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Mouse and rat genomic DNA libraries were screened by reduced stringency hybridization with the 

DNA-binding domain of the c/ebp gene as a probe. Three genes were isolated that encode bZIP DNA-binding 

proteins (designated CRPI, CRP2, and CRP3) with strong amino acid sequence similarities to the 

C/EBP-binding domain. CRP2 is identical to the protein described recently by other groups as NF-IL6, LAP, 

IL-6DBP, and AGP/EBP, whereas CRP1 and CRP3 represent novel proteins. Several lines of evidence indicate 

that these three proteins, along with C/EBP, comprise a functional family. Each bacterially expressed 

polypeptide binds to DNA as a dimer with recognition properties that are virtually identical to those of 

C/EBP. Every member also bears a conserved cysteine residue at or near the carboxyl terminus, immediately 

following the leucine zipper, that at least in vitro allows efficient disulfide cross-linking between paired zipper 

helices. We developed a gel assay for covalent dimers to assess leucine zipper specificities among the family 

members. The results demonstrate that all pairwise combinations of dimer interactions are possible. To the 

extent that we have examined them, the same heterodimeric complexes can be detected intracellularly 

following cotransfection of the appropriate pair of genes into recipient cells. All members are also capable of 

activating in vivo transcription from promoters that contain a C/EBP-binding site. Our findings indicate that a 

set of potentially interacting C/EBP-Iike proteins exists, whose complexity is comparable to that of other bZIP 

protein subfamilies such as Jun, Fos, and ATF/CREB. 
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The rapid accumulation of information about eukaryotic 

genes and their controlling factors has revealed an im- 

pressive degree of complexity within transcriptional reg- 

ulatory processes. A simplistic a priori model, wherein a 
given cis-regulatory DNA sequence binds a single acti- 
vator protein whose presence or absence in a cell unam- 

biguously determines whether genes containing that se- 
quence are transcribed or silent, has generally not been 

validated by the present data. Rather, most genes are 
controlled by a battery of sequence motifs that, together, 
specify appropriate transcription (Maniatis et al. 1987; 

Jones et al. 1988; Muller et al. 1988). In addition, regu- 
latory proteins that bind to these motifs are increasingly 
found to occur in families whose members are related by 
common DNA recognition properties (for review, see 

Johnson and McKnight 1989), thus providing an addi- 
tional level of complexity to gene control. The Fos and 

Jun (Ziff 1990 and references therein), cAMP response 
element binding/activating transcription factor (CREB/ 
ATF) (Hoeffler et al. 1988; Gonzalez et al. 1989; Hai et al. 
1989), Oct (Clerc et al. 1988; Sturm et al. 1988; Scholer 
et al. 1989; Rosner et al. 1990), and MyoD (for review, see 

Weintraub et al. 1991) families represent a few well-char- 

acterized examples of this latter principle. Frequently, 
such groups are composed of both ubiquitously ex- 

pressed and tissue-restricted members, where the latter 

function to control cell type-specific patterns of gene 

transcription. 
In light of the existence of DNA-binding protein fam- 

ilies, an understanding of the potential regulatory infor- 
mation inherent in a particular cis-regulatory sequence 
motif requires identification of the entire complement of 
proteins that recognize that sequence and knowledge of 

the cell types in which each member is present and ac- 
tive. The present study describes a family of factors re- 
lated to the transcriptional regulatory protein CCAAT/ 
enhancer-binding protein (C/EBP). C/EBP is a heat-stable 
DNA-binding protein (Johnson et al. 1987) that belongs 

to the basic region-leucine zipper (bZIP) class (Land- 
schulz et al. 1988a; Vinson et al. 1989) and that is present 

at elevated concentrations in the nuclei of terminally 
differentiated, postmitotic liver and fat cells (Birken- 
meier et al. 1989; Umek et al. 1991). Cotransfection 
studies with the c/ebp gene demonstrated that C/EBP 
overexpression stimulates transcription from specific 
target genes that are expressed in mature hepatocytes 
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(Friedman et al. 1989) or adipocytes (Christy et al. 1989; 
Herrera et al. 1989) and whose control sequences include 

C/EBP-binding sites. These observations suggest that 

C/EBP plays a role in activating cell type-specific expres- 

sion of genes in fat, liver, and possibly additional tissues. 

Southern blot experiments using a C/EBP cDNA probe 

initially failed to suggest the existence of a C/EBP gene 

family (Landschulz et al. 1988b). On the other hand, 

heat-stable DNA-binding activities that are indistin- 

guishable from C/EBP were detected in extracts from 

tissues such as spleen, kidney, and brain (Cereghini et al. 

1987; Lichtsteiner et al. 1987; P. Johnson, unpubl.). On 

the basis of the results of sensitive immunoblot assays, it 

has been established that spleen, kidney, and brain do 

not express the C/EBP polypeptide (W. Landschulz, P. 

Johnson, and S. McKnight, unpubl.), implying that pro- 

teins with functional homology to C/EBP must be 

present in these cell types. In addition, subsequent 

Southern blot experiments with rat DNA hybridized 

with a probe from the C/EBP DNA-binding domain at 

reduced stringency identified two strongly cross-hybrid- 

izing sequences in the genome (P. Johnson, unpubl.). 

These findings prompted us to initiate a search for novel 

C/EBP-related genes by screening genomic DNA librar- 

ies with a C/EBP gene probe. We report here the isolation 

and characterization of three such genes, designated 
crpl, crp2 [recently reported by other groups as NF-IL6 

(Akira et al. 1990), LAP (Descombes et al. 1990), IL-6DBP 

(Poli et al. 1990) and AGP/EBP (Chang et al. 1990)], and 

crp3. We demonstrate that, together with C/EBP, the 

proteins encoded by these genes constitute a family of 

transcriptional activators with very similar DNA recog- 

nition properties and leucine zipper dimerization speci- 
ficities. 

Results 

Isolation of genes encoding C/EBP-related proteins 

Two EcoRI fragments that hybridized to a C/EBP DNA- 

binding domain probe were cloned from a rat genomic 

DNA phage library. The regions homologous to C/EBP 

within these 5.4- and 5.0-kb fragments were localized 

and sequenced. The cross-hybridizing segments of both 
fragments were found to be part of long protein-coding 

sequences (Fig. 1). The carboxy-terminal regions of the 

open reading frames display considerable amino acid se- 

quence similarity to the C/EBP DNA-binding domain 

(Fig. 1) and exhibit structural hallmarks that are com- 

mon to all bZIP DNA-binding proteins. Specifically, 
each protein includes a region rich in positively charged 

amino acids (the basic region)juxtaposed to, and in spe- 

cific register with, a helix-permissive segment contain- 

ing a heptad repeat of leucine residues (the leucine zip- 

per; Landschulz et al. 1988a). These features strongly 

imply that both genes encode C/EBP-like bZIP proteins, 
which were therefore designated CRP1 and CRP2 (for 
__C/EBP-related proteins 1 and 2). 

A second round of hybridization screening was per- 

formed in which the basic regions of the c/ebp, crpl, and 

crp2 genes were used to probe a mouse genomic DNA 

library. One additional cross-hybridizing recombinant 

phage was identified in this search. DNA sequencing re- 

vealed that this clone also encodes a putative C/EBP- 

related protein, which we designated CRP3. An amino 

acid sequence comparison of the four C/EBP-like pro- 

teins is presented in Figure 1. The proteins are most 

strikingly similar in their respective basic regions, where 

they share an identical 17-amino-acid segment that 

straddles the consensus bZIP basic motif (Kouzarides 

and Ziff 1988; Vinson et al. 1989). Significant homology 

is also evident in the leucine zipper domain, in which 

the sequences are >70% homologous (including conser- 
vative substitutions). Elsewhere, the polypeptide se- 

quences are quite divergent, except for a short region 

near the predicted amino terminus of each protein. This 

sequence corresponds to a domain in C/EBP that is ap- 

parently required for protein stability (Friedman and 

McKnight 1990; Pei and Shih 1991), and it may fulfill a 

similar role in CRP1, CRP2, and CRP3. 

