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and Notch-Related

Structural Motifs in a Heteromeric DNA
Binding Complex

CATHERINE C. THOMPSON, THOMAS A. BROWN, STEVEN L. MCKNIGHT

Analysis of the heteromeric DNA binding protein GABP
has revealed the interaction of two distinct peptide se-
quence motifs normally associated with proteins located
in different cellular compartments. The « subunit of
GABP contains an 85—amino acid segment related to the
Ets family of DNA binding proteins. The ETS domain of
GABPa facilitates weak binding to DNA and, together
with an adjacent segment of 37 amino acids, mediates
stable interaction with GABPB. The g subunit of GABP
contains four imperfect repeats of a sequence present in
several transmembrane proteins including the product of
the Notch gene of Drosophila melanogaster. These amino-
terminal repeats of GABPB mediate stable interaction
with GABP« and, when complexed with GABPa, direct-
ly contact DNA. These observations provide evidence for
a distinct biochemical role for the 33—amino acid repeats,
and suggest that they may serve as a module for the
generation of specific dimerization interfaces.

INCE THE INITIAL RECOGNITION OF A COMMON PROTEIN
sequence motif in the SWI6 gene product of Saccharomyces
cerevisiae and the Notch gene product of Drosophila melano-
gaster (1), similar sequences have been identified in different biolog-
ically interesting proteins. The motif, variously termed the cdcl0/
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SWI6 or ankyrin repeat, consists of a 33—amino acid sequence often
present in tandem arrays. This motif has been observed in the
products of the Notch, lin-12, and glp-1 genes, putative transmem-
brane proteins of Drosophila melanogaster and Caenorhabditis elegans
that transmit signals critical for specification of cell fate (2); the
product of fem-1, a Caenorhabditis elegans gene that regulates sex
determination (3); cdc10, SWI4, SWI6, yeast proteins involved in
cell cycle control (1, 4); ankyrin, a multifunctional protein of the red
blood cell cytoskeleton (5); the product of bcl-3, a human gene
located near a translocation breakpoint associated with some leuke-
mias (6); the 105-kD precursor to the active 50-kD subunit of
NFkB/KBF1 (7); and IkB, a regulatory subunit of NF«kB that
inhibits DNA binding and has been implicated in cytoplasmic
sequestration (8). Despite the widespread occurrence of the 33—
amino acid motif, its functional role has heretofore remained
obscure.

Our interest in the 33-amino acid repeat arose from studies of GA
binding protein (GABP), a multisubunit DNA binding protein
purified from rat liver nuclei (9). GABP was originally identified as
a factor that binds to a cis-regulatory element required for VP16-
mediated activation of herpes simplex virus (HSV) immediate early
genes (10). Biochemical and molecular biological experiments have
shown that GABP is composed of two distinct polypeptides, both of
which are required for avid interaction with DNA (9, 11). The
amino acid sequence of the GABPa subunit exhibits similarity to the
Ets family of nuclear proteins, whereas that of GABP contains a
tandem series of 33—amino acid, cdc10/SWI6 repeats (11). We now
demonstrate that it is these two distinct protein sequence motifs that
form the heteromeric interface between GABPa and GABPB.

We view the 33-amino acid repeat as a versatile module for the
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generation of highly specific dimerization interfaces that, through
evolution, have been tailored to interact with a variety of different
polypeptide substrates. This concept contrasts with the nature of
dimerization domains typified by the leucine zipper (12) and
helix-loop-helix (13), which facilitate oligomerization through the
interaction of two structurally related polypeptide segments.

DNA binding properties of GABP. Recombinant cDNA copies
of the mRNAs that encode the two subunits of GABP were isolated
and characterized (11). In order to study the functional properties of
the subunits, GABPa and GABPB1 were expressed in Escherichia coli
and purified by using conventional chromatographic techniques
(14). The DNA binding properties of the two individual polypep-
tides and mixtures thereof were first studied by gel retardation with
a DNA substrate derived from the enhancer of an immediate early
gene of herpes simplex virus. As in earlier studies (9, 11), binding
was not observed when DNA was incubated with either of the
isolated subunits. When GABPa and GABPB1 were incubated with
DNA at the same time, a DNA-protein complex that retarded
mobility relative to that of free DNA was observed (Fig. 1, left).

