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The C/EBP-related proteins (C/EBPa, CRP1, C/EBP/3, and C/EBP6) form a subfamily of bZIP (basic 
region/leucine zipper) transcription factors that display sequence homology within the bZIP domain. The 
conserved basic region contains two motifs that exhibit significant homology to the bipartite nuclear 
localization signal (NLS) first described in nucleoplasmin. CRP1 and C/EBP0 proteins bearing deletions 
of the basic region accumulate in the cytoplasm, in contrast to their normal nuclear location. Analysis of 
chimeric proteins consisting of CRP1 basic region sequences fused to /3-galactosidase revealed that the 
CRP1 basic region contains a single NLS that differs from conventional bipartite signals in two ways. 
First, mutation of a pair of arginine residues at the N-terminus of the proposed NLS does not disrupt its 
function. Second, the CRP1 NLS requires additional nonbasic residues at its C-terminus. A basic residue 
within the CRP1 NLS that is not conserved within the C/EBP family is occupied instead by an uncharged 
residue in C/EBPa and C/EBP/L When this nonconserved arginine residue was changed to alanine the 
CRP1 NLS behaved as a classical bipartite signal, suggesting that bipartite NLSs are present in all family 
members but that NLSs of the individual members differ slightly. Additionally, mutation of critical NLS 
residues in the intact CRP1 and C/EBP/J proteins showed that these elements exhibit more bipartite-like 
characteristics when present in their normal sequence context. Finally, we observed that a C/EBP/3 protein 
lacking its NLS can be localized to the nucleus when coexpressed with C/EBPa, indicating that a single 
NLS is sufficient to promote nuclear transport of a bZIP dimer.

C/EBP proteins CRP1 (C/EBPe) C/EBP/3 Nuclear localization signals Basic region 
bZIP

C/EBPa, CRP1 (C/EBPe), C/EBP/3 (CRP2, NF- 
IL6, IL-6DBP, LAP) and C/EBP6 (CRP3, NF- 
IL6/3) comprise the C/EBP family of basic region/ 
leucine zipper (bZIP) transcription factors [re
viewed in (20)]. The C/EBP proteins are most 
highly related in their DNA binding domains, in
cluding a perfectly conserved segment of 17 amino 
acids within the basic region and significant ho
mology in the adjacent leucine zipper. Conse
quently, each C/EBP protein binds an identical 
DNA motif and can heterodimerize with the other

family members (6,55). C/EBPa has been pro
posed to play a major role in the activation of 
tissue-specific gene expression during the differen
tiation of various cell types, including adipocytes, 
hepatocytes, and neutrophils (20,29,58). C/EBP/3 
and C/EBP6 are also important regulators of dif
ferentiation in adipocytes (29) and myeloid cells 
(36), but appear to be primarily involved in the 
regulation of inducible genes, such as the acute 
phase reactants in liver and inflammatory cyto
kine genes in macrophages (39). CRP1 is exclu-
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sively expressed in the hematopoietic cells al
though its function is currently unknown (2).

Structure-function studies have localized pep
tide domains in each of the C/EBP proteins that 
control sequence-specific DNA binding and di
merization (26) and transcriptional activation
(15.35.37.54) . In addition, two separate domains 
have been identified in C/EBPj3 that regulate its 
DNA binding and transcriptional activities
(24.54) . The activity of a number of transcription 
factors may be regulated by modulation of their 
intracellular location [for reviews see (18,48)] and 
this mechanism has also been shown to regulate 
the activity o f C/EBP proteins. C/EBP/3 has been 
reported to undergo translocation from the cyto
plasm to the nucleus in PC-12 cells exposed to 
forskolin (31), in macrophages stimulated with li- 
popolysaccharide (LPS) (23) and in hepatocytes 
treated with TNF-a (56). In addition, the nuclear/ 
cytoplasmic distribution of C/EBPa protein has 
been proposed to change during differentiation of 
intestinal enterocytes (3,7). Both C/EBPa and C / 
EBP(3 are phosphoproteins (30,31,34,46,53), and 
the subcellular distribution of C/EBP/3 protein 
has been correlated with changes in phosphoryla
tion (31), although the specific sites of phosphory
lation have not been identified. As a first step to
wards understanding the mechanisms of regulated 
nuclear localization of C/EBP proteins, we have 
begun to identify the amino acid sequences that 
direct nuclear localization of this family of pro
teins.

Proteins targeted to the nucleus generally con
tain discrete sequences, termed nuclear localiza
tion signals (NLS), which are recognized and 
bound by a cytoplasmic receptor complex that 
transports the proteins to the nuclear pore. This 
receptor, known as the NLS binding protein 
(NBP), consists of a heterodimeric complex of im
portin a and /3 (16). Although a number of other 
proteins have been identified that are capable of 
binding to NLSs, the importin complex is the only 
functionally characterized NBP thus far (40). Im
portin a is the NLS binding component of this 
complex although the specific residues involved 
in NLS recognition are poorly characterized. The 
ability of proteins with divergent NLS sequences 
to enter the nucleus may be explained in higher 
eukaryotes by the existence of a number of related 
genes encoding importin a-like proteins (9). Rec
ognition of the nuclear pore is mediated by im
portin (3 (17,33). Translocation across the nuclear 
pore is an energy-dependent step that is mediated 
by Ran, a guanosine triphosphatase, and ppl5 [re
viewed in (16)].