The sequence of the crpl gene predicts at least one 

intron with two possible splice acceptor sites, both of 

which maintain the same translational reading frame. 

The inferred amino acid sequence presented in Figure 1 

represents the joining of these two exons, wherein the 

underlined segment indicates sequences encoded by use 

of the first splice acceptor site. The present extent of the 

crpl gene sequence does not indicate obvious transcrip- 

tional and translational start sites; therefore, the CRP1 

sequence in Figure 1 contains an undefined amino ter- 

minus. A complete structural characterization of the 

crpl gene has been hampered by our inability to detect 

CRP1 mRNA (see below). For reasons outlined in the 

Discussion, however, we are convinced that crpl repre- 

sents a functional gene. The crp2 genomic DNA se- 

quence encodes a continuous open reading frame of 276 

amino acids which, like C/EBP, is not interrupted by 

introns. A consensus TATAAA sequence is located 150 

bp upstream of the initiator codon, and a consensus poly- 
adenylation signal (AATAAA) is situated 460 bp down- 

stream of the termination codon (data not shown). The 

positions of these two sequences predict a CRP2 tran- 

script of - 1.6 kb, which has been confirmed by Northern 

analysis (data not shown; Chang et al. 1990; Descombes 

et al. 1990; Poli et al. 1990). The crp3 gene likewise ap- 

pears to lack introns and codes for a polypeptide of 

268 amino acids. A variant of the TATA consensus 

(TAGAAAA) is located 65 bp upstream of an initiator 

codon, whereas the position of the polyadenylation sig- 

nal has not yet been determined. 

Expression patterns of CRP family members 

We examined the expression patterns of CRP mRNAs in 

various mouse tissues by Northern blotting. We also 

used antisera directed against peptides from CRP1 and 
CRP2 to determine the tissue distributions of these two 
proteins by Western blot analysis of nuclear protein 

preparations. The results of all of these experiments, as 
well as the tissue distributions of C/EBP mRNA and pro- 
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Figure 1. Comparison of the C/EBP, 
CRP1, CRP2, and CRP3 amino  acid se- 

quences.  The  deduced  amino  acid se- 

quences  f rom each of the  four  genes are 

aligned to indica te  the  high degree of ho- 

mology  in the  ca rboxy- te rmina l  D N A -  

binding domains  as wel l  as shor t  s t re tches  

of h o m o l o g y  e l sewhere  in the  proteins.  

Vertical  l ines b e t w e e n  the  sequences  indi- 

cate  ident ical  amino  acids; a colon indi- 

cates a conserva t ive  subs t i tu t ion .  Conser-  

va t ive  subs t i t u t i on  groups are defined as 

fol lows:  Leu, Ile, Val, and Met;  Lys, Arg, 

and His; Pro, Gly, Set, Thr, and Ala; Asp, 

Asn, Glu, and Gin; Phe, Trp, and Tyr; Cys. 

The  under l ined  sequences  in CRP 1 are en- 

coded by  the  segmen t  b e t w e e n  two  poten-  

tial splice acceptor  sites. 

tein, are summarized in Table 1. A complete description 

of CRP gene expression data for the CRP family mem- 

bers will be reported elsewhere. 
Despite an extensive search with RNAs from adult 

and embryonic tissue sources, neither CRP1 mRNA nor 

protein has been detected so far. It is possible that we 
have not analyzed the appropriate tissue or time in de- 

velopment or that CRP1 gene products are expressed 

only at extremely low levels. We are currently using 

more sensitive in situ hybridization and immunofluores- 

cence methods in attempts to identify the site of synthe- 

sis of CRP1. 
CRP2- and CRP3-specific probes hybridized to tran- 

scripts of 1.6 and 1.4 kb, respectively, in every tissue 
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Table 1. T i s s u e  d i s t r i b u t i o n  o f  C R P  m R N A s  a n d  p r o t e i n s  

C/EBP CRP2 CRP3 CRP1 

RNA protein RNA protein RNA protein RNA protein 

Liver + + + + + + + + + + + + + ND - - 

Lung + + +/? + + + + + + + ND - - 
Kidney + + - + + - + + ND - - 

Adipose + + + + ND + + ND - ND 
Brain + - + - + ND - - 
Heart + - + - + N D  - - 

Spleen + - + - + + ND - - 
Testes + - + + - ND - 

Uterus + ND - ND 

Ovary + + ND - ND 
Stomach + ND - ND 

L. int. + ND - ND 

S. int. + ND + ND - ND 

Thymus + ND - ND 

Submax. + ND - ND 

Sk. mus. + ND + ND - ND 

Abbreviations: (L. int.) Large intestine; (S. int.) small intestine; (Submax.) submaxillary gland; {Sk. mus.) skeletal muscle; (ND) not 
determined. 

Data derived from Northern and Western blotting experiments to measure expression from c / e b p  and crp genes is summarized. The 

approximate relative levels of expression are indicated by + symbols. A portion of the C/EBP expression data is taken from other 
studies (Birkenmeyer et al. 1989; W. Landschulz, P. Johnson, and S. McKnight, unpubl.). 

examined.  CRP2 m R N A  was mos t  abundan t  in liver, 

lung, kidney,  testes, and ovary t issues but  was detectable  

at varying levels  in all cells examined.  Conversely ,  CRP2 

prote in  express ion was found to be m u c h  more re- 

stricted.  The  32-kD CRP2 polypept ide  was detected in 

l iver and lung  but  not  in brain, kidney,  testes, and heart .  

CRP2 prote in  is thus  expressed in on ly  a subset  of the 

t i ssues  tha t  con ta in  CRP2 m R N A ,  suggest ing a post- 

t ranscr ip t iona l  c o m p o n e n t  to its regulat ion.  In this  re- 

spect, as wel l  as in its preferent ia l  a c c u m u l a t i o n  in he- 

patocytes ,  CRP2 expression is qui te  s imi la r  to tha t  of 

C/EBP. CRP3 t ranscr ip ts  were mos t  abundan t  in the  

lung  but  were also present  at appreciable levels in  kid- 

ney, adipose, and spleen. At  present,  we have  not  ob- 

ta ined  an a n t i s e r u m  specific for the CRP3 polypeptide;  

therefore, i ts  cell type d i s t r ibu t ion  has not  yet  been es- 

tablished.  

D N A - b i n d i n g  p r o p e r t i e s  

As m e n t i o n e d  above, the  re la tedness  among  C/EBP, 

CRP1, CRP2, and CRP3 is mos t  p ronounced  in the basic 

region, where  an invar ian t  segment  of 17 amino  acids 

occurs (Fig. 1). Because the basic region of bZIP prote ins  

has  been s h o w n  to confer D N A  sequence  se lec t iv i ty  

(Agre et al. 1989; G e m t z  et al. 1989; Kouzarides and Ziff 

1989; Sellers and St rum 1989; Turner  and Tj ian  1989), 

the  presence of s t rong sequence  conserva t ion  w i t h i n  th is  

part  of the polypept ide  suggested tha t  all four prote ins  

m i g h t  bind D N A  w i t h  similar ,  or identical ,  specificit ies.  