The multisubunit dependence of DNA binding by GABP was
relieved in gel retardation assays conducted at lower ionic strength
(Fig. 1, right). GABPa formed two retarded complexes that migrat-
ed at positions between free DNA and the complex formed with

both subunits. Under these conditions, the mixture of GABPa and
GABPB1 again led to the formation of a slowly migrating DNA-
protein complex. The retarded mobility of the latter complex,
relative to those formed by GABPa alone, reflected the presence of
the GABPB1 subunit. Antisera specific to each subunit were used to
confirm the validity of this interpretation. Antiserum specific to
GABPa further retarded the migration of complexes formed with
GABPa alone or the mixture of GABPa and GABPB1. Antiserum
specific to GABPB1 did not affect the mobility of complexes formed
between GABPa and DNA, but did retard the complex formed in
the presence of both subunits (15).

The HSV1-derived DNA fragment used in binding assays of
GABP contains three imperfect repeats of the hexanucleotide se-
quence 5'-CGGAAR-3’, which had been shown earlier to be
protected from deoxyribonuclease I (DNase I) digestion when
bound by GABP (9, 10). DNase I footprinting assays were per-
formed with bacterially synthesized proteins under conditions that
allowed interaction of GABPa alone. Addition of 0.15 nM GABP«
could protect the repeated hexanucleotide motifs from DNase I
digestion. When the GABPB1 subunit was added, protection was
observed with only 0.015 nM GABPa. Furthermore, the pattern of
nuclease protection was extended slightly beyond the adenine
residues of the third repeat.
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Fig. 1 (left). DNA binding by GABP expressed in bacteria. Purified proteins were incubated with a
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32P-labeled oligonucleotide containing the GABP binding site derived from the enhancer of the herpes
simplex virus ICP4 gene (17). Free and protein-bound DNA samples were subjected to electrophoresis on
5 percent polyacrylamide gels in either 0.5x TBE (left panel) or 0.25x TBE buffer (right panel).  Fig.
2 (right). Characterization of the DNA binding site for GABP. (A) Increasing concentrations of GABPa,
either in the absence (left) or presence (right) of GABPB1 were mixed with a 3>P-labeled DNA fragment
derived from the herpes simplex virus ICP4 enhancer. Free and protein-bound complexes were partially
digested with DNase I and subjected to electrophoresis on an 8 percent polyacrylamide sequencing gel. The
positions of three purine-rich repeats within the region of DNA protected from digestion by GABP are
indicated by arrows. Lanes 1 to 6 (left panel) show digestion patterns resulting from GABPa concentra-
tions starting at 1.5 nM and decreasing in threefold increments to 0.005 nM. Lanes 1 to 6 (right panel) 1 2 3

show patterns resulting from the addition of the same concentrations of GABP« with 0.5 nM GABPBI.

(B) Methylation protection (left panel) and interference (right panel) of DNA binding by GABP. The same DNA fragment used in (A) was incubated with
GABPa, GABPB1, or an equimolar mixture of the two subunits, and exposed to dimethyl sulfate (DMS). Partially methylated DNA was recovered, cleaved
with piperidine, and analyzed on an 8 percent polyacrylamide sequencing gel. For methylation interference assays, DNA was partially methylated, incubated with
an equimolar mixture of GABPa and GABPBI, and subjected to electrophoresis on a nondenaturing polyacrylamide gel as described in Fig. 1. Free and protein-
bound DNA species were recovered, cleaved with piperidine, and subjected to electrophoresis on an 8 percent polyacrylamide sequencing gel. Nucleotide residues
closely contacted by GABP are shown in the lower part of (B). Filled circles identify guanine residues protected from DMS by GABP and when methylated
inhibited DNA binding by GABP. Open circles identify adenine residues where methylation is enhanced in the presence of both GABPa and GABPBI.
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Fig. 3. Measurements of 1
DNA binding stability
of complexes formed b
GABP subunits. A 32P-
labeled oligonucleotide
containing a GABP
binding site (Fig. 1) was
incubated with GABPa
alone, or together with
equimolar amounts of
the two B subunits. Af- b pa
ter a 10-minute incuba- —a— o + Gmf
tion at 24°C, protein- % T T I M
DNA complexes were Time (min)

