and 10, GEX 2T-elk-1, GEX 3X-elk-1/Acc 1, pET-elk-1, and PET-elk-l/Acc 1 plasmid extracts. The elk-I and Aelk-I dependent nucleoprotein 
complexes are shown within brackets. 
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reactions contained as indicated elk-I or Aelk-1 and SRF expressed in bacteria or retic- 
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have been described previously (27). Under these conditions both elk-1 and Aelk-1 do not 
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Fig. 6. Interaction of elk-I and Aelk-1 with SRF:SRE in vivo. The pSG-VP16-elk-1 and 
pSG-VP16-Aelk-1 constructs 3 contain the entire coding regions of elk-1 and Aelk-1 fused 
to the VPI6 transcriptional activation domain at the amino terminal end under the control 
of SV40 early promoter (pSG-VP16). 4 pSG-Aelk-I contains the entire coding region of 
Aelk-1 under the SV40 early promoter. 3 NIH3T3 cells were transfected by the calcium 
phosphate method (20). Sixty-three h later, cell extracts were made and CAT activities 
were determined (20). The transfection reaction contains 6 lag of pBLSRE-TKCAT re- 
porter plasmid 3 and 1 tag of pSG-VP16 or pSG-VP16-elk-I or pSG-VP16-Aelk-I that 
were cotransfected with 5 lag of pCHll0  /3-galactosidase plasmid as a control for nor- 
malizing transfection efficiency. The experiments were repeated at least five times. We 
assume that the endogenous SRF in NIH3T3 cells participate in these interactions as 
ob . . . .  ,1 previously (13). The chr0mat0grarn (right) represents a typical transfection. The 
fold act iv i ty  g i v e n  (left) is the  ave r age  o f  dup l i ca t e s  in a representative experiment, 
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Aelk-l can no longer interact with SRF in vivo and hence may not be 
activating the fos gene. 

The next question we asked was can Aelk-1 function as a dominant 
interfering mutant in vivo. For this we cotransfected pBLSRE-TKCAT 
and pSG-VP16-elk-1 with different amounts of pSG5-Aelk-1 into 
NIH3T3 cells. 5 Our preliminary results using increasing amounts of 
Aelk-1 plasmid resulted in a moderate decrease in CAT activity. From 
these results it appears that Aelk-1 may repress the activation offos 
expression by SRF and elk-1 proteins. It is possible that the ratio of 
elk- 1 and Aelk- 1 in vivo may determine the extent of activation and/or 
repression offos and other target genes. Since Aelk-1 can bind to SRE 
autonomously but cannot interact with SRF to activate the fos onco- 
gene, it may be involved in the repression function of SRE Alter- 
nately, since Aelk-I has modulated DNA binding specificity when 
compared to elk-1 it could bind to a different set of target genes and 
regulate their activity. 6 Our recent results suggest that Aelk-1 can 
function as an activator depending on the target sequences and/or cell 
lines that are used for transfection. It appears from these data that the 
nature of the reporter construct used may be crucial in defining the 
activation and/or repression function of Aelk-1 protein. Identification 
of Aelk-I target genes should help to clarify this issue. Previously a 
factor p62 D~F which binds autonomously to SRE has been described 
(31). Due to the size difference between Aelk-I and p62 DBF, it is 
unlikely that Aelk- 1 could be a candidate for p62 oaF. Further analysis 
of Aelk-1 is needed to conclude any relationship between Aelk-1 and 
p62 DBF. The scenario we observe with elk-1 and Aelk-1 parallels what 
is observed in the yeast cell type specific transcriptional factors MAT 
a I and MAT a2 encoded by the MAT locus (32). a 1 is an activator of 
the a-specific genes and a2 is a repressor of a specific gene. Both 
activation by a l  and repression by a2 requires an essential factor 
MCM 1. SRF resembles MCM 1 in that it is involved in transcriptional 
repression as well as activation of the fos gene. It is tempting to 
speculate that Aelk- 1 like MAT a2 may cooperate with SRF to repress 
c-fos expression. We are presently investigating these possibilities. 6 
Our preliminary results suggest that elk-1 proteins are phosphorylated 
in vivo. Potential phosphorylation sites are present in the alternatively 
spliced region which is a deleted in the Aelk-1 protein. If phosphor- 
ylation of these sites regulate elk-1 function one could speculate that 
such a regulation is lost in Aelk-1 resulting in a basal Aelk-I function 
insensitive to the variation by the external stimuli. It remains to be 
seen whether tissue or developmental specificity exists for the expres- 
sion of Aelk-1 protein and whether its expression can be modulated in 
response to external stimuli. 7 Interestingly elk-1 and Aelk-1 proteins 
are substrates for mitogen activated protein kinase implicating a reg- 
ulatory role for mitogen activated protein kinases in the physiological 
function of elk-1 and Aelk-1 proteins. We are presently investigating 
these possibilities. 
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