To test  th is  predict ion,  hybr id  prote ins  were  cons t ruc ted  

tha t  con ta ined  amino  acids 1-214 from the yeas t  G C N 4  

prote in  fused to equ iva len t  DNA-b ind ing  doma in  seg- 

m e n t s  f rom each CRP polypeptide.  G C N 4  hybr ids  were 

employed  because they  produce cons i s t en t ly  h igh  yields 

of prote in  in bacter ia  w i t h  the  T7 expression sy s t em of 

Studier  (Agre et al. 1989; Studier  et al. 1990). Fol lowing 

expression,  prote in  extracts  were  prepared and tes ted for 

DNA-b ind ing  ac t iv i ty  in D N a s e  I footpr in t  assays (Galas 

and Schmi tz  1978). Three  different  C/EBP-binding sites 

were employed:  two w i t h i n  a f ragment  of the hepa t i t i s  B 

virus  (HBV) enhance r  (Landschulz et al. 1988b), and a 

th i rd  in the a l b u m i n  gene promoter  [the distal  e l emen t  I 

{DEI) (Cereghini  et al. 1987) or D (Lichsteiner  et al. 1987) 

site]. The  footpr in t  t i t ra t ion  exper imen t s  of Figure 2 

demons t ra te  tha t  C/EBP, CRP1, and CRP2 generate  

near ly  ident ica l  D N a s e  I p ro tec t ion  pa t te rns  on these 

probes. CRP3 also produced the  same protected se- 

quences  (data no t  shown). The  s l ight  differences ob- 

served at the  footpr in t  boundar ies  are probably a conse- 

quence of the more  divergent  sequences  f l ank ing  the 

actual  D N A - c o n t a c t i n g  regions in  each protein.  

None the less ,  these  resul ts  c lear ly  demons t r a t e  tha t  

C/EBP, CRP1, CRP2, and CRP3 comprise  a func t iona l ly  

homologous  DNA-b ind ing  pro te in  family.  

D i m e r i z a t i o n  s p e c i f i c i t i e s  

As indica ted  previously,  sequence  s imi la r i t i es  among  

the  CRP polypept ides  ex tend  to the  leuc ine  zipper do- 

mains .  Figure 3 depicts  the  four leuc ine  zipper sequences  

on schemat ic  ~-helices.  A compar i son  shows tha t  near ly  

every leucine  zipper pos i t ion  con ta ins  e i ther  an ident ica l  

or a conserved amino  acid. In part icular ,  he l ix  " s p o k e s "  

1, 2, 4, and 5 are h igh ly  similar .  These  are the pos i t ions  

m o s t  closely opposed in a coiled-coil  prote in  d imer  and 

are therefore l ike ly  to de t e rmine  the specif ic i ty  and af- 

f in i ty  of p ro t e in -p ro t e in  in terac t ions .  The i r  conserved 
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Figure 2. DNA-binding specificities of 
C/EBP, CRP1, and CRP2. Fusion proteins 
carrying the putative DNA-binding regions 
of C/EBP, CRP1, and CRP2 were con- 
structed and expressed in bacteria. Se- 
quence-specific DNA-binding activities of 
the bacterially expressed proteins were an- 
alyzed by DNase I protection. End-labeled 
DNA fragments from either the HBV en- 
hancer or the albumin gene promoter were 
used as probes. The apparent increased ac- 
tivity of CRP1 compared to C/EBP and 
CRP2 in these experiments is due to a 
greater amount of CRP1 protein in the ex- 
tract and does not reflect an intrinsically 
higher affinity for the binding sites. 

nature suggested that the CRP polypeptides might be 

capable of dimer interactions between family members. 

To test the dimerization potential of monomer CRP 

subunits, we developed a novel assay for dimer forma- 

tion. The existence of C/EBP dimers was demonstrated 

previously by chemical cross-linking, with SDS-PAGE 

used to identify the resultant covalent dimers (Land- 

schulz et al. 1989). C/EBP subunits in solution exchange 

very rapidly as measured by glutaraldehyde cross-link- 

ing; equilibrium between two electrophoretically distin- 

guishable forms is achieved within minutes after mixing 

(Landschulz et al. 1989). C. Vinson and S. McKnight 

(pers. comm.) observed that the subunit exchange rate is 

inhibited drastically when reducing agents such as di- 

thiothreitol (DTT) are omitted from the reaction. They 

proposed that the inhibitory effect results from a disul- 

fide linkage between paired zipper helices, formed 

through a cysteine residue located near the C/EBP carboxyl 

terminus. From the amino acid sequence comparisons de- 

picted in Figure 1, it is evident that the same cysteine is 

conserved in CRP1, CRP2, and CRP3, suggesting that di- 

sulfide-linked dimers may also form in these proteins. We 

therefore employed a nonreducing SDS-PAGE assay, first 

to determine whether covalent C/EBP dimers could be di- 

rectly detected by this method and subsequently to assess 

the abilities of the other CRP proteins to undergo homo- 

and heterodimeric leucine zipper associations. 

The bacterially produced C/EBP fusion protein de- 

scribed above (G : C/EBP) was extracted and partially pu- 

rified in the absence of reducing agents and then sub- 

jected to nonreducing SDS-PAGE (Fig. 4A). Under these 

conditions, a large proportion of the protein migrated at 

the position expected for a dimeric species. However, 

incubation with increasing amounts of DTT prior to 

electrophoresis caused its progressive conversion to the 

monomeric form (Fig. 4A). CRP1, CRP2, and CRP3 are 

likewise capable of forming disulfide-linked dimers (see 

below, and Fig. 4C). In all cases, it is clear that the oxi- 
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Figure 3. C/EBP, CRP1, CRP2, and CRP3 
exhibit related leucine zipper domains. 
The leucine zipper domains of the four 
proteins are displayed as idealized a-heli- 
ces on helical wheels. Amino acids that 
are shared by at least three of the proteins 
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dized dimers are joined via a cysteine residue at the car- 

boxyl terminus,  as this is the sole cysteine present in 

each of the fusion proteins. We refer to these covalently 

attached polypeptide species as l inked dimers. 

A variation of this assay was developed that allows 

mixing and reassortment of dimer subunits.  A truncated 

C/EBP fusion gene (trG : C/EBP, which contains less of 

the GCN4 leader sequence) was constructed and ex- 

pressed in Escherichia coli. trG:C/EBP was mixed in 

equimolar  amounts  wi th  full-length G : C/EBP, and the 

mixture  was incubated at 37°C in the presence of a very 

low concentration of DTT (0.05 raM) to promote tran- 

sient reduction of the covalently l inked dimers. At var- 

ious times, aliquots were analyzed on nonreducing pro- 

tein gels (Fig. 4B). A slow conversion to monomers  was 

observed, wi th  reduction nearly complete by 4 hr. After 

24 hr, however, most  of the monomer ic  protein had been 

converted again to dimers, coincident wi th  the appear- 

ance of an intermediate  heterodimer band. The dimeric 

products were present in the ratios expected for equilib- 
r ium mixtures  {1 : 2 : 1), suggesting that complete sub- 

uni t  reassortment had occurred. We infer that a low level 

of reducing agent causes cleavage of the l inked dimer and 

allows subsequent subuni t  exchange but that the even- 

tual depletion of reduced DTT in the system allows cys- 

teine reoxidation to take place. 

