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Self-assembling proteins and protein fragments encoded by the Escherichia coli genome were identified from
E. coli K-12 strain MG1655. Libraries of random DNA fragments cloned into a series of A repressor fusion
vectors were subjected to selection for immunity to infection by phage . Survivors were identified by sequenc-
ing the ends of the inserts, and the fused protein sequence was inferred from the known genomic sequence.
Four hundred sixty-three nonredundant open reading frame-encoded interacting sequence tags (ISTs) were
recovered from sequencing 2,089 candidates. These ISTs, which range from 16 to 794 amino acids in length,
were clustered into families of overlapping fragments, identifying potential homotypic interactions encoded by
232 E. coli genes. Repressor fusions identified ISTs from genes in every protein-based functional category, but
membrane proteins were underrepresented. The IST-containing genes were enriched for regulatory proteins
and for proteins that form higher-order oligomers. Forty-eight (20.7%) homotypic proteins identified by ISTs
are predicted to contain coiled coils. Although most of the IST-containing genes are identifiably related to
proteins in other bacterial genomes, more than half of the ISTs do not have identifiable homologs in the
Protein Data Bank, suggesting that they may include many novel structures. The data are available online at

http://oligomers.tamu.edu/.

For many proteins, quaternary structure is intimately cou-
pled to function and stability. This coupling allows the regula-
tion of many cellular processes to be controlled through spe-
cific assembly or disassembly of protein complexes as well as by
conformational changes that alter how subunits contact one
another.

Proteins use a wide variety of quaternary structures to as-
semble multisubunit complexes. Genome-wide identification
of protein interactions by use of genetic (21, 36, 46, 57, 58) or
biochemical (15, 19, 41) screens has provided a wealth of
insight into the diversity of structures used for self-assembly. In
the annotation of predicted open reading frames (ORFs), as-
sembly interactions are an important feature that provides
insights into structure and function. In addition, the involve-
ment of a gene product in a multimeric complex suggests
strategies for the generation of assembly-based inhibitors for
functional studies (18). The possibility that protein interactions
represent a large and largely underexploited target for drug
discovery has also been discussed (6, 55)

The study of the protein interactome has focused on hetero-
typic interactions, as these can provide links between proteins
of unknown function and proteins of known function. How-
ever, homotypic interactions, which are found in both homo-
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multimeric proteins and as subcomplexes of heteromultimeric
proteins, may be the most common way to form protein com-
plexes in nature (31). Although by definition self-interaction
does not link a protein’s function to that of another protein,
homotypic interactions are important in the study of protein
structure, function, and evolution and should be just as useful
as heterotypic interactions as potential targets for disruption in
functional studies or drug development.

Homotypic interactions are poorly recovered by both two-
hybrid and biochemical interaction screens. It has been shown
that a modified version of a one-hybrid system based on fusion
proteins to bacteriophage A repressor can be used to identify
homomultimerization domains from the Saccharomyces cerevi-
siae genome (36). Our general strategy is to sample genomes
for self-assembling domains from libraries of genomic DNA
fragments cloned downstream of the \ repressor DNA-binding
domain. Clones that confer immunity to infection by phage \
identify self-assembling proteins and protein fragments. Here,
we describe a more extensive study to identify and partially
localize homotypic interaction domains encoded by the Esch-
erichia coli genome.

MATERIALS AND METHODS

Strains, plasmids, and media. The strains used in this study are derivatives of
AG1688 [F'128 laclV lacZ::Tn5/araD139 A(ara-leu)7697 A(lac)X74 galE15
8alK16 rpsL(Str") hsdR2 mcrA mcrB1] (20). The repressor fusion libraries were
transformed into JH787 [AG1688 (¢80 Su-3)]. The screen for insert dependence
was done with LM58 [JH787 (ALM58)] and LM59 [AG1688 (ALM58)]. ALM58
is a Nimm21 specialized transducing phage that carries a py -cat reporter. Re-
pressor fusion libraries were constructed in pLM99 (GenBank accession no.
AF308739), pLM100 (GenBank accession no. AF308740), and pLM101 (Gen-
Bank accession no. AF308741) (35-37). These vectors contain an amber muta-
tion at codon 103 of the cI segment, between the DNA-binding domain and the
DNA insert, which is used for screening for insert dependence (see below).
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Expression of the fusion proteins is driven by the P, promoter (59), a weak
constitutive promoter derived from an operatorless Py, .;vs. The P54, promoter
contains multiple mutations relative to Pj,.vs and has the sequences TTTATG
and TACATT, respectively, at the —35 and —10 hexamers. While we do not
know precisely how strong this promoter is, expression is below the basal levels
observed in lacI?! strains from multicopy expression vectors with the lacUVS
promoter lacking the lacO2 and lacO3 operators.