treated with a 500-fold

excess of unlabeled oligonucleotide. Protein-bound and free DNA were
separated by nondenaturing gel electrophoresis as described in Fig. 1A.
Protein-bound and free DNA’s were located by autoradiography, excised,
and quantified by scintillation spectrometry. Results are presented as the
fraction of probe bound, normalized to 1.0 at time = 0.
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The segment of DNA protected from DNase I digestion by
GABP encompassed all three hexanucleotide repeats, yet was not
centered over the repeats. Methylation protection and interference
assays were undertaken in order to further define the sites of contact
established between GABP and DNA. Methylation protection
assays with GABPa showed a pattern of protection that included
both guanine residues of the second and third hexanucleotide
repeats. The same sets of guanines were protected when GABPB1
was added to the binding reaction. In addition, accentuated meth-
ylation was observed at adenine residues adjacent to the guanine
dinucleotides of the second and third repeats. Sites of methylation
interference were mapped by separating protein-bound DNA mol-
ecules from those inactivated by partial methylation. Methylation of
guanine dinucleotides in the second and third hexanucleotide re-
peats inhibited binding by the mixture of GABPa and GABPB1
(Fig. 2B).

Methylation protection and interference assays indicate that
GABP binds to sites on DNA corresponding to two of the three
purine-rich hexanucleotide repeats. The pattern of protection of
guanine residues by GABPa was similar to that observed with the
mixture of both subunits, indicating that GABPa, when added at a
sufficiently high concentration, can bind specifically to DNA in the
absence of GABPB1. Such observations offer an explanation for the
two retarded bands observed when DNA was incubated with
GABPa under conditions of low ionic strength (Fig. 1, right). The
less retarded of the two bands is interpreted to represent a complex
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Fig. 4. UV-mediated cross-
linking of GABP subunits to
DNA. Isolated or mixed
GABP subunits were incubat-
ed with a 32P-labeled oligonu-
cleotide containing a GABP
binding site (16) and then ex-
posed to UV light as indicat-
ed. Samples were denatured
by boiling in SDS sample
buffer and subjected to elec-
trophoresis on a denaturing
12.5 percent polyacrylamide
gel. The gel was then dried
and exposed to x-ray film.
Time of exposure to UV light
(minutes) is indicated above
each gel lane. Migration of
molecular size markers (kilo-
daltons) is shown on the left.
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Table 1. Determination of molecular masses of GABP subunits. Purified
GABPa, GABPB1, and GABPB2 produced in E. coli were analyzed by gel
filtration and sedimentation velocity (18, 19). K,, values were calculated
from the elution volume of a Superose-6 FPLC column. Apparent
molecular sizes were determined from a plot of K, as a function of the
log of the molecular size of the protein standards. Stokes radii were
determined from a plot of (—log K,,)"? as a function of the Stokes radii
of the standards. Sedimentation coefficients together with measured Stokes
radii were used to calculate native molecular mass. S, sedimentation
coeflicient.

Apparent Corrected

Protein K molecular  Stokes S molecular
av mass radius mass
(kD) (kD)
GABP« 0.449 158 49.3 3.1 66
GABP 0.377 349 63.0 3.1 82
GABPB2 0.486 106 44.0 25 46
GABPa + GABPB1  0.255 1300 87.7 45 170
GABPa + GABPB2  0.367 390 64.8 3.8 104

wherein GABPa is associated with only one of the two hexanucle-
otide repeats, while the more retarded complex contains GABPa
subunits associated with two hexanucleotide repeats. Binding assays
with DNA probes containing a single hexanucleotide repeat sup-
ported this interpretation. When incubated with GABP« and as-
sayed in gels of low ionic strength, such DNA probes generated only
one retarded complex (16).

Several observations indicated that the mixture of GABPa and
GABPB1 forms a complex that binds DNA more stably than the a
subunit alone (9, 11). To further investigate the effect of GABPB1
on DNA binding by GABPa, we measured the rate at which
variously mixed proteins dissociate from DNA (Fig. 3). The disso-
ciation rate of GABPa alone was too rapid to be measured
accurately. Less than 10 percent of the DNA remained bound to
GABPa after a 10-second challenge with excess, unlabeled compet-
itor DNA. In contrast, when both GABPa and GABPB1 were
present, the dissociation rate was much slower (T'/,, 1.5 minutes).
Similar assays were performed with a mixture of GABPa and
GABPB2, which in earlier experiments did not form a stable complex
with DNA (11). When used at nanomolar concentrations, GABPB2
was capable of forming a DNA binding complex with GABPa (as
shown below). The B2 isoform of GABP also stabilized DNA binding
by GABPa, yet yielded a complex that dissociated more rapidly (T ,,
30 seconds) than that formed with GABPB1. Because the 81 and B2
isoforms differ only at their COOH-termini (11), this part of the
protein may participate in stabilizing DNA binding.