A specific NLS was first defined in the large 
T-antigen protein of SV40 (21,27) and the se
quence requirements for this signal have been ex
tensively characterized. The minimal T-antigen 
NLS has been identified as the heptapeptide PKK- 
KRKV and this element is sufficient to direct a 
heterologous, nonnuclear protein to the nucleus. 
Several other proteins have been identified that 
contain SV40-like NLSs, and specific rules have 
been established to define the sequence of this ele
ment [reviewed in (4,25)]. A second type of NLS 
was revealed from studies of the Xenopus nucleo- 
plasmin and N 1 proteins (41). This element con
sists of two clusters of basic amino acids separated 
by a 10-amino acid spacer generally conforming to 
the 17 amino acid consensus sequence BB-(10- 
1 laa)-B(3/5) or B(4/5), where B is either lysine or 
arginine. Although mutations in the spacer can 
affect NLS function, a spacer consensus sequence 
has not been demonstrated and the frequent pres
ence of helix-destabilizing amino acids such as 
proline in the spacer sequence indicates that bipar
tite NLSs are unlikely to possess a-helical struc
ture (12). A limited number of other NLSs that do 
not conform to either of the main types have also 
been identified (25). Nuclear localization signals 
often overlap nucleic acid binding domains in 
transcription factors (4,12,25). The colocalization 
of domains controlling two of the main functions 
of transcription factors might allow similar regu
latory mechanisms to control two separate pro
cesses.

We have characterized sequences in the basic 
region of CRP1 and other members of the C/EBP 
family that are responsible for nuclear partition
ing. Although two potential bipartite NLSs exist 
in the basic region, we show that only one func
tions to direct nuclear translocation. By using de
letion and point mutagenesis, we identify residues 
critical for NLS function in CRP1 and C/EBP(3. 
We also demonstrate that C/EBP0 lacking a NLS 
may be localized to the nucleus by the coexpres
sion of intact C/EBPa, indicating that C/EBP  
proteins may heterodimerize in the cytoplasm.

MATERIALS AND METHODS 

C/EBPf3 and CRP1 Expression Vectors

pMEX-C/EBP/3 has been described previously 
as pMEX-CRP2 (55). Basic region deletions were 
constructed in C/EBP/3 by removal of either a 
27-bp Fspl fragment to generate pMEX-C/EBP/3- 
ABR09 [resulting in the loss of amino acids 217— 
225, see Fig. 1; numbering as in (55)] or a 63-bp



Rsal/Fspl fragment to generate pMEX-C/EBP/3- 
ABR21 (resulting in the loss of amino acids 205- 
225). The CRP1 expression vector pMEX-CRPl 
was constructed by using PCR to insert a Ncol site 
at the methionine codon [amino acid 1 (55)] and a 
Hindlll site immediately following the termina
tion codon of the rat CRP1 gene. Oligonucleotide 
primers used for the introduction of restriction 
sites consisted of a 5' “clamp” sequence followed 
by the restriction site and 12-15 bases of homol
ogy to the target sequence. The resulting 1314-bp 
PCR fragment was inserted into pMEX cut with 
Ncol and Hindlll. These sequences contain a 259- 
amino acid open reading frame interrupted by a 
single intron, and a 29-kDa CRP1 protein was de
tected when this construct was introduced into 
HeLa cells (see Fig. 2). pMEX-CRPlABR32 was 
generated by the removal of a 96-bp Rsal frag
ment encoding amino acids 176-207 (i.e., most of 
the CRP1 basic region). pMEX-C/EBP06- 
BR09 + BR and pMEX-C/EBP0ABR21 +BR were 
constructed by inserting this 96-bp Rsal fragment 
in frame into an Mscl site at the 5' end of C / 
EBP0. Point mutations were introduced into the 
basic regions of CRP1 and C/EBP0 using a pre
viously described PCR-based method (54). 
Briefly, a conserved Fspl site located between the 
two basic clusters of motif A (Fig. 1) was changed 
by PCR to a BspEl site. Mutations were intro
duced into codons within each basic cluster of mo
tif A and the resulting fragments were reintro
duced into the appropriate expression vector. 
Mutagenic oligonucleotides contained 12 bases of 
exact homology on either side of the codon(s) to 
be changed. Plasmids bearing mutations in codons 
in each half of the bipartite signal were generated 
by combining mutant fragments at the BspEl site 
in the same expression vector.

13-Gal Plasmids

pM(3 was constructed by inserting the MSV 
LTR upstream of the bacterial lacZ in the plasmid 
pPD1.27 (14). pM0(T) contains the SV40 T- 
antigen NLS inserted as a Kpnl fragment close to 
the N-terminus of the lacZ gene in pMj3. The 
96-bp Rsal fragment containing the CRP1 basic 
region was inserted in frame at an adjacent Smal 
site to generate pM0(CRPl BR). A series of lacZ: 
CRP1 chimeric proteins was constructed that con
tained wild-type and mutant sequences derived 
from the CRP1 basic region. CRP1 sequences 
were generated by PCR using primers that carried 
a Kpnl cloning site and the resultant fragments 
were inserted at the Kpnl site of pM0. The orien
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tation and sequence of each insert was deter
mined. In each hybrid protein the inserted 
segment is preceded by the sequence Pro-Arg-Val- 
Pro and followed by Val-Pro-Val-Gly. Expressed 
proteins used in these studies were named accord
ing to the following convention: 1) the C/EBP 
protein being studied (Cl for CRP1, 0 for C / 
EBP0); 2) whether the sequences are wild-type 
(WT) or mutant (M); 3) a number indicating the 
progression through a series of deletions; and 4) a 
G to indicate whether the protein is a 0-gal fusion.