Luria broth (LB) and LB agar were prepared from premixed powders (Difco).
2XYT broth was prepared as described by Miller (38).

Repressor fusion library construction. E. coli K-12 MG1655 (kindly provided
by Debby Siegele) was used to prepare genomic DNA. Fifteen high-complexity
libraries were generated by using either a multienzyme approach (22) or physical
DNA shearing (43) to generate inserts used for the repressor fusion libraries.
Enzymes were purchased from New England Biolabs (Beverly, Mass.) unless
indicated otherwise.

For the multienzyme approach, a combination of restriction enzymes was used
to partially digest E. coli genomic DNA and generate ends that are compatible
with the cloning sites present in pLM99, pLM100, and pLM101. Ten micrograms
of genomic DNA was partially digested for 1 h at the temperature recommended
by the manufacturer. Equal amounts of separate CviTI (Megabase Research,
Lincoln, Neb.) (8 U), BstUI (5 U), Rsal (2.5 U), and HpyCH4V (2.5 U) partial
digests were pooled and cloned into the Smal site of pLM99, pLM100, and
pLMI101 to generate three libraries (EB099, EB100, and EB101) in different
reading frames. For the ET099, ET100, and ET101 libraries, partial digests of
E. coli DNA with Tagl (0.2 U) were ligated into repressor fusion vectors digested
with BstBI. The EN099, EN100, and EN101 libraries were generated from
partially NlaIII (2.5 U)-digested E. coli DNA ligated into repressor fusion vectors
digested with Sphl. The ES099, ES100, and ES101 libraries were generated by
using partially Sau3AI (2.5 U)-digested E. coli DNA ligated into repressor fusion
vectors digested with Bg/II. In all cases, the digested vector DNA was treated
with calf intestinal alkaline phosphatase (Roche) prior to use in ligations.

For mechanical shearing, the DNA was fragmented with a HydroShear appa-
ratus (GeneMachines, San Carlos, Calif.) according to the manufacturer’s in-
structions. Five micrograms of genomic DNA was subjected to 20 cycles at speed
code 5. The average size of the resultant DNA fragments was about 2 kb. After
shearing, the ends were converted to blunt ends by adding 4.5 U of T4 DNA
polymerase and 21 U of Klenow fragment supplemented with 250 pM de-
oxynucleoside triphosphates in 1X EcoPol buffer (10 mM Tris-HCI [pH 7.5], 5
mM MgCl,, 7.5 mM dithiothreitol), the reaction mixture was incubated for 40
min at 25°C. The blunt-ended DNA fragments were repurified with a Qiagen
QIAquick PCR purification kit. The EH099, EH100, and EH101 libraries were
generated by cloning sheared and DNA polymerase-treated DNA into the three
repressor fusion vectors digested with Smal and treated with alkaline phospha-
tase as described above.

The complexity of the libraries was estimated from the number of transfor-
mants obtained in the absence of phage selection. We estimate that each library
contains on the order of 10° independent inserts. To estimate the fraction of the
clones that contained inserts, primers flanking the multiple cloning site (cI-up,
5'-AGTATGCAGCCGTCACTTAG-3', and LM3-R, 5-GGGGTTATGCTAG
TTATTGC-3") were used to PCR amplify 60 randomly chosen clones from each
library. We estimate that 95% of the clones contained a genomic insert from
each of the libraries, with a typical insert size of 1,000 = 500 bp. Amplification
reactions were done by PCR with Tag DNA polymerase (Promega).

Selection and screening procedure. Detailed procedures for selection and
screening have been described previously (37). Briefly, ~107 JH787 transfor-
mants containing unamplified fusion libraries were plated on LB-ampicillin-
kanamycin plates seeded with 10° PFU of ANKH54 and NKHS54h80/plate. The
KH54 mutation is a deletion of cI, which prevents the selection phage from
forming lysogens, which would be immune to N\. A\KH54 and NKH54h80 use
different receptors to infect E. coli; using both phages simultaneously reduces the
background of receptor mutants that would be seen with only one of the two
phages. The plates were incubated at 37°C overnight, and survivors were picked
into 96-well plates for further analysis. We performed insert dependence tests as
described previously (35-37) for the EB099, EB100, and EB101 libraries and
found that all of the survivors were insert dependent, as judged by the depen-
dence of repressor function on an amber suppressor that allows translation of the
insert. Therefore, the other libraries were not evaluated for insert dependence.

