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opened the door to large-scale screens. At the same
time, limitations of this approach are increasingly
apparent, such as the induction of off-target effects
that complicate genome-wide screens in particular
(29, 30) and the inability to completely switch off
gene expression. When similar small interfering
RNA screens are conducted independently in mam-
malian cells, the lack of concordance between them
is an additional complicating factor (37, 32). Final-
ly, mammals are rather robust in their tolerance to
partial loss of gene function: Haploinsufficiency
appears to be the exception rather than the rule,
because inactivation of one gene copy, as in het-
erozygous knockout mice, rarely leads to severe
phenotypes.

Although we have focused on host-pathogen
biology, similar screens could in principle be ap-
plied to any phenotype that can be recognized in
a population of mutant cells, such as modulation
of a genetically encoded reporter. In the future,
haploid genetic screens could be used to generate
comprehensive compendia of host factors that are
used by different pathogens and may yield new
strategies to combat infectious disease. In con-
clusion, the haploid genetic screens described
here expand mutagenesis-based screens in model
organisms by providing a window on disease-
associated molecular networks that can be studied
in cultured human cells.
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Proteome Organization in a
Genome-Reduced Bacterium
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The genome of Mycoplasma pneumoniae is among the smallest found in self-replicating organisms.
To study the basic principles of bacterial proteome organization, we used tandem affinity
purification—mass spectrometry (TAP-MS) in a proteome-wide screen. The analysis revealed 62
homomultimeric and 116 heteromultimeric soluble protein complexes, of which the majority are novel.
About a third of the heteromultimeric complexes show higher levels of proteome organization,
including assembly into larger, multiprotein complex entities, suggesting sequential steps in biological
processes, and extensive sharing of components, implying protein multifunctionality. Incorporation

of structural models for 484 proteins, single-particle electron microscopy, and cellular electron
tomograms provided supporting structural details for this proteome organization. The data set provides
a blueprint of the minimal cellular machinery required for life.

iological function arises in part from the
B concerted actions of interacting proteins

that assemble into protein complexes and
networks. Protein complexes are the first level of
cellular proteome organization: functional and
structural units, often termed molecular machines,
that participate in all major cellular processes.
Complexes are also highly dynamic in the sense

that their organization and composition vary in
time and space (/), and they interact to form
higher level networks; this property is central to
whole-cell functioning. However, general rules
concerning protein complex assembly and dy-
namics remain elusive.

The combination of affinity purification with
mass spectrometry (MS) (2) has been applied to

several organisms to provide a growing repertoire
of molecular machines. Genome-wide screens
in Saccharomyces cerevisiae (3-5) captured dis-
crete, dynamic proteome organization and revealed
higher-order assemblies with direct connections
between complexes and frequent sharing of com-
mon components. To date these exhaustive analy-
ses have been applied only in yeast. In bacteria,
genome-wide yeast two-hybrid analyses have
been reported (6, 7), but only a few biochemical
analyses on selected sets of complexes are avail-
able (8—11). The understanding of proteome orga-
nization in these organisms concerns thus the
binary interaction networks.

Here, we report a genome-scale analysis of
protein complexes in the bacterium Mycoplasma
pneumoniae, ahuman pathogen that causes atypical
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pneumonia (/2). This self-replicating organism has
one of the smallest known genomes (689 protein-
encoding genes) (13, /4), making it an ideal model
organism for the investigation of absolute essen-
tiality (/5). This analysis and the integration with
other consistently derived large-scale data sets pro-
vide a blueprint of the proteome organization in a
minimal cell and reveal principles underlying ad-
aptation to a reduced genome.

Genome-wide screen for protein complexes
in M. pneumoniae. We adapted the tandem af-
finity purification—mass spectrometry (TAP-MS)
protocol (2) to M. pneumoniae M129 (Fig. 1) (16).
We processed all 689 M. pneumoniae protein-
coding genes, of which 617 were successfully cloned
[90% of the genome (/4)]. With use of a transposon-
based expression system, we constructed a total
of 456 M. pneumoniae strains. They carry a
stable genomic integration of carboxy-terminal
TAP fusions under transcriptional control of the
M. pneumoniae clpB (mpn531) promoter. From
this collection, all 352 individual strains express-
ing soluble TAP fusions were grown to conflu-
ence in 2 liters of adherent culture, leading to 212
successful purifications. The components of the
purified complex were separated by denaturing
gel electrophoresis, and individual bands were
trypsin-digested and analyzed by MS (table S1).
We processed a total of 10,447 MS samples and
identified proteins by using a new approach that
integrates the Mascot (/7) and Aldente (/8)
search algorithms (/9). This increased the identi-
fication of known complex components by ~20%
compared with either method alone (fig. S1, A and
B). The procedure also scores the quality of in-
dividual identifications by considering all peptide
profiles that we observed for each protein, includ-
ing our purification data set and a PeptideAtlas,

a comprehensive set of tryptic peptides (20) mea-
sured with Fourier transform—MS from whole
M. pneumoniae lysates (table S2). We removed
protein identifications with overlapping peptide
profiles (3%) (fig. S1, C and D). When applied to
the entire purification data set, this approach un-
covered 411 distinct proteins from 5899 identi-
fications (table S2).