Protein Expression and Western Blot Analysis
HeLa cells were maintained in DMEM (4.5 g/1 

glucose) (BioWhittaker) + 10% FetalClone
(Hyclone, Inc.). Transfections were carried out by 
the calcium phosphate coprecipitation method as 
described previously (55), except that the DNA: 
C aP04 coprecipitate was left on the cells for 24 h; 
the cells were then washed in phosphate-buffered 
saline (PBS; 137 mM NaCl, 2.7 mM KC1, 4.3 mM 
Na2H P 04, 1.4 mM KH2P0 4), and incubated in 
fresh medium for 18-36 h. After 2 days the cells 
were harvested and fractionated into nuclear and 
cytoplasmic fractions by a modified Dignam pro
cedure (11,28). The cells were washed once with 
PBS, resuspended in 1 packed cell volume of 
buffer A [10 mM HEPES (pH 7.9), 1.5 mM 
MgCl2, 10 mM KC1, 0.5 mM DTT] and allowed to 
swell on ice for 20 min. The cells were lysed by 
passing eight times through a 26-gauge needle and 
crude nuclei were sedimented by centrifugation at
15,000 x g. The cytoplasmic fraction was trans
ferred to a fresh tube and an equal volume of 2 x  
Laemmli sample buffer [LSB: 0.125 M Tris-HCl 
(pH 6 .8), 4% SDS, 20% glycerol, 10% 2- 
mercaptoethanol] was added. The nuclear pellet 
was resuspended in 1 x LSB and sonicated. Equiv
alent amounts of nuclear and cytoplasmic factions 
were electrophoresed through 12% SDS-PAGE 
and transferred to Immobilon-P (Millipore) or Ni- 
troME nitrocellulose (Micron, Inc.) membranes. 
Two different rabbit antipeptide antisera were 
used to detect CRP1: the first was prepared in our 
laboratory and was directed against amino acids 
234-247 of CRP1, and the second was a commer
cially available antiserum directed against amino 
acids 228-249 [Santa Cruz, Biotechnology, Inc.; 
numbering as in (55)]. The C/EBP0 antiserum 
was directed against amino acids 1-14 and has 
been described previously (55). Immune com
plexes were visualized using either the colorimetric 
ProtoBlot Western Blot system (Promega) or the 
SuperSignal CL-HRP chemiluminescent kit 
(Pierce).
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(3-Gal Staining

(3-Gal expression plasmids were transfected in
to HeLa cells as described above in 60-mm 
dishes. Two days after transfection the cells were 
washed three times with PBS and fixed at room 
temperature in 2% paraformaldehyde, 0.1 M pi- 
perazine-N,N'bis[2-ethanesulfonic acid] (PIPES), 
pH 6.8. After 30 min the cells were washed three 
times with PBS and /3-gal staining solution (1 
mg/ml X-Gal, 5 mM K-ferricyanide, 5 mM K- 
ferrocyanide, 2 mM MgCl2, 137 mM NaCl, 2.7 
mM KC1, 4.3 mM Na2H P 0 4, 1.4 mM KH2P 0 4) 
was added. The cells were incubated at 37°C and 
the appearance of blue staining was monitored by 
light microscopy. Once the staining had become 
intense, the staining solution was removed and the 
cells were washed in PBS. Cells were photo
graphed using a Nikon Microphot-FXA micro
scope.

RESULTS

The Basic Regions o f  C/EBP Proteins Contain 
Two Putative Nuclear Localization Signals

The basic regions from the C/EBP-related pro
teins were compared to the bipartite NLSs from 
nucleoplasmin and N1 (41). The basic region of 
each C/EBP protein contains two motifs, denoted 
motifs A and B, that exhibit similarity to the con
sensus bipartite NLS (Fig. 1). Motif A is encom
passed within the consensus basic region sequence 
that is shared by all bZIP proteins. Due to the 
high degree of sequence conservation among bZIP 
proteins within the basic region, each contains a 
bipartite NLS-like sequence in this region (12). 
Unlike most bZIP proteins, the basic region of C / 
EBP family members extends N-terminally and, 
consequently, each C/EBP family member con
tains a second bipartite NLS-like sequence (motif 
B) that partially overlaps motif A.

To determine whether nuclear localization of 
CRP1 and C/EBP/3 is dependent on basic region 
sequences, deletion mutants were constructed that 
remove portions of their basic regions (Fig. 1). C / 
EBP/3 mutants lacking either 9 or 21 amino acids 
and a CRP1 mutant lacking 32 amino acids were 
transiently expressed in HeLa cells. Nuclear and 
cytoplasmic fractions were prepared and the cellu
lar distribution of the overexpressed proteins was 
determined by Western blot analysis (Fig. 2). 
Wild-type C/EBP/3 and CRP1 were found almost 
exclusively in the nucleus (Fig. 2A, lanes 1 and 2; 
Fig. 2B, lanes 1 and 2). Deletions that simultane

ously affect motifs A and B (CRP1ABR32 and 
C/EBP/3ABR21) completely eliminated detectable 
nuclear localization of CRP1 and C/EBP/3 (Fig. 
2A, lanes 3 and 4; Fig. 2B, lanes 3 and 4). Re
moval of motif A alone also severely affected nu
clear localization of C/EBP/3, although a small 
amount of this protein (C/EBP/3ABR9) was found 
in the nucleus (Fig. 2B, lanes 7 and 8). Thus, the 
CRP1 and C/EBP(3 basic regions contain se
quences necessary for nuclear localization.

