GeneAmp 5700 (Applied Biosystems) with a Quantitect SYBR Green RT-PCR kit (Qiagen).
Expression levels were normalized on the basis of the amount of polyubiquitin transcripts.
All values are means and standard deviations for three triplicates of three biological repeats.

Construction of fluorescence-tagged fusions

cDNA fragments of CASTOR and POLLUX were amplified by PCR with the primers CAS-
F/CAS-R (5'-ACGCGTCGACATGTCCTTGGATTCGGAG-3', 5'-CATGCCATGGATT
CCTTTTCAGTAATTAC-3') and POL-F/POL-R (5'-ACGCGTCGACATGATACCACT
ACCAGTA-3', 5'-CATGCCATGGAATCGCCTGAAGCAATCAC-3"), respectively. Each
fragment was digested with Sall and Ncol and ligated into the same restriction sites of
pUCI18-CaMV35S-sGFP (S65T)-nos™. For the construction of AtrecA-DsRed2 fusion, a
fragment encoding the transit peptide of AtrecA'” was amplified from Arabidopsis thaliana
genomic DNA with the use of the primers AtrecA-Sall-F/AtrecA-LFH-R (5'-ACGCGT
CGACATGGATTCACAGCTAGTC-3', 5'-ATCGAATTCAGAACTGATTTTGTG-3").
DsRed2 fragment was amplified from pDsRed2-1 (Clontech) with the use of DsRed2-
LFH-F/DsRed2-NotI-R (5'-CTGAATTCGATCGCGACATGGCCTCCTCCGAGAA-3',
5'-ATTTGCGGCCGCCTACAGGAACAGGTGGTG-3") primers. AtrecA-LFH-R and
DsRed2-LFH-F primers were designed to introduce overlapping nucleotides (underlined)
at the 3’ and 5" ends of the AtrecA and DsRed2 fragments, respectively. Using both
fragments as templates, joint PCR was performed with AtrecA-Sall-F and DsRed2-NotI-R
primers. The resulting fusion fragment was digested with Sall and NotI and cloned into the
same restriction site of pUC18-CaMV35S-sGFP (S65T)-nos vector.

Microprojectile bombardment and confocal laser scanning microscopy
Microprojectile bombardment was performed with a Biolistic PDS-1000/He Particle
Delivery System (Bio-Rad). Epidermis of Allium cepa scaly bulb and roots of Pisum
sativum were bombarded with a rupture-disk pressure of 1,100 p.s.i. (~7.6 MPa) at a
target distance of 6 cm. At 24—40 h after bombardment, they were analysed with a Bio-Rad
Radiance2000 confocal laser scanning microscope. Green fluorescence of GFP and red
fluorescence of DsRed2 were excited at 488 nm with an argon laser and collected
sequentially with a filter set (HQ530/60 and E570LP). Images of both fluorescences were
processed and merged with the Lasersharp2000 program system (Bio-Rad).

Computer analysis

Sequences were analysed by BLAST (http://www.ncbi.nlm.nih.gov/BLAST/) and
GENSCAN version 1.0 (http://genes.mit.edu/GENSCAN.html). Clustal W (http://
www.ebi.ac.uk/clustalw/) was used for multiple alignment and evolutionary relationships.
The target peptide and transmembrane regions were predicted by TargetP version 1.01
(http://www.cbs.dtu.dk/services/ TargetP/) and TMHMM version 2.0 (http://
www.cbs.dtu.dk/servicess TMHMM-2.0/). For domain and structure analyses, both Pfam
(http://www.sanger.ac.uk/Software/Pfam/) and FUGUE v.2.0 (http://www-
cryst.bioc.cam.ac.uk/~fugue/) were applied.
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Proteins often function as components of multi-subunit com-
plexes. Despite its long history as a model organism’, no large-
scale analysis of protein complexes in Escherichia coli has yet
been reported. To this end, we have targeted DNA cassettes into
the E. coli chromosome to create carboxy-terminal, affinity-
tagged alleles of 1,000 open reading frames (~23% of the
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genome). A total of 857 proteins, including 198 of the most highly
conserved, soluble non-ribosomal proteins essential in at least
one bacterial species, were tagged successfully, whereas 648 could
be purified to homogeneity and their interacting protein partners
identified by mass spectrometry. An interaction network of
protein complexes involved in diverse biological processes was
uncovered and validated by sequential rounds of tagging and
purification. This network includes many new interactions as
well as interactions predicted based solely on genomic inference
or limited phenotypic data®. This study provides insight into the
function of previously uncharacterized bacterial proteins and the
overall topology of a microbial interaction network, the core
components of which are broadly conserved across Prokaryota.

