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This report outlines three observations relating to GABPI3 , a polypeptide constituent of the heterotetrameric 
transcription factor GABP. Evidence is presented showing that the mouse genome encodes two highly related 
GABPI3 polypeptides, designated GABPI31-1 and GABPI32-1. Genomic and eDNA copies of the newly defined 
Gabpb2 gene were cloned and characterized, providing the conceptually translated amino acid sequence of 
GABPI32-1. The genes encoding these two proteins, as well as GABPc~, were mapped to three unlinked 
chromosomal loci. Although physically unlinked, the patterns of expression of the three genes were strikingly 
concordant. Finally, the molecular basis of GABPI3 dimerization was resolved. Carboxy-terminal regions of the 
two GABPI3 polypeptides, which mediate dimerization, bear highly related primary amino acid sequences. 
Both sequences are free of oL-helix destabilizing residues and, when displayed on idealized c~-helical 

projections, reveal marked amphipathy. Two observations indicate that these regions adopt an a-helical 

conformation and intertwine as coiled-coils. First, the dimer-forming region of GABPI32-1 can functionally 
replace the leucine zipper of a bZIP transcription factor. Second, a synthetic peptide corresponding to this 
region shows distinctive helical properties when examined by circular dichroism spectroscopy. Finally, 

evidence is presented showing that GABPI31-1 and GABPI32-1 can heterodimerize through this 
carboxy-terminal domain, but neither protein can heterodimerize via the dimer-forming region of the bZIP 
protein C/EBPI3. 
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An emerging theme from biochemical studies of eukary- 

otic gene expression is that transcription factors func- 

tion as multiprotein complexes. Considerable effort has 

focused on the molecular interfaces involved in the for- 
mation and stabilization of transcriptional regulatory 

complexes. Surprisingly, small polypeptide segments of 
transcription factors have proven to retain functional 

specificity when excised from their intact translation 

products. Detailed studies of these domains have been 

particularly informative in defining how transcriptional 

regulatory complexes assemble. 

The importance of protein-protein interactions in 
gene regulation has been emphasized in studies of the 

VP16-responsive enhancers of herpes simplex virus type 
1 (HSV-1) immediate early (IE) genes. Two types of reg- 

ulatory motifs are associated with IE enhancers, one 
characterized by the sequence 5'-TAATGARAT-3' (for 

review, see Goding and O'Hare 1989) and the other by 
tandem repeats of the purine-rich hexanucleotide 5'-CG- 

GAAR-3' (Triezenberg et al. 1988). The TAATGAKAT 

Present addresses: ~Jackson Laboratory, Bar Harbor, Maine 04609 USA; 
2Howard Hughes Medical Institute, Department of Molecular and Cel- 
lular Biology, University of California, Berkeley, Berkeley, California 
94720 USA. 
3Corresponding author. 

motif is recognized by a protein complex consisting of 

the virally encoded activator protein VP16 and two host 

cell factors, Oct-1 and HCF (Kristie and Sharp 1990; 

Stem and Herr 1991; Wilson et al. 1993; for review, see 
Thompson and McKnight 1992). The tandem copies of 

the CGGAAR motif are bound by a protein complex 

called GA-binding protein or GABP (LaMarco and McK- 

night 1989; LaMarco et al. 1991). Molecular character- 

ization of GABP revealed the involvement of two dis- 

tinct polypeptides; GABP[31, a 42-kD polypeptide con- 

taining four ankyrin repeats, and GABPa, an ETS-related 

DNA-binding protein. GABPa and GABP[31 associate to 
form an a2132 tetrameric complex (Thompson et al. 

1991). Biochemical studies of this complex have high- 
lighted a number of molecular interfaces critical for tran- 

scriptional activation of HSV-1 IE genes. These include 

(1) the surfaces involved in the heteromeric interactions 

between GABPa and GABP[31 that include the ETS do- 
main of GABPa and the ankyrin repeats of GABPI31, (21 

the molecular interfaces formed upon association of the 

complex with DNA, and (3) the carboxy-terminal region 
of GABP[31 that specifies its homotypic dimerization 

(Thompson et al. 1991). 
Studies focused on the mechanisms of dimerization 

have become the subject of extensive work since the 
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realization that many transcription factors function as 

obligate dimers. For example, the CCAAT/enhancer 

binding protein (C/EBP) family of transcription factors 

consists of at least four members that have the inherent 

ability to form productive homo- and heterodimeric 

complexes (Cao et al. 1991; Williams et al. 1991). The 

C/EBP proteins belong to the basic leucine zipper (bZIP) 

family of proteins. The bZIP domain represents a bipar- 

tite DNA-binding motif consisting of an a-helical dimer- 

ization surface (Landschulz et al. 1988; Gentz et al. 1989; 

Kouzarides and Ziff 1989; Turner and Tjian 1989; Vinson 

et al. 1989) and a basic region that directly contacts DNA 

(Agre et al. 1989; Talanian et al. 1990). The leucine zipper 

of bZIP transcription factors assumes a coiled--coil confor- 

mation (O'Shea et al. 1989, 1991; Ellenberger et al. 1992). 

Coiled-coil dimers consist of amphipathic a-helices 

that assemble in a parallel orientation. The amphipathic 

character is specified by a primary amino acid sequence 

showing a heptapeptide repeat (residue positions a - g )  

wherein hydrophobic residues are located at positions a 

and d and polar residues at the other positions (Crick 

1953; for review, see Cohen and Parry 1990). When 

folded into an a-helical conformation, the hydrophobic 

and polar residues align on opposite sides of the helix. 

The helices dimerize in a parallel orientation through a 

combination of attractive hydrophobic and ionic inter- 

actions. Hydrophobic interactions increase on interheli- 

cal packing of residues at the a and d positions (O'Shea et 

al. 1991; Ellenberger et al. 1992; Harbury et al. 1993). In- 

terhehcal ion pairs contribute to stabilization and dimer- 

ization specificity (O'Shea et al. 1992; Vinson et al. 1993). 

For bZIP proteins, there is a characteristic repeat of 

leucine residues at the d position of the coiled-coil 

dimerization interface (Landschulz et al. 1989; for re- 

view, see Johnson and McKnight 1989). Alignment of 
various bZIP proteins reveals an invariant spacing of ex- 

actly seven residues, or two helical turns, between the 

basic region and leucine zipper (Vinson et al. 1989). This 

observation suggests that DNA binding might be depen- 

dent on the topological disposition of the DNA contact 

surface relative to the dimer interface. Consistent with 

this prediction, analyses of C/EBP and GCN4 proteins 

that bear either insertions or deletions of residues be- 

tween the basic region and leucine zipper fail to bind to 

DNA (Agre et al. 1989; Pu and Struhl 1991). 

By defining the molecular interfaces of transcription 

factors, it has been possible to rationalize how related 

proteins assemble into multiprotein complexes. Here, 

we describe the cloning and characterization of a new 

member of the GABPB family of proteins, termed 

GABP[32-1. The amino acid sequence deduced from the 

mouse GABP[32-1 eDNA reveals that its encoded protein 

is the product of a distinct gene that shares extensive 

homology with GABP[31-1 (originally called GABPB1; 

LaMarco et al. 1991). The tissue distribution of 

GABPB2-1 is highly concordant to that of GABPBI-1 and 

GABPa. Moreover, GABPB2-1, like GABP[31-1, interacts 

avidly and selectively with GABPa. Given that GABPB 1- 

1and GABP[32-1 share highly related carboxy-terminal 

dimerization domains, we have investigated the molec- 

ular basis of dimerization. Our results indicate that 

dimerization occurs via the interaction of amphi- 

pathic a-helical domains in a manner similar to the "zip- 

pering" of bZIP proteins. We show further that recombi- 

nant GABP[31-1 and GABP[32-1 proteins readily form 

heterodimers in solution. 