Identification of interacting fragments. Cultures of isolated colonies were
grown overnight in 1.5 ml of 2XYT+Amp broth (200 pg/ml) for plasmid preps
in 2-ml-deep well plates (Whatman). Plasmid DNA was extracted from the
positive clones by the Promega MagnaSil method on a BioMek 2000 laboratory
automation workstation. Plasmid preps were stored at 4°C until sequencing
reactions were performed.
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FIG. 1. General scheme for selection and analysis of ISTs. Random
fragments generated by partial restriction digests or mechanical shear-
ing were cloned into a series of cloning vectors to generate fusions to
the DNA-binding domain of \ cI repressor in all three reading frames.
These libraries are subjected to selection for repressor function by
plating on A phage. Survivors are identified by sequencing the ends of
the inserts and using BLAST to find the corresponding segment in the
complete sequence of the E. coli K-12 MG1655 genome. Clones are
saved as frozen cultures, and data about each clone are archived in the
Doodle database at http://oligomers.tamu.edu. Details for each step
are described in the text.

Inserts were identified by automated dye terminator DNA sequencing from
the cl-up and LM3-R primers. DNA sequencing reactions were done with the
ABI Big Dye terminator kit (Applied Biosystems), and sequences were obtained
at the Laboratory for Plant Genome Technologies at Texas A&M University.
Sequence trace files were processed with Phred (12) or Sequencher (Gene Codes
Corp., Ann Arbor, Mich.). The sequences from each end of the inserts were
identified by BLAST (1) searches against the E. coli protein database (National
Center for Biotechnology Information) located at ftp:/ftp.ncbi.nlm.nih.gov/blast
/db/ecoli.aa.Z, and the full sequences of the interacting sequence tags (ISTs)
encoding self-assembling domains were inferred from the reference E. coli ge-
nome sequence. Annotations assigning gene names were from EcoGene (50).
The DNA traces, FASTA files, and BLAST reports generated for the identifi-
cation of ISTs were stored in the Doodle (Database of Oligomerization Domains
from Lambda Experiments) database at http://oligomers.tamu.edu (L. Marifio-
Ramirez, X. Tang, and J. C. Hu, unpublished data).

RESULTS

Identification of homotypic ISTs by use of repressor fusions.
The general scheme for our selection for gene fragments en-
coding self-assembling proteins and protein domains is shown
in Fig. 1. We constructed a total of 15 libraries containing
quasi-random genomic DNA fragments of the E. coli K-12
strain MG1655 as described in Materials and Methods. Each of
the repressor fusion libraries was then subjected to selection
for phage immunity, and the ends of the inserts from 2,089
survivor clones were sequenced. By comparing the end se-
quences to the MG1655 (4) reference sequence, we identified
the cloned segments in each candidate, which we refer to as
ISTs (21). The immune clones identified fall into two catego-
ries: ORF-encoded clones (2,005 clones) and non-ORF-en-
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FIG. 2. Functional annotation of genes containing ISTs. Functional classification categories are from Blattner et al. (4) and Riley (48). Filled
and open bars show the percentages of the genome and proteins containing ISTs, respectively, assigned to each functional class. Although MG1655
does not contain any plasmids, extrachromosomal genes include prophage genes that are present in the original genomic DNA used to construct

the libraries.

coded clones (84 clones). An ORF-encoded IST is defined as
a DNA fragment from a repressor fusion that is read in the
same reading frame as it is in annotated E. coli ORFs in the
EcoGene database (50). The 2,005 ORF-encoded ISTs iden-
tified 463 nonredundant ORF-encoded ISTs. These ISTs were
clustered into families of overlapping fragments, identifying
potential homotypic interactions in 232 E. coli proteins (Table
1). Most of the non-ORF-encoded fusions were very short,
typically 12 to 20 amino acids (aa) in length, similar to those
observed in previous studies (23, 60). A current list of ORF-
encoded ISTs is available is available in the Doodle database at
http://oligomers.tamu.edu.

Annotation of proteins containing homotypic interactions.
Figure 2 shows the distribution of genes with ISTs based on the
functional classification in GenProtEC (48). Repressor fusions
identified ISTs from genes in every protein-based functional
category. Overall, the distribution of IST-containing genes is
similar to that observed for the complete genome. However,
relative to the genome, repressor fusions are underrepresented
in the functional categories for cell structure and transport
(which contains many membrane proteins).

Nevertheless, the ISTs from the 27 nonredundant proteins
found in the cell structure and transport categories include 9
that are annotated as integral membrane or transmembrane
proteins in SWISSPROT. In these cases, the IST could corre-
spond to a periplasmic or cytoplasmic oligomerization domain
from a membrane protein. For example, a fragment of the Kch
protein corresponding to an intracellular C-terminal dimeriza-
tion domain was found as an IST. This domain contains a
conserved hydrophobic dimer interface also found in eukary-
otic transporters (26). ISTs were also found in the C-terminal
domain of YajC, a membrane-associated protein that interacts
with the SecA translocation machinery (10, 42), and in EmrE, a
multidrug transporter that has been shown to be oligomeric (49).

