
for a large fraction of the catalytic advantage 
in this reaction (15), consistent with the 
classic notion of transition-state comple- 
mentarity of Haldane (1 6) and Pauling (1 7). 

This behavior is in contrast to that of 
an antibody-catalyzed transesterification 
reaction recently reported by Lerner and 
co-workers (6) (in which the antibody was 
raised to a negatively charged phospho- 
nate monoester rather than a neutral 
phosphonate diester) . This antibody-cata- 
lyzed reaction, which has a similar rate of 
acceleration and which also showed high 
specificity for the acyl acceptor versus 
water, proceeds through a ping-pong mech- 
anism involving a covalent antibody - sub- 
strate complex. Thus, the tremendous di- 
versity of the immune system has provided 
two mechanistic alternatives for similar acvl 
transfer reactions, in much the same way 
that enzymes have evolved with similar 
catalytic properties but different mecha- 
nisms (such as the acid, serine, and ZnZ+ 
proteases). Further characterization of these 
catalytic antibodies should provide addi- 
tional insight into the essential reauire- 

u 

ments for efficient acyl transfer catalysts as 
well as optimal hapten structures for gener- 
ating such catalysts. 
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Identification of a Naturally Occurring Transforming 
Variant of the p65 Subunit of NF-KB 

Ramaswamy Narayanan, John F. Klement, Steven M. Ruben, 
Kimberly A. Higgins, Craig A. Rosen* 

Transcription factor NF-KB comprises two proteins, p50 and p65, that have sequence 
similarity to the v-reloncogene. In primary hematopoietic cell populations an alternatively 
spliced form of NF-KB p65 mRNA was observed that encoded a protein designated p65A. 
Expression of the p65A cDNA in Rat-1 fibroblasts resulted in focus formation, anchorage- 
independent growth in soft agar, and tumor formation in athymic nude mice, effects not 
obtained with expression of p65 or a p65A mutant that contains a disruption within the 
transcriptional activation domain. Thus, ~ 6 5 6 ,  which associated weakly and interfered with 
DNA binding by p65, may sequester an essential limiting regulatory factor or factors 
required for NF-KB function. 

T h e  NF-KB transcription factor complex either to activate or repress transcription is 
contains the proteins p65 and p50 and a feature shared by each of the known 
participates in the induction of numerous rel-related family members (5). Proteins in 
cellular and viral genes (1). Both proteins the re1 family interact with DNA after 
are members of the re1 family of proteins (2, dimerization through regions within the rel 
3). The v-rel oncogene causes lymphoid cell conserved domain (2, 3, 6). 
tumors in young birds (4). The ability Amino acids 222 to 231 in human NF- 

KB p65 are required for association of p65 
R. Narayanan and K A. Higgins, Department of MO- with p50 and for DNA binding (6). w e  
lecular Genetics, Hoffmann-La Roche, Inc., Nutley, NJ identified an alternatively spliced form of 
07110 
J. F. Klement, S. M. Ruben, C A. Rosen, Department P~~ mRNA designated p65A, which lacks 
of Gene Reaulatton. Roche Institute of Molecular '3101- nucleotides (nt) that encode amino acid 
ogy, 340 ~ i i ~ s l a n d  Street, Nutley, NJ 071 10 residues 222 to 231. The prevalence of 
*To whom correspondence should be addressed p65A mFWA in certain cell lineages was 
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Fig. 1. PCR analysis of p65 o 
'3 = m 

and p65A expression in RNA - o E e  3 - c  - 
from erythroid colonies (BFU- ? = = -  - % b i z  s : = c s =  u u & , & , , Z  g Z E  $ 3  2 
e, CFU-e, and CFU-meg), mu- 
rine primary bone marrow, 
myeloid colonies (CFU-G and 
CFU-GM), lymphoid colonies 
IS-10 and S-17. we-6). hm- 11 

responding to p65 and p65A contain 150 and 180 nt, respectively. Control, PCR reaction without 
cDNA additii. 