The yeast-based tandem affinity purification (TAP) procedure
for isolating protein complexes makes use of site-specific recombi-
nation to introduce a dual tagging cassette into chromosomal loci’.
Escherichia coli does not readily recombine exogenous linear DNA
fragments into its chromosome, but expression of the lambda
general recombination system (A-Red) markedly enhances inte-
gration®. We adapted one such system’ to introduce a DNA
cassette, bearing a selectable marker and either the TAP or sequen-
tial peptide affinity (SPA) tags™, into the C termini of open reading
frames (ORFs) in the lysogenic E. coli strain DY330 (ref. 6), which
harbours N\-Red under control of a temperature-sensitive repressor’
(Fig. la). The tagged bait proteins, expressed at endogenous levels,
were purified ~10°-fold to homogeneity from log-phase cultures
using two rounds of affinity chromatography®. To minimize
nucleic-acid-mediated interactions, extracts were pre-treated with
nuclease. Polypeptide components of isolated complexes were then
identified using two forms of mass spectrometry: peptide mass
fingerprinting was performed on all silver-stained polypeptide
bands visible by SDS—polyacrylamide gel electrophoresis (PAGE)
not seen in parallel control purifications, whereas gel-free shotgun
sequencing was used to identify small and lower-abundance pro-
teins. To minimize the false discovery rate (false positives), protein—
protein interactions were deemed authentic provided a reciprocal
interaction could be confirmed or if the data were reproducible.
Figure 1b shows a schematic overview of the methodology.

The effectiveness of the procedure was confirmed in pilot
purifications of DNA-dependent RNA polymerase (RNAP). Tagged
core subunit 8 (RpoB) co-purified specifically with essential
elongation factors (NusA and NusG), specialized sigma factors
involved in promoter recognition (6 (RpoH), o 8 (RpoS), ot
(RpoN), ¢”° (RpoD)), and with accessory factors w (RpoZ), HepA
(RapA) and YacL (15kDa acidic protein of unknown function
not previously known to interact with RNAP) (Fig. 2a; see also
Supplementary Table 1). Similarly, NusG co-purified with YacL,
HepA, core enzyme and termination factor Rho, whereas w bound

70 NusA and b1731, another small protein of unknown function.
In reciprocal experiments, tagged b1731 co-purified with 8, '
(RpoC), o (RpoA), 6’ and w, but not with Nus factors, HepA or
YacL (Fig. 2b), implying an exclusive association with initiating
holoenzyme. In contrast, tagged YacL bound w, NusG and HepA
together with core enzyme (Fig. 2¢; see also Supplementary Table 1),
suggesting a role in elongation. On the basis of their specific and
reproducible association with RNAP, we suggest that b1731 and
YacL be renamed Rap (RNAP-associated protein) B and C, respect-
ively. YacL and b1731 are not required for viability, and homologues
are restricted to ~y-Proteobacteria (Supplementary Fig. la),
suggesting a specialized function. Notably, tagged ¢>* and ¢°®
bound to the sugar transporter ManX, whereas 0> co-purified
with quinone oxidoreductase Qor, indicating that protein—protein
interactions may regulate alternative sigma factor activities.

Purification of DNA-dependent DNA polymerase indicated that
low-abundance complexes are amenable to analysis. A nine-subunit
holo-complex, DNA polymerase III*, which contains a core com-
plex (o (DnaE), e (DnaQ) and 6 (HolE)) requiring only processivity
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factor 8 (DnaN) for full replicative activity’, was readily isolated
(Supplementary Table 1). Purification of tagged o, € and 0 yielded
core complex as well as the clamp loader (v and 7 (dnaX), & (HolA),
d' (HolB), x (HolC) and ¥ (HolD)), which recruits § onto DNA
(Fig. 2d; 0 detected by gel-free mass spectrometry). In reciprocal
experiments (Supplementary Table 1), tagged x and ¥ co-purified
with core enzyme and the clamp loader. x also bound PriA
(primosomal DNA helicase), b1808 (putative ATP-dependent heli-
case) and TopA (DNA topoisomerase I), along with three conserved
replication factors that act coordinately in vitro®: Ssb, single-strand
DNA-binding protein previously reported to bind x’ RecQ, a
replicative DNA helicase; and TopB, DNA topoisomerase III
(Fig. 2d). In turn, Ssb co-purified with TopB, exonucleases Rec]J
and SbcB, and helicases PriA, RecG and RecQ (Supplementary
Table 1), consistent with multiple roles in chromosome dynamics.

