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Many proteins assemble as oligomeric complexes
nd in several cases a distinct domain mediates the
nteraction between the subunits. The identification
f new oligomerization modules is relevant to com-
rehend both the architecture and the evolution of
rotein sequences and also for protein engineering
pplications. Using the bacteriophage l repressor
imerization assay, we searched Escherichia coli
enomic libraries for sequences able to mediate pro-
ein oligomerization in vivo. We identified short pep-
ides that can substitute very effectively the dimeriz-
ng domain of the repressor. Most of these peptides
elong to open reading frames that are normally not
xpressed in the bacterial cell. © 1999 Academic Press

An increasing number of proteins are known to con-
ist of stable assemblies of either identical or different
ubunits. A protein quaternary state confers features
hat are not present at monomeric level such as greater
tability, formation of new binding sites, substrate
hanneling, cooperativity and allosteric regulation. In
ddition, the presence of multiple subunits reduces
ynthetic errors, facilitates the evolution of new pro-
eins and reduces the amount of genetic information
equired by an organism (1, 2).

The three-dimensional structure of both homomeric
nd heteromeric protein complexes has been the sub-
ect of comprehensive analytical surveys aiming to de-
ne the principles that govern protein-protein interac-
ions (3–5). An automatic procedure to determine the
robable quaternary state for crystal structures con-
ained in the Brookhaven Protein Data Bank is now
vailable as a file server (6). The development of sev-
ral methods for the prediction of subunit interfaces
nd protein binding sites have paralleled these analy-
es. The rational de novo design of proteins displaying
pecific quaternary states, particularly a-helical coiled
oils and bundles, represents another current ap-

1 To whom correspondence should be addressed. Fax: (858) 792-
712. E-mail: rjappelli@lynxgen.com.
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roach to understand the determinants of protein as-
ociation (7).
In this work we have tried to identify new protein

omains able to mediate protein oligomerization in
ivo. To this end we have turned to a random library
pproach combined with a genetic screen which uti-
izes the cI repressor of bacteriophage l. We have found
hat some relatively short peptides can substitute very
fficiently the dimerizing domain of the repressor. The
ajority of these peptides correspond to fragments of

pen reading frames that are normally not expressed
y the bacterial cell. Recently, a method similar to the
ne presented here has been used to search a yeast
enomic library for peptides that support protein oli-
omerization (8).
The dimerization properties of the l repressor have

een used for an extensive analysis of the sequence
equirements of GCN4 leucine zipper (9). Since then,
ith some variations, the repressor assay has been

ncorporated into several experimental designs to de-
ect protein-protein interaction in vivo. The protein
onsists of an amino-terminal domain (1–92), which
inds DNA, and a carboxy-terminal domain (93–236),
hich mediates dimerization (10). The repressor binds

o DNA as a dimer, but the DNA binding domain alone
imerizes inefficiently and requires the carboxy-
erminal domain to be functional. Heterologous do-
ains able to dimerize can functionally substitute the

arboxy-terminal domain. The wild-type repressor
locks the transcription of the genes responsible for the
hage lytic cycle so that a very low level of the molecule
onfers immunity to l phage (11). Production of a re-
ressor fusion protein confers a level of phage immu-
ity that depends upon the dimerization constant of
he particular domain attached to the repressor.

ATERIALS AND METHODS

E. coli genomic DNA extraction, recombinant DNA procedures and
NA sequencing were performed according to standard methods (12).
he first genomic library was constructed by introducing E. coli NlaIII
enomic fragments into the vector pAC117 linearized with SphI. Clones
1, R2, R3 and R6 derived from this library. The next library was
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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enerated inserting Sau3A1 fragments into the plasmid pAC130 di-
ested with BamHI. Clones R25, R37, R45, R51, and R54 derived from
his second library. Before the ligation reaction the two vectors were
ephosphorylated. Plasmid libraries were transformed in electrocom-
etent bacterial strain Q537, (F2 mcrA mcrB rK

2 mK
1 i lac amU281

rgEam gal2 rif nal supo) and plated on LB plates containing chloram-
henicol (50 mg/ml) and 5-bromo-4-chloro-3-indolyl b-D-galactoside (40
g/ml). After overnight incubation at 37°C and a few days of further

ncubation at 4°C the plates were inspected for the presence of white
olonies. Plasmid DNA was isolated from white colony clones.

