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Short Communication

The Leucine Zipper of c-Jun Binds to Ribosomal Protein L18a:
A Role in Jun Protein Regulation?
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Recently we developed a method called direct inter-
action rescue (DIRE) for selective cloning in filament-
ous phage.The rescue is effected by the interaction of
two heterologous proteins, one fused to the N-ter-
minus of gene 3 adhesion protein, the other fused to
the C-terminus. When heterologous fusion proteins in-
teract with each other, gene 3 protein activity is re-
stored thereby rescuing phage infectivity. We have
used the leucine zipper of c-Jun protein as a 'bait' to
select for interacting proteins from a human cDNA li-
brary. Two interacting clones were isolated, one cod-
ing for ribosomal protein L18a, a component of the
large ribosomal subunit, and the other for tropo-
myosin, a component of the cytoskeleton. L18a con-
tains two zipper-like domains which probably interact
with c-Jun. We consider it possible that L18a (and
tropomyosin) are involved in the cellular regulation of
Jun protein levels.
Key words: DIRE baits method / Interaction cloning /
Jun / L18a / Oncogenic transformation / Phage display /
Phagemid / Protein-protein interaction.

The transcription factor c-Jun is a key regulator of cell pro-
liferation (Angel and Karin, 1991; Busch and Sassone-
Corsi, 1990). Depending on the DMA binding site and the
cell type, it has the ability to dimerize with itself or with re-
lated Jun proteins (Jun-B or Jun-D) or with other factors
such as c-Fos and Fra. The best known example is the c-
Jun/c-Fos interaction at AP-1 sites TGA(C/G)TCA (Gut-
man and Wasylyk, 1991; Hirai and Yaniv, 1989; Smith and
Bohmann, 1992 and references therein). Homo- or hetero-
dimers are formed via a protein interaction domain, the
so-called leucine zipper. This is a protein motif with alpha-
helical structure revealing a periodic repetition of leucine
residues at every seventh position over a distance cover-
ing eight helical turns (Landschulz et a/., 1988; reviewed in
Hurst, 1994). DMA binding factors with a leucine zipper
have another peculiar feature: The leucine zipper region is
preceded by a basic region with affinity for the specific

DMA site. DMA binding is prevented if one of the partners,
while containing a zipper, lacks the basic region. Such
configurations give rise to dominant negative factors.
Complex gene regulation can be effected by various com-
binations of homo- and heterodimers of these zipper fac-
tors. Nevertheless leucine-zippers are not promiscuous in
their interaction: although many zipper proteins are
known, typically the interaction of each of them seems to
be restricted to a few partner molecules. For example,
c-Fos can readily form a heterodimer with c-Jun but can
not homodimerize (Smeal et a/., 1989).

We have recently developed a new technique for isolat-
ing specific cDNA clones by direct interaction rescue
(DIRE) from a cDNA library in filamentous phage (Gramati-
koff et al, 1994). Filamentous phage have been used pre-
viously to display protein domain libraries of great com-
plexity, from which the desired domains can be selected in
vitro by using either matrix-bound protein or DMA (Blond-
Elguindi et al., 1993; Gragerov et al., 1994; Rebar and
Pabo, 1994). Since the phage encodes the protein dis-
played on its surface, the DMA can be readily analysed.
This analysis is facilitated by the use of chimeric phage/
plasmid ('phagemid') that is maintained as plasmid after
infection. We have modified this phage technique as fol-
lows: Firstly, we expressed the N-terminal and C-terminal
halves of the phage gene 3 protein each from a separate
LacZ promoter. (Gene 3 protein attaches the phage to the
bacterial pili and is thus essential for infectivity). Secondly,
the C-terminal half was fused to a 'bait' encoding a do-
main for protein-protein interaction. Thirdly, the N-terminal
half was fused to members of a cDNA library to provide
possible interaction partners for the 'bait'. When a protein-
protein interaction occurs, the N- and C-terminus of gene
3 protein (Figure 1) are joined, thus restoring phage infec-
tivity (Figure 1) (Gramatikoff et al., 1994; see also Duenas
and Borrebaeck, 1994). Since the Jun-Fos leucine-zipper
interaction (Kd approx. 100 ; Pernelle et al., 1993) was
known to work on the surface of a filamentous phage, we
decided to use the zipper of c-Jun as a 'bait' to fish for in-
teracting clones in a cDNA library derived from an Epstein-
Barr virus-immortalised human B-lymphocyteline(Durfee
ef a/., 1993). Our selection yielded several phagemid
clones, one of which turned out to encode cytoskeletal
tropomyosin, a filament-stabilizing protein. Interestingly,
tropomyosin was also identified by others to specifically
interact with c-Jun using a different protein-protein in-
teraction assay, namely the yeast two-hybrid system
(Chevray and Nathans, 1992). Two further clones con-
tained identical inserts coding for a human homologue of