The foregoing data indicate that the B1 and B2 isoforms of GABP
do not bind to DNA alone, but associate with the a subunit to
augment DNA binding. The question arises as to whether the B
subunits cause a conformational change in a, leading to its more
avid interaction with DNA, or whether the B subunits might, in
association with GABPa, establish direct contact with DNA.

To determine whether GABPB1 contacted DNA when com-
plexed with GABPa, we exposed DNA-protein complexes to ultra-
violet (UV) light under conditions expected to permit covalent
cross-linking between DNA and intimately bound proteins (17).
The GABP subunits were incubated with 3P-labeled DNA that
contained the purine-rich hexanucleotide repeats, exposed to UV
light, and subjected to electrophoresis on a denaturing polyacrylam-
ide gel. When DNA was incubated with GABPa and exposed to UV
light, a cross-linked product bearing an electrophoretic mobility
close to that of GABPa was observed (Fig. 4). The appearance of
this product was dependent on the presence of GABPa, and on
exposure to UV light increased with time. Cross-linking was elimi-
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Fig. 5. Glutaraldehyde GAPB}1
cross-linking of GABPB1 +

and GABPB2. Bacterially GAPBp BN110  BN110 GAPBp2
synthesized proteins were
incubated in phosphate-
buffered saline with vary-

ing concentrations of glu- 97~
taraldehyde as indicated
for 5 minutes at room
temperature. Samples
were denatured by boiling
in SDS sample buffer and
subjected to electrophore-
sis on a denaturing 10 per-
cent polyacrylamide gel.
The gel was then stained
with Coomassie brilliant
blue. Proteins present in
cross-linking reactions are
indicated above each lane.
BN110 is a truncated ver-
sion of GABPB1 missing
110 NH,-terminal resi-
dues (see Fig. 7B).

68—

Glutaraldehyde
(percent)

nated by the inclusion of excess, unlabeled DNA that contained the
purine-rich hexanucleotide repeats, but not by excess nonspecific
DNA (16).

No evidence of protein-DNA cross-linking was observed when
32p-labeled DNA was mixed with GABPB1 and exposed to UV
light (16). However, when the mixture of GABPa and GABPB1
was complexed with DNA and irradiated, new cross-linked products
were observed. In addition to GABPa, two closely migrating
polypeptide bands, slightly larger than the native size of GABPBI,
became covalently attached to the 3P-labeled DNA substrate (Fig.
4). Although GABPB1 did not bind DNA on its own, when present
in a ternary complex it appeared to be even more susceptible to
UV-mediated cross-linking than GABPa. These data provide evi-

316 400 454
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Fig. 6. DNA binding and
complex formation assays of
deleted variants of GABPa.
(Top) Schematic representa-
tion of GABPa deletion mu-
tants. Individual mutants are
designated according to the
position of deletion end
points with respect to the ami-
no acid sequence of GABP«
(12). Prefix “N” designates de-
letions missing residues start-
ing at the NH,-terminus of
GABPa, prefix “C” designates
deletions missing COOH-ter-
minal residues, numbers indi-
cate the position of the amino
acid at which the deletion ter-
minates. The ETS domain of
GABPa is highlighted by stip-
pling. (Bottom) Autoradio-
graph of a nondenaturing gel separating DNA-protein complexes formed
between variants of GABPa, GABPBI, and a *2P-labeled oligonucleotide con-
taining a GABP binding site. Variants of GABPa tested for DNA binding in
the absence and presence of GABPB1 are indicated above each lane.
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dence that the Bl subunit of GABP associates closely with DNA
when complexed with GABPa.

Formation of a stable complex between GABPa and GABPB
in the absence of DNA. Having found that the a and § subunits of
GABP formed a heteromeric complex when exposed to their specific
DNA substrate, we used gel filtration chromatography to determine
whether these subunits might associate in the absence of DNA (18).
When chromatographed separately, GABPa and GABPB1 eluted as
single peaks at K, (partition coefficient) values of 0.45 and 0.38,
respectively. However, co-chromatography of the subunits resulted
in a single peak at K, 0.26 (Table 1). Analysis of column fractions
by polyacrylamide gel electrophoresis confirmed that the peak at K,
0.26 contained both subunits.