Freshly transformed bacteria were tested for both repressor and
-galactosidase activity. Repressor activity was quantitated with
2001, which carries the deletion KH54 in the cI gene that prevents
ysogenization. Ten-fold serial dilutions of a 1010 pfu/ml phage stock
ontaining from 5 to 5(107) pfu/ml were spotted on bacterial lawns
oured on l plates containing chloramphenicol (50 mg/ml). Highest
ysing phage dilution (HLPD) is the highest phage dilution that
roduces visible bacterial lysis. b-galactosidase activity was assayed
ccording to the method of Miller (13).
The most important features of the expression vector are explained

n Fig. 1. The fusion protein produced by each vector is reported in

Sequence and Activity of th

Clone Amino acid sequencea

2 [LEA] CSPSGSICESSDLQVLTRFLEGE-“IBPB”(M1-S14
3 [LEA] “AAC70143”(C45-G184)
6 [LEA] CLRRIYSS-“YIGA”(M1-M58)AYESGK
1 [LEA] CVCCRKRISGSSVRQARRIIHSIRAK
25 [LEG] STCRITVKLCVSTAQCRKAGKKNGA
37 [LEG] SRVTTLKKNWRKKV
45 [LEG] SYCRKRSRGRCCYPNGTEVPCQSRRAHRWDVP
51 [LEG] SISFCGGITTVVLNLRGR
54 [LEG] SCRRRRQKRKG
AC117 [LEAC]
AC130 [LEGSAC]
AC115 b-lactamase
AC116 Glutathione S-methyl transferase
AC120 cAMP dependent protein kinase regulatory subunit
MTC3 Wild-type repressor

a Peptide sequences found in frame with the repressor DNA bindi
b R: l resistant. S: l sensitive.
c HLPD: Highest Lysing Phage Dilutions that produces a visible l
d b-gal: b-galactosidase activity.

TAB

Sequence and Activity of the Deletion Mu

Clone Amino acid sequence

R6 [LEA] CLRRIYSS-“YIGA”(M1-M58)AY
pAC133 [LEA] CLRRIYSS-“YIGA”(M1-M58)
pAC134 [LEA] CLRRIYSS-“YIGA”(M1-H45)
pAC132 [LEA] CLRRIYSS-“YIGA”(M1-R42)
pAC135 [LEA] “YIGA”(Q3-M58)
R51 [LEG] SISFCGGITTVVLNLRGR
pAC137 [LEG] SISFCGGIITVVLNLR
pAC140 [LEG] SISFCGGIITVVLNL
pAC138 [LEG] SISFCGGITTVVLN
pAC141 [LEG] SITTVVLNLR

Note. For explanations see legend to Table 1.
244
ables 1 and 2. All the vectors used in this work are derivative of
ACYC184 (14). Plasmid pMTC3 encodes the wild-type repressor
nd has been constructed before (15). Plasmid pAC115 and pAC120
ncode a repressor fusion protein similar to the vectors pMTC9 and
MTC111. Both pMTC9 and pMTC111 have been described before
15). They include the sequence for the first 155 amino acid of the
epressor. In contrast, the new vectors pAC115 and pAC120 encode
nly the 102 amino-terminal residues. In addition the construct
AC120 differs from the previous vector pMTC111 as the sequence
or the cAMP dependent kinase regulatory subunit corresponds to
he full-length gene. pAC115 was obtained from the previously de-
cribed pAC55 (16), replacing the fragment SacI-XhoI with the frag-
ent SacI-XhoI of pMTC9 (15). pAC120 derives from pAC115 replac-

ng the KpnI-EagI fragment with the KpnI-EagI fragment of
MTC16 (15).
pAC116 derives from pAC55 (16), replacing the SacI-SalI frag-
ent with the PCR product amplified with oligonucleotides R84 and
86 and restricted with SacI-SalI. The vector pGEX (Amersham
harmacia Biotech) was used as template for the amplification of the
lutathione S-transferase sequence. pAC117 derives from pAC116
liminating the XhoI-XhoI fragment. pAC130 derives from pAC117