The experiments presented thus far have not addressed 

the specificity of l inked dimer formation. In particular, it 

is conceivable that the disulfide bond between subunits  

occurs as a consequence of nonspecific protein aggrega- 

tion rather than from leucine zipper interactions. This 

possibili ty was examined by testing whether  the appear- 

ance of a covalent heterodimer is dependent on the pres- 

ence of a functional leucine zipper. A truncated C/EBP 

fusion protein was constructed that contained leucine- 

to-valine substi tut ions at the first two leucines in the 

zipper (trG: L]~V). C/EBP carrying the L12 V mutat ion  

dimerizes very inefficiently as judged by the standard 

chemical  cross-linking assay (Landschulz et al. 1989}. 

trG : L]~V was combined wi th  the full-length G : C/EBP 

polypeptide, and the mixture  was subjected to the low 

DTT dimerization regimen described above {Fig. 4B). A 

small  proportion of trG:L12V protein is covalently 

dimeric in the starting extract, probably because over 
time, the disulfide l ink traps even transient leucine zip- 

per associations. More importantly,  however, no 

trG : LlzV homo- or heterodimers were generated in the 

subunit  exchange reaction, whereas reoxidation of the 
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Figure 4. Detection of covalent dimers be- 
tween CRP family members. (A) Bacterially 
expressed C/EBP fusion protein (G : C/EBP) 
was incubated at 37°C for 30 min without 
reducing agent {lane I) or in the presence of 
increasing amounts of DTT: (Lane 2) 0.001 
mM; {lane 3) 0.01 mM; (lane 4) 0.1 mM; (lane 
5) 1 mM; {lane 6) 10 raM. Each sample was 
added to sample buffer lacking [3-mercap- 
toethanol and loaded onto a 10% SDS--poly- 
acrylamide gel. After electrophoresis, the 
gel was stained with Coomassie brilliant 
blue. (B) G : C/EBP was mixed with either a 
truncated C/EBP hybrid protein (trG:C/ 
EBP; lanes 1-6) or an equivalent hybrid con- 
taining a defective leucine zipper (trG: 
LI2V; lanes 7-12). The samples were incu- 
bated at 37°C in the presence of 0.05 mM 
DTT. At the indicated times, an aliquot was 
removed and frozen at - 70°C and the sam- 

pies were subsequently analyzed by nonreducing SDS-PAGE. (C) Pairs of full-length and truncated hybrid proteins were mixed and 
incubated for 24 hr at 37°C in the absence (odd-numbered lanes) or presence (even-numbered lanes) of 0.05 mM DTT. Samples were 
analyzed by nonreducing SDS-PAGE. 

full-length unaltered subunit  occurred efficiently. These 

results demonstrate  that  linked dimer formation is de- 

pendent on (and therefore reflects) leucine zipper associ- 

ations and can be used to assess interactions between all 

CRP polypeptides. 

To test the possibility that  C/EBP, CRP1, CRP2, and 

CRP3 can associate in heterodimeric combinations, we 

engineered truncated versions of all four fusion proteins. 

Pairs of electrophoretically distinguishable proteins 

were then mixed and incubated for 24 hr either in the 

absence or in the presence of 0.05 mM DTT, followed by 

nonreducing SDS-PAGE (Fig. 4C). When full-length and 

truncated versions of the same protein were coincubated 

wi thout  DTT, only the parental dimer bands were appar- 

ent, whereas the inclusion of DTT resulted in an approx- 

imate 1 : 2 : 1 ratio of dimeric forms. Next,  we examined 

heterodimer formation between full-length and trun- 

cated forms of different proteins. In all combinations 

among C/EBP, CRP2, and CRP3, the heterodimer again 

represented one-half of all dimer forms after 24 hr (Fig. 

4C, lanes 4, 14, 18), indicating that  self-dimerization and 

heterodimerization could occur wi th  equal efficiency. 

However, when CRP1 was mixed with  either C/EBP or 

CRP2, the heterodimer was under-represented at equi- 

l ibrium (lanes 8, 12). The opposite combinations of full- 

length and truncated polypeptides in the CRP1 mixtures 

did not alter the results, nor did further incubation at 

37°C affect the dimer ratio (data not shown). Thus, al- 

though CRP1 can dimerize efficiently wi th  both itself 

and CRP3 (lanes 6 and 16), its interactions with  CRP2 

and C/EBP are apparently less avid. 

Because linked dimer associations require both leu- 

cine zipper docking and disulfide bond formation, it was 

possible that  the second step and not the first is ineffi- 

cient in the assembly of CRP1 : C/EBP and CRP1 : CRP2 

heterodimers. Therefore, we also carried out gel retarda- 

tion heterodimerization assays (Hope and Struhl 1987) in 

which the binding reactions could be performed under 

reducing conditions. Pairs of electrophoretically distinct 

fusion proteins were mixed in the presence of 5 mM DTT 
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and allowed to equilibrate. The mixtures were then 
added to binding reactions containing a labeled albumin 

DEI site oligonucleotide, and the products were sepa- 
rated by gel electrophoresis (Fig. 5). In every combina- 

tion, a band of intermediate mobility appeared, indicat- 

ing the presence of a heterodimeric complex. In accor- 

dance with the previous assays, self-dimers and cross- 

dimers gave equivalent distributions of complexes 

except for those involving CRP1 with C/EBP or CRP2 

(lanes 5 and 6). In these cases, the heterodimeric species 

were again reduced in intensity, demonstrating that the 

CRP1 leucine zipper has an intrinsically lower affinity 

for C/EBP and CRP2 in coiled-coil interactions. This 

property almost certainly explains the similar heterodi- 

mer decrease observed in the covalent dimerization as- 

says. 

C/EBP : CRP2 heterodimers form in vivo 

The observations that C/EBP and CRP2 subunits inter- 

act in vitro and are apparently coexpressed in hepato- 

cytes raises the possibility that such complexes can oc- 

cur intracellularly. We addressed this question by per- 

forming immunoprecipitation experiments using cells 

cotransfected with and transiently expressing the c/ebp 

and crp2 genes. Transfection was necessary because pro- 

liferating cells synthesize little or no endogenous C/EBP 

dddd dddddd 
-.,=--- "Truncated" CRP 

-.,=-- Heterodimer 

"Micro" CRP 

1 2 3 4 5 6 7 8 9 10 

Figure 5. Detection of dimers between CRP family members 
by gel retardation assays. Pairs of truncated and micro forms of 
each CRP protein (see text) were mixed in the presence of 5 mM 
DTT for 30 min at 37°C. The first protein in each lane caption 
indicates the truncated form and the second indicates the micro 
form. Each mixture was then incubated for 20 min on ice with 
a labeled, double-stranded oligonucleotide containing the albu- 
min DEI sequence (Cereghini et al. 1987). The complexes were 
separated by electrophoresis on nondenaturing polyacrylamide 
gels and visualized by autoradiography. ~CRP3 (lanes 8-10) mi- 
grates as a diffuse band. 

protein (Friedman et al. 1989; Umek et al. 1991), al- 
though CRP2 is expressed in some cell lines (Akira et al. 