R e s u l t s  

Isolation of Gabpbl and Gabpb2 genes 

Southern blot analyses to map the chromosomal loca- 

tion of the encoding gene for GABP[31-1, termed 

Gabpbl, revealed the presence of related genes (see 

Chromosomal location of the genes encoding GABPa, 

GABP[31-1, and GABP[32-1 section of Results). Previous 

work had shown that the mouse Gabpbl gene is alter- 

natively spliced to give rise to the GABP[31 and GABP~2 

proteins (LaMarco et al. 1991). To distinguish this gene 

from the related Gabpb2 gene described here, we refer to 

the original GABP~I and GABP[32 isoforms as 

GABPf~ 1-1 and GABP~ 1-2, respectively. This new no- 

menclature takes into account the gene number and pro- 

tein isoform number. To clone Gabpb-related genes, a 

library was constructed from mouse strain 129svJ geno- 

mic DNA and screened with two hybridization probes. 

One probe was prepared from sequences encoding the 

ankyrin repeats of GABP[31-1, and the other corre- 

sponded to sequences encoding its carboxy-terminal 

dimerization domain (LaMarco et al. 1991). Two differ- 

ent genomic clones, termed Gabpbl and Gabpb2, were 

identified in this screen. Restriction mapping and partial 

sequencing analyses confirmed the presence of two 

Gabpb genes in the mouse: Gabpbl encodes the original 

GABP[31-1 and GABP[31-2 isoforms (LaMarco et al. 1991) 

while Gabpb2 represents a novel gene. 

eDNA clones corresponding to Gabpb2 were cloned 

from a mouse lung eDNA library (Materials and meth- 

ods). Four different recombinant phage were identified, 

isolated, and analyzed by DNA sequencing. These stud- 

ies revealed that one clone contained a long uninter- 

rupted open reading flame beginning with an AUG near 

its 5' terminus and terminating at a UAA stop codon. 

This GABP~-related eDNA clone, encoding GABP~2-1, 

comprised 1363 nucleotides capable of encoding a poly- 

peptide of 414 residues (Fig. 1). Assignment of the trans- 

lation initiation codon for GABP[32-1 was based on se- 

quence similarity with the GABPf~ 1-1 eDNA, as well as 

the presence of multiple stop codons in all three reading 

frames preceding the assigned AUG. As depicted in Fig- 

ure 1, the conceptually translated GABP[32-1 polypeptide 

is highly similar to GABP[31-1. The proteins show 87% 

identity within their ankyrin repeats (residues 1-130) 

and 70% identity within their putative carboxy-terminal 

dimerization domains (residues 334--382 for GABP[31-1 

and residues 317-366 for GABP~2-1). 

Tissue distribution of the GABPfl proteins 
and evidence of their affinity for GABPa 

The ankyrin repeats of GABP~I-1 are sufficient for avid 
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6ABP[~Z-I ~SLVDLG~QDD ~ G A  PFTTDWLGTS 40 
GABP[~I-I ~SLVDLGK~L LEAAR~QDD ~ G A  PFTTDWLGTS 40 

PLHLAAQYGH ~VLLRA GVSRDARTKV DRTPLHMA~A 80 
PLHLA3%QYGH S~_~EVLLRA GVSRDARTKV DRTPLHMAA~ 80 

~--~--V~--~.~ADVNAK DML~MTALHW ATEH~ 120 

LLIKYGADV T DLAE~_~ 160 

~q~v,v ,~q~,#r ~ . ~  ~oo 
PD~IHAAT PQF I~GP~V ~ILTDETG~ 200 

QFG~TS VLAT~ ASAPLSNSSE TPVA 240 

3 7 5  

LLKKEQE 382 

EVDAVVVTEG DEVERATQVM KSGRTTEPHT NVSIETISS 414 
....................................... 382 

Figure 1. Amino acid sequence comparison of GABP~2-1 and 
GABPBI-1. The predicted amino acid sequences are displayed 
with gaps allowing optimized alignment. Identical residues are 
boxed. The amino-terminal ankyrin repeats (residues 1-130) 
and the dimerization domains of GABP~ 1-1 (residues 334-382) 
and GABPB2-1 (residues 317-366) show 87% and 70% identity, 
respectively. Located on the amino-terminal side of the dimer- 
ization domains are small regions rich in acidic residues as well 
as regions showing a disproportionately high frequency of glu- 
tamine residues. These latter regions have been implicated in 
the transcriptional activation function of the GABP complex (C. 
Thompson, unpubl.). 

and specific interaction with GABPe~ (Thompson et al. 

1991}. Because GABP[~I-1 and GABP~2-1 share 87% 

identity in the respective ankyrin repeats, we imagined 

that GABP~2-1 might also bind GABP~. Likewise, the 

high level of amino acid sequence similarity between 

carboxy-terminal segments of GABP~ 1-1 and GABP~2-1 

led to the prediction that GABP~2-1 might be capable of 

forming homodimeric, and together with GABP~I-1, 

heterodimeric complexes. To begin to address the bio- 

logical relevance of closely related GABP~ proteins, the 

tissue distributions of the GABP~ 1-1 and GABP~2-1 pro- 

teins were compared by Western blotting. Whole cell 

extracts from mouse tissues were electrophoresed on 

SDS--polyacrylamide gels and transferred to Immobilon 

membranes (Fig. 2A). Figure 2B shows immunostaining 

patterns using antisera specific to GABP~I-1 (top) and 

GABP~2-1 (bottom). In both cases, the major immuno- 

reactive protein corresponded to the size of the primary 

translation product. Aberrantly sized, immunoreactive 

bands were observed in both Westem blots, some of 

which likely reflect the products of alternatively spliced 

GABP[3 mRNAs (LaMarco et al. 1991; Virbasius et al. 

1993; Watanabe et al. 1993; F.C. de la Brousse and S.L. 

McKnight, unpubl.). These analyses revealed that the tis- 

sue distributions of GABP[31-1 and GABPB2-1 were 

largely concordant, with the highest levels detected in 

thymus, spleen, kidney, and intestine. It is important to 

note that the high levels of GABPBI-1 and GABPB2-1 in 

thymus and spleen may simply reflect the relatively high 

ratio of nucleus to cytoplasm typical of these tissues. 

Taking this variable into account, the data provided in 

Figure 2 may be taken to indicate a relative constancy of 

GABPBI-1 and GABPB2-2 abundance in most tissues 

that were examined. 

Previous studies have shown that GABPB1-1 must  ob- 

ligately associate with GABPa to bind to DNA (for re- 

view, see Thompson and McKnight 1992; also see Wa- 

tanabe et al. 1990; Virbasius et al. 1993). To determine 

whether GABPB2-1 also interacts selectively with 

GABP~, radiolabeled GABP~I-1 and GABP[32-1 were 

used to probe Western blots of whole tissue extracts. As 

shown in Figure 2C, predominantly one protein band of 

- 58  kD was detected with both probes. Both the size and 

tissue distribution of this protein matched those charac- 

teristics of endogenous GABPa (Brown and McKnight 

1992). In addition, our analyses also revealed that Esch- 
erichia coli-expressed GABPoL reacted with similar avid- 

ity and specificity with the two GABPB probes. Finally, 

and as shown previously for GABPBI-1 and GABPa 

(Thompson et al. 1991), mobility retardation assays us- 

ing recombinant GABPoL and GABPB2-1 proteins indi- 

cated that a region including the ETS domain of GABPoL 

and a region including the ankyrin repeats (residues 

1-157) of GABP62-1 are necessary and sufficient for 

strong binding to the CGGAAR motif (data not shown). 