Repressor Fusion Proteins

Notes lb HLPDc b-gald

Entire protein R 1021 0.5
Hyp ORF, C-terminal fragment R 1021 0.7
Hyp ORF, N-terminal fragment R 1021 0.6
Out of frame in YJFH sequence R 1021 0.9
Out of frame in MUTL sequence R 1021 1.2
E. coli non coding region R 1021 5.5
Out of frame in GIDA sequence R 1021 1.5
Non coding strand in CYSI sequence R 1021 1.0
Out of frame in YAGF sequence R 1021 5.1
Negative control S 1027 945.8
Negative control S 1027 1164.4
Negative control S 1027 490.6
Positive control R 1021 4.0
Positive control R 1021 ;0
Positive control R 1021 ;0

domain.

of the bacterial lawn.

2

ts Derived from the Clones R6 and R51

l HLPD b-gal

GK R 1021 0.6
R 1021 ;0
S 1027 1191.3
S 1027 1230.2
S 1027 22.2
R 1021 1.0
R 1021 2.6
S 1027 638.0
S 1027 1935
S 1027 788.0
e l

2)

RR

ng

ysis
LE
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ES



in two steps. First, a single BamHI site was eliminated from pAC117.
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ext, the fragment SacI-SphI was replaced by a cassette provided by
ligonucleotides R97 and R98 which also contains a new BamHI site.
The vectors pAC132, pAC133, pAC134 and pAC135 were all con-

tructed from the vector pAC117 replacing the SacI-SphI fragment
ith PCR fragments amplified from the clone R6 and restricted with
acI-SphI using the primers R103-R104, R103-R105, R103-R106,
nd R107-R105, respectively.
The vectors pAC137, pAC138, pAC140 and pAC141 all derive from

he plasmid pAC130 replacing the fragment XhoI-BamHI with cas-
ettes provided by the oligonucleotides R113-R114, R115-R116,
119-R120, and R121-R122, respectively.
The structure of all the deletion mutants was confirmed by DNA

equencing.
Oligonucleotide sequences: R84 (59-GCAGAGCTCGAGTCCCCTA-

ACTAGGTTATT-39). R86 (59-CCCGTCGACCTAGCATGCCTCGAGT-
TTGGAGGATGGTCGCCAC-39). R97 (59-CGAGGGATCCGCATG-39).
98 (59-CGGATCCCTCGAGCT-39). R103 (59-CGCGAGCTCTGTC-
ACGACGGATTTATTC-39). R104 (59-CGCGCATGCTTAACGTAT-
GCTTCTACTGCGC-39). R105 (59-CGCGCATGCTTACATGTGCCAC-
CGACCAACG-39). R106 (59-CGCGCATGCTTAATGCGGCACACGTAT-
GCTT-39). R107 (59-CATGAGCTCCAACCAGGGGAAGAACTGCA-39).
113 (59-TCGAGGGATCGATATCGTTCTGTGGCGGGATCACTACCG-
GGTTTTGAATTTACGCTAAG-39). R114 (59-GATCCTTAGCGTAAAT-
CAAAACCACGGTAGTGATCCCGCCACAGAACGATATCGATCCC-39).
115 (59-TCGAGGGATCGATATCGTTCTGTGGCGGGATCACTAC-
GTGGTTTTGAATTAAG-39). R116 (59-GATCCTTAATTCAAAACC-
CGGTAGTGATCCCGCCACAGAACGATATCGATCCC-39). R119

59-TCGAGGGATCGATATCGTTCTGTGGCGGGATCACTACCGTGG-
TTTGAATTTATAAG-39). R120 (59-GATCCTTATAAATTCAAAAC-
ACGGTAGTGATCCCGCCACAGAACGATATCGATCCC-39). R121

59-TCGAGGGATCGATCACTACCGTGGTTTTGAATTTACGCTAAG-
TATCG-39). R122 (59-GATCCGATATCTTAGCGTAAATTCAAAACC-
CGGTAGTGATCGATCCC-39).