1990; Poli et al. 1990; S.C. Williams and P.F. Johnson, 
unpubl.). HeLa cells were transfected with C/EBP and 

CRP2 expression plasmids, either individually or in 

combination, and the cells were subsequently labeled 

with [3SS]methionine. Protein extracts were prepared 

and used in immunoprecipitation assays with antisera 

specific for either C/EBP or CRP2. Labeled polypeptides 

of the expected molecular weights were precipitated 

from singly transfected cell extracts when the appropri- 

ate cognate antiserum was added (Fig. 6, lanes 5, 9), thus 

demonstrating the specificity of antibody binding. In ex- 

tracts from cotransfected cells, both proteins were ob- 

served in immune complexes containing either anti-C/ 
EBP or anti-CRP2 antibodies (Fig. 6F). This is especially 

evident in the anti-C/EBP immunoprecipitations, where 

CRP2 is clearly visible (lane 17). In the reciprocal exper- 

iment, C/EBP was similarly detected in the material pre- 

cipitated by the CRP2 antibody (lane 18). 
These experiments demonstrate that C/EBP: CRP2 

complexes, presumably dimers, assemble in cells that 

express both proteins. To show that these dimers exist in 

vivo and are not formed after preparation of the cell-free 

extracts, mixing experiments were performed. Cells sin- 

gly transfected with each expression plasmid were la- 

beled and then mixed, either prior to or following cell 

lysis. The colysis and postlysis mixtures were then im- 

munoprecipitated with the C/EBP- and CRP2-specific 

antiserum (Fig. 6E, D, respectively). In neither case was 

coprecipitation of C/EBP and CRP2 observed, demon- 

strating that the complexes detected by this assay must 

occur within the cell, prior to cell lysis. 

CRP2 activates a target promoter preferentially 

in hepatic cells 

By analogy to C/EBP, we anticipated that the other CRP 

family proteins would function as transcriptional activa- 
tors. We compared the abilities of CRP2 and C/EBP to 

stimulate transcription of a cotransfected reporter gene 

(CAT) fused to the mouse albumin promoter. In previous 

experiments, C/EBP enhanced albumin transcription at 

least 50-fold in a human hepatoma cell line (HepG2) but 
caused only a modest stimulation in L fibroblasts (Fried- 

man et al. 1989). We used the C/EBP and CRP2 expres- 

sion plasmids described above, together with pAlbCAT, 

to transfect either HepG2 or HeLa cells. CAT activities 

were measured and normalized to that of  pAlbCAT 

alone. The results with the use of increasing amounts of 

the effector plasmid are presented in Figure 7. The two 

proteins are capable of stimulating the albumin pro- 

moter 35- to 40-fold in HepG2 cells, with expression 
peaking at -2 .5  ~g of effector plasmid. Similar input 

DNA optima were obtained in HeLa cell transfections; 

however, in this case, the maximal enhancement of 
pAlbCAT by C/EBP was only 6.5-fold, and by CRP2, 2.5- 

fold. This recipient cell type effect is not explained by 
reduced synthesis of the trans-activator proteins in HeLa 

cells, as expression of C/EBP and CRP2 in HeLa cells is 
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Figure 6. C/EBP and CRP2 form heterodimers in vivo. HeLa cells were transfected with either no DNA (A), pMEXC/EBP or pMEX- 
CRP2 individually (B-E), or pMEXC/EBP and pMEXCRP2 together (F); the cells were labeled with [3SS]methionine. Cell lysates were 
prepared and immunoprecipitated with each of the three indicated antisera. (B, C) Immunoprecipitates of cells transfected individually 
with the C/EBP and CRP2 expression plasmids, respectively. (D) Immunoprecipitation with a mixture of extracts from cells trans- 
fected individually (postlysis mix). (E) Immunoprecipitate from cells that were transfected individually but combined prior to lysis 
(colysis mix). (F) Cells were cotransfected with both plasmids. (NRS) Normal (nonimmune) rabbit serum. 

nearly fivefold greater than in HepG2 cells, as judged by 
Western blots (Fig. 7B). (This discrepancy probably re- 

flects the proportion of transfected cells in the two cell 
lines rather than a fivefold difference in the amount of 

expressed protein per transfected cell.) 

Both C/EBP and CRP2 are thus - 10 times more potent 

as trans-activators in HepG2 cells than in HeLa cells. 

Differences of a comparable magnitude are observed 

when an artificial promoter composed only of the albu- 

min DEI and TATA elements is used to drive the CAT 

gene (data not shown). This result demonstrates that the 

differential activity is not caused by interactions with 

cell-specific factors bound at neighboring sites within 

the albumin promoter. Rather, the difference probably 
results from a function that acts more directly to modify 

or augment the DNA-binding or activation properties of 

C/EBP and CRP2. 

Finally, we tested whether C/EBP and CRP2 can syn- 

ergistically activate transcription from the albumin pro- 

moter, a possibility suggested by their ability to het- 

erodimerize in vivo. Figure 7C shows the results of a 

trans-activation experiment in HepG2 cells where the 

two effectors were used either individually or in combi- 

nation. Transfecting the two effector plasmids together 

did not increase or decrease pAlbCAT activity by a sta- 

tistically significant magnitude compared to each trans- 
activator alone. This implies that a C/EBP : CRP2 het- 

erodimer has approximately the same transcriptional ac- 

tivation potential as either homodimer, at least in the 

context of binding to the DEI/D site in the albumin pro- 

moter. 

D i s c u s s i o n  

Our studies identify three genes (crpl, crp2, and crp3) 
that encode proteins whose DNA-binding and dimeriza- 

tion properties are homologous to those of the transcrip- 

tional activator C/EBP and that therefore define a dis- 

tinct bZIP protein subfamily. The four C/EBP-like pro- 

teins are specified by unlinked genes that map to 

separate mouse chromosomes, c/ebp was localized pre- 

viously to chromosome 7 (Birkenmeier et al. 1989), 
whereas crpl, crp2, and crp3 reside on chromosomes 14, 

2, and 16, respectively (N. Jenkins and N. Copeland, pers. 
comm.). Preliminary Southern blot experiments with rat 

and mouse DNAs hybridized at low stringency with 

CRP basic region probes indicate the existence of 5-10 

additional, weakly homologous sequences in the mam- 

malian genome (C.A. Cantwell, M. Chamberlin, and P.F. 

Johnson, unpubl.). The CRP family may therefore be 
much more extensive than is suggested by its current 

composition, and the isolation of new members by cross- 

hybridization may be relatively straightforward. Re- 

cently, Roman et al. (1990) reported the isolation of a 

cDNA clone encoding a polypeptide (Ig/EBP-1) that--al- 

though its basic region sequence is somewhat diverged 

from the perfectly conserved CRP basic domain--also 

exhibits C/EBP-like DNA-binding and dimerization 

properties. Thus, a total of five C/EBP-related proteins 

have now been firmly identified. 
On the basis of their restricted expression patterns, we 

postulate that the CRP proteins function to regulate cell 

type-specific transcription of subordinate sets of genes. 

We have not currently identified a cell type in which the 

crpl gene is expressed. However, for the following rea- 

sons we infer that crpl represents a functional gene and 
not a pseudogene: (1) It contains a putative intron that, 

when theoretically spliced, yields a long open reading 
frame with amino acid sequence similarities to the 

amino- and carboxy-terminal domains that are con- 

served throughout the CRP family (Fig. 1); (2) 7 of the 17 

codons in the CRP1 basic region carry conservative third 
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Figure  7. Transcriptional activation by C/EBP and CRP2. (A) Trans-activation 
of the albumin promoter by CRP2 and C/EBP in HepG2 and HeLa cells. Different 
amounts of the effector plasmids were cotransfected with a constant amount of 
the reporter construct into either cell type. CAT activity was measured and is 
expressed graphically as the fold activation (--+S.D.) relative to the CAT activity 
directed by the reporter plasmid alone. Each point represents the average of at 
least three independent experiments. (B) Western analysis of CRP2 and C/EBP 
expression in HepG2 and HeLa cells. Cell pellets (crude nuclei) from CAT assays 
were solubilized in protein gel sample buffer and analyzed by Western blotting. 
Identical gels were probed with antisera directed against either C/EBP or CRP2. 
(C) Co-trans-activation of the albumin promoter by CRP2 and C/EBP in HepG2 
cells. CRP2 and C/EBP expression plasmids, either individually or in combina- 
tion, were transfected together with pAlbCAT into HepG2 cells, and CAT ac- 
tivities were measured. The activation ratio (normalized to pAIbCAT alone) is 
shown, averaged for three experiments. 
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position mutat ions  when compared to the c/ebp DNA 

sequence, suggesting a strong selective pressure to main- 

tain function; (3) protein products expressed from the 

crpl gene are functional, both in binding DNA (Fig. 2) 

and in activating transcription of a reporter gene in 

cotransfection experiments (S.C. Wil l iams and P.F. 