Because the basic region is responsible for mak
ing sequence-specific interactions with DNA, one 
explanation for these results is that the basic re
gion retains the proteins in the nucleus as a conse
quence of its DNA binding function. To test this 
possibility, a 96-bp Rsal fragment containing 
most of the CRP1 basic region was inserted near 
the N-termini of deletion mutants C/EBP/3ABR21 
and C/EBP/3ABR9. In this location, distantly re
moved from the leucine zipper, the basic region 
should be unable to participate in DNA binding 
(1). The proteins were expressed in HeLa cells and 
assayed for subcellular distribution. As shown in 
Fig. 2B, both proteins exhibited partial restoration 
of nuclear localization, although in neither case 
was the hybrid localized to the nucleus as effi
ciently as the wild-type protein. This could be ex
plained either by the fact that a complete NLS is 
not contained within this portion of the CRP1 ba
sic region or that its context within the C/EBP/3 
chimera is not conducive to full NLS activity. In 
either case, these results indicate that the nuclear 
localization function of the CRP1 basic region is 
independent of its role in DNA binding.

The CRP1 Basic Region Can Direct a 
Heterologous Protein to the Nucleus

A restriction fragment containing the CRP1 ba
sic region was fused to the E. coli LacZ gene to 
test its ability to direct a heterologous protein, (3- 
galactosidase (/3-gal), to the nucleus. The wild- 
type and chimeric /3-gal proteins were expressed in 
HeLa cells and their subcellular localization was 
detected in situ by histochemical staining. In the 
absence of an NLS, /3-gal is visualized as a dif
fusely staining protein throughout the cell (Fig. 
3B). Apparent staining in the area of the nucleus 
is due to the fact that a small proportion of /3-gal 
protein localizes to the nucleus in eukaryotic cells
(22). A /3-gal protein containing the SV40 T- 
antigen nuclear localization signal at its N- 
terminus was localized entirely to the nucleus, as 
expected for the potent SV40 NLS (Fig. 3A). Simi
larly, the CRP1-/3-gal hybrid protein exhibited in-
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Bipartite NLS from:
Nucleoplasmin KR..........................KKKK -
N1 KR..........................K - - KK

BZIP Consensus BB - BN - - AA - B - R - BB...............L ............... L --------

C/EBPp

C/EBPPABR9

C/EBPpABR21

i------------ Motif B ( = j — MotlT A-------------1
10 20 30 40

KAKKAVDKLSDEYKMRRERNNIAVRKSRDKAKMRNLETQHKVLELTAEN

KAKKAVDKLSDEYKMRRERNNIAVR..................... NLETQHKVLELTAEN

KAKKAVDKLSDEC.....................................................NLETQHKVLELTAEN

CRP1 KGKKAVNKDSLEYRLRRERNNIAVRKSRDKAKRRIMETQQKVLEYMAEN 

CRP1ABR32 KGKKAVNKDSLEY.................................................................................. MAEN

C/EBP(x KAKKSVDKNSNEYRVRRERNNIAVRKSRDKAKQRNVETQQKVLELTSDN

C/EBP5 AGKRGPDRGSPEYRQRRERNNIAVRKSRDKAKRRNQEMQQKLVELSAEN
1----------------------1------1_______________I

Basic Residues ++ + + ++ + + + + + + +  +

FIG. 1. The basic regions of CRP1 and C/EBP/3 contain two motifs with homology to a bipartite 
NLS. The bipartite NLSs from nucleoplasmin and N1 display basic residues that align with the 
bZIP basic region consensus. The conservation of these sequences in the four C /EB P proteins is 
shown by shading. The putative C /EB P NLS is designated motif A. Due to the extended basic 
region of C /EB P proteins, each contains a second element (motif B) that is homologous to the 
bipartite consensus. Deletion mutants that remove one or both motifs from C/EBP/3 and CRP1 
are shown beneath the wild-type sequences. Note that a substitution of a cysteine for a tyrosine 
residue is introduced in C/EBP/3ABR21. Basic residues that are conserved among the four C /EB P 
proteins are indicated by plus ( + )  signs.
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FIG. 2. The basic regions of CRP1 and C/EBP/3 direct nuclear localization. Wild-type CRP1 and C/EBP/3 and the 
deletion mutants described in Fig. 1, or C/EBP/3 deletion mutants with the CRP1 basic region fused to their 
N-termini, were expressed in HeLa cells. The cells were harvested and nuclear (N) and cytoplasmic (C) fractions 
prepared and analyzed by immunoblotting using antisera specific to CRP1 (A) or C/EBP/3 (B). Antigen-antibody 
complexes were detected using the ProtoBlot colorimetric detection kit (Promega) and are indicated with asterisks. 
Additional bands represent cross-reactive material recognized by the polyclonal rabbit antisera.
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FIG. 3. The CRP1 basic region can direct a heterologous pro
tein to the nucleus. Expression vectors encoding the bacterial 
lacZ gene lacking a nuclear localization signal (B) or LacZ 
fused to the SV40 T-antigen NLS (A) or the 90-bp Rsa\ frag
ment from the CRP1 basic region (C) were introduced into 
HeLa cells. After 2 days, the cells were fixed and stained for 
/3-gal activity. /3-gal staining can be visualized either through
out the cytoplasm and nucleus (B) or specifically localized to 
the nucleus (A and C).

tense nuclear staining in HeLa cells (Fig. 3C), indi
cating that the basic region o f  CRP1 contains an 
NLS that functions as efficiently as the SV40 NLS  
in this assay.