Genes from the regulation category are overrepresented

among the IST-containing genes, consistent with the idea that
oligomeric transcription factors are a major component of this
functional category. ISTs were found in 62 proteins annotated
as transcription factors. The most abundant family of transcrip-
tional regulators in E. coli is the LysR family. Thirteen of the
46 LysR family members were identified. Nine of the 12 DeoR
family members of transcriptional regulators were identified.
Five of the 15 PurR family members of transcriptional regu-
lators were also identified along with 3 of the 4 RpiR family
members.

The diversity of proteins identified by ISTs is also reflected
in the evolutionary families they represent. The clusters of
orthologous groups of proteins (COGs) database classifies the
proteins encoded by 43 sequenced genomes according to their
homologous relationships (52). Of the 232 homo-oligomeric
proteins identified by ISTs, 210 have a COG assignment, indi-
cating that they are members of conserved protein families.
These 210 proteins are distributed among 153 different COGs
of 1,905 present in the E. coli genome (Table 1).

We are especially interested in ISTs that might identify new
oligomerization domains or motifs. However, we expect that
many of the ISTs will be from proteins whose structural basis
for assembly has already been determined. To determine how
the ISTs are distributed among known and unknown struc-
tures, we performed BLAST sequence similarity searches
against the Protein Data Bank (PDB) (3) database. Using a
cutoff E value of 107° and sequence identities of more than
70% to detect E. coli proteins or very close homologs, we
found that 23 of the 232 proteins identified by ISTs have
structures in the PDB. Twenty-one of the 23 structures found
are annotated as homotypic oligomers in the Protein Quater-
nary Structure (PQS) database (17) with a variety of oligomer-
ization states (Fig. 3a). Although repressor fusions are able to
find homodimers, our selection appears to be biased towards
recovering higher-order oligomers (Fig. 3b).
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TABLE 1. Genes containing ISTs identified in this study

Gene b no. COG no. Gene b no. COG no. Gene b no. COG no.
agaR b3131 COG1349 kdtA b3633 COG1519 ybjQ b0866 COG0393
allR b0506 COG1414 lldR b3604 COG2186 yeaC b0897 COG1335
ansA b1767 COG0252 IpxD b0179 COG1044 ycaP b0906 COG2323
araA b0062 COG2160 Ip b0889 COG1522 yedL b1011 COG1335
argD b3359 COG0160 IsrF b1517 COG1830 yceH b1067 COG3132
argH b3960 COGO0165 IsrR bl1512 COG2390 yciA b1253 COG1607
argP b2916 COGO0583 maeB b2463 COG0280 yeiT b1284 COG1349
argR b3237 COG1438 mall b1620 COG1609 yejC b1299 COG1396
asnC b3743 COG1522 malM b4037 ydaU b1359 COG3756
atoC b2220 COG2204 mcrB b4346 COG1401 ydfN b1547

b0298 b0298 COG2963 melA b4119 COG1486 ydgB b1606 COG1028
b0373 b0373 COG2963 menG b3929 COG0684 ydhT b1669

b0540 b0540 COG2963 metB b3939 COG0626 yeaU b1800 COG0473
b1027 b1027 COG2963 mhpC b0349 COG0596 yebK b1853 COG1737
b2088 b2088 COG2963 moaC b0783 COGO0315 yebT b1834 COG3008
betB b0312 COG1012 mrr b4351 COG1715 yedX b1970 COG2351
caiA b0039 COG1960 murC b0091 COG0773 yeeX b2007 COG2926
cdaR b0162 COG3835 mutS b2733 COG0249 yegW b2101 COG2188
chbA b1736 COG1447 nuoC b2286 COGO0852 yeiE b2157 COGO0583
citE b0616 COG2301 paaF b1393 COG1024 yeil b2160 COG2771
clpB b2592 COG0542 paal b1396 COG2050 yfaU b2245 COG3836
coaD b3634 COG0669 panB b0134 COG0413 yfay b2249 COG1058
cynR b0338 COGO0583 parC b3019 COGO0188 yfbR b2291 COG1896
cynT b0339 COG0288 pdx] b2564 COGO0854 yfbUu b2294 COG3013
cysN b2751 COG2895 phnH b4100 COG3625 yfdL b2355
deoR b0840 COG1349 phoH b1020 COG1702 yfdQ b2360
dfp b3639 COG0452 phoU b3724 COG0704 yfeC b2398
dnaT b4362 pqiB b0951 COG3008 yfeD b2399
dnaX b0470 COG2812 priB b4201 COG2965 yfeT b2427 COG1737
dps b0812 COGO0783 priC b0467 COG3923 yffL b2443
dsdC b2364 COGO0583 proC b0386 COGO0345 yis b2450