Johnson, unpubl.); and (4) the crpl genes from rat and 

mouse are highly s imilar  (data not shown). In some re- 

spects, CRP1 seems to be a more divergent member  of 

the CRP family. In addition to the obvious differences in 

expression patterns, crpl contains at least one intron, 

whereas the other three genes are unspliced. Further- 

more, CRP1 heterodimerizes less efficiently wi th  C/EBP 

and CRP2 (although it makes  strong associations wi th  

CRP3), whereas C/EBP, CRP2, and CRP3 comprise a 

group wi th  internal ly equivalent dimerization specifici- 
ties. 

C/EBP, CRP2, and CRP3 are expressed in tissue-re- 

stricted patterns that are partially overlapping. The 

C/EBP polypeptide was shown previously to be present 

in differentiated hepatocytes and adipocytes (Birken- 

meier et al. 1989; Friedman et al. 1989) and is probably 

also expressed in the lung (P.F. Johnson and P. Donovan, 

unpubl.). CRP2 was detected immunologica l ly  in liver 

(Table 1; Descombes et al. 1990) and in lung (Descombes 

et al. 1990; S.C. Wil l iams and P.F. Johnson, unpubl.). 

Because CRP3 m R N A  was found in greatest abundance 

in lung and is also present in liver (Table 1), these two 

tissues represent potential common  sites of expression 

for all three proteins (although we have not yet generated 

antisera to confirm the presence of the GRP3 polypeptide 

in these cell types). If so, adult hepatocyte nuclei  accom- 

modate a m i n i m u m  of five dist inct  factors wi th  binding 

specificity to the a lbumin  DEI/D element.  This  account- 

ing includes Ig/EBP-1 (Roman et al. 1990) and DBP, a 

liver-enriched protein that can also elevate a lbumin  gene 

transcription by virtue of binding to the DEI/D site 

(Mueller et al. 1990). DBP has recently been identified as 

a member  of the bZIP structural family  (Iyer et al. 1991) 

but is not capable of making  heterospecific dimers with 

C/EBP (Mueller et al. 1990) and, by extrapolation, is also 

not anticipated to dimerize wi th  the C/EBP-related 
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proteins. In principle, then, the number of different 

dimeric protein species in hepatocytes that exhibit 

C/EBP-like DNA recognition properties is quite large. 

Why liver cells require this many apparently redundant 

DNA-binding factors and to what degree each protein 

contributes to the regulation of liver genes containing 

C/EBP-binding sites (such as the albumin gene) are ques- 

tions for future investigations. 

During the course of these studies, four groups inde- 

pendently reported the cloning of CRP2 cDNAs from 

human (NF-IL6; Akira et al. 1990), rat [LAP (Descombes 

et al. 1990) and IL-6DBP (Poli et al. 1990)], and mouse 

(AGP/EBP; Chang et al. 1990) sources. LAP was isolated 

in a search for liver-specific cDNAs encoding albumin 

DEI/D site-binding proteins. The others were also cloned 

from expression libraries screened with the in situ DNA- 

binding method (Singh et al. 1988). However, these 

searches employed DNA ligands corresponding to IL-1 or 

IL-6 responsive elements (ILREs) from promoters con- 

trolling primarily liver-specific genes that are activated 

during the acute phase response. Because, in retrospect, 

acute phase ILREs are similar to the consensus C/EBP- 

binding site (Poli and Cortese 1989; Isshiki et al. 1990; 

Majello et al. 1990), the identification of a C/EBP-related 

protein binding to these elements is not unexpected. Ap- 

parently, then, one function for CRP2 is as a nuclear 

target for a signal transduction pathway that culminates 

in the up-regulation of genes responsive to II-1 or I1-6 

stimulation. Consistent with this role, CRP2 undergoes 

a post-translationally controlled increase in DNA-bind- 

ing activity when cells are exposed to I1-1 or I1-6 (Akira et 

al. 1990; Poli et al. 1990) and is capable of enhancing 

transcription from promoters bearing ILREs or related 

sequences (Akira et al. 1990; Chang et al. 1990; 

Descombes et al. 1990; Poli et al. 1990). 

The probable coordinate expression of C/EBP, CRP2, 

and CRP3 in cells of the lung and liver, along with their 

ability to dimerize in vitro, may reflect important cellu- 

lar functions for heterodimers formed among these three 

polypeptides. The immunoprecipitation experiments 

presented in Figure 6 provide compelling evidence for 

the existence of C/EBP : CRP2 complexes in cells that 

are overexpressing the two subunits. It will be important 

to perform similar coimmunoprecipitation experiments 

with liver and lung tissue lysates to verify that the same 

heterodimeric species exists under actual physiological 

conditions. We also tested for evidence of functional in- 

teractions between C/EBP and CRP2 in trans-activation 

experiments but could detect no cooperation between 

C/EBP and CRP2 in stimulating expression from the al- 

bumin (and synthetic DEI) promoters (Fig. 7C and data 

not shown). However, because by themselves both pro- 

teins are potent activators of the albumin promoter, this 

finding cannot be construed as evidence disfavoring het- 

erodimer formation. Poli et al. (1990)have measured a 

modest synergistic effect of IL-6DBP (CRP2) in combi- 

nation with C/EBP in trans-activating a synthetic ILRE 

promoter but only when the recipient cells were treated 

with I1-6. This result implies the existence of a func- 

tional interaction between the two proteins in vivo, but 

the increased transcriptional activity of the heterodimer 

may depend on the I1-6-induced alteration of CRP2 ac- 

tivity referred to above. 
One of the more intriguing features of the C/EBP-like 

proteins is their ability to form disulfide linkages be- 

tween paired leucine zippers. These bonds can be made 

efficiently in vitro, because incubation in the absence of 

reducing agents resulted in nearly quantitative conver- 

sion to the covalent dimer form (Fig. 4). The specificity 

of such covalent associations is evidenced by the fact 

that in crude E. coli protein extracts, nearly 100% of the 

protein occurs as linked dimer and very little is ran- 

domly bound to other proteins. Furthermore, a recently 

discovered chicken bZIP protein, VBP (Iyer et al. 1991), 

also forms a covalent homodimeric structure, yet no co- 

valent or noncovalent heterodimers between this protein 

and the CRP proteins could be observed (S.C. Williams, 

P.F. Johnson, S. Iyer, and J. Butch, unpubl.). Thus, cova- 
lent linkages are exquisitely dependent on the prior for- 

mation of coiled-coil interactions between leucine zip- 

per helices. 
In this study we used the ability of the CRP proteins to 

associate covalently as the sole method for assessing 

their leucine zipper dimerization specificities. Does co- 

valent dimerization have any functional significance? 

We have not detected tangible differences between cova- 

lent and noncovalent dimers in binding to DNA. None- 

theless, it is conceivable that linked dimers are neces- 

sary for stabilizing subunit interactions in vivo or serve 

to maintain a homeostatic population of CRP dimers 

within the cell. Our present experiments have not ad- 

dressed the issue of whether linked CRP dimers occur 

within the (generally) reducing environment of a cell 

(Gilbert 1984; Ziegler 1985). Future investigations will 

focus on this question and on whether covalent dimeric 

complexes, if present, are in any respect required for the 

regulatory functions executed by the C/EBP protein fam- 

ily. 