suggestive of a potential physiologic func- 
tion. To explore this possibility further, we 
examined the relative abundance of p65A 
mRNA in primary hematopoietic progeni- 
tor cell populations derived from murine 
primary bone marrow (7-9). Myeloid, 
erythroid, and lymphoid colonies were es- 
tablished, and the presence of p65A mRNA 
was identified by polymerase chain reaction 
(PCR) and with primers that discriminate 
between p65 and p65A (10). The relative 

amount of p65A and p65 transcripts was 
variable with respect to the individual cell 
types and stage of differentiation (Fig. 1). 
The overabundance of p65A transcripts in 
the S17, pre-B, and erythroid colonies, to 
the near exclusion of p65, suggests that 
recognition of the alternate splice acceptor 
used to generate $56 is a regulated event. 

To begin to explore the physiological 
function of p65A, we examined its ability to 
elicit transformation. The similarity be- 
tween p65 and v-re1 provided a precedent for 
this type of analysis (2, 3). Rat-1 cells (I 1 ) 
were chosen for the transformation assay 
because they have a low background of 
spontaneous foci and do not express a de- 
tectable amount of p65A RNA. Cells were 
transfected with an expression vector that 
contained either human p65A or $5 cDNA 
under control of the cytomegalovirus 
(CMV) immediateearly vromoter (6). Af- . . . , 
ter 30 days, foci were evident in monolayers 

liit transfected with p65A (Table 1). In con- 
trast, expression of wild-type $5 did not 
result in focus formation (Table 1). Because 
anchorage-independent growth is a reliable 

, indicator for transformation, 11 of the foci 
were picked, expanded, and plated in sofi 
agar. Each of the 11 clones formed colonies 
in soft agar (Table I), which w&ed their 

rate of these foci was also shown by the two- 
I I to threefold increase in their saturkion den- 

Flg. 2. Expression profile of p65A and imrnedi- 
ate-early genes in the Rat-l4erived foci. Total 
RNA (15 p,g) from 1 1 independent p65A foci and 
Rat-1 cells was isolated with RNAzd 6 (Cinna 
Biotex, Houston, Texas) and analyzed for ex- 
pression of (a) p65, (b) jur~6, (c) c-fos, (d) egr-1 , 
(e) c-jun, and (f ) glyceraldehyde 3-phosphate 
dehydrogenase (GADPH) by Northem blot anal- 
ysis (17). For detection of human p65A expres- 
sion in Rat-1 cells, we hybridized blots at high 
stringency (65°C) to avoid cross-hybridization 
with endogenous Rat p65. 

sity as well as by a decrease in doubling time 
(Table 1). The morphology of the focide- 
rived cell lines was, however, indistinguish- 
able from that of the parental Rat-1 cells. 
Integrated sequences and expression of exog- 
enous p65A cDNA were detected in these foci 
by PCR with primers that distinguish endog- 
enous p65 and p65A (10). The amount of 
p65A expression was further examined by 
Northern (RNA) blot analysis (Fig. 2). Con- 
sistent with the PCR results, each focus ex- 
hibited substantial $58 mRNA. 

We also examined the amounts of 
mRNAs encoding various oncogenes whose 
expression often correlates with altered cell 

growth. Several members of the immediate- 
early gene family, including c-fos, c-jun, 
jun-B, and egr- 1, showed marked elevation 
in each of the 11 p65A-induced foci (Fig. 
2). Expression of another oncogene prod- 
uct, c-myc, was not elevated in these foci 
(12). The tumorigenic properties of the 
p65A-expressing Rat-1 cells were examined 
by subcutaneous injection of these cells into 
athymic nude mice (Table 1). Within 4 
weeks, tumors were evident in mice with the 
t r a n s f d  p65A Rat-1 clones. No tumors 
were found in mice injected with Rat-1 cells 
or cells expressing wild-type p65. 