322 K.Gramatikoffefa/.

N-p3

P3-C

N-p3

L18a
protein

infectious

infectious ̂

N-p3l

L18a1 mutant
protein

noninfectioue

phage

Fig. 1 Principle of Direct Interaction Rescue (DIRE).
The minor coat protein, g3p can be functionally separated into two parts, an N-terminal domain (N-p3) binding to the F' pili and allowing
the infection of E coli, and a C-terminal domain (p3-C), anchored at the tip of the phage body. The phage also contains information to be
maintained as a plasmid ('phagemid') after infection of host bacteria (A). The interaction of the Jun zipper (as a 'bait') with the L18a protein
can place the N-terminal part of the minor coat protein N-p3 on the surface of the phage. This restores phage infectivity (B). In contrast,
the mutant L18a does not interact with the 'bait', and the truncated gene 3 protein (p3-C) is not sufficient for infectivity (C).
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rat and Drosophila ribosomal protein L18a, a component
of the large ribosomal subunit (Aoyama et a/., 1989;
Ntwasa etal., 1994) (Figure 2A).

Ribosomal proteins are synthesized in the cytoplasm
and transported to the nucleolus, where they associate
with ribosomal RNA to form the ribosomal subunits. At
least for some of the ribosomal proteins in bacteria, yeast
and vertebrates, there are intricate regulation mechanisms
to ensure equimolar production in relation to the other

Fig. 2 Sequence of Human L18a Protein.
(A) L18a protein sequence, deduced from our cDNA clone. Our
protein sequence matches perfectly with a human L18a se-
quence deposited in the EMBL data library (accession number
L05093), except for 20 extra C-terminal amino acids in the latter
sequence. These 20 aa are also highly divergent from the C termi-
nal L18a sequences of rat (Aoyama etal., 1989) and Drosophila
(Ntwasa et at., 1994). The alignment between cDNA-deduced
L18a proteins of human, rat and Drosophila was done with
UWGCG's BestFit and Pretty programs (not shown). (B) Helical
wheel analysis of the two zipper-like motifs of the human L18a
ribosomal protein. The numbers in parentheses indicate the posi-
tion of the first amino acid residue of the helix. The amino acid se-
quence is aligned in segments of seven amino acid residues
(above) and the positions of the arrays containing the putative hy-
drophobic zippers (boxed) are marked on a helical wheel (below).
Here, we refer to these two zipper-like structures as 'hydro-
phobic-zippers' because they are composed of various hydro-
phobic amino acid residues besides leucine (Tsurugi and Mitsui,
1991; Chan etal., 1994). Domain I displays similarity to a potential
zipper element of rat ribosomal protein L37a which is located at
approximately the same position in the protein (Chan etal., 1994).
It is of particular interest that in domain II the hydrophobic zipper
is 'bilateral', similar to zippers in some yeast ribosomal proteins
(Tsurugi and Mitsui, 1991). The helical and zipper predictions were
performed by using UWGCG's PeptideStructure and Pegnet pro-
grams.

ribosomal proteins (Pierandrei-Amaldi etal., 1985; Mager,
1988). Surprisingly, in mitogen-activated B-lymphocytes
(Hammerich etal., 1993) and in certain colon cancers (Bar-
nard etal., 1991; Chester etal., 1989; Pogue-Geile etal.,
1991; Barnard etal., 1992; Chiao etal., 1992), a subset of
ribosomal proteins are strongly upregulated relative to
others (see also below).