ESULTS

We have used an expression system designed to keep
constant low level of fusion protein inside the bacte-

ial cell (17). In this vector, a tightly repressed copy of
he 434 phage PL promoter drives the expression of the

repressor. In addition, the vector encodes the se-
uence for an amber suppressor tRNA which is cloned
ownstream from the major leftward l promoter (lPL)
nd acts as a reporter system (15). Transcription of the
RNA depends on the extent of repression at l OL PL.
he expression of the suppressor tRNA is detected
fter transformation of the plasmid into a bacterial
train which carries an amber mutation in its chromo-
omal lacZ gene. As a result, bacteria expressing a
unctional repressor fusion protein are identified by a
ac2 phenotype (Fig. 1).

Two random peptide libraries were constructed by
ntroducing E. coli (strain Q537) DNA fragments into a
loning site positioned at the 39 end of the sequence
ncoding the repressor DNA binding domain (Ser1-
lu102). We decided to use the genome of the bacte-

ium E. coli because its DNA has been entirely se-
uenced (18).
Plasmid libraries were transformed in the detector

train Q537. Plasmid DNA was prepared from white
olonies (40 from the first library and 76 from the
245
econd library) and retransformed in strain Q537 to
ake sure that the bacterial phage resistance pheno-

ype was indeed determined by the presence of the
lasmid. The freshly transformed putative resistant
lones were tested for the level of b-galactosidase ac-
ivity. Repressor activity was scored by a spot test
pplying phage dilutions on bacterial lawns derived
rom the individual clones. Those that conferred only
n intermediate level of phage resistance were not
urther characterized. Highly resistant clones were
ound at a frequency of 1 in 2400. After DNA sequenc-
ng a total of 9 highly resistant clones were isolated
rom the two libraries.

The amino acid sequences that were found to be in
rame with the repressor DNA binding domain in each
f these clones are listed in Table 1. Residues in square
rackets derive from the vector cloning site. The func-
ional properties displayed by these clones were simi-
ar to those conferred by the wild-type repressor and by

FIG. 1. Rationale of the genetic screen used to isolate oligo-
erizing peptides. Top part: a functional repressor fusion protein

l rep1) binds the l operator, prevents the transcription of the amber
uppressor tRNA and confers lac2 phenotype. Bottom part: a non-
unctional repressor fusion protein (l rep2) does not bind the oper-
tor, allowing the expression of the suppressor tRNA and the syn-
hesis of b-galactosidase.
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wo other dimeric fusion proteins, which were con-
tructed as a positive control. This was done fusing the
I DNA binding domain to the cAMP dependent pro-
ein kinase regulatory subunit and the glutathione
-methyltransferase. In contrast, bacteria expressing
ither a truncated form of the repressor lacking the
imerizing domain or the cI DNA binding domain
used to the monomeric enzyme b-lactamase were l
ensitive and served as negative controls (see lower
art of Table 1).
Three of the isolated clones encode a known or hy-

othetical E. coli protein sequence. Clone R2 contains
he entire sequence corresponding to the heat shock
rotein IBPB (19). This protein has been characterized
nd there is evidence that it forms oligomers (20).
lone R3 contains the sequence corresponding to the
-terminal part of the protein AAC70143. The insert of
6 encodes the N-terminal region of the YIGA protein.
AC70143 and YIGA sequences are annotated as hy-
othetical ORFs in the protein database and their
unction is unknown. The data suggest that the two
RF segments in question can be expressed inside the
acterium and do fold into a stable structure.
To confirm the validity of our approach we derived a