Materials and methods 

Enzymes and reagents 

Restriction and modifying enzymes were purchased from Boeh- 
ringer Mannheim Biochemicals, Bethesda Research Laborato- 
ries, New England Biolabs, Stratagene, Inc., and Promega, Inc. 
Polymerase chain reactions (PCRs) were performed with com- 
ponents supplied in the Gene Amp kit (Perkin-Elmer Cetus). 
Radioisotopes were purchased from Amersham, Inc., and New 
England Nuclear. 

Cloning and characterization of CRP1, CRP2, and CRP3 

All sequences were isolated from phage ~ libraries prepared 
from genomic rat (Sprague-Dawley) or mouse DNA. A rat par- 
tial EcoRI library was obtained from T. Sargent, and a mouse 
(B6/CBA hybrid) partial SauIIIA library (Stratagene) was a gift of 
M. Strobel. crpl and crp2 were detected in recombinant phage 
libraries with a 299-bp NaeI fragment containing the DNA- 
binding domain from the rat c/ebp gene as a probe. Filters were 
washed under conditions of reduced stringency (65°C, 0.2x 
SSCP). CRP3 was detected in a mouse genomic DNA library by 
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using a similar protocol except that duplicate phage lifts were 

probed independently with the basic regions of c/ebp, crpl, and 

crp2 (55°C 1 x SSC). The region of probe homology for each 

recombinant phage was identified by standard subcloning meth- 

ods and sequenced using either the Sequenase or Taquence se- 

quencing kits (U.S. Biochemical). Sequence analysis was carried 

out by using programs from the University of Wisconsin Ge- 
netics Computer Group (Devereux et al. 1984). 

Expression of hybrid proteins in bacteria 

Three different size classes of GCN4-CRP hybrid expression 

plasmids were constructed, all of which contained a CRP DNA- 

binding domain fused to different amino-terminal segments of 

the yeast GCN4 gene. The full-length hybrid proteins {G: C/ 

EBP, G : CRP1, and G : CRP2) were generated according to the 

method of Yon and Fried {1989). This method uses a PCR pro- 

cedure to join two sequences precisely, the fusion point being 

specified by a synthetic l inker oligonucleotide. Full-length pro- 

teins carry amino acids 1-214 of GCN4. Truncated hybrid 

proteins (designated trG : C/EBP, trG : CRP1, trG : CRP2, 

trG : CRP3, and trG : LI2V) were constructed by first amplify- 

ing the DNA-binding domain of each CRP gene by the use of 

PCR. The 5'-amplification primers carried XbaI cloning sites so 

that each product could be inserted in-frame into an XbaI site at 

codon 177 of the GCN4 gene. A third set of plasmids encoding 

microhybrid proteins (~G : C/EBP, IzG : CRP1, ~G : CRP2, and 

~G : CRP3) were constructed in a similar way to the truncated 

constructs except that the cloning site used was a BamHI site at 

amino acid 35 of GCN4. The following CRP protein amino acid 

sequences were included in the hybrid proteins: C/EBP, 273- 

358; CRP1, 162-249; CRP2, 192-276; CRP3, 181-268. The fol- 

lowing combinations of PCR primers were employed to gener- 

ate each hybrid gene: (G:C/EBP) GCN4 5', GCN4-C/EBP 

linker and C/EBP 3'; (G : CRP1) GCN4 5', GCN4-CRP1 linker 

and CRP1 3'; {G : CRP2) GCN4 5', GCN4-CRP2 linker and 

CRP2 3'; (trG : C/EBP and trG : LI2V ) trG : C/EBP 5' and C/EBP 

3'; (trG : CRP1) trCRP1 5' and CRP1 3'; (trG : CRP2) trCRP2 5' 

and CRP2 3'; (trG : CRP3) ~/trCRP3 5' and CRP3 3'; (~G : C/ 

EBP) ~C/EBP 5' and C/EBP 3'; {tzG : CRP1) ~CRP1 5' and CRP1 

3'; (~G : CRP2) ~CRP2 5' and CRP2 3'; (~G : CRP3) ~/trCRP3 

5' and CRP3 3'. PCR conditions for generating full-length hy- 

brids were denaturing at 92°C, 1 min; annealing at 55°C, 2 rain; 

extension at 72°C, 3 min, for 32 cycles. PCR conditions for 

generating truncated and micro constructs were denaturing at 

92°C, 2 min; annealing and extension at 55°C, 2 min; 32 cycles. 

Oligonucleotides used to generate GCN4-CRP hybrid genes 
were as follows: 

GCN4 5', CCCACTCCTGTTCTAGAAGATGC; GCN4--C/ 
EBP linker, ATCCACCGACTTCTTGGCCTTGCCCGAACG- 

CTGTTTGCGGTTGTAAGC; GCN4-CRP1 linker, TGCCT- 

TCTTGCCCTTGTGCGAACGCTGTTTGCGGTT;  GCN4--C- 

RP2 linker, CGCCTTCTTGGCCTTGGCCGAACGCTGTT- 

TGCGGTT; trC/EBP 5', GACGGCTCTAGAGGGCAAGGC- 

CAAGKAG; trCRP1 5', GACGGCTCTAGAGCACAAGG- 

GCAAGAAG; trCRP2 5', GACGGCTCTAGAGGCCAAGGC- 

CAAGAAG; ~C/EBP 5', GACGGCGGATCCGGGCAAGGC- 

CAAGAAG; ~CRP1 5', GACGGCGGATCCGCACAAG- 

GGCAAGAAG; ~CRP2 5', GACGGCGGATCCGGCCAAG- 

GCCAAGAAG; ~/trCRP3 5', GACGGCGGATCCTCTA- 

GAGGGCGCGGGCAAGAGG; C/EBP 3', GACGGCAAGCT- 
TGCCTCACGCGCAGTTGCCCATGG; CRP1 3', GACGG- 

CAAGCTTGGCTCAGCTGCAGCCCCC; CRP2 3', GACG- 

GCAAGCTTGGGCTAGCAGTGACCCGC; CRP3 3', GACG- 
GCAAGCTTGCGTTACCGGCAGTCGGC. 

All hybrid constructs were expressed by using a modified 

Studier (Studier et al. 1990) T7 expression vector, pT5 (con- 

structed by S. Eisenberg; see Landschulz et al. 1989) in strain 

BL21(DE3)pLysS. The parent plasmid for these constructs 

(pT5G]CI) was described by Agre et al. (1989). Hybrid proteins 

were expressed and protein extracts were prepared as reported 

previously (Landschulz et al. 1989), except that the storage 

buffer (PBS) included 10% glycerol. The overexpressed proteins 

were partially purified by heat t reatment  (incubation at 70°C for 

10 min  followed by sedimentation of insoluble material). In 

every case, the fusion protein remained in the soluble fraction 

and typically at this stage comprised 30-50% of the total pro- 

tein. 

DNase I footprinting and gel retardation assays 

DNase I protection assays were carried out as described 

{Johnson et al. 1987) except that the stop buffer contained 200 

~g/ml of proteinase K. Samples were incubated at 50°C for 1 hr 

and ethanol-precipitated prior to loading onto an 8% sequenc- 

ing gel. The two footprint probes were ( 1 ) a 180-bp HindIII-BglII 

fragment of the rat albumin promoter, excised from the plasmid 

paEAlb {kindly provided by S. Cereghini and M. Yaniv) and 

end-labeled with polynucleotide kinase and [~/-g2P]ATP at the 

upstream BgllI site; and (2) a 400-bp HindIII-XbaI fragment of 

the HBV enhancer {described in Landschulz et al. 1988a) end- 

labeled at HindIII. 