a
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orfX _ /
Induce A-Red system and
transform with linear PCR
product
s - . .
i Nsea[[  kan [
* *
orfX-SPA fusion
b
Bait selection  |g——
[ PCR amplification ]
v
In vivo recombination
Western blot
[ Cell growth Reciprocal baits l
v
[ Affinity purification (x2) ]
SDS-PAGE
MALDI-TOF
[ Protein identification and analysis ]—

Figure 1 Systematic identification and validation of protein complexes in E. coli. a, Gene-
specific affinity-tagging cassettes produced by polymerase chain reaction (PCR)® using
primers (1, 2) homologous to a target translational termination codon (3) were integrated
into the E. coli chromosome using the A-Red recombination system®. KAN, kanamycin-
resistance cassette. Asterisks indicate stop codons. b, Flow chart of steps in purifying and
validating protein complexes. Interactions were confirmed either by reciprocal tagging
and purification, or by repeat analysis. LC-MS, gel-free liquid chromatography-tandem
mass spectrometry; MALDI-TOF, gel-based peptide mass fingerprinting using matrix-
assisted laser desorption/ionization—time-of-flight mass spectrometry.
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TopB co-purified with Ssb and RecQ, suggesting that these factors
serve a similar role in coordinating DNA replication in prokaryotes
as suggested for their eukaryotic homologues'.

We expanded our analysis to cover about one-quarter of the E. coli
genome, targeting 1,000 ORFs (Supplementary Fig. 2 and Sup-
plementary Table 2), including 248 uncharacterized ‘y’ genes, 168
putative ‘b’ genes and 209 of the most broadly conserved genes
encoding soluble (non-membrane) non-ribosomal proteins essen-
tial in E. coli or another bacterium (see Methods). We successfully
tagged 857 proteins (86%; confirmed by western blot analysis),
including 198 essential and conserved (essential-conserved) pro-
teins, and were able to purify 648 (65%; detected by mass spec-
trometry), which compares favourably to analogous studies of
protein complexes in yeast’. A total of 118 of these proteins had
no detectable partners, whereas 5,254 putative protein—protein
interactions were detected for the other 530 baits (Supplementary
Table 1). To eliminate false-positives, we reciprocally tagged and
purified a large subset of candidate partners. A validation rate of
~53% was achieved (see Supplementary Information), which
compares favourably to studies in yeast'', confirming the stringency
of the methodology. A total of 716 non-redundant binary inter-
actions, involving 83 essential (excluding the ribosome) and 152
non-essential proteins, have been validated so far (highlighted in
Supplementary Table 1). The entire validated data set is shown
graphically in Fig. 3a.

Eighty-five per cent of the validated interactions are new, as they
are not described in the Database of Interacting Proteins (DIP)'?,
Biomolecular Interaction Network Database (BIND)", STRING",
or Prolinks databases', whereas only ten orthologous interactions
(interologs) were reported in a two-hybrid interaction screen in
Helicobacter Pylori'® (Supplementary Table 3). The significance of
these novel interactions is reinforced by functional annotation
(Supplementary Table 2). For instance, acyl carrier protein (ACP),
a key carrier of growing fatty acid chains, bound specifically
and reproducibly to enzymes linked to biogenesis of fatty acids,
phospholipids and lipid A (essential outer-membrane constituent)
(Fig. 2e; see also Supplementary Table 1), including two 3-ketoacyl-
ACP synthases (FabB, FabF), 3-ketoacyl-ACP reductase (FabG),
3-hydroxyacyl-ACP dehydrase (FabZ), LpxD (essential protein
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required for lipid A biogenesis), YbgC (tol-pal cluster hydrolase
of short-chain acyl-CoA thioesters), AcpS (involved in transfer of
4'- phosphopantethein to ACP), Aas and PIsB (membrane proteins
involved in phospholipid acylation), and YiiD (putative acetyltrans-
ferase). ACP also co-purified with GImU (an essential bi-functional
enzyme that converts glucosamine-1-phosphate to UDP-GIcNAc
(lipid A precursor)), AidB (isovaleryl-CoA dehydrogenase), SecA
(pre-protein translocase), as well as MukB and SpoT, as previously
reported'’. We did not detect IscS, which was predicted to interact
with ACP in an overexpression study'’, possibly because transient or
low-affinity interactions are missed by our method.