ebgR b3075 COG1609 prpC b0333 COG0372 yfhH b2561 COG1737
emrE b0543 COG2076 pspA b1304 COG1842 yfhK b2556 COG0642
entA b0596 COG1028 pspF b1303 COG1221 ygaE b2664 COG1802
epd b2927 COG0057 PssR b3763 COGO0583 ygbl b2735 COG1349
eutL b2439 ptsA b3947 COG1080 ygbL b2738 COG0235
eutM b2457 purE b0523 COG0041 ygeV b2869 COG3829
eutT b2459 radA b4389 COG1066 yhal b3105 COGO0583
fabR b3963 COG1309 rarA b0892 COG2256 yhbN b3200 COG1934
fabZ b0180 COGO0764 recE b1350 yhcS b3243 COGO0583
farR b0730 COG2188 recR b0472 COGO0353 yheO b3346 COG2964
feaB b1385 COG1012 recT b1349 COG3723 yhfS b3376
fepE b0587 COG3765 relA b2784 COG0317 yhjC b3521 COGO0583
fiH b1940 COG1317 rhaA b3903 yi2l 1 b0360 COG2963
fliN b1946 COG1886 ribE b0415 COG0054 yi2l 2 b1403 COG2963
folX b2303 COG1539 rihC b0030 COG1957 yi2l_3 b1997 COG2963
fruR b0080 COG1609 rssA b1234 COG1752 yi2l 4 b2861 COG2963
fsaA b0825 COGO0176 rtcR b3422 COG1221 yi2l 5 b3044 COG2963
fucA b2800 COG0235 ruvA b1861 COG0632 yi2l_6 b4272 COG2963
gadB b1493 COG0076 ruvB b1860 COG2255 yiaU b3585 COGO0583
galS b2151 COG1609 selA b3591 COG1921 yiaY b3589 COG1454
garL b3126 COG3836 sgcR b4300 COG1349 yicC b3644 COG1561
garR b3125 COG2084 sgeX b4305 COG1363 yicR b3638 COG2003
gevA b2808 COGO0583 speB b2937 COG0010 yidW b3695 COG2186
gdhA b1761 COG0334 srlR b2707 COG1349 YihW b3884 COG1349
gleG b2977 COG3193 ssnA b2879 COG0402 yjbQ b4056 COG0432
gldA b3945 COG0371 stfR b1372 yjeF b4167 COG0063
glgC b3430 COG0448 sucB b0727 COGO0508 fo b4191 COG1349
gimM b3176 COG1109 surkl b2744 COG0496 yifR b4192 COG2220
ginB b2553 COG0347 tauD b0368 COG2175 yigl b4249 COG1028
ginG b3868 COG2204 thiG b3991 COG2022 yhU b4295 COG2390
glpR b3423 COG1349 tyrR b1323 COG3283 ylbA b0515 COG3257
gntR b3438 COG1609 ulaD b4196 COG0269 ymfK b1145 COG1974
hdhA b1619 COG1028 uxuR b4324 COG2186 ynal b1330 COG0668
hemB b0369 COGO0113 xseB b0422 COG1722 yneH b1524 COG2066
hisl b2026 COGO0139 yafC b0208 COGO0583 ynfL b1595 COGO0583
hofB b0107 COG2804 yagE b0268 COG0329 ynjH b1760

iadA b4328 yaiN b0357 COG1937 ypeA b2434 COG0456
ibpA b3687 COG0071 yajC b0407 COG1862 yhG b2549

ibpB b3686 COG0071 ybaD b0413 COG1327 ygeB b2875 COG1975
ilvE b3770 COGO115 ybaO b0447 COG1522 ygjl b3071 COG1695
ilvH b0078 COG0440 ybbN b0492 COG3118 yrbD b3193 COG1463
ilvl b0077 COG0028 ybcW b0559 yrbK b3199 COG3117
ivY b3773 COGO0583 ybdB b0597 COG2050 ysgA b3830 COG0412
ispF b2746 COG0245 ybdG b0577 COG0668 yifH b4212 COG1733
kbaZ b3132 ybeZ b0660 COG1702 ytfL b4218 COG1253
kch b1250 COG1226 ybgC b0736 COG0824
kdgR b1827 COG1414 ybgF b0742 COG1729
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Coiled-coil predictions for all the E. coli ORFs revealed that
495 ORFs, or 11.5%, are predicted to contain coiled coils by
using the COILS2 algorithm (34). Forty-eight homo-oligo-
meric proteins identified here (20.7%) are predicted to form
coiled coils, indicating that the homotypic interaction dataset is
enriched for coiled coils. In 40 of these cases (83.3%), the IST
includes the region encoding the coiled coil.