Antibodies (Abs) that distinguish p65A 
from p65 are not yet available. Therefore, 
an expression vector that contained p65A 
cDNA with an epitope tag of nine amino 
acids corresponding to an antigenic epitope 
in the influenza hemagluthiin protein (HA) 
(6) was constructed (pCMVINHAp65A). 
This epitope is recognized by a mouse 
monoclonal antibody to HA (anti-HA) 
(13). Rat-1 cells expressing HAp65A 

Fig. 3. The inabili of p65A to associate with 
DNA. (A) Purified Escheriichia cdi p50 (amino 
acids 1 through 377) (6), p65 (1 through 309) 
(6), and p65A (1 through 299) (6) were incu- 
bated with a 32P-labeled KB DNA probe (KB) or 
a degenerate DNA probe that contained 18 
randomly substituted nucleotides (D) in an 
electrophoretic mobility-shii assay (18). (6) 
Electrophoretic mobility-shift assays were per- 
formed as in (A), except that the binding reac- 
tions contained a mixture of purified p65 or 
p65A with purified HAp65 or HAp65A. All reac- 
tions were incubated in the presence of anti-HA 
(13). The DNA bound to complexes that con- 
tained HA-tagged protein appeared as a su- 
pershiied complex in the gel (arrow). Triangles 
depict addiiion of an increasing amount of 
purified HAp65 or HAp65A protein. 
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Table 1. Biological characterization of Rat-1 fibroblasts transfected with 
p65A and p65. Doubling times were determined from the linear portion of 
growth curves. Saturation density was measured as the maximum number 
of cells obtained after 4 x lo3 cells per centimeter squared were 
incubated in growth medium that was changed every 3 days. For 
anchorage-independence assays, cell suspensions (1 x lo3 cells per 
milliliter) were plated in agar (0.33%) in growth media, and visible 
macroscopic colonies were scored at day 18. For the nude mice tumori- 
genicity assay, 1 x 106 cells were injected subcutaneously into BALBIc 

nude mice. Tumors were evaluated after 6 weeks. Rat-1 cells were 
transfected by the calcium phosphate precipitation method (21 ) with 5 pg 
of plasmid DNA encoding p65, p65A, or p65A-AL442 (6). Foci were 
scored at 4 weeks, subcloned by dilution, and propagated for further 
analysis. The p65A NeoR transfectants were obtained by cotransfection of 
pCMVINHAp65A (10 pg) with plasmid RSVneo (1 pg) and 48 hours later 
were plated in media containing G418 (800 pglml). Resistant colonies 
were picked at day 14 and expanded for further analysis. Parental Rat-1 
cells are provided for comparison. ND,  not done. 

Number of foci* Anchorage- 
Transfection independent 

1 2 3 4 growth (%)t 

Saturation 
density 

(1 06/cm2)t 

Doubling 
time 

(hours)t 

Tumori- 
genicityt 

p65A 14 12 13 18 3.5 + 0.2 (n = 2) 2.9 + 0.3 (n = 2) 18-1 9 1211 3 
P65 0 0 0 0 N D N D N D 016 
p65A-AL442 0 0 0 N D N D N D N D  N D 
ras 43 39 36 41 6.4 ? 0.5 (n = 8) 7.6 2 0.4 (n = 2) 13 313 
Rat-1 0 0 0 0 <0.1 + 0.02 (n = 4) 1.02 ? 0.1 (n = 2) 24 016 

'Number of foci obtained per microgram of DNA per l o 6  cells, in four separate experiments. tFour independent foci of p65A were analyzed, including one G418R colony. 

Fig. 4. Expression of p65A suppresses NF-KB 
function. Jurkat T cells were transfected with 
either a CAT reporter plasmid driven by a syn- 60 
thetic sequence containing four copies of the KB 
motif upstream of an SV40 promoter (19) alone, 8 
or with CMV-p65A or CMV-p65 amino acids (1 = 
through 309) and stimulated with phorbol 12- 40 

myristate 13-acetate (PMA) (5 nglml) 30 hours 2 
after transfection. Cells were harvested at 40 3 
hours after transfection for CAT assays. In each 
transfection, we kept the amount of CMV promot- 20 

er constant to avoid results reflecting competi- 
tion for transcription factors. Plasmid CMV-p65 
(1 through 309) encodes the DNA binding do- 
main of p65 [lacks amino acids 310 through 551 