Many other informative complexes were detected (see Sup-
plementary Information). These included notable interactions
mediated by the cysteine desulfurase IscS (IscS—-FdhD and IscS—
YhhP), between two uncharacterized essential proteins (YgjD-
YeaZ), and by a sizeable group of uncharacterized proteins with
factors involved in ribosome function, RNA processing, and/or
RNA binding.

Graph network analysis of the validated data set provided
evidence of ‘scale-free’ behaviour'. Most of the proteins had few
interacting partners, whereas a subset of ‘hubs’ formed a far greater
number of connections (Fig. 3b). Comparable connectivity was
observed for the essential-conserved proteins alone (Supplementary
Fig. 3). Scale-free networks are predicted to be robust against
random node removal but vulnerable to hub removal, a property
that might be expected to be preserved across evolution'®. Indeed,
removal of the 20 most highly connected nodes (>15 interactions;
Supplementary Table 4) markedly reduced the network connectivity
(see Supplementary Figs 4a and b). Notably, these same hubs were
all highly conserved (detected in =125 genomes; Supplementary
Fig. 4c). Moreover, protein connectivity was proportional (posi-
tively correlated) to the number of genomes a homologue was
detected in (Supplementary Fig. 4d). Although a previous analysis
of bacterial two-hybrid data' failed to detect such a dependency,
possibly due to a high false-positive rate, our results are in agree-
ment with a more in-depth analysis of the relationship of protein
evolutionary rates to the number of interactions in eukaryotes™.

To investigate further the conserved nature of the bacterial
network, we analysed co-occurrence of BLAST homologues of
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Figure 2 Analysis of affinity-purified protein complexes. SDS—PAGE silver-stain analysis
of the components of affinity-purified complexes from E. coli. a—¢, Purification of

TAP-tagged E. coli RNAP subunit 8 (@) and two associated proteins: SPA-tagged b1731
(b) and TAP-tagged YacL (¢). d, Purification of TAP-tagged HolD () and HolC (x) subunits
of the processivity clamp loader (lanes 1 and 2), and DNA polymerase Ill core subunits
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HolE (8), DnaE () and Dnaq (e) (lanes 3-5). e, Independent purifications of TAP-tagged
AcpP (lanes 1 and 2). Only validated interacting proteins are labelled. Black circles
indicate bands that failed to yield spectra or validated results; asterisks indicate tagged
bait; and brackets indicate degradation products.
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each pair of interacting proteins across all three domains of life
(Archaea, Prokaryota and Eukaryota)®' (see Methods). As seen in
Supplementary Fig. 5, the interacting proteins were more likely to
be co-conserved than control, randomly selected protein pairs,
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indicating that the interactions are similarly conserved. Notably,
the most highly conserved proteins were highly connected, forming
a single interconnected component (Fig. 3¢, d). This core set of
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Supplementary Table 5) potentially fulfils critical roles across all
bacteria. Similar results were obtained using clusters of orthologous
groups of proteins® (COGs; Supplementary Fig. 6a, b).
Co-occurrence of homologues across different genomes (phylo-
genetic profiles) has previously been used to explore functional links
between genes***. Different approaches for constructing these
profiles include the use of orthology assignments (for example,
COGs) and sequence homology®. Recently, a study*® introduced a
mapping approach based on sequence homology methods to assess
the degree of conservation of interologs between species. We
adopted a similar approach to examine patterns of interolog
conservation within the complexes detected in this study. Intrigu-
ingly, AcpP and several of its interacting partners displayed signifi-
cant divergence in Bacilli, Actinobacteridae, Mycoplasma spp. as
well as Archaea and eukaryotes (Fig. 4a). The lack of obvious
homologues of AcpP in actinobacteria is consistent with the highly
diverged nature of the predicted orthologues from this phylum in
the COGs classification scheme. Evolutionary divergence was also
evident with the DNA and RNA polymerase complexes. Although
core RNAP subunits and cofactors nusA, rpoA, rpoB, rpoC, rpoD,
rpoH and rpoS are found in virtually all eubacteria, other subunits
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Figure 4 Bioinformatic analyses of interacting protein modules. a, Phylogenetic profile of
ACP interactions (bait—partner) within 148 genomes. Coloured boxes indicate degree of
BLAST homology. Black font, bait—partner both essential-conserved proteins; blue font,
only baitis an essential-conserved protein. Phylogenies from the NCBI taxonomy database
(see Supplementary Information). ~y, o, 8 and de indicate respective proteobaceria. Ba,
Bacilli; Cl, Clostridia; Ac, Actinobacteridae; My, Mycoplasma;, Ch, Chlamydiaceae; Cy,
Cyanobacteria; Ot, unclassifed bacteria; Ar, Archaea; Eu, Eukaryota. b, Scatter log-plot of
Hamming distance (D) versus chance co-occurrence probability distribution (P) for
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(such as hepA, rpoZ, bl1731 and yacL) are restricted to ~y-Proteo-
bacteria (Supplementary Fig. la). Likewise, the DNA polymerase
clamp loader subcomplex (holA-D) is similarly restricted (Sup-
plementary Fig. 1b). These data suggest that sequence divergence
may lead to functional diversification and the formation of novel
modules. By clustering interacting proteins based on their phylo-
genetic profiles, it may be possible to identify new modules. For
instance, the interacting PIB-PepT gene products cluster together
(see Supplementary Fig. 2).