The 411 proteins identified with 212 tagged
proteins correspond to 60% of the annotated
open reading frames (ORFs) and 85% of the pre-
dicted soluble proteome (fig. S2). They cover all
cellular functions, although low abundant, small,
or trans-membrane segment—containing proteins
are notably underrepresented (fig. S2). Mem-
brane proteins purification requires separate bio-
chemical protocols, so they were not included in
this screen. The proportion of new proteins iden-
tified per purification dropped asymptotically as
the screen progressed, implying that the pro-
cedure was near saturation (fig. S3). This entails
recurring protein complex retrieval through re-
verse tagging and is important both to confirm
novel interactions and to identify dynamic com-
plexes (3).

To define complexes in a quantitative way,
we first calculated socio-affinity indices that
measure the frequency with which pairs of pro-
teins were found associated in our set of bio-
chemical purifications (3, 16). We improved the
concept by integrating predicted interactions
from the STRING database (27) and the relative
abundance of a given prey when associated with
different baits (i.e., across different purifications)
(22). We used the MS scores that measure the
probability for a peptide mass fingerprint to char-
acterize each protein based on spectral counting.
A reduced score for a prey in a purification, when

M. pneumoniae lysates
Number of peptides
Number of proteins

TAP experiments

ORFs cloned

M. pneumoniae TAP-strains
Successful purifications
MS protein identifications

peptides/proteins
9,121
494 (72%)

ORFs/proteins
617 (90%)
456 (66%)
212 (31%)
411 (60%)

‘I g ’;f}m Biochemical purification @% Protein complex definition
D| of protein complexes & annotation
Protein association scoring
(Socio-affinity)
Total number of interactions 10,083
M. pneumoniae High confidence interactions 1,058
lysates
Mass || Bio??en:_ical Pair-wise Integrative
spec(!'\r;losr;letry pu"dlactaa fon scoring clustering
Tandem Affinity
Purifications
(TAP)
M. pneumoniae genome 689 ORFs (100%) Protein complex network

Protein complexes
Heteromeric complexes 116
Homomeric complexes 62

compared to the same prey in other purifications,
reflects identifications by a smaller number of
peptides (lower spectral counts); it is indicative of
a spurious interaction and is therefore down-
weighted (fig. S4A). We applied this new scoring
scheme to the entire data set and calculated a list
of 10,083 interactions. A cut-off was defined at
an accuracy, that is, a fraction of true interactions
(23), of more than 80%, which gave a set of 1058
high-confidence interactions (fig. S4, B and C;
also table S3). We also measured the overall
experimental reproducibility on a set of 18 ex-
periments that we performed twice; duplicates
included growth of adherent cultures, biochem-
ical purifications, and MS analyses (/6). For
protein pairs with socio-affinity scores >0.8, the
overall reproducibility is 73%; for those scoring
below it is 43% (P = 1073, ¥ test). For com-
parison, the reproducibility calculated on the
duplicated MS measurements of 72 MS sam-
ples is 97%. We then applied cluster analysis
by using a procedure called clique percolation
that allows proteins to be part of different com-
plexes. We varied the clustering parameters over
reasonable ranges. The best conditions in terms
of coverage (see below) generated a collection of
116 heteromultimeric complexes. They are or-
ganized into densely (>one link) and loosely
interconnected (one link) components we called
“core” and “attachment,” respectively (fig. S4D
and table S4). Generally, M. pneumoniae proteins
within complexes and cores are more often co-
expressed (24) and conserved between species
than average; proteins within complexes appear
on average in 244 species compared with 173 for
the entire proteome (median = 190). Compari-
son to a set of 31 known complexes, described
in other species (table S5), revealed a coverage

Overlap with M. pneumoniae datasets

Omics data integration

Coverage by any dataset 48%
Coverage by operons 7%
.E' Protein complex modeling

Models

Proteins 484 (70%)
Binary interactions 153
Heteromeric complexes 29
Homomeric complexes 57

Electron microscopy &
tomography

EM: DNA gyrase, RNA polymerase,
DNA topoisomerase

ET: Ribosome, RNA polymerase,
pyruvate dehydrogenase, GroEL

Fig. 1. Synopsis of the genome-wide screen of

complexes in M. pneumoniae.

27 NOVEMBER 2009 VOL 326 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on December 20, 2011


http://www.sciencemag.org/

0f'61%, which is similar to results from previous
screens in yeast and Escherichia coli (coverage
~60%) (3, 4, 9, 25).