1 4 which encompass the activation domain (6, 20)] O 

and thus suppresses NF-KB function through Control 4 3 0 
competition for KB binding sites. Open bar, cells 
transfected with the H K B ~  CAT reporter alone; solid bar, with PMA activation; hatched bars, with PMA 
activation plus CMV-p65A; dotted bars, CMV-p65 (1 through 309). A typical result is shown. Three 
independent transfections were performed with absolute values differing by no more than 20%. 

mRNA produced HAp65A protein [as 
shown by immunoprecipitation (14)], dem- 
onstrated anchorage-independent growth 
in soft agar, and formed tumors in nude 
mice (Table I) ,  consistent with the trans- 
forming capability of p65A. 

The p65A protein is unable to associate 
with p50 or interact with DNA that con- 
tains an NF-KB binding site (6). However, 
it remained possible that p65A interacts 
with a DNA motif other than the canon- 
ical KB element. To examine this possibil- 
ity, we prepared a degenerate oligonucle- 
otide randomly substituted for a length of 
18 nt. Purified p65 bound to labeled ran- 
dom oligonucleotides in an electrophoret- 
ic mobility-shift assay (Fig. 3A). Howev- 
er, no association of the DNA with p65A 
was evident. The ability of p65-p65A 
complexes to associate with KB DNA was 
also examined. Purified HAp65 and 
HAp65A were renatured individually with 
p65, and the resulting complexes were 
assayed for DNA binding in the presence 
of anti-HA with the electrophoretic mo- 

bility-shift assay (Fig. 3B). Although ad- 
dition of the anti-HA caused a supershift 
of HAp65-p65 bound to KB DNA, no 
supershift was evident in binding reactions 
that contained heterodimers of HAp65A 
and 065. 

Our study demonstrates that a naturally 
occurring variant of p65, p65A, can elicit 
changes in cell growth. Although results 
obtained with an in vitro transformation 
assay must always be viewed with caution, 
we propose that p65A functions similarly in 
its natural environment. The apparent 
overabundance of p65A transcripts in pri- 
mary as opposed to continuous cell lines 
may provide insight to p65A function. The 
amount of p65A transcripts was highest in 
cells before terminal differentiation; there- 
fore, p65A may permit unrestricted cell 
expansion, consistent with the finding that 
its unregulated expression can elicit trans- 
formation. We speculate that p65A, which 
cannot associate with KB DNA but con- 
tains a functional activation domain (6), 
may affect cell growth by disrupting NF-KB 

function. Two models, neither mutually 
exclusive, are consistent with this hvuoth- 
esis. In ;he first model, p65A assoSiates 
with p65, albeit weakly, and prevents DNA 
binding. In the second model, p65A may 
contain a domain that interacts with and 
sequesters an essential limiting regulatory 
factor required for NF-KB function. In sup- 
port of the latter, a p65A protein that 
contained a mutation within the putative 
activation domain (6) failed to transform 
Rat-1 cells (mutant p65A-AL442) (6) (Ta- 
ble 1). Furthermore, the ability of p65A 
expression to suppress endogenous NF-KB 
activity after mitogen stimulation of Jurkat 
T lymphocytes, as demonstrated by the 
reduction in activity of a transfected KB 
choline acetyltransferase (CAT) reporter 
plasmid, provides direct evidence for the 
ability of p65A to interfere with NF-KB 
function (Fig. 4). 

Our findings suggest that NF-KB p65 
may regulate a set of genes whose expres- 
sion prevents uncontrolled growth. This 
possibility is consistent with studies that 
show v-re1 also inhibits NF-KB activity 
(1.5): how similar the functions of u65A and ~ , ,  

v-re1 are depends on their molecular targets. 
Although we have shown that p65A can 
form inactive heterodimers with p65, p65A 
may also associate with a different rel-relat- 
ed protein, which may elicit transformation 
and altered cell growth properties. 
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Calcium-Regulated Phosphorylation Within the 
Leucine Zipper of C/EBPP 