Statistical methods such as mutual information, Pearson corre-
lation coefficient, Hamming distance (D) and the chance co-
occurrence probability distribution (P) have been developed to
predict functional relationships among genes based on phylogenetic
profiles”. We applied the latter two metrics to quantify the extent of
correlation between different phylogenetic profiles. Using relatively
modest cutoff values (D < 25, P < 10~ '!), a small but significant
subset (~14%) of the interacting proteins showed closely correlated
phylogenetic profiles relative to a control set of randomly selected
pairs of bacterial proteins (Fig. 4b). Chromosomal proximity has
also been used to infer functional linkages between evolutionarily
conserved proteins®. Investigations into the distribution of relative
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interactions associated with RNAP, DNA polymerase, ACP, the complete validated data
set or random protein pairs (control). The dotted box indicates interactions (~14%) with
significantly correlated profiles. ¢, Bar graph of relative genomic distances (base pairs)
between genes encoding interacting proteins. Orange/yellow, orthologues in bacteria
(excluding E. coli; see Supplementary Fig. 1); purple/green, orthologues in proteobacteria
(excluding E. coli); blue/grey, E. coli. Error bars indicate standard deviation for 20 replicate
controls.
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chromosomal distances between loci encoding pairs of interacting
proteins revealed that only a modest proportion (3.4%) of the
interacting proteins were encoded by genes located within 500 base
pairs (bp) of each other within the E. coli genome (Fig. 4c). A
slightly larger fraction (6.9%) of putative orthologues was similarly
separated by less than 500 bp in at least one other bacterial genome
(Fig. 4c; see also Supplementary Table 6). Importantly, of the 42
protein pairs satisfying this criterion, 18 are encoded within the
same operon in E. coli (see Supplementary Information), including
5 of the 15 interactions involving AcpP, further validating these
data. These results indicate that only a fraction of our experimen-
tally detected bacterial protein interactions could be readily pre-
dicted by genome-context methods (see above and Supplementary
Table 3).

In summary, a reliable network of functionally diverse protein
complexes was elucidated in E. coli using an experimental approach
that can be readily adapted to other prokaryotes®. These data offer
an insight into the function of uncharacterized proteins and outline
the topological organization of a bacterial interactome. Because
only about 30 bacterial proteins are currently targeted by prescrip-
tion drugs®, knowledge of physical interactions mediated by con-
served, essential bacterial proteins should facilitate the design of
broad-range antimicrobials. These data should also prove valuable
for calibrating computational approaches designed to predict func-
tional associations between proteins. Moreover, the tagged strain
collection should facilitate biochemical studies using traditional or
microarray-based assays. O

Methods

Construction of TAP/SPA-tagged E. coli strains

Escherichia coli strains bearing either TAP- or SPA-tagged alleles were constructed by
targeted homologous recombination of DNA cassettes into the E. coli strain DY330 as
previously reported®. Primer sequences are available upon request. The SPA tag was
selected for use after initial trials due to the reduced protein degradation observed when
compared with TAP-purified protein complexes.