An inspection of the human L18a sequence revealed
two potential hydrophobic zippers, domain I (aa 40-80)
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and domain II (100-150) which are candidates for the in-
teraction with c-Jun. According to a Chou-Fasman algo-
rithm (Chou and Fasman, 1978) (Figure 2B) they could
form alpha helices, similar to those found in some other
ribosomal proteins (Tsurugi and Mitsui, 1991; Chan etal.,
1994). The overall specificity of the interaction was con-
firmed by omitting the L18a cDNA, or by generating a trun-
cation/frameshift at amino acid residue 29 which elimi-
nates both of the putative hydrophobic-zippers (this clone
was designated FS; Figure 3). Such clones were unable to
restore activity of the c-Jun phagemid (Figure 4). Con-
versely, the isolated zipper-like domain I (Figure 2B) still
gave considerable infectivity, suggesting that this domain
is involved in the c-Jun interaction (Figure 4). We obtained
further evidence for involvement of a zipper structure by
probing with a zipper/coil-specific monoclonal antibody
(MAb). This antibody is directed against a homodimeric
synthetic leucine-zipper peptide (MAb:29AB12B3; a kind
gift of L. Leder and H.R. Bosshard; Leder ei a/., 1994).
When we tested this MAb in a solid-phase ELISA it cross-
reacted with phage produced from phagemids containing
the c-Fos zipper, L18a, or the zipper-like domain I of L18a,
but not with wild-type phage or with the frameshift (FS)
mutant phage (data not shown). In a more direct test for in-
fectivity, phage produced from the phagemid with L18a
were mixed with a 5-fold molar excess of the antibody. In
addition, this phage/antibody mixture was treated with
0.3 M NaCI at pH 7.5 to destabilize electrostatically the
Jun/L18a dimers. Since Jun protein can form homodimers
(Jun/Jun, Pernelle ef a/., 1993), the MAb which recognizes
dimerized zippers, could either favour formation of such
homodimer phage or directly block the Jun/L18a interac-
tion, thus abolishing phage infectivity. Infectivity of the
treated phage samples was tested and the colonies
counted (Figure 4), A one hundred fold decrease of infec-

tivity was found after treatment of the phage with the anti-
body in presence of salt, compared to the controls. Such
an effect was not observed with nonreactive control anti-
body (anti-Fab mouse antibody, Sigma A-2179; data not
shown).

Taken together, these findings argue for the formation of
a zipper-like structure between c-Jun and the ribosomal
protein L18a. It remains to be seen whether L18a (or tropo-
myosin) interacts with all members of the Jun family (in-
cluding Jun-D or Jun-B) or with c-Jun only. In our selection
experiments, no c-Fos clones were isolated from this
library, presumably due to the very low level of c-Fos ex-
pression in unstimulated B-lymphocytes. However, in re-
construction experiments we observed a strong selection
for mixed-in Fos clones (Gramatikoff etal., 1994).