Evidence confirming the stable association of GABP subunits in
the absence of DNA was also obtained from measurements of
sedimentation velocity (Table 1). The gel filtration and sedimenta-
tion properties of a protein or protein complex are affected both by
size and molecular shape. However, use of the analytical methods of
Siegel and Monty (19) made it possible to calculate native molecular
masses of the various protein species. The calculated sizes of GABPa
and GABPB2 corresponded closely to their predicted sizes (51.3 and
37 kD, respectively). In contrast, GABPB1 exhibited a native
molecular size (82 kD) roughly twice that expected (41.3 kD).

The complex formed between GABPa and GABPB1 eluted from
the gel filtration column prior to the largest molecular mass stan-
dard. Thus, the calculated molecular mass of this complex (170 kD)
represents a provisional assignment. Since GABPB1 existed as a
stable dimer on its own, the very large complex formed between it
and GABPa was tentatively identified as a tetramer composed of
two molecules of each subunit. Polyacrylamide gel analysis of the
constituents of the GABPa-GABPB1 complex were consistent with
this interpretation, showing that the subunits existed in equal
stoichiometries (20). This interpretation was also consistent with the
properties of the complex formed between GABPa and GABPB2.
The native molecular mass of the latter complex (104 kD) corre-
sponded to the expected size of a heterodimer. Thus, the differences
in the sizes of the heteromeric complexes formed between GABPa
and the two different B subunits may reflect the dimer-forming
property of GABPBI1.

Gel filtration and gradient sedimentation assays indicated that
GABPB1 might exist as a dimer. This interpretation was tested using
glutaraldehyde cross-linking. Bacterially expressed GABPB1 and
GABPP2 were exposed to glutaraldehyde and subjected to electro-
phoresis on a denaturing polyacrylamide gel. Incubation of
GABPB1 with glutaraldehyde led to the formation of a second
polypeptide band with an apparent size roughly double that of the
monomeric form of the protein (Fig. 5). Similar experiments with
GABPB2 did not yield an analogous product.

Additional evidence suggesting that GABPB1 exists as a dimer
resulted from cross-linking experiments with the intact polypeptide
and a truncated form lacking 110 residues at the NH,-terminus
(BN110). Cross-linking of the truncated protein yielded an addi-
tional species roughly twice the size of the monomeric form. When
the truncated protein was mixed with intact GABPB1 and exposed
to glutaraldehyde, three cross-linked protein species were observed.
Two species corresponded to cross-linked, homodimeric complexes
that had been observed after glutaraldehyde treatment of native
GABPB1 and the NH,-terminal truncated derivative. The third
species migrated between the presumed homodimeric forms and
probably represented a heteromeric complex consisting of one
GABPB1 polypeptide and one truncated polypeptide. Therefore,
both molecular size measurements and cross-linking assays showed
that GABPB1, but not GABPB2, exists as a stable homodimer.

Mapping of functional domains of GABP«a and GABPB.
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Experimental results described thus far indicate that GABPa should
contain at least two functional components, one that facilitates
DNA binding and another that allows complex formation with
GABPB. The GABPBI1 polypeptide should contain at least three
components, facilitating self-dimerization, heterodimerization with
GABPa, and direct contact with the DNA substrate. Recombinant
copies of the genes that encoded each subunit were systematically
deleted in an effort to localize these components (21).

Deletion variants of GABPa that were missing as many as 313
residues from the NH,-terminus retained the capacities to bind
DNA and form a complex with GABPB1 (Fig. 6). A GABPa variant
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missing 17 residues from the COOH-terminus also retained both
functions (20). More extensive deletion from the COOH-terminus,
to amino acid 407 (aN313/C407), yielded a protein that was
capable of binding to DNA, but had lost the ability to complex with
GABPBI. These results showed that the ETS domain of GABPa
was sufficient for DNA binding. The region of GABPa required to
form a complex with GABPB1 included the ETS domain, as well as
37 amino acids located on the immediate COOH-terminal side of
the ETS domain.