Mapping assembly domains within ORFs. The position of
an IST within a gene defines a region sufficient for forming a
homotypic interaction. The sizes of the ISTs range from 16 aa
for EmrE to 794 aa for YebT. Figure 4a shows the distribution
of the lengths of the shortest IST found for each IST-contain-
ing gene as a fraction of the length of the complete ORF.
Although a majority of the ISTs comprise >90% of the full-
length gene product, in many cases the shortest ISTs suggest
the presence of a distinct domain that is sufficient for oligomer-
ization. Some genes are represented by single ISTs, whereas in
other cases, several ISTs are found for the same gene. The
ISTs from the multienzyme libraries generate more multiple
hits to the same genes than the libraries made by random
shearing. Multiple ISTs in a gene can be used to identify the
minimal region or regions involved in a homotypic interaction.
For example, we found eight ISTs from ParC, the A subunit of
DNA topoisomerase IV; the overlap between these maps the
oligomerization domain to aa 333 to 475 (Fig. 4b).

In most cases the ISTs overlap, suggesting that a single
region is required for oligomerization. However, ISTs only
identify regions that are sufficient to self-assemble and do not
rule out the possibility that more than one part of a protein can
oligomerize. For MutS, the oligomerization domain in the
crystal structure does not overlap with the minimal IST we
identified between aa 789 and 853 (Fig. 5a). The homodimeric
E. coli MutS structure was determined by using a fragment
containing aa 1 to 800. The IST corresponds to an additional
oligomerization domain at the carboxy terminus of the MutS
protein, which allows MutS dimers to form tetramers (32).

# of ISTs

1-10% 11-20% 21-30% 31-40% 41-50% 51-60% 61-70% 71-80% 81-90% 91-100%
% of Total Protein Length

b

parC 1 I 752

EB099.002 206 I 752
EN101.002 175 I 493
EH100.002 319 I 752
EH101.062 333 485
ES099.005 320 I 475
ES099.006 309 I 475
ES099.024 204 I 7 35
ES100.017

332 I 752

0 200 400 600 800

FIG. 4. Mapping oligomerization domains within IST-containing
proteins. (a) Distribution of ISTs as different fractions of the length of
the complete ORF. (b) Multiple ISTs define an oligomerization do-
main in ParC.
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FIG. 5. (a) Segments of MutS in ISTs compared to MutS crystal structures. The filled bar indicates full-length MutS; open bars show ISTs found
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ClpB; open bars, ISTs found in this study; diagonally hatched bar, N-terminal domain fragment that is monomeric in vitro; vertically hatched bar,

C-terminal domain that is oligomeric in vitro.

Two ISTs, containing residues 68 to 558 and 529 to 857, were
found in the ClpB protein, a heptameric ATP-dependent chap-
erone (28). Although the two ISTs overlap, each contains one
of the two AAA motif domains identified within ClpB (Fig.
5b). The oligomerization of these two segments of ClpB that
have been examined in vitro (39, 53). The C-terminal IST
contains sequences shown to form hexamers. Interestingly, the
N-terminal IST corresponds to a domain that behaves like a
monomer in vitro, indicating that the immunity phenotype of
the N-terminal IST could involve either improper folding of
this fragment when fused to cl or bridging interactions with
some other molecule. The N-terminal domain of ClpB has
been shown to bind unfolded protein (53), raising the possi-
bility that cI-ClpB (aa 68 to 558) self-assembles by binding to
unfolded parts of the fusion protein.

In four cases, the homotypic ISTs correspond to domains of
known structure (SucB, Kch, ArgR, and DnaX). The crystal
structure of an oligomeric domain of SucB was determined for
a fragment located between aa 173 and 405 (PDB accession no.
1E20). The minimal IST was found between aa 191 and 405,
and the amino acids not present in the IST are unstructured in
the crystal structure. The oligomerization domain of the Kch
protein is located between aa 241 and 393 (PDB accession no.
1ID1), and its minimal IST was found between aa 229 and 405.
The hexamerization domain of the arginine repressor (ArgR)
is located between aa 80 and 156 (PDB accession no. 1XXA),
and its minimal IST was found between aa 48 and 156. The
minimal IST for DnaX was found in between aa 247 and 455,
which overlaps with the amino acids seen in the oligomeriza-
tion domain of the gamma subunits in the clamp loader com-
plex (aa 1 to 373; PDB accession no. 1JR3). Translational
frameshifting within dnaX generates two gene products, tau
and gamma (5, 14, 56). The domain III fragment (aa 222 to
382) of both tau and gamma has been shown to form homotet-
ramers in vitro (7, 16).

DISCUSSION

Using large-scale functional selections with A repressor fu-
sions, we identified homotypic interactions for 232 proteins
encoded by the E. coli genome. As with a similar study with
yeast genomic fragments (37), there are several criteria to
support the idea that the ISTs identified here represent bona

fide oligomerization domains. First, the strong bias toward
fusions from annotated ORFs and in the correct reading frame
is consistent with a requirement for correct folding; at higher
expression levels, peptides encoded by sequences that are not
in frame with annotated ORFs are common (23, 60). Second,
in several cases, structural or biochemical evidence in the lit-
erature supports the oligomerization state of specific ISTs.
Third, in no case do we identify a fusion to a protein where we
have been able to find evidence that the fused domain should
be monomeric. Nevertheless, for many of the genes identified
here, the ISTs should be viewed as strong but not definitive
evidence for oligomerization. False positives, while rare, are
expected in the repressor system under our conditions. For
example, repressor fusions to E. coli dihydrofolate reductase, a
well-characterized monomeric protein, are immune to phage
infection and purify as a mixture of monomers and dimers
(unpublished data).