Chromosomal location of the genes encoding GABPa, 
GABP[31-1, and GABP[32-1 

GABPa A PCR fragment that encompassed the entire 

insert of 2.1 kb from the GABPo~ cDNA was labeled by 

random priming and used as a probe in Southern blots 

(Taylor and Rowe 1989). This probe hybridized to four to 

six bands in each restriction enzyme digest of mouse 

genomic DNA, and there were few differences between 

standard inbred mouse strains. SstI digests gave three 

dark bands (4.5, 4.0, and 3.5 kb in C57BL/6J and AKR/J; 

4.5, 4.1, and 3.5 kb in DBA/2J) and three lighter bands 

(4.3, 2.4, and 2.2 kb, nonpolymorphic) when hybridized 

to this probe. We typed the 4.0/4.1-kb SstI polymor- 

phism in the BXD and AKXD RI strain sets, and the data 

are shown in Table 1. This polymorphism maps to chro- 

mosome 16 with 1 recombinant (BXD-2) of 49 RI strains 

typed for App and Gabpa. MspI digests gave six or seven 

bands among the progenitors of the RI strains, many of 

which were polymorphic. C57BL/6J and SWR/J share an 

identical MspI band pattern with bands at 7.0, 6.5, 6.2, 

3.5, 2.0, and 0.7 kb. In contrast, BALB/cByJ and C57/L 
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Figure 2. Tissue distribution of the 
GABPI] proteins and evidence of their af- 
finity for GABP~. [A) Coomassie-stained 
SDS-polyacrylamide gel of proteins ex- 
tracted from various mouse tissues. {B) 
Westem blots probed with rabbit antisera 
raised against GABP[31-1 and GABPB2-1 
recombinant proteins. Equal amounts of 
proteins were loaded as in A, transferred to 
Immobilon membranes, and subjected to 
immunochemical staining with poly- 
clonal antiserum to GABPBI-1 {top} and 
GABP[32-1 {bottom). Two nanograms of 
recombinant GABPi31-1 and GABPI32-1 
proteins were used as controls (far right 
lanes). In C, proteins transferred to Immo- 
bilon were probed with radiolabeled 
GABP~I-1 {top) and GABPf32-1 (bottom). 
Migration of purified recombinant GABPo 
is denoted by an asterisk (*). 

have 7.0-, 6.5-, 6.2-, 3.5-, 3.3-, and 0.7-kb bands. In the 

SWXL and CXB RI strain sets, the two polymorphic 

bands (3.3 and 2.0 kb} appeared allelic and showed link- 

age to chromosome 16 markers. Among the SWXL RI 

strains, there was one recombinant (SWXL-14) of the 

seven strains typed (1/7} for Pray35, and no recombi- 

nants {0/71 with Pmv14. CXB-I was the sole recombinant 

{1/7) for PMV35, and CXB-D was the sole recombinant 

{1/7) for Pmv16 among the seven CXB RI strains tested 

for these markers {Frankel et al. 19891. 
MspI digests were also analyzed on the testcross 

(MEVxCAST/Ei}xBXD-32, where MEV and BXD-32 

share the C57BL/6J band pattern, and CAST/Ei had 

bands of 6.5, 6.2, 4.3, 3.5, 3.3, 3.0, and 0.7 kb. The three 

CAST/El bands {4.3, 3.3, and 3.0 kb) cosegregated. The 

two MEV bands (7.0 and 2.0 kb} also appeared to coseg- 

regate on the basis of band intensities suggesting that 

they were present in only one copy when the CAST/Ei 

bands were present. All of these polymorphic bands 

showed linkage to Igl {17/89 recombinants), ApoD (16/ 

89), and Pit1 {12/89} on chromosome 16 (Warden et al. 

1992}. From the testcross data the gene order was ambig- 

uous because the order (centromere, Igl, ApoD, Pit1, 
Gapba) resulted in six apparent double crossovers, and 

the order {centromere, Igl, ApoD, Gapba, Pit1) gave a 

different six apparent doubles. Nevertheless, the loca- 

tion of this gene to chromosome 16 was well established 

by these data, and it appears that most of the bands hy- 

bridizing to this probe originate from a single chromo- 

somal locus that maps between App and D16Mit6. We 

conclude that Gabpa maps to a single locus within 3.2 

cM (95% upper confidence limit} of App on mouse chro- 

mosome 16. 

GABPI3 An insert from a cDNA clone encoding 

GABPB 1-1 was amplified by PCR with flanking primers, 
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Table 1. Strain distribution patterns among the RI strains for loci linked to the GABP gene family 

RI strain 

Chr Locus AKXD BXD BXH 

0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2  
1 2 3 6 7 8 9 0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8  

4 

4 
4 

4 

16 Pmv14 d 

16 Appg 
16 Gabpa 
16 Dt 6Mit6 h 

BZm a 
Hdc b 

Gabpbl D .  D A D A A D D A D A D A D D A D A D A  D A A A  
II1 ~'r D D D A D A A D D A D A D A D D , a  D A D A  D A A A  

Pmvl 9 (I 

Glut1 e D D D D D A D A D A D . D D . D D A A A D D D D D 
G,,bpbl-p$ D . 0 D D D D A D A D D D D D D D A A D A D D D D 
Ckb-rs t f D D D D A D D A D A D D D D D D D A A D A D D D D  

D D D A D D A D A A D D A A D A A D A A D A D D A  

D D A .  D D A D A A D A A A D A A D A A D A D D A  
D D A A D D . D A A D A A A D A A D A A D A D D A  

0 0 0 0 0 0 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 3 3 3  0 0 0 0 0 0 1 1 1 1 1 1  
1 2 5 6 8 9 1 2 3 4 5 6 8 9 0 1 2 3 4 5 7 8 9 0 1 2  Z 3 4 6 7 8 9 0 1 2 4 9  

B B B B D B D D B B D D D D D D B D D B D D D D B D  B B B B B H B H B H H B  
B B B B D D B D B B D D D D D D B D D B D D D D B B  B B H B B H B H B H H B  
B B B B D D B D B B D D D D D D B D D B D D D D B B  B B H B B H B H B H H B  
B B B B D D B D B B D D D D . . B D D B D D D D D B  B B H H B H B H B H H B  

D B D B B D B D B D D B D D B D D D B D D D D D B D  H B H B B B H H H B B H  
D B D B B D B D B D D D D D B D D D B D D D D D B D  H B H H B B H B H B B H  
D B D B B D B D B D D D D D B D D D B D D D D D B D  H B H H B B H B H B B H  

D B D B D D B D D D D D D D B D B D B D D D D D B D  H B H H B B H B H B B H  

B O B B D B O O B D D D B D O B B D D D O B D B B D  

B D D B B B D B B D D D B D D D B D D O D B D B B D  
B B D B B B D B B D D D B D D D B D D D D B D B B D  

. B B B B D D B B D D B B D D B B B D D D B D . . .  

aData from D'Eustachio et al. (1987). 
bData from Frankel et al. {1989). 
CData from Elliot et al. {1992). 
aData from Cho et al. (1991). 
eData from Cheng et al. (1988). 
fData from Chomey et al. (1982). 
gData from Martin et al. {1984). 
hData from Dietrich et al. (1992). 

and the resulting fragment was used for random hexamer 

labeling and probing Southern blots of mouse genomic 

DNAs. A survey of restriction enzymes showed one to 

four bands per lane, with moderate polymorphism 

among standard inbred strains. The enzyme BstEII was 

chosen for segregation analysis because four of the five 

hybridizing bands were polymorphic. C57BL/6J and 

AKR/J had bands of 13, 9.4, 6.9, and 2.8 kb, while C3H/ 

HeJ and DBA/2J had 17-, 10-, 6.7-, 3.8-, and 2.8-kb bands. 