Large-scale SPA/TAP purification of E. coli protein complexes

TAP or SPA purification was performed using 2—41 log-phase cultures as previously
described® except that Benzonase nuclease (Novagen; 3 U) was incubated with the cleared
cell extract on ice for 30 min before purification. Purified complexes were split into
aliquots for SDS-PAGE and liquid chromatography-tandem mass spectrometry analysis
as detailed in the text.

Identification of proteins by mass spectrometry

Complex subunits were separated by SDS-PAGE on 12% acrylamide gels with a Whatman
V16 vertical gel apparatus run at low current (9 mA) for 16 h. Gels were silver-stained
using a standard protocol, except that formaldehyde crosslinking was not performed
(details available upon request). Protein bands were excised and analysed as described
previously”. Gel-free protein sequencing was performed by microcapillary-scale liquid
chromatography—electrospray—ion trap tandem mass spectrometry as described®. Spectra
were searched against an in-house database of predicted E. coli protein-coding sequences.

Selection of target gene products

ORFs were selected for study to obtain broad biological coverage, including highly
conserved essential and non-essential proteins, proteins with putative functional
assignments, and hypothetical uncharacterized ORFs. Proteins known or predicted to
contain trans-membrane helices were avoided owing to technical difficulties associated
with purifying membrane proteins. The essential-conserved set of genes was selected using
a basic rule set (see Supplementary Information).

Connectivity distribution

To assess the correlation between connectivity (k) and frequency (P(k)), and between
connectivity and the number of genomes a homologue was detected in, we calculated the
Pearson’s correlation coefficient R.

Phylogenetic analysis of protein complexes

For each E. coli sequence, a TBLASTN™ search was performed against each of the different
organism genome data sets. In addition, to avoid complications caused by intronic
regions, a protein data set was obtained for each eukaryotic organism considered here and
a BLASTP* performed. The raw score for the highest sequence match to each data set was
extracted and stored in a local database. Phylogenetic interaction profiles were visualized
using a java applet developed in house.

Phylogenetic distribution of proteins and interactions
The phylogenetic distribution of the proteins was obtained as previously described*' using
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as reference the non-redundant protein sequence database SWALL (SwissProt plus
TrEMBL; see Supplementary Methods). P(h) represents the frequency of proteins with a
homologue in the corresponding taxonomic groups. We used BLAST* with a threshold
raw score of 50 and default parameters. We considered a protein interaction to be
conserved if both interacting proteins have detectable homologues in any of the 148
complete genomes analysed (see legend to Supplementary Fig. 1). To analyse statistical
significance, 30 control set samples of equal size were taken from the E. coli genome as
previously described®’. We used a two-tailed t-test, at a 95% confidence level.

Phylogenetic profiles

Each gene is represented by a vector representing the pattern of co-occurrence across 148
genomes (with a value of 1 assigned when a homologue is present, and 0 when one is not).
The extent of correlation between phylogenetic profiles of pairs of interacting proteins was
assessed by computing Hamming distance (D) and the chance co-occurrence probability
distribution (P)*. If N is the total number of genomes over which we construct a
phylogenetic profile for R genes, X and Yare the number of genomes in which homologues
of two genes occur, and z is the number of genomes in which the genes co-occur, then
P =w,w;/W, where w, is the number of ways to distribute z co-occurrences over N
genomes, w; is the number of ways to distribute the rest of the X — zand Y — z genes over
the rest of the N — z lineages, and W is the number of ways to distribute X and Yover N
genomes without restriction, and D = x + y — 2z.

Genomic distance
Relative distances between genes encoding each pair of interacting proteins were
calculated using the chromosome location coordinates of genes in COGs™.
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Analysis of the genome sequence of the small hyperthermophilic
archaeal parasite Nanoarchaeum equitans” has not revealed
genes encoding the glutamate, histidine, tryptophan and
initiator methionine transfer RNA species. Here we develop a
computational approach to genome analysis that searches for
widely separated genes encoding tRNA halves that, on the basis of
structural prediction, could form intact tRNA molecules. A
search of the N. equitans genome reveals nine genes that encode
tRNA halves; together they account for the missing tRNA genes.
The tRNA sequences are split after the anticodon-adjacent
position 37, the normal location of tRNA introns. The terminal
sequences can be accommodated in an intervening sequence that
includes a 12-14-nucleotide GC-rich RNA duplex between the
end of the 5' tRNA half and the beginning of the 3 tRNA half.
Reverse transcriptase polymerase chain reaction and amino-
acylation experiments of N. equitans tRNA demonstrated matu-
ration to full-size tRNA and acceptor activity of the tRNA™* and
tRNA®™ species predicted in silico. As the joining mechanism
possibly involves tRNA trans-splicing, the presence of an intron
might have been required for early tRNA synthesis.