Among the genes identified by ISTs, we find oligomerization
domains that have been previously identified and many that
are novel. The proteins with ISTs that have entries or close
homologs in the PDB not only serve as positive controls but
also give an idea of the range of different homotypic molecular
architectures that can be identified by use of repressor fusions.
We used annotations from the PQS database (17) to evaluate
the oligomerization of ISTs that correspond to known protein
structures. PQS uses an automated algorithm to guess the
oligomerization state of a protein by evaluating the surface
area buried by protein-protein contacts in crystal structures.
While PQS annotations are not perfect, they provide a best
guess in cases where biochemical data are not available. In the
few cases where PQS annotations do not mark IST-containing
proteins as homotypic oligomers, there is good reason to be-
lieve that they are homo-oligomeric. GInG (NtrC) and DnaX
have structures in the PDB but are not part of the homotypic
PQS subset. However, it is well established that NtrC forms
homotypic oligomers (30, 45), and repressor fusions have been
used to study the oligomerization determinants within NtrC
(13). The dnaX gene encodes two proteins, the tau and gamma
subunits of DNA polymerase III holoenzyme. Translational
frameshifting occurs at residue 430, which is within the DnaX
ISTs. Thus, the phage immunity of these constructs could be
due either to cI fusions to segments of tau, which dimerizes to
hold together the two catalytic subunits in the DNA polymer-
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ase III holoenzyme (29), or to cI fusions to segments of the
gamma subunit, which forms a homotetramer in vitro (7) and
is part of a heteropentameric subcomplex of the clamp loader
in DNA polymerase III holoenzyme in vivo (25). For FruR, a
member of the PurR family of transcriptional regulators, a
nuclear magnetic resonance structure is available for the N-
terminal part of the protein (PDB accession no. 1UXD). How-
ever, the ISTs for FruR include C-terminal domains that are
not present in the nuclear magnetic resonance structure. Al-
though the oligomeric state of FruR is unknown, the sequences
corresponding to the FruR IST form homodimers or homotet-
ramers in other members of the PurR family.

From analysis of E. coli proteins of known structure and
their close relatives, it is likely that on the order of half of the
proteins encoded in the genome are involved in homotypic
assemblies or subassemblies of larger heterotypic complexes
(L. Marino-Ramirez and J. C. Hu, unpublished data). The 232
proteins identified by ISTs thus represent a sampling of the
possible oligomerization domains encoded in the E. coli ge-
nome rather than an exhaustive enumeration.

We find oligomeric proteins in all functional categories. The
ISTs are biased toward transcription factors and against mem-
brane proteins. The bias toward transcription factors is likely
to reflect the tendency of regulators to be active oligomers at
very low expression levels, comparable to those used here to
avoid false positives. In addition, the low expression levels of
most transcription factors may be favorable for the recovery of
ISTs, as abundant dimeric proteins could interfere with the
activity of repressor fusions by titrating them into inactive
heteromultimeric complexes. The recovery of ISTs will also be
dependent on the topology of the repressor fusions; the re-
pressor domains must be close enough to each other to bind
the operator half-sites. This may prevent fusions to integral
membrane proteins from properly localizing. A recent report
of the use of repressor fusion vectors specifically tailored to
detect transmembrane domains identifies nine proteins that
were missed here (33). That study assayed for the activity of
repressor fusion proteins at expression levels above those used
here.

Among the 232 proteins, we found several proteins that have
been previously identified by others by use of repressor fusions:
IbpB (23), PspA (11), and NtrC (13). However, there are E.
coli proteins that are known to form active repressor fusions
that were not found in our screen, FtsZ (8), MalK (27), PhoB
(13), Fur (51), BglG (2), and YigA (23), consistent with the
idea that our screen was not saturated. In addition, there are
many proteins we have not recovered as ISTs that we think
should be recoverable in repressor fusions. These include
LacZ, Lacl, CAP, TrpB, and many other well-studied stable
oligomers. In several cases, we obtained ISTs for some mem-
bers of a conserved family of proteins but not from others that
are likely to oligomerize similarly. The LysR family of tran-
scriptional regulators (LTTRs) is the second largest family of
proteins present in the E. coli genome. It is likely that all
LTTRs assemble through similar homotypic interactions into
dimers or tetramers, but we recovered ISTs for only 13 of the
43 members of the LTTR family found in E. coli. Similarly, we
have identified ISTs for some, but not all, members of the
PurR family of transcription factors.