The segment o f  the basic region contained in 
the C R P l-L acZ  chimera includes only m otif A  
(see Fig. 1). H owever, the fact that this protein is 
nuclear does not elim inate the possibility that m o
tif B could also function to direct nuclear localiza
tion. M oreover, the CRP1 sequence tested con 
tains residues external to the core NLS that was 
predicted from  com parisons with nucleoplasm in. 
Thus, we sought to map the minimal sequence re
quired for CRP NLS function using the (3-gal fu 

sion assay. Initially, we tested the possibility that 
the CRP1 basic region indeed contains two func
tional NLSs. D N A  fragments encoding different 
portions o f  the CRP1 basic region were synthe
sized by PCR and inserted at the 5' end o f  the 
lacZ gene. The sequences and the subcellular loca
tion o f  the resulting hybrid proteins are shown in 
Fig. 4. To sim plify the com parison o f  mapping 
studies in the different C /E B P  family members we 
have used a numbering system for the basic re
gions o f bZIP proteins established in Johnson  
(19). This numbering system facilitates the align
ment o f the basic regions o f  all bZIP proteins 
based on a conserved asparagine residue (residue 
23; Fig. 4).

Unexpectedly, a C RPlrlacZ chimera that in
cludes all o f  the predicted NLS sequences o f  m o
tifs A and B (C l WT1-G) was localized to the cyto
plasm (Fig. 4). This finding suggests that 
sequences in addition to those predicted from the 
bipartite consensus are required for NLS function. 
Hybrid proteins containing an additional two  
am ino acids at the N-terminus o f  m otif B 
(C1W T4-G ), or three amino acids at the C- 
terminus o f  m otif A (C1W T2-G) were also present 
in the cytoplasm . However, a hybrid protein bear
ing an additional seven amino acids at the C- 
terminus o f  m otif A (C1W T3-G) was efficiently  
localized to the nucleus, indicating that flanking 
sequences are required for activity. A lthough two 
basic am ino acids, A rg36 and Arg37, are located  
within the extended region, simply including these 
arginines was not sufficient for full NLS function  
because C1W T2-G was not efficiently transported 
to the nucleus. The inclusion o f  four additional 
nonbasic am ino acids (METQ) was required for 
full NLS activity. Thus, the CRP1 NLS differs 
from a canonical nucleoplasmin-like NLS in its 
requirement for sequences external to the consen
sus elem ent. Furthermore, the cytoplasm ic loca
tion o f  C1W T4-G indicates that m otif B is incapa
ble o f  functioning as an NLS in this assay.

M apping the Minimal CRP1 NLS

To localize more precisely the sequences re
quired for CRP1 NLS function, we first removed  
m ost o f  m otif B (amino acids 6-18) from  
C1W T3-G to generate C1W T5-G (Fig. 5). This 
protein was localized to the nucleus, indicating 
that m otif B sequences are dispensable for NLS  
function. Hybrid proteins lacking an additional 
seven N-terminal amino acids (C l W T6 -G), includ
ing two residues (A rg19 and Arg20) that are part o f  
the consensus bipartite sequence, exhibited re-
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Construct

C1WT1-G

C1WT2-G

C1WT3-G

C1WT4-G

Basic
Residues

,------------- Motif B | = j — Motlf A-------------1
10 20 30i i i

KKAVNKDSLEYRLRRERNNIAVRKSRDKAK 

KKAVNKDSLEYRLRRERNNIAVRKSRDKAKRRI 
KKAVNKDSLEYRLRRERNNIAVRKSRDKAKRRIMETQ

KGKKAVNKDSLEYRLRRERNNIAVRKSRDKAK
1---------------------- 1—  1________________ I

+ ++ + ++ + ++ + + +++

Subcellular
Localization

C
C
N
C

C1WT1-G C1WT2-G

C1WT3-G C1WT4-G

FIG. 4. The CRP1 NLS requires additional residues C-terminal to the bipartite consensus. (Top) 
/3-gal fusion proteins containing the indicated sequences from the CRP1 basic region were ex
pressed in HeLa cells and analyzed as described in Fig. 3. The subcellular location of each fusion 
protein is indicated as cytoplasmic (C) or nuclear (N) in the right-hand column. Basic residues are 
indicated by plus ( + ) signs; note that the basic amino acid at position 36 is not conserved 
between CRP1 and C/EBP/3. Numbering of the basic region follows a published convention (19). 
Abbreviations and nomenclature: C l, C R P l; WT, wild-type sequence; G, /3-gal; mutants are 
numbered sequentially. (Bottom) Examples of /3-gal staining for each of the constructs depicted in 
the top.

duced nuclear localization, whereas C1W T7-G, 
which lacks an additional four N-terminal resi
dues, was localized entirely in the cytoplasm . In 
agreement with earlier results, nuclear localization  
was com pletely lost upon removal o f  the four C- 
terminal nonbasic am ino acids (compare 
C1W T8-G to C1W T5-G).

Because flanking sequences from the /3-gal fu
sion could potentially influence NLS activity, we 
next used alanine substitution mutagenesis to con 
firm the results from deletion m utants. Substitut
ing alanine residues for A rg19 and Arg20 did not

affect nuclear localization (com pare C lM 5a-G  to  
C1W T5-G). H owever, replacement o f  five addi
tional am ino acids at the N-term inal end 
(C lM 5b-G ) com pletely elim inated nuclear loca l
ization, indicating that residues in this region are 
important for nuclear localization. The different 
results obtained from deletion and substitution o f  
am ino acids 19-25 (com pare C1W T6-G to  
C lM 5b-G ) m ay be due to the effect o f  residues 
adjacent to the insertion site in the /3-gal protein  
whose position changes relative to residues within  
the NLS. In this regard, we note that there is a
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FIG. 5. Mapping the N- and C-terminal boundaries of the CRP1 NLS. The subcellular 
location of /3-gal fusion proteins was analyzed as described in Figs. 3 and 4. These mutants 
were constructed in the background of C1WT5G and are therefore designated by the 
number 5 followed by a lower case letter. M, mutated CRP1 sequence. N/C, protein 
appearing primarily in the nucleus but displaying light staining in the cytoplasm.