The data for the AKXD, BXD RI strain sets tested with 

this probe are given in Table 1. The 6.7-kb (C57BL/6J and 

AKR/J) to 6.9-kb {C3H/HeJ and DBA/2J) bands mapped 

to chromosome 4, and because of their relatively lighter 

intensity on the autoradiographs, we assume that they 

represent a pseudogene, Gabpbl-ps. All of the remaining 

polymorphic bands cosegregated in the 62 RI strains 

typed. This locus, Gabpbl, maps to chromosome 2 with 

2/59 recombinants with Illa and 0/38 (95% confidence 

limits 0-2.69 cM) with Hdc. 

As described earlier in this report, a second cDNA 

clone was isolated that encodes a protein highly similar 

to GABPf~I-1. We amplified a 300-bp fragment of the 

GABPB2-1 cDNA for use as a probe in Southern blots. 

We surveyed C57BL/6J and SPRET/Ei DNAs digested 

with various restriction enzymes, and detected one 

prominent band in each digest, with low frequency of 

polymorphism. We screened our [C57BL/6JxSPRET/ 

Ei)FlxSPRET/Ei backcross panel DNAs (Rowe et al. 

1994) digested with H/ndIII (C57/BL6J band 6.7 kb; 

SPRET/Ei band 6.8 kb) and mapped this polymorphism 

to the mid-region of chromosome 3 (Fig. 3). This map 

position is not the same as the previously identified 

Gabpbl or Gabpbl-ps, so this locus was named Gabpb2. 

It thus appears that there are at least three unlinked loci 

of related sequence to GABPJK 

The carboxy-terminal dimerization domains of 

GABP[31-1 and GABP[32-1 function as 

coiled-coil a-helices 

Previous gel filtration, sedimentation, and cross-linking 

studies have shown that purified GABP~I-1 associates 

as a homodimer. Thompson et al. (1991) identified a 

region close to the carboxyl terminus of GABPBI-1 that 

facilitates homotypic dimerization. Dimerization of 

GABPf~I-1 was shown to be independent of its associa- 

tion with GABPa or the presence of DNA. This carboxy- 

terminal domain, which is encoded by an alternatively 

spliced exon, is absent in the GABPf~I-2 protein (Thomp- 

son et al. 1991). The GABPf~2-1 mRNA, like GABPBI-1, 

contains a similarly spliced exon. 

The dimerization domains of the GABPBI-1 and 

GABPf~2-1 proteins have very similar amino acid se- 

quences. Because both sequences are free of oL-helix de- 

stabilizing residues (proline and glycine), we examined 

these sequences as idealized a-helices. A striking array of 

conserved hydrophobic residues was observed in the 

four/three repeat pattern typical of proteins that associ- 

ate as coiled-coils. Figure 4 compares the leucine zipper 

R 

D3Mi~21 �9 [ ]  �9 [ ]  �9 [ ]  �9 [ ]  �9 [ ]  �9 26.6O 
sis �9 [] [] �9 �9 [] �9 [] �9 [] [] mlap �9 [] [] �9 [] �9 �9 [] �9 [] [] 4.26 
Gabpb2 �9 [ ]  [ ]  �9 [ ]  �9 [ ]  �9 �9 [ ]  [ ]  5 .32 
D3.iciG �9 [ ]  [ ]  �9 [ ]  �9 ~ �9 [ ]  �9 �9 20.21 

22 2i iO 13 3 i 2 3 v io 2 

Figure 3. Haplotype figure for key markers on chromosome 3 
in the cross (C57BL/6JxSPRET/Ei)F1xSPRET/Ei. (�9 The 
CX57BL/6J allele; ([]1 the SPRET/Ei allele. More proximal 
markers are listed at the top. The number below each column of 
boxes indicates the number of N2 animals with that haplotype. 
The percent recombination between adjacent listed loci is given 
at right. 
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and Cl i0b2  proteins were expressed in bacterial cells, 

partially purified by chromatography, and tested for se- 

quence-specific DNA binding in DNase I footprinting 

assays. The D N A  probe used in these studies was a 170- 

bp fragment from the HSV thymidine  kinase {tk) pro- 

moter modified to contain a high affinity C/EBP DNA- 

binding site (Vinson et al. 1989). As seen in Figure 5B, 

both Cl i0C1 and Cl i0b2  protected the C/EBP recogni- 

tion sequence from digestion by DNase I. bZIP proteins, 

such as C/EBP~3, require a dimerizat ion domain  capable 

of orienting two polypeptide chains in parallel (Gentz et 

Figure 4. The dimerization domains of GABPI31-1 and 
GABP[32-1 projected onto idealized a-helices. The view down 

the helical axis begins with leucine residue 321 of GABP132-1 
and leucine residue 337 of GABP[31-1. This projection reveals an 
amphipathic distribution of hydrophilic and hydrophobic resi- 
dues. Residues at positions b, c, e, f, and g that diverge between 

the deduced protein sequences are boxed on the GABPI31-1 se- 
quence. (Bottom} A comparison of the amino acid sequences of 
the GABP[31-1 and GABP[32-1 dimerization domains with the 

leucine zipper sequence of C/EBPB [Descombes et al. 1990; Cao 

et al. 1991; Williams et al. 1991}. 

of C/EBPB (Cao et al. 1991) wi th  the hypothetical  dimer- 

ization regions of GABPBI-1 and GABPB2-1. To facili- 

tate visualizat ion of the four/ three repeat, residues at 

positions a and d are boxed. The view down the a-helical 

axis begins at the d position and reveals an arrangement 

wherein hydrophil ic residues occur on one helical  face 

and hydrophobic residues on the other face. This  polar- 

ized distr ibution of hydrophil ic  and hydrophobic resi- 

dues suggests that the dimerizat ion domains of 

GABP~I-1 and GABPf~2-1 function by forming coiled- 

coils. 

As a first means  of testing this hypothesis, we exam- 

ined whether  C/EBPB could funct ion in DNA-binding 

assays wi th  its leucine zipper exchanged for the dimer- 

ization domain of GABPB2-1. A truncated C/EBP~ pro- 

tein, termed Cl i0C1,  was expressed in E. coli from a 

cDNA that was engineered to contain an XhoI restric- 

tion site in the spacer region between the basic region 

and leucine zipper domains (Fig. 5). This type of XhoI 

recombinant,  which  was used by Agre et al. {1989} to 

analyze the specificity of D N A  binding by bZIP proteins, 

provided the means  to create a hybrid protein, termed 

Cli0B2, that contained the basic region of C/EBPB fused 

to the dimerizat ion domain  of GABP[32-1. The CliOC1 

Figure 5. The leucine zipper of C/EBPI3 can be functionally 

replaced by the dimerization domain of GABPI32-1. (A) Sche- 
matic diagram of C/EBPB protein and insertion variants (left} 
and chimeric C/EBP-GABP fusions (right}. For Cli0C1, the seg- 
ment of C/EBP[3 corresponding to the basic region was linked to 
the leucine zipper via an XhoI restriction enzyme recognition 

site. The chimeric Cli0B2 protein contains the C/EBPI5 basic 
region (C1} fused to the GABPI32-1 dimerization domain {132}. 
The spatial register between the basic region and dimerization 
domains of CliOC1 and Cli0B2 is identical to native C/EBPI3. 

Lower diagrams depict C/EBPI3 and C/EBP~,-GABPB2-1 chi- 
meric proteins containing one to seven residues inserted be- 
tween the basic region and the dimerization domain. (B) DNase 
I footprinting assays of parental and insertion mutants of CliO- 
i7C1 and Cli0-i7B2. The DNA probe consists of an HSV tk 
promoter fragment modified to contain a single high affinity 

C/EBP DNA-binding site. End-labeled probe DNA was incu- 

bated with equimolar concentrations of C li0-i7C 1 { 10 mzvi) and 
Cli0-i7B2 (30 raM} recombinant proteins, digested with DNase 
I, and sized on sequencing gels. (C) Western blots to monitor 
amount of CliO-iTC1 {left} and chimeric Cli0-i7132 proteins 

(right} used in the DNase I footprinting assays. 