In order to define regions of GABPPI that interact with GABPa
and contact DNA, we produced deleted variants and tested them in
gel retardation and UV cross-linking assays (Fig. 7). Variants that
lacked up to 228 residues (BC154) from the COOH-terminus of
GABPB1 were functional in both assays. Deletion of an additional
33 residues (BC121) yielded a protein that did not function in either
assay. The boundary defined by these experiments corresponded to
the location of the 33-amino acid repeat nearest to the COOH-
terminus of GABPBI1 (11).

Although about 70 percent of GABPB1 could be deleted from its
COOH-terminus without eliminating interaction with GABPa and
DNA, removal of only a small segment from the NH,-terminus
resulted in detrimental effects. A variant of GABPB1 that lacked 19
NH,-terminal residues (BN19) was slightly less effective in converting
GABPa-derived complexes into the very slowly migrating hetero-
meric complex. When tested in the UV cross-linking assay, BN19
yielded a reduced amount of cross-linked product relative to the intact
Bl isoform. Variants that lacked 47 and 67 residues (BN47 and
BN67) were progressively more defective in the complex formation
assay and failed to be cross-linked to the radioactive DNA probe as
efficiently as the intact protein. Finally, variants missing 80 or more
residues from the NH,-terminus were completely defective in both
assays. The progressive loss of function observed in deleted forms of
GABPBI1 corresponded to the progressive loss of the 33-amino acid
repeats (Fig. 7). BN19 was truncated within the first of the repeats,
BN47 within the second, BN67 after the second, and BN80 within the
third repeat. The functional properties of the GABPB1 deletion
mutants indicate that the 33-amino acid repeats are important both
for complex formation with GABPa and DNA contact.

A model for DNA-bound GABP. Studies of GABP purified
from rat liver nuclei have demonstrated a requirement for at least
two polypeptides for stable association with DNA (9, 11). The
relevant subunits of GABP have been identified here and in (11).
The amino acid sequence of one subunit, termed GABPa, bears
similarity to the product of the Ets proto-oncogene. Prior studies of
the Ets-1 protein, as well as the related proteins PU.1/Spi-1 and
E74A, have identified an 85-amino acid region required for specific
DNA binding (22-25), termed the ETS domain. The ETS domain
of GABPa is also responsible for DNA binding. Moreover, GABPa
binds to a purine-rich hexanucleotide related in sequence to the
substrates bound by other Ets-related proteins (22-25).

Fig. 7. Complex formation and UV cross-linking assays of deleted variants of
GABPB1. Top panels of (A) and (B) show schematic representations of
GABPB1 deletion mutants. Individual mutants are designated according to
the positions of deletion end points with respect to the amino acid sequence
of GABPB1 (7). Prefix “N” designates deletions from the NH,-terminus of
GABPB1 (B), prefix “C” designates deletions missing COOH-terminal
residues. Repeated sequences 33 or 32 amino acids in length that are related
to similarly sized repeats in the Notch protein of Drosophila melanogaster are
highlighted by grey stippling. The unique parts of GABPB1 and GABPB2
are indicated by black and hatched rectangles at their respective COOH-
termini. Deleted variants were synthesized in bacteria and tested for complex
formation with GABPa as shown in the lower left of (A) and (B). Free DNA
has been run off the gel. Each deletion mutant was also tested in UV
cross-linking assays shown in the lower right of (A) and (B).

SCIENCE, VOL. 253



Fig. 8. Model of complex
formed between GABP
and DNA. The sequence
of the GABP binding site
is shown as two hexanu-
cleotide repeats of the se-
quence 5'-CGGAAR-3'.
Oval spheres directly
above guanine residues

b d

correspond to GABPa o o
subunits, elongated rect-

angles correspond to 33— A A
amino acid repeats of C G G A A CGGAA
GABPB subunits. Smaller G G

rectangles shown at top

correspond to the region of GABPB1 required for formatlon of ho-
modimers. Circular arrows designate flexible regions inferred to occur
between the dimer forming region of GABPB1 and the 33-amino acid
repeats located at its NH,-terminus.

Both forms of the second subunit of GABP, B1 and B2, were
capable of forming a stable complex with GABPa in the absence of
DNA. The region of GABPa required for association with GABPB1
included the ETS domain and a 37-residue region located on the
immediate COOH-terminal side of the ETS domain. Both B
subunits, when associated with GABPa, were capable of being
cross-linked to the specific DNA substrate. Association with
GABPa and direct DNA contact were specified by a tandem series
of 33-amino acid repeats located within identical NH,-terminal
regions of GABPB1 and GABPB2. Finally, evidence that GABPB1,
unlike GABPR2, exists as a homodimer has been presented.