single basic residue located N-terminal to the in
sertion site that could influence the function of 
the NLS in deletion mutants. As shown above, 
deletion of four nonbasic residues at the C- 
terminus of motif A significantly decreased NLS 
function. One possible explanation for this some
what surprising result is that these amino acids 
simply act as a buffer to shield the NLS from 
surrounding residues that might negatively affect 
NLS function. However, mutating these four non
basic amino acids to alanine had the same effect as 
deleting them (compare C1WT2-G to ClM5c-G), 
demonstrating that one or more of these residues 
is critical for NLS function. As expected, combin
ing the mutations from ClM5b-G and ClM5c-G 
to create ClM5d-G also abolished nuclear local
ization. Collectively, the data indicate that when 
fused to /3-gal, the CRP1 NLS does not precisely 
conform to the bipartite consensus sequence. This 
conclusion is based on the fact that the pair of 
N-terminal arginine residues is dispensible for 
NLS function, as well as the requirement for a 
cluster of nonbasic C-terminal amino acids.

Mutation o f  a Single, Nonconserved Basic 
Residue Converts the CRP1 NLS to a True 
Bipartite Signal

Although the basic regions of the C/EBP pro
teins display a high degree of sequence identity, 
one of a triplet of basic residues within the CRP1 
NLS (amino acids 35-37) is not conserved among 
all family members. As shown in Fig. 6B, position 
36 is occupied by a nonbasic residue in C/EBPa 
and C/EBP/3 and by an arginine residue in CRP1 
and C/EBPS. Because basic residues are impor

tant determinants of NLS function, we tested 
whether the presence of this additional basic resi
due in the CRP1 NLS might explain its divergence 
from the typical bipartite signal. In the context of 
construct C1WT5-G, which efficiently translo
cates to the nucleus, we changed single and multi
ple residues within the basic triplet (aa 35-37) to 
alanine and assessed the cellular localization of 
each /3-gal hybrid protein. Proteins bearing a mu
tation in either of the conserved basic residues in 
this cluster (Lys35 in ClM5g-G or Arg37 in 
ClM5e-G) were localized in the cytoplasm. Con
versely, a chimera carrying an alanine in place of 
the nonconserved Arg36 (ClM5f-G) was efficiently 
localized to the nucleus, indicating that residue 36 
need not be basic to retain NLS function. How
ever, the combination of alanine substitutions at 
positions 19, 20, and 36 (ClM5i-G) completely 
disrupted nuclear localization, revealing the bipar
tite structure of the CRP1 NLS. This result indi
cates that each C/EBP protein is likely to contain 
a bipartite NLS within its basic region, but the 
NLSs from different family members may differ 
slightly due to the presence or absence of a basic 
residue at position 36.

NLS Determinants in Intact CRP1 and 
C/EBP& Proteins

We next tested whether residues required for 
nuclear localization in the /3-gal hybrids were also 
essential for nuclear localization of the intact 
CRP1 and C/EBP/3 proteins. PCR was used to 
replace selected residues in CRP1 and C/EBP/3 
with alanine, and the subcellular location of the 
resulting proteins was determined by Western
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FIG. 6. Identification of critical basic residues within the CRP1 NLS. 
(A) The subcellular location of /3-gal fusion proteins carrying the indi
cated wild-type and mutated CRP1 sequences was analyzed as de
scribed in Figs. 3 and 4. B. Comparison of basic region sequences of 
the C/EBP family members in the putative NLS region. Sequence 
identities and conservative substitutions are indicated by vertical lines 
and colons, respectively. The position of the nonconserved basic resi
due at position 36 that controls the requirement for a bipartite signal 
is indicated by an arrow. The sequences shown represent amino acids 
288-311 of rat C/EBPa, 178-201 of rat CRP1, 208-231 of rat C/ 
EBP/3, and 197-220 of mouse C/EBP6 [amino acid numbering as 
described in (55)].

blotting following expression in HeLa cells (Fig. 
7). Again, wild-type CRP1 was entirely localized 
to the nucleus. However, mutation o f Arg19 and 
Arg20 to alanine (ClM5a) significantly decreased 
nuclear localization (Fig. 7A), indicating that in 
their normal context these residues are required 
for NLS function. Mutation of single or multiple 
residues in the basic cluster at amino acids 35-37 
had little effect on nuclear transport (ClM5e, f, g, 
and efg). By contrast, combining mutations at 
both ends of the basic region of CRP1 almost 
completely abolished nuclear transport (ClM5a +  
f, a -I- e, a + g, and a 4- efg). Similar results 
were obtained for C/EBP0, except that C/EBP0 
proteins carrying mutations at both ends of the 
basic region were equally partitioned between the 
nucleus and cytoplasm as opposed to primarily 
cytoplasmic. Finally, a C/EBP/3 mutant carrying 
alanines in place of the four nonbasic amino acids 
located at positions 39-42 (j3M5c) was partially 
localized to the cytoplasm. This result confirms 
the observation that, in addition to basic residues 
predicted from the consensus bipartite NLS, the

NLSs of C/EBP proteins require additional basic 
and nonbasic residues for optimal function.