Michael Wegner, Zhaodan Cao, Michael G. Rosenfeld* 
Alterations in intracellular calcium levels activate several signal transduction pathways 
resulting in distinct patterns of gene expression. Here, a pathway for calcium-mediated 
signals is demonstrated that involves CIEBPP, a member of the bzipfamily of transcription 
factors. In pituitary cells CIEBPP was phosphorylated in response to increased intracellular 
calcium concentrations as a consequence of the activation of a calcium-calmodulin- 
dependent protein kinase. Phosphorylation of serine at position 276 within the leucine 
zipper of CIEBPP appeared to confer calcium-regulated transcriptional stimulation of a 
promoter that contained binding sites for CIEBPP. 

M a n y  regulatory molecules that function 
by binding to plasma membrane receptors 
cause changes in the intracellular Ca2+ 
concentration (I ) . This second messenger 
can modulate the expression of target genes 
by effecting changes in the phosphorylation 
status of specific transcription factors. Many 
Caz+-mediated changes in gene expression 
have been attributed to the phosphoryla- 
tion of transcription factors by protein ki- 
nase C (2). However, fluctuations in intra- 
cellular Ca2+ concentrations can also acti- 
vate Ca2+-calmodulin-dependent kinases 
(3, 4), the most studied of which is the 
multifunctional Cazt-calmodulin-depen- 
dent protein kinase I1 (CaMKII) (5) iso- 
zymes, which are expressed in most tissues 
(6) - 

In transient transfections of a pituitary 
cell line (GIC), the DNA sequence motif 
5'-AAATGTAGTCTTATGCAATACA- 
CTTGTAGTCTTGCAACA-3' rendered 
a reporter gene responsive to a constitutive- 
ly active mutant of the brain-specific a-sub- 
unit of CaMKII (4). Critical positions with- 
in this CaMKII responsive element 
(CaMRE) coincide with binding sites for 
the nuclear factor C/EBP (7) (Fig. 1A). 
We hypothesized that CaMKII might exert 
its stimulation either directly or indirectly 
through a member of the CEBP family of 
transcription factors (8). Members of this 
family belong to the bZip class of transcrip- 
tion factors. These factors contain a basic 
DNA-binding region adjacent to a leucine 

M. Wegner and M. G. Rosenfeld. Eukaryotic Regula- 
tory Biology Program and Howard Hughes Medical 
Institute, Cellular and Molecular Medicine Buildina, 

zipper dimerization domain and can form 
homodimers or heterodimers with other 
bZip proteins (9-1 2). 

Electrophoretic mobility shift experi- 
ments with a 32~-labeled CaMRE and GIC 
nuclear extract yielded four complexes (C1 
to C4) (4) (Fig. lB), all of which displayed 
the same methylation interference pattern 
(1 3) (Fig. 1A). This pattern was also iden- 
tical to the one obtained with bacterially 
produced recombinant C/EBPa. Antisera 
to known members (a ,  p, and 6) of the 
C/EBP family (9, 10) were used to establish 
the identity of the CaMRE binding activity 
in GIC nuclear extracts (Fig. 1B). Only the 
antiserum to C/EBPP reacted specifically 
with the complexes formed between G/C 
nuclear extract and the CaMRE. Whereas 
low concentrations of antiserum caused the 
formation of new complexes with lower 
mobility, higher concentrations of the 
CIEBPP-specific antiserum resulted largely 
in the elimination of the G/C cell-specific 
complexes (Fig. IC). The observation that 
complexes C1 to C4 were equally affected 
by the CEBPP-specific antiserum suggests 
that C/EBPP is present in all of these 
complexes and, as the major CaMRE bind- 
ing protein in G/C cells, is a potential 
target for CaMKII. 

To assess the ability of CEBPP to be 
phosphorylated, we performed immunopre- 
cipitations on nuclear extracts prepared 
from GIC cells labeled in vivo with 
[32~]orthophosphate (14) (Fig. 2A). The 
amount of phosphorylated C/EBPP was 
2.5-fold greater in untreated G/C cells than 
in cells treated with the CaMKII inhibitor 
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