The probe for gel retardation assays was a double-stranded 

oligonucleotide homologous to nucleotides - 107 to - 90 of the 

rat albumin promoter (the DEI site), labeled with 32p on the 

upper strand. Gel retardation reactions were carried out by the 

method of Fried and Crothers {1981), as modified by Nye and 

Graves {1990). Pairs of truncated and micro hybrid proteins, 

adjusted to give approximately equivalent binding activities, 

were mixed and incubated at 37°C for 30 min in the presence of 

5 mM DTT. These mixtures were subsequently added to binding 

reactions that were placed at 4°C for 20 rain. Samples were 

electrophoresed on 5% polyacrylamide gels in 0.5 x TBE at 4°C. 

The sequence of the DEI oligonucleotide was as follows: 

5'-TCGA CTAT G A T T T T G T A A T  GGGGC-3' 

3 ' -GATACTAAAACATTACCCCGAGCT-5 '  

Covalent dimerization assays 

Equal amounts of full-length and truncated proteins were mixed 

either in the absence or presence of 0.05 mM DTT. After 24 hr, 

the samples were mixed with loading buffer {Laemmli 1970) 

lacking [3-mercaptoethanol and analyzed on 8% SDS--polyacryl- 

amide gels. The kinetics of subunit exchange were determined 

by incubating G : C/EBP and trG : G/EBP at 37°C in the pres- 

ence of 0.05 mM DTT. Aliquots were removed at various times 

and stored at -70°C for later analysis by nonreducing SDS- 

PAGE. 

Eukaryotic reporter and expression plasmids 

A fragment of the mouse albumin promoter containing nude -  

otides - 787 to + 8 plus 12 nucleotides from the HSV thymidine 

kinase (tk) 5' leader was excised from the plasmid pAT2 (Zaret 

et al. 1988) with EcoRI and PstI. The EcoRI site was filled in 
with Klenow, and a HindIII l inker was attached. This fragment 

was then inserted into the promoterless CAT plasmid pCAT- 

basic (Promega, Inc.) to generate the reporter plasmid pAlbCAT. 
C/EBP and CRP2 expression plasmids were constructed as 
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follows. C/EBP-coding sequences were removed from the plas- 

mid BS + N.C/EBP (Landschulz et al. 1989) by digestion with 

BamHI and KpnI. This fragment (containing a translational ini- 

tiation adaptor sequence linked to the coding sequences of the 

rat c/ebp gene) was inserted into the eukaryotic expression vec- 

tor pMEX [B. Stanton, NCI-Frederick Cancer Research and De- 
velopment Center (FCRDC)], to generate pMEXC/EBP. CRP2- 

coding sequences were isolated from a rat genomic clone 
(pBSrsim2-3) by partial NcoI and complete EcoRI digestion to 

produce a 1550-bp fragment containing CRP2-coding and 3'- 
untranslated sequences. This fragment was inserted into a 

pUC18-based plasmid that contains a NcoI cloning site 

(pUCll2N; C. Petropoulos, NCI-FCRDC). The 1550-bp frag- 

ment was reisolated by partial NcoI/complete HindIII digestion 
and inserted into pBS + N (pBS + N.C/EBP digested with NcoI 

and HindIII to remove C/EBP sequences). The CRP2-containing 

fragment was then isolated as a BamHI fragment and inserted 
into pMEX to generate pMEXGRP2. 

Cell culture and transfection 

Human hepatoma (HepG2) and HeLa cells were maintained in 
minimal Eagle medium (MEM; GIBCO or Mediatech, Inc.), sup- 
plemented with nonessential amino acids, sodium pyruvate, 

and 10% fetal calf serum (Hyclone, Inc.) in the presence of kana- 

mycin, streptomycin, and penicillin. Transfections were carried 

out with 40% confluent monolayers in 10-cm dishes by a stan- 
dard calcium phosphate coprecipitation procedure (Graham and 

van der Eb 1973). In cotransfection experiments, a constant 

amount of pAlbCAT (2 jxg) was transfected with varying quan- 
tities of either pMEXC/EBP or pMEXCRP2. The total amount of 

transfected DNA was maintained at 17 ~g by adding nonspecific 

plasmid DNA. Each transfection was repeated at least three 

times, and the results were averaged. CAT analysis was carried 

out by standard procedures (Gorman et al. 1982) except that 
extracts were incubated at 65°C for 5 rain and insoluble mate- 

rial was sedimented prior to analysis. All activities were nor- 
malized to that of pAlbCAT alone. 

Antibodies and immunoprecipitation assays 

Rabbit anti-C/EBP antiserum directed against a synthetic pep- 

tide containing amino acids 253-268 has been described previ- 

ously (Landschulz et al. 1988b). Rabbit anti-CRP2 antisera was 
generated by immunization with a peptide corresponding to 

amino acids 1-12 of CRP2. In a typical immunoprecipitation 
experiment, HepG2 cells were plated on day 0 at 2 x 107 to 

3 x 107 cells per 150-mm dish. On day 1, the cells were trans- 

fected by using the calcium phosphate coprecipitation method, 
with either 40 ~g of pMEXC/EBP or pMEXCRP2 alone or with 

20 ~g of each of the two plasmids. On day 2, the DNA precip- 
itate was removed and the cells were incubated for 24 hr in 
complete medium. On day 3, the medium was changed to Dul- 

becco's modified Eagle medium (DMEM) without L-methionine 

(GIBCO), supplemented with 10% dialyzed FBS (GIBCO). After 
30 min, 50 ~Ci/ml of [35S]methionine was added, and the cells 

were incubated at 37°C for 18 hr. The cells were lysed in 3 ml of 
high salt lysis buffer [0.5 M NAG1, 0.1% Triton X-100, 50 mM 

Tris-HC1 (8.0), 2 ~g/ml of aprotinin, 60 txg/ml of PMSF], and 

lysates were prepared as described (Harlow and Lane 1988). Im- 

munoprecipitation assays were carried out as described (Harlow 

and Lane 1988) with 3 ~1 of undiluted antisera and 300 ~1 of 
extract, and the immune complexes were precipitated by using 
protein A-Sepharose (Pharmacia). After washing, the pellet was 
resuspended in 30 ~1 of Laemmli sample buffer, and 25 txl of the 
supematant was analyzed by 10% SDS-PAGE. The gel was fixed 

in 25% isopropanol, 10% acetic acid, enhanced in Amplify 

(Amersham), dried, and exposed to Kodak XAR film at room 

temperature. 

Western blotting 

Cell pellets from CAT assays were resuspended in 50 ~1 of 

Laemmli buffer. The pellets were disrupted by sonication, and 
the cell debris was pelleted. Each sample (25 Ixl) was electro- 

phoresed on 10% SDS--polyacrylamide gels. The gels 
were electroblotted onto nitrocellulose filters (Schleicher & 

Schuell), and antibody-antigen complexes were visualized with 

the Promega ProtoBlot Alkaline Phosphatase Detection kit ex- 
actly as recommended by the supplier. 
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Note  added in proof 

Cao et al. {this issue) report the isolation of two murine C/EBP- 

like genes, c/ebpf3 and c/ebp~. These genes are identical to crp2 

and crp3, respectively. The nucleotide sequences of crpl, crp2, 

and crp3 have been submitted to the EMBL/GenBank data base 

libraries. 
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