C/EBPa Can Transport an NLS-Deficient 
C/EBP& Protein to the Nucleus

C/EBP0ABR21, which lacks the entire NLS, 
was localized exclusively to the cytoplasm when 
expressed in HeLa cells (Fig. 2). We sought to test 
whether coexpression of wild-type C/EBPa might 
facilitate the nuclear transport of C/EBPj3ABR21 
by heterodimerization in the cytoplasm and subse
quent localization of the complex to the nucleus. 
A constant amount of C/EBP0ABR21 was ex
pressed either alone or in the presence of increas
ing amounts of wild-type C/EBPa. The subcellu
lar location of each protein was analyzed by 
cellular fractionation followed by Western blot
ting. When expressed alone, C/EBP/3ABR21 was 
found only in the cytoplasm (Fig. 8, lane 1) and 
C/EBPa was localized entirely to the nucleus 
(data not shown). However, C/EBP/3ABR21 was 
partially nuclear in cells cotransfected with a C /
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FIG. 7. M utation of critical NLS residues in native CRP1 and C/EBP/3 proteins. Subcellu- 
lar localization of C/EBPj3 and CRP1 proteins bearing mutations in residues defined as 
critical for nuclear localization in /3-gal fusion proteins. The indicated mutations were 
introduced into the coding sequence of C/EBP/3 and CRPl by PCR and each protein was 
expressed in HeLa cells. Subcellular location of each protein was determined by Western 
blotting of nuclear (N) and cytoplasmic (C) fractions as described in Fig. 2, except that 
immune complexes were detected using the Amersham ECL kit.
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FIG. 8. C /E B P a can transport an NLS-deficient C/EBP/3 protein to the nucleus. Coexpression of wild-type C /E B P a or C /E B P ac^ A 
with C/EBP/3ABR21 in HeLa cells. C/EBP/3ABR21 was expressed alone (panel 1) or with increasing amounts of wild-type C /E B P a 
(panels 2-3) or C /E B P ac _A (panels 4-6). The subcellular location of C/EBP/3ABR21 was analyzed by Western blotting as described 
in Fig. 2. The upper band is a protein that cross-reacts with the antiserum.



EBPa expression vector (Fig. 8, lanes 2 and 3). 
Nuclear targeting of C/EBP/3ABR21 occurred in a 
C/EBPa dose-dependent manner, consistent with 
the idea that C/EBPa:C/EBP0ABR21 heterodim
ers are transported to the nucleus. Thus, nuclear 
localization is achieved even when only one sub
unit of the dimer contains an NLS.

We have previously shown that a conserved 
cysteine residue at the C-terminus of each C/EBP 
protein may participate in the formation of disul
fide-linked dimers in vitro (55) and in vivo (S. C. 
Williams and P. F. Johnson, unpublished data). 
Therefore, we tested whether a mutant form of C / 
EBPa in which the C-terminal cysteine was 
changed to alanine (C/EBPac- A) could function 
in the C/EBPa:C/EBP0ABR21 coexpression 
assay. The C/EBPac- A mutant was only slightly 
less efficient than wild-type C/EBPa at transport
ing C/EBP/3ABR21 to the nucleus (Fig. 8, lanes 4- 
6). These findings indicate that disulfide cross- 
linking is not essential for the formation of C / 
EBPa:C/EBP/3ABR21 heterodimers in the cyto
plasm and their subsequent transport to the nu
cleus, although the cysteine residue may contrib
ute to the stability of the dimer complex.

C/EBP NUCLEAR LOCALIZATION SIGNALS

DISCUSSION

The existence of a nuclear localization signal 
within the basic region/leucine zipper domain of 
C/EBP proteins had previously been implied from 
the nuclear localization of a truncated C/EBPa 
protein containing only the DNA binding domain 
(15). The C/EBP proteins contain an extended ba
sic region that is generally not conserved with 
other bZIP proteins. The additional basic residues 
in C/EBPa are not required for sequence-specific 
DNA binding (26) but have been implicated in reg
ulating the DNA binding activity of C/EBP/J (5). 
Based on comparisons between the basic region 
of C/EBP proteins and consensus bipartite and 
SV40-like NLSs, it has been suggested that nuclear 
localization of C/EBP proteins may be controlled 
either by a bipartite-like sequence (12) or the 
“more common” SV40-like NLS, which is charac
terized by the presence o f at least four basic amino 
acids within an eight-amino acid segment (4). Due 
to the high degree of conservation among basic 
regions of bZIP proteins, each can theoretically 
contain at least one bipartite-like sequence (12). 
This prediction has been supported by experimen
tal identification of bipartite signals in a number 
of bZIP proteins, including c-Jun and the Epstein- 
Barr virus EB1 protein (32) and the plant proteins

Opaque2 (50,51) and GT-2 (10), as well as other 
transcription factors and nuclear proteins such as 
retinoblastoma protein (57), the androgen recep
tor (59), and poly(ADP-ribose) polymerase (43).

A second potential NLS (motif B) in the C / 
EBP proteins, located within the N-terminal ex
tension of the basic region, is not conserved 
among all bZIP proteins. In this report we have 
mapped the sequences that function as an NLS in 
two members of the C/EBP family, CRP1 and C / 
EBP0, and have directly tested whether multiple 
NLSs are present in these proteins. Our studies 
demonstrate that nuclear localization of both 
CRP1 and C/EBP/3 is entirely controlled by se
quences within their basic regions. However, only 
one of the two putative bipartite NLS-like se
quences (motif A) appears to be capable of func
tioning as an NLS. Multiple NLSs identified in 
nuclear proteins such as the glucocorticoid recep
tor (38) have been proposed to increase the effi
ciency of nuclear transport (13). Although our 
data do not indicate a role for motif B in the C / 
EBP family, we cannot rule out the possibility that 
the additional basic residues in motif B increase 
the efficiency of nuclear localization.