The question arises whether this interaction of the c-
Jun zipper with the ribosomal protein L18a, and also
tropomyosin, is a mere artefact, or whether it has some
deeper meaning. Both of these proteins would qualify as
'house-keeping' proteins and at first glance seem not to
be suited for interaction with a regulator of cell prolifera-
tion such as c-Jun. However, our data suggest that the in-
teraction is specific, and it seems worth mentioning that
some other seemingly erratic interactions between cellu-
lar components make biological sense. For example, it is
known since decades that DNase I is specifically bound
by depolymerized, cytoplasmic actin as is abundant in the
mitosis phase of the cell cycle (Sheterline and Sparrow,
1994). A distorted cell regulation, due to untimely expres-
sion of a proto-oncogene, unleashes the DNase and re-
sults in programmed cell death/apoptosis (Peitsch etal.,
1993). The activity of transcription factors can be specifi-
cally blocked by protein-protein interactions with ubiquit-
ous cellular proteins, for example between glucocorticoid
receptor and heat shock proteins 90 (Picard etal., 1988;
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Fig. 3 Human Ribosomal Protein L18a (A) and L18a-Mutant (B) as Fusion Proteins to the N-Terminal Half (N-p3) of the Phage Protein g3p.
The 261 amino acids long N-terminus of the g3p is indicated on the left hand site. The 29 N-terminal residues of the L18a protein are shown
in the center. The remaining portion of the protein is indicated schematically by a line starting from the site of mutation at position 29. With
a frame shift mutation at the Sph\ site, the mutant L18a protein does not contain the predicted zipper-like domains. This resulted in a loss
of binding to the Jun zipper (Figure 4).
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Fig.4 Infectivity of Phage Obtained from Different Phage-Res-
cue Experiments.
Rescue phage containing L18a or tropomyosin (TM) were also
treated with a monoclonal antibody (MAb) against a dimeric zip-
per/coil structure (a kind gift of L. Leder and H.R. Bosshard; Leder
et a/., 1994), with NaCI at pH 7.5 (salt), and with a combination of
them (MAb+salt). The infectivity of six randomly chosen phage
clones of the cDNA library (c1 -c6), or with c-Fos and the isolated
Fos zipper (fZip) as positive controls, is presented on the right-
hand side. The isolated zipper-like domain I of L18a (hatched bar)
still yields 10% phagemid infectivity compared to the entire L18a,
while truncation to the N-terminal 29 aa yields only background
infectivity (open bar).
Methods: Most procedures were done as described in
Gramatikoff et al. (1994). The human B-cell cDNA library (Lib-ll)
was excised from pAct (Durfee et al., 1993) by Bgl\\ and replaced
the fZip. Clones isolated from the library screen were sequenced
with two flanking primers. The first one (IRD: 5'-CCGGTGATTTT-
GATTATGAAGG-3'), was designed to anneal at the very end of
N-p3, for sequencing of the 5' ends of the library clones. The sec-
ond primer (Comb2:5'-CGACGTTGTAAAACGACGGCC-3'), was
designed to anneal downstream of the library insertion site for
sequencing of the 3' library ends. After identifying the human
L18a ribosomal clone, four additional primers were designed for
sequencing of the entire L18a clone:
1. Up: (5'-GTCGCCAAGTCCCGCTTCTGG-3');
2. Down: (5'-TAACTGAGATACA-AAGTACCAG-3');
3. Rsa: (5'-CACGCTACGAGAGTACAAGG-3;); and
4. Ace: (5'-GAGATTGTCTACTGTGGGCAGG-3').
The L18a domain-l was PCR-amplified by using the following
primers: Pst-up: (5'-TCGACTGCAGGTCGTCGCCAAGTCCCGC-
3') and Bgl-down: (S'-GAAGATCTGCAGCGCAGCCAGATCCCG-
3').

Green and Chambon, 1988; Scherrer ef a/., 1993), and be-
tween helix-loop-helix (bHLH) factors and the ubiquitous
Ca2*-binding protein calmodulin (Corneliussen ef al.,
1994). Thus we consider it possible that ribosomal protein
L18a (and/or tropomyosin) bind to c-Jun and other zipper-
containing factors to regulate their activity within the cell.
As judged from phage infectivity, both L18a and tropo-
myosin have a lower affinity to c-Jun, as compared to
c-Fos (Figure 4). However, this does not necessarily rule
out a role in c-Jun regulation, since both L18a and tropo-

myosin are two to three orders of magnitude more abun-
dant in the cell than c-Jun and c-Fos (D. Bohmann, per-
sonal communication; see also Mager, 1988; Sheterline
and Sparrow, 1994).

There are a few findings that may indirectly relate to that
concept. Both tropomyosin and the ribosomal protein
L7a, which also contains a potential zipper domain, have
been found in chromosome translocations to be fused to
oncogenic protein kinases (Martin-Zanca ef al., 1986;
Ziemiecki ef al., 1990). In these cases, ectopic docking of
the kinase via tropomyosin or L7a moiety to a transcrip-
tion factor may result in constitutive activation. In addition,
as mentioned before, a subset of ribosomal proteins is
specifically overexpressed in colon cancer, including L18
(L18 and L18a are different proteins but have the same
electrophoretic mobility; Aoyama ef al., 1989). It is con-
ceivable that proteins (including ribosomal ones) over-
expressed in cancer cells are titrating others, like L18a
which then would no longer be able to regulate c-Jun.
According to this scenario, L18a would qualify as an
Auxiliary1 anti-oncogene with a primary role in ribosomal
function. Taken together, we consider it an interesting pos-
sibility that many proteins of a basal cellular function are
also involved in cellular growth control.
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