Despite subjecting numbers of clones that should be suffi-
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cient to provide full coverage to phage selection, the ISTs
recovered from both sheared and restriction enzyme libraries
are still missing many oligomeric proteins, indicating that non-
random factors remain. Although random shearing provided a
dramatic improvement in coverage compared to previous stud-
ies which used partial restriction digests only (54), several
factors may skew the recovery of ISTs even from sheared
DNA. First, the shearing process itself may not be perfectly
random. Second, different numbers of fusion junctions may be
possible for different oligomeric proteins, so that some pro-
teins would be overrepresented even in a perfectly random
library. Third, genes that are adjacent to other genes that are
toxic in high copy will be underrepresented. Fourth, our ability
to recover oligomerization domains depends, of course, on the
ability of a fusion protein to assemble enough oligomers to
provide immunity to phage \ infection. Some oligomeric pro-
teins may simply have dissociation constants that are too high
to support repressor activity at the expression levels provided
by the weak constitutive promoter in our vectors (37). Based
on the phenotypes of fusions to variant GCN4 leucine zippers
(59, 61), we estimate that cells expressing dimeric repressor
fusions with dissociation constants in the low micromolar range
should be immune to A\. However, these estimates are based on
many extrapolations from in vitro to in vivo conditions and may
not be applicable to other proteins. Note also that steady-state
expression levels are not the only factor affecting whether a
clone is recovered. Freshly transformed cells must express suf-
ficient repressor activity from the plasmid to confer immunity
before encountering a phage particle seeded on the plate. We
know that the plating efficiency on phage plates after transfor-
mation with plasmids carrying different repressor fusions varies
over several orders of magnitude under the conditions we used
to prevent the recovery of transformation siblings (data not
shown). The observed bias toward recovering higher-order oli-
gomers may reflect their improved ability to bind cooperatively
to adjacent operators within Oi and O, or to form looped
repressor-operator complexes between Oy and Oy (9, 47).

While the present screen has not reached saturation, the
ISTs we identified already provide us with a wealth of infor-
mation about specific E. coli proteins and about oligomeric
proteins in general. The identification of an IST defines oli-
gomerization as a biochemical property of the protein contain-
ing it and often maps the oligomerization domain within the
protein coding sequence. This is often the only functional an-
notation for hypothetical ORFs and may provide an entry for
further studies of biological function. For example, repressor
fusions can be used to study how the activity of specific pro-
teins is modulated by controlling oligomerization (2, 24).

In many cases, ISTs identify an oligomerization domain in a
specific region of the protein. This suggests the existence of a
contiguous and independent folding unit in the protein that
drives oligomerization. In other cases, the ISTs found are very
close to the full length of the protein. In some cases, the entire
protein may be necessary to observe the homotypic interaction.
For example, we recovered multiple clones encoding FolX
fusions to aa 1 to 120, suggesting that the entire protein was
required for a homotypic interaction. FolX forms an octameric
ring-like structure where the entire protein appears to be re-
quired for proper folding (PDB accession no. 1B9L) (44).
However, we cannot conclude that subdomains are not suffi-
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FIG. 6. Minimal ISTs found for the deoR family of transcriptional
regulators with homotypic interactions in E. coli. There are 12 mem-
bers of this family (COG1349) in E. coli K-12, and 9 of them have been
identified with repressor fusions. Bars indicate the lengths of the full-
length ORFs, aligned based on the multiple-sequence alignment in the
COGS database; spaces indicate gaps in the alignment. Filled regions
indicate the smallest ISTs found for each gene. The regions involved in
the homotypic interaction cluster at the C terminus.

cient for the oligomerization of most proteins where the IST
covers the entire ORF, as we may have simply failed to sample
the appropriate fragments.

More than half of the proteins identified with repressor
fusions do not have an identifiable homotypic homolog in the
PDB and may represent new folds. The identification of oli-
gomeric subdomains may be useful for structure determina-
tion. Multidomain proteins are often difficult to study, and the
ISTs should define independently folding domains that may be
more amenable to structure determination than the full-length
protein.

IST data can be combined with evolutionary analysis to
provide better domain mapping and functional assignments.
For example, multiple-sequence alignments of the DeoR fam-
ily of transcription factors suggest two conserved domains sep-
arated by a nonconserved linker. Sequence analysis identified a
helix-turn-helix located towards the N terminus of these pro-
teins. The best-characterized member of this family, the DeoR
repressor, appears to be an octamer in solution (40), but the
location of the oligomerization domain was not previously de-
scribed. Nine of the members of the DeoR family of transcrip-
tional regulators were identified by using repressor fusions
(Fig. 6). The ISTs include various amounts of the C-terminal
end of the ORF, assigning oligomerization function to the
conserved C-terminal domain.
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