1858 GENES & DEVELOPMENT 



Molecular characterization of GABP~ 

al. 1989; Landschulz et al. 1989; O'Shea et al. 1989, 

1991; Turner and Tjian 1989; Oas et al. 1990; Rasmussen 

et al. 1991); the data shown in Figure 5B are consistent 

with the interpretation that the GABP~ dimerization do- 

mains assemble in parallel as well. 

Sequence analyses of bZIP protein domains have re- 

vealed an invariant spacing of seven residues between 

the basic region and the first leucine of the zipper (Vin- 

son et al. 1989; O'Neil et al. 1990; for review, see McK- 

night 1991). Mutagenesis studies of C/EBP(X and GCN4 

have also shown the importance of correct spacing be- 

tween the basic region and the leucine zipper (Agre et al. 

1989; Pu and Struhl 1991). Moreover, X-ray crystallo- 

graphic studies of the GCN4 bZIP region (Ellenberger et 

al. 1992) have demonstrated that (x-helical structure per- 

sists between the zipper and the basic region, thus offer- 

ing a logical explanation for the highly conserved spacing 

between the two domains. 

If the dimerization domain of GABPB2-1 functions as 

a coiled-coil like the leucine zipper of bZIP proteins, it 

should function only when properly aligned with the ba- 

sic region. We investigated this spacing dependency by 

systematically expanding, from one to seven residues, 

the spacer regions of Cli0C1 and Cli0f~2 (Fig. 5A) and 

comparing their sequence-specific DNA-binding abili- 

ties. To ensure that approximately equal amounts of pro- 

tein were used in each DNA-binding assay, the various 

proteins were run on SDS--polyacrylamide gels and quan- 

titated by Coomassie staining and Western blotting (Fig. 

5C). As shown in Figure 5B, only C/EBP~ variants 

Cli4C1 and Cli7C1 were capable of binding to the 

C/EBP recognition site. Variants containing inserts of 

one, two, three, five, or six residues between the basic 

and leucine zipper failed to bind to the target DNA. An 

identical profile of DNA binding was found for the C1 B2 

insertion mutants  (Fig. 5B, right) further revealing the 

functional similarities between the C/EBP[3 leucine zip- 

per and the GABP[3 dimerization domain. When tested in 

glutaraldehyde cross-linking assays, all of the insertion 

mutants behaved as competent dimers (data not shown). 

As such, we conclude that the inactive variants fail to 

bind DNA because of an incorrect alignment of the basic 

region relative to the dimer interface. 

The identical behavior of the two sets of insertion mu- 

tants is best explained by a structural relatedness be- 

tween the C/EBP~ and GABP[3 dimerization domains. 

To investigate this possibility further, a peptide corre- 

sponding to the GABPB2-1 dimerization domain (resi- 

dues 317-360) was synthesized, purified, and assessed for 

helical content by measuring its circular dichroism (CD) 

spectrum under various conditions. The CD spectrum 

(Fig. 6A) showed the strong negative bands at 208 and 

222 nm and a positive band at 195 nm characteristic of 

(x-helices (Chen et al. 1974; Woody 1985). The compar- 

ative intensity at k222 nm in PBS relative to 1:1 PBS/ 

2,2,2-trifluoroethanol (TFE) indicated (x-helical contents 

of - 84% (5 WM at 0~ to 88% (20 W M at 0~ Thermal 

melting experiments (Fig. 6B) showed that the (x-helical 

state adopted by the GABP[32-1 peptide was moderately 

stable, with the midpoint of temperature dependence 
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Figure 6. Circular dichroism spectra of a synthetic peptide cor- 
responding to the dimerization domain of GABP[32-1. (A) CD 
spectrum at 0~ of the peptide at a concentration of 10 mM in 
PBS prepared with potassium phosphate and 150 mM KF in a 1 
cm path length cell. The amino acid sequence of the synthetic 
peptide corresponds to residues 317-360 of GABPB2-1. (B) Ther- 
mal unfolding measurements of the peptide as a function of 
peptide concentration. The Tm increases linearly with log 2 pep- 
tide concentration between 5 and 40 V-M. 

(Tm) at K222 nm ranging from 33~ to 43~ for concen- 

trations of 5-40 V~M (reversible transition). Both the mo- 

lar ellipticity and the concentration-dependent Tm in- 

crease could be interpreted in accordance with a mono- 

mer-dimer equilibrium (O'Neil and deGrado 1990). 

Specificity of the GABP[31-1 and GABP[32-1 
dimerization domains 

Sequence similarities within the dimerization domains 

of GABPf31-1 and GABPf32-1, coupled with the similar 

expression patterns of these proteins (Fig. 2B), led us to 

ask whether they might cross-dimerize. Partially puri- 

fied recombinant proteins composed of the C/EBPf~ basic 

region, fused to either the leucine zipper of C/EBP~ 

(C1C1) or the dimerization domains of GABPf~I-1 (C1[31) 

or GABP~2-1 (C 1 ~2), were tested for oligomerization in 

a chemical cross-linking assay. As seen in Figure 7A, 

incubation of the individual proteins in the presence of 

glutaraldehyde resulted in the appearance of an addi- 
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Figure 7. {A) Glutaraldehyde cross-linking of the 
C/EBP~ {C1CI) and C/EBP[?,--GABP~ chimeric pro- 
teins (Clfll and C1B2). Bacterially expressed pro- 
teins were incubated with 0.005% glutaraldehyde at 
room temperature for the time indicated {mm). Re- 
actions were stopped by adding an equal volume of 
2x SDS sample buffer, boiled for 3 mm and sub- 
jected to SDS-PAGE. The gel was stained with 
Coomassie brilliant blue. (B) Model illustrating how 
GABP complexes containing either a GABP~ 1-1 {[31) 
homodimer, a GABP~2-1 (~21 homodimer, or a 
GABP~l-1/GABP[32-1 (~1/~21 heterodimer might 
bind different GABP response elements. Parallel 
rectangles represent coiled-coil dimerization do- 
mains of GABP[3 subunits. Open and solid circles 
represent GABP~ activation domains. Curved re- 
gions of GABP~ subunits represent ankyrin repeats 
of GABP~; that mediate contact with GABPot 
{hatched ellipses). 

tional protein band roughly twice the size of the mono- 

meric species. Heterodimerization between the various 

polypeptides was tested by this same assay. When the 

chimeric C161 and C1132 proteins were mixed, three 

glutaraldehyde-induced species were observed. The up- 

per and lower of these cross-linked products are C162 

and C1131 homodimers, respectively, whereas the inter- 

mediate band was interpreted as a heterodimer {Fig. 7A, 
middle lanes}. When the C/EBP6 protein fragment 

{C1C1} was incubated with C161 and exposed to glut- 

araldehyde, no heterodimeric product was observed {Fig. 

7A, right}. Thus, whereas GABP61-1 and GABP62-1 pro- 

teins can form homodimers, they do not appear to be 

capable of dimerizing with the leucine zipper of C/EBP6. 

D i s c u s s i o n  

The studies reported herein identify a novel gene that 

encodes a protein termed GABP62-1. The deduced 

amino acid sequence of GABP62-1 is highly related to 

that of GABP61-1 (GABP61; LaMarco et al. 1991}, with 

most striking similarity localized to the amino-terminal 

ankyrin repeats and the carboxy-terminal dimerization 

domain [Thompson et al. 1991}. Previous studies ad- 

dressing the molecular and biochemical properties of 

GABP have identified these same two domains as being 

necessary for the formation of a heterotetrameric 

GABPa2/62 complex. One essential region includes the 

amino-terminal ankyrin repeats of GABP61,1; this re- 

gion is necessary for interaction with GABPa and subse- 

quent contact with DNA. The other domain involved in 

complex formation is the carboxy-terminal region that 

facilitates homotypic dimerization {for review, see Th- 

ompson and McKnight 1992). 