The origin of the tRNA molecule is the subject of continuing
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discussions and has led to different models postulating that tRNA
evolved by duplication or ligation of an RNA hairpin®*. To examine
these models further, the investigation of ancient tRNA genes was
central. An interesting organism for this task was Nanoarchaeum
equitans, currently the only characterized member of the kingdom
Nanoarchaeota, which roots early in the archaeal lineage, before the
emergence of Euryarchaeota and Crenarchaeota® A significant
fraction of the small number of N. equitans open reading frames
consists of ‘split genes’ that are encoded as fused versions in other
archaeal genomes. Our attention was caught by the ‘absence’ of four
tRNA genes encoding the glutamate, histidine, tryptophan and
initiator methionine acceptors®.

We therefore developed a computational approach to search for
tRNA signature sequences in the N. equitans genome. Our program,
trained by an alignment of 4,000 tRNA gene sequences (taken from
ref. 6), identifies sequences comprising the highly conserved T-loop
region and defines the adjacent 3'-acceptor stem sequence. The
reverse complementary sequence (defining the 5'-acceptor stem
sequence) plus a D-stem position weight matrix identifies the
corresponding 5' half. The length of the position weight matrices
can be adjusted and mismatches in the acceptor stem can be
included. Finally, putative tRNA-halves are ligated in silico and
analysed by COVE’. In addition to identifying the set of tRNAs
predicted by the tRNAScan-SE program?®, our algorithm found nine
tRNA halves spread throughout the chromosome. Surprisingly,
these tRNA halves could be joined in silico to form the missing
tRNAME (RNAM®, tRNA™™ and two tRNA®™ species (Fig. 1).
Further analysis of the tRNA half genes revealed several striking
features. First, the location of the sequence separation that gener-
ated all nine tRNA half genes is after position 37, one nucleotide
downstream of the anticodon and the common location of
tRNA introns’. Second, a consensus sequence matching the highly
conserved archaeal Box A promoter element'® was found upstream
of all 5" tRNA halves. Third, this same consensus sequence (5'-
TTTT/ATAAA-3") was located 17-25 base pairs (bp) further
upstream of the 3’ tRNA halves, resulting in a transcript with a
12-14-bp-long GC-rich leader sequence. Last, it is remarkable that
this leading sequence is in all cases the exact reverse complement to a
sequence following the corresponding 5' tRNA half.

The existence of three tRNA™ half genes was most exciting. Two
5’ tRNA halves were identified that differed solely by one anticodon
base (isoacceptors with UUC and CUC anticodon), whereas only
one 3’ tRNA®™ half gene was found. Both 5" tRNA®" half genes
were followed by the identical 14-bp sequence that was the exact
reverse complement of the single 3' tRNA" half upstream
sequence. All identified split tRNA genes contained the consensus
bases of all archaeal elongator tRNAs®, namely U8, A14, G15, G18,
G19, C32, U33 and the T-loop GTTCA/GAATC (53-61), with the
exception of the putative tRNA"™ harbouring an unusual GG
sequence preceding the anticodon. The identified tRNAM®* displays
the consensus sequences of archaeal initiator tRNAs such as
the anticodon stem/loop nucleotides (nt) 29-41 (GGGCU-
CAUAACCC) and the R11:Y24 base pair (G11:C24), which is the
reverse of the Y11:R24 base pair found in elongator tRNAs includ-
ing the annotated N. equitans tRNAM®', Therefore we define the split
tRNAM" as the missing initiator tRNA. The sequences also reveal
characteristic nucleotides in the respective tRNA species needed
for recognition by the cognate aminoacyl-tRNA synthetase. For
example, the tRNA™" half genes encode the unique G-1:C73 base
pair required for aminoacylation of tRNA™* by histidyl-tRNA
synthetase'!, and the tRNA" isoacceptors contain the character-
istic D-loop nucleotides 20a and 20b and the deletion of base 47
essential for making the ‘augmented D-helix’'*.

We performed reverse transcriptase polymerase chain reaction
(RT-PCR) analysis of N. equitans total tRNA to verify the compu-
tationally predicted sequence of the newly discovered joined tRNAs.
Our sequencing results confirmed the sequences for tRNA®™
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