umber of deletion mutants from clone R6 with a view
f identifying the minimal sequence able to oligomer-
ze. As a consequence of a co-ligation event between
wo library DNA fragments the protein fusion ex-
ressed by clone R6 contained a carboxy-terminal ex-
ension (AYESGK) that is not part of the YIGA ORF.
eletion of this peptide sequence indicates that it is not
ssential for the oligomerization. Instead, two larger
arboxy-terminal deletions in the YIGA ORF fragment
ompletely abolished its ability to substitute for the
epressor carboxy-terminal domain (Table 2). The re-
ressor fusion encoded by clone R6 includes a short
equence (CLRRIYSS) between the repressor moiety
nd the ATG initiation codon of YIGA ORF. Removal of
his segment together with the two amino-terminal
esidues of the YIGA ORF caused a marked increase in
hage sensitivity together with a moderate increment
f b-galactosidase activity (Table 2). This result indi-
ates that all or part of these amino acid residues are
ither directly involved in the folding-assembly of the
IGA protein segment or act as a linker sequence
etween the YIGA domain and the repressor domain.
The rest of the clones isolated from the two genomic

ibraries present DNA sequences that were also iden-
ified in the database as belonging to the E. coli ge-
ome. However, these DNA sequences apparently do
ot direct the synthesis of a natural product. In fact the

nserts of clones R1, R25, R45, R51, and R54 overlap
ut are not in frame with known or hypothetical pro-
ein sequences. In particular, the sequence of clone R51
erives from the “non-coding strand” of a known pro-
ein. Finally, in the case of clone R37, the sequence is
resumably part of a non-coding region of the E. coli
246
enome. The lengths of these peptide sequences range
etween 11 and 34 amino acids. A BLAST search of
hese protein sequences did not show a significant sim-
larity to the sequences present in the whole protein
atabase.
To verify to what extent the l resistance phenotype

onferred by this second group of fusion proteins was
pecifically dependent upon their amino acid sequences
e decided to carry out a deletion analysis on one of the
eptides (Table 2). Elimination of the two carboxy-
erminal residues, GR, from the 18 amino acid peptide
ncoded by clone R51, did not cause a functional
hange. In contrast, deletion of the last three amino
cid residues, RGR, determined a radical increase in
oth phage sensitivity and b-galactosidase activity.
hus, we have identified two peptides, pAC137 and
AC140, which differ by the presence of a single argi-
ine at the carboxy-terminus, but display drastic phe-
otypic differences. It should also be mentioned that
NA sequencing of the two clones, besides the pres-
nce of the carboxy-terminal deletions, identified also
he unanticipated substitution of a T to I in position 9
f the peptide. The presence of a single arginine at the
arboxy-terminus is not sufficient for the activity of the
eptide, as the deletion of six amino acid residues from
ts amino-terminal region led to a high level of phage
ensitivity (Table 2).

ISCUSSION

The data presented here confirm the value of the l
epressor as a tool to detect and map the interactions
etween protein domains. As a result of our genetic
creen we have identified two classes of sequences able
o promote protein oligomerization in vivo. Some se-
uences encode proteins which are known or which
resumably exist inside the bacterial cell. Since a large
umber of natural proteins form oligomeric complexes,
e suggest that systematic PCR cloning of ORFs com-
ined with the l repressor dimerization test could be
sed to prove the expression and the ability of the
ypothetical ORFs present in the database to fold-
ssemble in E. coli. Large-scale information about the
endency of proteins to homo-oligomerize may also be
btained with other screening methods to analyze
rotein-protein interactions, like the yeast two-hybrid
ystem (21).
The second group of clones includes DNA sequences

hat direct the synthesis of relatively short and “un-
atural” peptides. We found it remarkable that such
equences could substitute for the repressor dimerizing
omain, although it is possible that not all the peptides
solated by this method assemble in a simple homoli-
omeric form. The function of some of these protein
usions could derive from the interaction of the pep-
ides with another oligomeric protein present inside
he cell, which could link and indirectly bring together
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he l repressor headpieces. Similarly, DNA or RNA
olecules could also act as a bridge. This last possibil-

ty is reinforced by the fact that several sequences are
ich in positively charged residues. Regardless of the
pecific mechanism of interaction, the identification of
ovel sequences promoting protein oligomerization
ay be important to understand the evolution of nat-

ral protein structures. In addition, it may be interest-
ng for protein engineering applications. Zhang and
ollaborators have screened a yeast genomic library for
eptides able to support protein oligomerization in vivo
8). As in our case, the majority of the functional se-
uences isolated by these authors do not belong to the
omplement of the natural proteins.
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