Using antisera raised against purified recombinant 

proteins, we observed concordant tissue distribution for 

GABP62-1 and GABP61-1. The GABP6 tissue distribu- 

tions were quite similar to that of GABPa. The genes 

encoding these three proteins map to separate chromo- 

somes: Gabpa maps to chromosome 16~ GABP61-1 is 

encoded by the Gabpbl gene located on chromosome 2; 

and GABP62-1 is encoded by the Gabpb2 gene located 

on chromosome 3. Despite being physically unlinked, 

expression of the three genes appears coordinately regu- 

lated. One possible means of coordinate regulation 

would entail positive autoregulatory feedback, wherein 

the heteromeric GABP complex transcriptionally acti- 

vates each of the encoded genes. It should be possible to 

test this hypothesis by studying the regulatory DNA se- 

quences that control the expression of the Gabpa, 
Gabpbl, and Gabpb2 genes. 

Two observations indicate that the carboxy-terminal 

regions of GABP61-1 and GABP62-1 assemble dimers as 

coiled-coils. First, the GABP62-1 dimerization domain 

can functionally replace the leucine zipper of C/EBP6. 

The relevance of this observation is supported by the fact 

that the topological relationship between the GABP62-1 

dimerization domain and the C/EBP6 basic region in the 

chimeric protein is subject to the same restrictions as 

that of native C/EBP6. Second, CD spectroscopic studies 

of the GABP62-1 dimerization domain reveal that it is 

predominantly a-helical and that the Tm and ellipticity 

at k222 nm are concentration-dependent. The dimer- 

forming region of the GABP6 family of proteins likely 

adopts a parallel, coiled-coil conformation, such as those 

described in detailed structural studies of bZIP proteins 

{O'Shea et al. 1991~ Ellenberger et al. 1992}. 

Identical DNA-binding behavior was observed when 

the C/EBP6 and C/EBP/GABP6 chimeras were modified 

to contain insertions between the basic region and 

dimerization domain. In both cases, insertions of one, 

two, three, five, or six residues yielded proteins incapa- 
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ble of sequence-specific DNA binding. Insertion of four 

or seven residues, however, yielded active proteins. Pre- 

vious studies by Pu and Struhl (1991) showed that spac- 

ing changes of seven residues between the basic region 

and leucine zipper of GCN4 yield active proteins. Sur- 

prisingly, the + 4 variants studied herein also yield func- 

tional proteins. Because the a-helical repeat is 3.5 resi- 

dues per tum, one would predict that derivatives bearing 

insertions of either three or four residues would function 

suboptimally. One possible explanation for the discrep- 

ant behavior of the + 3 and + 4 insertions comes from 

the observations of Ellenberger et al. (1992). On examin- 

ing the crystal structure of GCN4 bound to its recogni- 

tion site on DNA, they noted that the coiled-coil is 

slightly unwound in a right-handed fashion, thus dispos- 

ing the basic regions for optimal contact with DNA. The 

+4 mutation, relative to the canonical 3.5-residue re- 

peat, should dispose the DNA contact surface in an "un- 

wound" direction by one-half a helical turn. Likewise, 

the + 3 mutation should dispose the contact surface in 

an "overwound" direction of one-half turn. Thus, the 

strong binding by the + 4 variant may reflect its ability 

to properly align the basic region for contact with DNA. 

The GABPf~I-1 and GABPf~2-1 proteins share very 

similar biochemical properties. They both bind GABPc~ 

through a similar set of ankyrin repeats. Likewise, they 

form both homo- and heterodimers via a carboxy-termi- 

nal domain that appears to function as a coiled-coil. 

Whereas the proteins might carry out independent func- 

tions, it is also possible that they are functionally redun- 

dant. One reason for speculating that the two GABPB 

proteins might differ functionally relates to transcription 

activation. Earlier studies by Watanabe et al. (1990) 

showed that GABPB specifies the transcriptional activa- 

tion function of the GABP complex. The amino acid se- 

quences of GABPf31-1 and GABP[32-1 proteins differ sub- 

stantially in their interior regions where the activation 

function of GABP~I-1 has been mapped (C. Thompson, 

unpubl.). It is therefore possible that GABP~I-1 and 

GABPf~2-1 differ in their regulatory activities. If this is 

the case, it is also possible that the GABP~I-1/ 

GABP~2-1 heterodimer is functionally distinct from ei- 

ther homodimer (see Fig. 7B). Additional studies, includ- 

ing targeted gene disruption, will be required to address 

this point. 

Coiled-coil oligomerization domains have now been 

observed in four types of transcription factors: (1) bZIP 

(O'Shea et al. 1989; Vinson et al. 1989); (2) basic helix- 

loop-helix (bHLH)/ZIP (Hu et al. 1990; Beckmann and 

Kadesch 1991; for review, see Baxevanis and Vinson 

1993); (3) heat shock factor (HSF; Rabindran et al. 1991, 

1993); and (4) GABP~. In the former two cases, the 

dimerization domain precisely dictates alignment of the 

DNA contact surfaces. The close apposition and defined 

orientation of the dimerization and DNA-binding do- 

mains of bZIP and bHLH proteins imposes stringent re- 

quirements for binding to dyad symmetric recognition 

sequences. In the latter two cases, HSF and GABP~, the 

spacer regions between the oligomerization and DNA 

contact surfaces differ markedly and therefore provide 

flexibility between the two domains. HSF, for example, 

binds stably to either dyad symmetric or tandemly re- 

peated recognition sites (Perisic et al. 1989). Likewise, 

the orientation of GABP-binding sites (CGGAAR) can be 

organized either head to tail or head to head (Bolwig et al. 

1992). Moreover, these primary recognition sites can be 

separated by up to 76 bp as in the promoter of the mouse 

cytochrome oxidase gene (Virbasius et al. 1993). We be- 

lieve that the binding by the GABP complex to distantly 

spaced sites is made possible because of flexibility of the 

spacer region between the carboxy-terminal dimer-form- 

ing region and the amino-terminal GABP~/GABP~ in- 

terface. For GABP~I-1, the distance between the dimer- 

ization domain and the ankyrin repeats is 201 amino 

acids. Assuming that for each GABPf~ subunit in the 

complex, this region could extend fully unstructured in 

opposing directions, the complex could span a distance 

of 144 nm. For canonical B-form DNA, such a distance 

would allow DNA recognition sites to be separated by as 

many as 426 bp. We conclude by emphasizing that an 

understanding of the molecular architecture of transcrip- 

tion factors, as exemplified in the case of GABP, can 

allow prediction of concrete parameters regarding their 

mechanisms of action. 