Our observations have been incorporated into a provisional
model of the complex formed when GABPa and GABPB1 associate
with a directly repeated set of purine-rich hexanucleotides (Fig. 8).
Fach hexanucleotide repeat is hypothesized to be contacted by both
GABPa and GABPBL. The linear order of contact of the two
subunits was deduced from three observations. First, GABPa was
capable of protecting both guanines from methylation by dimethyl
sulfate. Second, the DNase I footprint generated by the mixed
subunits, relative to that resulting from GABPa alone, was extended
in a direction toward the adenine residues of the hexanucleotide
repeat. Third, addition of GABPB1 caused an enhanced pattern of
methylation of adenine residues relative to the pattern generated in
binding reactions that contained GABPa alone.

The most stable complexes of GABP and DNA formed with the
mixture of GABPa and GABPB1. The B1 subunit, unlike B2, exists
as a stable homodimer. Moreover, when mixed with GABPa, the B1
subunit generated a large complex probably consisting of two
polypeptides of each subunit. We hypothesize that this heteromeric
tetramer binds in a concerted manner to two purine-rich hexanucle-
otide repeats. If this idea is correct, a flexible region should exist
between the dimerization domain of GABPB1 and the surfaces
located near its NH,-terminus that facilitate interaction with
GABPa and DNA. Thus, linked polypeptides would be capable of
binding simultaneously to a DNA substrate that is not rotationally
symmetric.

The interfaces identified in the complex formed between GABP
and DNA can be traced to two protein sequence motifs; the ETS
domain of GABPa and the 33-amino acid repeats of GABPB. These
observations, in revealing the convergence of two otherwise dispar-
ate sequence motifs, raise the possibility that other Ets-related
proteins might participate in multiprotein complexes. They further
provide a function for the 33—amino acid repeat motif that has been
identified in numerous regulatory proteins. The four repeats located
close to the NH,-terminus of GABPB are necessary for stable
association with GABPa. Moreover, they constitute the contact
surface of GABP that becomes cross-linked to DNA by UV light.
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These observations provoke consideration of the potential func-
tions of the 33-amino acid repeats associated with plasma mem-
brane proteins such as the products of the Notch gene of Drosophila
melanogaster and the glp-1 and lin-12 genes of Caenorhabditis elegans
(2). Genetic studies have implicated each of these proteins in cell
signaling events that regulate key developmental processes. Studies
of ankyrin, a constituent of red blood cell membranes that has 22 of
these repeats, have suggested a role for the repeats in protein-protein
interactions (5). On the basis of observations outlined herein we
propose that the 33-amino acid repeats of Notch, Glp-1, and Lin-12
will constitute interaction surfaces that bind other proteins. The
substrates sequestered by specific interaction with transmembrane
proteins may be transcription factors or rate-limiting components of a
signal transduction pathway that are inactive until released.

This type of mechanism may be involved in the regulation of
NKkB. NF«B is a transcription factor that is retained in the
cytoplasm by binding to another protein (IkB) (26), but can be
released and translocated to the nucleus in response to extracellular
signals (27). The inactive precursor of NFkB, as well as I«B,
contains tandem 33-amino acid repeats similar to those in GABP
(7, 8), suggesting the possibility that the repeats may be responsible
for confining NFkB in the cytoplasm. Given our results with GABP,
we propose that the repeats in IkB may mediate interaction with
NFkB rather than with a cytoplasmic “anchor,” and may accomplish
cytoplasmic sequestration by masking a nuclear localization signal.

In conclusion, we return to the central theme of this study—the
reliance of competent DNA binding complexes on multiple sub-
units. Why have transcriptional regulatory proteins of eukaryotic
cells evolved in this manner? By separating functional components
onto different polypeptide chains, critical subunits might be differ-
entially expressed or sequestered, generating useful strategies for
regulation. For example, differential expression of the mRNA’s
encoding the Bl and B2 subunits of GABP would be expected to
have a substantial impact on the function of the resulting complex.
It is also possible that subunits of one complex might cross-mix with
those of a second complex as is the case for leucine zipper and
helix-loop-helix proteins. It will be of interest, in this regard, to
determine whether GABP is capable of associating with Ets-related
proteins other than GABPa.
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