Despite the high degree of similarity between 
motif A and the consensus bipartite NLS, motif A 
was not sufficient to direct a heterologous protein 
to the nucleus. An additional seven amino acids at 
the C-terminus were needed for efficient nuclear 
localization, and four nonbasic amino acids (aa 
39-42) were among the critical residues in this re
gion. Previous studies have demonstrated that the 
activity of an NLS can be significantly affected 
by surrounding residues, especially hydrophobic 
amino acids (49). However, these nonbasic resi
dues do not function merely by shielding NLSs of 
C/EBP proteins from surrounding residues, be
cause replacing the four residues with alanine had 
a similar deleterious effect as removing them. Al
though all NLSs described thus far are character
ized by a predominance of basic residues, there 
are a number of examples where the presence of 
nonbasic residues at the C-terminus of the signal 
has functional significance, including the SV40 T- 
antigen (21), cAMP response element binding pro
tein (CREB) (52), and Fos (45). In the case of 
the C/EBP proteins, the apparent requirement for 
additional C-terminal residues may explain why 
the putative NLS contained in motif B is nonfunc
tional, as related nonbasic residues are not present 
in motif B. Currently, we do not know precisely 
which additional C-terminal residues are required 
for full NLS functionality, and further mutagene
sis will be required to address this point.
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The NLS of SV40 T-antigen may be a more 
efficient form of the bipartite signal which, by 
virtue of the higher density of basic amino acids, 
no longer requires the second basic cluster for ac
tivity. Analysis of the sequence requirements of 
the CRP1 NLS has provided indirect evidence for 
this hypothesis. The downstream cluster of basic 
amino acids in CRP1 differs from those in C / 
EBPa and C/EBP0 by the presence of one addi
tional basic residue (Arg36). NLS sequence require
ments are relaxed in constructs in which this resi
due is unchanged, in that the upstream basic 
doublet (Arg19 and Arg20) is not required. How
ever, changing this residue to a nonbasic amino 
acid converted the CRP1 NLS to a true bipartite 
signal (i.e., displaying an absolute requirement for 
the basic doublet). Therefore, the C/EBPa and 
C/EBP0 NLSs may be slightly less active than 
those in CRP1 and C/EBPS, perhaps by virtue of 
decreased affinity for the NLS receptor molecule.

Nuclear transport of native CRP1 and C/EBP0 
proteins was more sensitive to mutations affecting 
motif A than was observed using /3-gal hybrid pro
teins. In particular, alanine substitutions of Arg19 
and Arg20 caused a significant decrease in nuclear 
localization, especially for CRP1. There are sev
eral possible explanations for why the NLSs be
have differently in the two protein contexts. For 
example, because C/EBP proteins are dimers 
whereas 0-gal is reported to form a tetramer, the 
presence of four NLS elements in a multimeric 
protein may decrease the threshold at which an 
NLS can direct nuclear localization, thereby al
lowing weaker signals to exhibit NLS function. 
Also, the folded structures of NLS regions may 
differ depending on whether they occur naturally 
or as part of a heterologous protein. However, 
both the chimeric protein approach and the analy
sis of native proteins yield useful information 
about potential NLS elements.

We have shown that a C/EBP0 protein lacking 
a NLS can be transported to the nucleus by coex
pression of wild-type C/EBPa, presumably via 
the formation of heterodimers that can enter the 
nucleus by virtue of the functional NLS in C / 
EBPa. Although we cannot rule out the possibility 
that C/EBPa is acting to upregulate the expres
sion of an unidentified protein that causes the mu
tant C/EBP0 protein to enter the nucleus, the cor
relation between the amount of input C/EBPa 
plasmid and the proportion of C/EBP0 in the nu
cleus supports the heterodimerization model. We 
previously showed that C/EBP family members 
may be covalently cross-linked in vitro via a con

served C-terminal cysteine residue (55). Mutation 
of this residue to alanine in C/EBPa had no ob
servable effect on the colocalization of the mutant 
C/EBP0 protein to the nucleus (Fig. 8), suggesting 
that cross-linking via this residue is not required. 
However, these studies leave open the possibility 
that disulphide bridges may form following trans
location to the nucleus and stabilize specific 
homo- and heterodimeric complexes.

Nuclear localization is one of the steps at which 
transcription factor activity may be regulated. For 
example, cell cycle-dependent nuclear localization 
of v-Jun is controlled by phosphorylation of a ser
ine residue adjacent to the NLS (8,44) and tyrosine 
phosphorylation of Stat proteins is required for 
nuclear translocation [reviewed in (42)]. The C / 
EBP proteins are targeted by a number of signal
ing pathways, and the regulation of C/EBP0 ac
tivity, in particular, has been attributed to phos
phorylation events [reviewed in (20)]. C/EBP0 is 
reportedly phosphorylated by MAP kinases (34), 
a calcium/calmodulin-dependent kinase (53), pro
tein kinase C (46), and a number of kinase onco
genes (47). In each case, increased phosphoryla
tion of C/EBP0 was correlated with increased 
transcriptional activity. As mentioned previously, 
nuclear localization of C/EBP proteins has also 
been reported to be regulated by phosphorylation 
in multiple cell types, although the sites of phos
phorylation have not been identified (25,30,44). 
The description of sequences controlling nuclear 
localization of C/EBP proteins should aid in the 
identification of these sites and in determining 
whether phosphorylation of specific residues in C / 
EBP0 and other C/EBP family members directly 
affects NLS function.
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