Mater ia l s  and  m e t h o d s  

Isolation and sequencing of GABP[32-1 cDNA 

Genomic DNA clones corresponding to GABP~I-1 (GABPf~I; 
LaMarco et al. 1991) and GABP[32-1 were isolated from a phage 
KGEM-12 library. The library was prepared according to the 
manufacturer's recommendations (Promega) from mouse strain 
129svJ genomic DNA {Jackson Laboratories) partially digested 
with Sau3AI. Approximately 1.5x 10 6 plaques (8x mouse ge- 
nome) were screened on duplicate nitrocellulose filters (Schle- 
icher & Schuell) with 3~p-random primed {Feinberg and Vo- 
gelstein 1984) GABP[31-1 DNA probes. Restriction mapping and 
partial sequencing of the genomic clones identified a 300-bp PstI 

fragment spanning ankyrin repeats 2 and 3 (see Fig. 1; LaMarco 
et al. 1991) in Gabpb2. This DNA fragment was then used as a 
probe to screen 1 x 10 6 plaques from a mouse lung cDNA library 
(Stratagene). Filters were prehybridized, then hybridized at 55~ 
or 65~ and washed at the same temperatures for the genomic 
and cDNA screens, respectively (Peden et al. 1982). After sub- 
cloning of genomic DNA fragments in pBluescript vectors, or 
excision from eDNA recombinant bacteriophages (Stratagene), 
dideoxynucleotide chain termination sequencing (Sanger et al. 
1977) was performed with a commercial sequencing kit (U.S. 
Biochemical). 

Recombinant C/EBP[3 (CliO-i7C1) and C/EBP[~--GABP[3 
(Cli0-i7132 and C1 [31) hybrid proteins 

Expression vectors producing high levels of recombinant 
C/EBP~ (Cli0-i7C1) or C/EBPI3 chimeric proteins {Cl131 and 
Cli0-i7132) were constructed essentially as described for 
C/EBP(x and C/EBPa-GCN4 chimeric proteins IAgre et al. 
1989). The parental recombinant C/EBPi3 expression plasmid 
was prepared by polymerase chain reaction {PCR) methods that 
allowed precise joining of 5' sequences encoding the basic re- 
gion with 3' sequences encoding the leucine zipper via an XhoI 
restriction enzyme recognition site. 
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C/EBPB 5' sequences were first amplified from a C/EBPB 

mammalian expression plasmid (Cao et al. 1991) with PCR 

primers FCT57 and FCT44. The 5' PCR primer FCT57 spans 

nucleotides 278-297 and includes a BarnHI restriction enzyme 

recognition site. The 3' PCR primer FCT44 is complementary 

to nucleotides 841-854 and carries an XhoI site that replaces 

nucleotides 855--860. PCR amplification of the C/EBPB cDNA 

with FCT57 and FCT44 primers generated a 594-bp fragment 

that is flanked by BarnHI and XhoI sites and codes for the 

C/EBPB basic region. For most constructs, this 5' fragment was 

modified furhter by religating the parental PCR product after 

deletion of an internal StyI restriction fragment in order to gen- 

erate the amino-terminal Cli0 product (see Fig. 5). The Cli0 

fragment of C/EBPB encodes amino acids 58-116 joined to 195- 

251. The 3' sequences encoding either the C/EBP~ leucine zip- 

per or GABPBI-1 or GABPB2-1 dimerization domains were also 

generated by PCR amplification using oligonucleotides that per- 

mitted insertion of terminal restriction enzyme recognition 

sites. C/EBPB leucine zipper sequences were amplified using 

FCT52, which places the XhoI site immediately 5' of nucle- 

otides 861-881, and FCT53, which is complementary to nucle- 

otides at the carboxyl terminus of the C/EBPB open reading 

frame and carries a terminal EcoRI recognition site. 

Sequences that code for the GABPB 1-1 and GABPB2-1 dimer- 

ization domains were also generated by PCR amplification of 

cDNA clones using cognate primers (FCT46 and FCT59 for 

GABPB 1-1, and FCT48 and M13 rev for GABPf32-1 ). Restriction 

enzyme-digested PCR products were joined in a three-fragment 

ligation reaction {5' BamHI-XhoI-, 3' XhoI-EcoRI- and BarnHI- 

EcoRI-cut vector) for cloning into the T7 promoter-based E. coli 

expression plasmid TP-7 (Wilson et al. 1993). Insertion mutant 

genes {il-i7) were derived from C/EBP[3-containing hybrid 

genes prepared by PCR using FCT57 and any of the seven FCTi 

primers to replace the parental C li0 fragment. Linker sequences 

used in the insertion mutants were identical for Cli0-i7C1 and 

Cli0-i7132 and included GABP[32-1 residues that are just amino- 

terminal to the dimerization domain (il = L, i2 =EL, i3 =REL, 

i4 = EREL, i5 = SEREL, i6 = RSEREL, i7 = LRSEREL). 

PCR conditions for generating recombinant sequences were 

as follows: One cycle of denaturation at 94~ for 5 rain; anneal- 

ing at 52~ for 2 rain; and extension at 72~ for 10 rain; fol- 

lowed by denaturation at 94~ for 1 rain; annealing at 52~ for 

2 rain; and extension at 72~ for 3 min repeated for 34 cycles. 

Standard reaction conditions were used (Sambrook et al. 1989) 

except that the amplification reactions also included 10% di- 

methylsulfoxide (vol/vol). All PCR-generated constructs were 

sequenced to ensure correct ligation of the fragments, presence 

of the linker insertion mutations (il-i7), and integrity of the 

intended coding sequence. Primers used to generate and se- 

quence Cli0-i7C1, C1131, and Cli0-i7132 constructs are shown: 

FCT44, 5'-GG CTC GAG CTC CAG GTT GCG CAT CT-3'; 

FCT44il, 5'-CC CTC GAG TAG CTC CAG GTT GCG CAT 

CT-3'; FCT44i2, 5'-CC CTC GAG TAG CTC CTC CAG GTT 

GCG CAT CT-3'; FCT44i3, 5'-CC CTC GAG TAG CTC TCT 

CTC CAG GTT GCG CAT CT-3'; FCT44i4, 5'-CC CTC GAG- 

TAG CTC TCT TTC CTC CAG GTT GCG CAT CT-3'; 

FCT44i5, 5'-CC CTC GAG TAG CTC TCT TTC ACT CTC 

CAG GTF GCG CAT CT-3'; FCT44i6, 5'-CC CTC GAG TAG 

CTC TCT TTC ACT TCT CTC CAG GTT GCG CAT CT-3'; 

FCT44i7, 5'-CC CTC GAG TAG CTC TCT TTC ACT TCT 

TAG CTC CAG GTT GCG CAT CT-3'; FCT46, 5'-GG CTC 

GAG AAA CAG CTG GAT GAA GC-3'; FCT48, 5'-GG CTC 

GAG GAA CAG CTC CAG GAG GC-3'; FCT52, 5'-GG CTC 

GAG CAC AAG GTG CTG GAG CT-3'; FCT53, 5'-GG GAA 

TTC CTA GCA GTG GCC CGC CG-3'; FCT57, 5'-CC GGA 

TCC CAC GAG CGC GCC ATC GAG TTC A-3'; FCT59, 5'- 

CC GAA TTC AGT TTT AAA TAC ATT TC-3'; M13 rev, 

5'-AAC AGC TAT GAC CAT G-3'. 

Recombinant C/EBPB-derived proteins were produced as 

heart muscle kinase (HMK) tagged polypeptides in HMS174 

{DE3) or BL21 strains of E. coli. Expression was induced with 2 

mM isopropyl-[3-D-thiogalactopyranoside (IPTG} for 2 hr at 37~ 

At the end of the IPTG induction, cells were harvested by cen- 

trifugation and resuspended in one-tenth the culture volume of 

phosphate-buffered saline (PBS, pH 7.9) supplemented with 5 M 

urea, 1 mM EDTA, and 0.2% Triton X-100 (Agre et al. 1989). 

Cells were subjected to two to three cycles of freezing in liquid 

nitrogen, thawing at 37~ and sonicating for 1 rain. After cen- 

trifugation at 16,000g for 30 rain, lysates were loaded on fast- 

flow Q-Sepharose columns {Pharmacia). The flowthrough frac- 

tion was applied to an 8-ml Mono S FPLC column (Pharmacia) 

and the recombinant proteins were eluted from the column 

with a 100-600 mM KC1 gradient. Recombinant proteins par- 

tially purified by this method comprised 30-90% of the soluble 

material. Coomassie blue staining of SDS--polyacrylamide gels, 

immunoblotting, and Bradford protein quantitation methods 

were used to estimate the amount of recombinant protein 

present in each Mono S fractions. 

Glutaraldehyde cross-linking experiments were performed as 

described in Landschulz et al. (1989). Mono S-purified recombi- 

nant proteins diluted to concentrations of 1-2 mM in PBS con- 

taining 2 mM DTT were incubated without or with 0.005% 

glutaraldehyde for either 3 or 6 min at room temperature. Cross- 

linking reactions were stopped by the addition of an equal vol- 

ume of 2x SDS protein sample buffer (Sambrook et al. 1989). 

Protein samples were subjected to electrophoresis on SDS-poly- 

acrylamide gels (Laemmli 1970). Monomeric and dimeric pro- 

tein species were visualized by Coomassie blue staining. 

DNase I footprinting assays 

The DNA probe used in the DNase I footprinting assays was a 

170-bp EcoRI-XbaI fragment that included the 136-bp EcoRI- 

BglII DNA fragment of the HSV tk promoter modified to con- 

tain a high affinity C/EBP DNA-binding site {Agre et al. 1989; 

Vinson et al. 1989). The DNA probe used for DNase I footprint- 

ing was prepared by digesting at the unique EcoRI cleavage site 

located 64 bp upstream of the C/EBP-binding site, filling in 

with [e~-azP]dATP and [~-a2P]PTTP (3000Ci/mmole, Amer- 

sham), then digesting at the 3' XbaI restriction site. Binding 

reactions included the recombinant proteins at concentrations 

of 10 mM for Cli0-i7C1 and 30 mM for Cli0-i7132 and the probe 

DNA (1.Sx104 cpm). Reactions were incubated at room tem- 

perature for 20 rain in a 30-~1 reaction mixture consisting of 50 

rnM KCI, 25 mM Tris-HC1, (pH 7.9), 3 mM MgCI~, 1 mM CaC12, 

0.5 ~g of poly[d(I-C)] (Pharmacia), 1 mg/ml  of bovine serum 

albumin (Boehringer Mannheim), and 2 mM DTT. After incu- 

bation, binding reactions were exposed to RNase-free DNase I 

(Boehringer Mannheim) for 1 min at room temperature and 

stopped by precipitation with ethanol containing 2 ~g of yeast 

tRNA and 1 M ammonium acetate. Precipitated reaction sam- 

ples were recovered by centrifugation and resuspended in form- 

amide gel loading buffer (Sambrook et al. 1989), boiled for 3 rain, 

and loaded onto a 6% polyacrylamide sequencing gel. 

Preparation of antibodies to GABP[32-1 

A GABP[32-1 eDNA clone generated by PCR to introduce a 

BarnHI restriction site at its 5' terminus and an Asp718 site at 

its 3' terminus was subcloned into the multiple cloning site of 

TP-7 (Studier and Moffat 1986; Wilson et al. 1993). The recom- 
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binant GABPI32-1 protein was expressed in E. coli strain 

HMS174 (DE3) by induction with IPTG for 3 hr at 37~ Puri- 

fication of GABP[32-1 was essentially as described for GABPI31-1 

(GABP[31; Thompson et al. 1991). Briefly, recombinant 

GABP[32-1 was solubilized from the E. coli particulate fraction 

in buffer A (10 mM Tris-HC1 at pH 7.9, 100 mM KC1, 0.5 mM 

EDTA, 1 mM MgC12, 1 mM DTT, 1 mM CaC12, 0.2 mM phenyl- 

methanesulfonyl fluoride) supplemented with 7 M urea. The 

urea-solubilized fraction was dialyzed overnight against buffer B 

[25 mM Tris-HC1 at pH 8.0, 75 rnM NAG1, 1 mM EDTA, 10% 

(vol/vol) glycerol, 1 mM DTT). The dialyzed sample was centri- 

fuged at 16,000g for 40 rain and the supernatant was loaded on 

a fast-flow Q-Sepharose column (Pharmacia). A gradient of 75- 

500 mM NaCI was applied to elute the protein fractions. The 

final protein preparation used for rabbit immunization was es- 

timated to be at least 90% pure by Commassie staining of the 

column fractions sized on SDS-polyacrylamide gels. Polyclonal 

antisera raised against GABP[32-1 were produced by the Berke- 

ley Antibody Company following standard procedures. Rabbit 

polyclonal antisera raised previously against GABPI31-1 

{Thompson et al. 1991) were observed to exhibit some cross- 

reactivity with the GABP[32-1 protein. This cross-reactivity of 

the antisera, however, was minimal and only observed when 

high titer dilutions of the antisera >1:100 were used to probe 

very high amounts (>1 g,g) of bacterially expressed polypep- 
tides. 

Western blotting and probing with GABP[31-1 and 

GABP[32-1 antisera 

Mouse tissues were homogenized in boiling 4x SDS sample 

buffer without bromophenol blue (Sambrook et al. 1989). The 

insoluble material was separated from the soluble fraction by 

eentrifugation at 12,000g for 5 rain. Western blotting and anti- 

gen-antibody complex detection were performed as described 

{Sambrook et al. 1989) using alkaline phosphatase-conjugated 

anti-rabbit antibodies (Promega) for detection of the immuno- 

reactive recombinant proteins or ~2SI-coupled to protein A (Am- 

ersham), followed by autoradiography for visualization of im- 

munoreactive material in tissue extracts. Rabbit polyclonal an- 

tibodies directed against GABPBI-1, GABP[32-1, and C/EBPf~ 

were used for these analyses. Antiserum specific to the carboxy- 

terminal sequences of C/EBPB has been described previously 

(Cao et al. 1991). For antibody probing of Western blots, approx- 

imately equal amounts of protein were electrophoretically sep- 

arated on 10% polyacrylamide-SDS gels and transferred onto 

Immobilon membranes (Millipore). Soluble recombinant HMK 

epitope-tagged GABP[31-1 and GABPB2-1 were labeled with 

[~/-a2P]ATP (Amersham) using purified HMK {Sigma). Prior to 

exposure to the labeled recombinant protein, Western blots 

were subjected to a cycle of denaturation and renaturation start- 

ing with 5 M urea (Vinson et al. 1988). Blocking, binding, and 

washing conditions have been described previously (Brown and 
McKnight 1992). 

Peptide synthesis and circular dichroism measurements 

The synthetic peptide corresponding to the GABP[32-1 dimer- 

ization domain (ERELLQQQLQEANRRAQEYRHQLLKKEQE- 

AEQYRLRLEAMAQQQ) was synthesized on an Applied Bio- 

systems 431A peptide synthesizer using HBTU-activated 

FMOC amino acids and self-devised cycles. After amino-termi- 

nal acetylation, the peptide was cleaved with reagent K (King et 

al. 1990) and purified by reversed-phase HPLC, eluting with a 

linear gradient of acetonitrile in water (both containing 0.1% 

trifluoroacetic acid). Peptide identity and purity (96%) was as- 

sessed by electrospray-ionization mass spectrometry (Hewlett- 

Packard 5989A; calculated mass 5553.17; observed mass 

5553.081. 
Circular dichroism spectra were measured on an Aviv 62DS 

spectropolarimeter equipped with a thermoelectric temperature 

control unit, using 0.5- and 1.0-cm path-length cells. Spectra 

were taken in PBS (150 mM NaC1, 10 mM sodium phosphate at 

pH 7) at 0~ for 15 sec per data point, unless otherwise noted. 

Thermal melting was measured by monitoring the signal at 

k222 nm over a temperature range of 0~176 and the Tm was 

obtained from the second derivative of the melting curve. 
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