Systematic detection of homomultimeric
protein complexes. The TAP fusions were ex-
pressed from exogenous loci and promoter and
are therefore present together with the untagged
wild-type allele. It was thus common to observe
both TAP-tagged and -untagged versions of the
bait in the same purification, which is an indi-
cation of homomultimerization (fig. S5). Careful
scrutiny of the purification data set revealed evi-
dence for 62 homomultimeric complexes (table
S4) covering 62% of those previously seen either
in M. pneumoniae or in another species by
orthology (table S5). Fourteen homomultimeric
complexes were previously unknown, and for 12
of these we could find supporting structural
evidence from homologs of known structure
(26) (table S6). An example is Mpn266, a pro-
tein of previously unknown function that we
found associated to RNA polymerase (complex
49, table S4) as a dimer. Its binding to the poly-
merase is consistent with its similarity to SpxA,
an RNA polymerase-binding protein that reg-
ulates transcription initiation in Gram-positive
bacteria (27, 28). Comparative modeling of
structure and single-particle electron microscopy
(fig. S6) (16) show that M. pneumoniae RNA
polymerase resembles that of Thermus aquaticus
(29) with the exception of a substantially bigger
stalk at the position of the sigma factor, RpoD
(Mpn352), consistent with M. pneumoniae RpoD
being 200 amino acids longer than its 7. aquaticus

TAP only
359 (51.6%)

Pathway
(22.1%)

String
(44.7%)

TAP support : 48.4%

Coexpression
(18.0%)

ortholog (fig. S7A). The models also further
support the idea that each Mpn266 in the dimer
binds one of the two o subunits of the polymer-
ase, as do other transcription factors (fig. S7A).

From the number of baits used (212) and from
the effectiveness of the method in recovering
known complexes (62% coverage), we estimate
that as many as 47% of all soluble proteins form
homomultimers in M. pneumoniae. This is in agree-
ment with a recent analysis of more than 5000
protein structures (30). Lastly, considering both
homo- and heteromultimers, almost 90% of sol-
uble proteins were found to be part of at least one
complex, a figure similar to values estimated in
yeast (3, 4). This further consolidates the view
that exhaustive organization into complexes is a
general property of proteomes in bacteria and
eukaryotes.

Characteristics of M. pneumoniae protein
complexes. Overall, more than half of the iden-
tified complexes were not previously described. We
also found new components in previously known
complexes: The data set contains 126 proteins with
previously unknown or conflicting functional an-
notation. For example, complex membership iden-
tifies Mpn426, previously annotated as a P115
homolog, as the missing Smc (structural mainte-
nance of chromosomes) DNA-binding subunit of
the cohesin-like complex (complex 40, fig. S7B
and table S4) (28). This complex also contains
the adenosine triphosphate (ATP)-dependent pro-
tease Lon (Mpn332) that binds DNA and regu-
lates chromosome replication (37). The observed
physical association between Lon and Smc and

Number of interactions (0-430)
VUTSRQPONMLKJ IHGFEDCA
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the observation that Lon expression increases con-
comitant with Smc degradation at the onset of the
stationary phase (fig. S7B) (28) suggest that Smc
might be a target of this protease. The existence
of a native complex including Lon, ScpA (Mpn300),
and P115 is further supported by the observation
that these three proteins co-elute during gel fil-
tration chromatography (fig. S7B). We also iden-
tified known eukaryotic complexes such as those
including several glycolytic enzymes (GEs) that
have been discovered at eukaryotic plasma mem-
brane, where they locally produce ATP (table S5).
We observed similar assemblies in M. pneumoniae
(complexes 12 and 45; table S4), which suggests
that this function is conserved in bacteria.
Comparison of methods for estimation of
proteome organization. We overlaid the protein
complex data with complementary large-scale
data sets that have been previously used to deduce
physical interactions (Fig. 2A). Only 48% of the
TAP interactions within complexes were found
in any existing data set; 359 associations were
only identified by TAP-MS (Fig. 2A). Even in the
worst-case scenario, where we consider the upper
limit of the estimated false-positives rate (20% =
100% to 80% accuracy) and assume that false
positives are completely excluded from the
other data sets, we estimate at least 220 previ-
ously unknown true associations were identified
here. Overlap with interactions inferred from ge-
nome organization or gene expression was par-
ticularly low: Only 7% of the high-confidence
interactions are between gene products from the
same operon, and only 18% were consistently

V Defense mechanisms

U Intracellular trafficking, secretion and vesicular transport

T Signal transduction mechanisms

S Function unknown

R General function prediction only

Q Secondary metabolites biosynthesis, transport and catabolism
P Inorganic ion transport and metabolism

O Posttranslational modification, protein turnover, chaperones
N Cell motility and secretion

M Cell envelope biogenesis, outer membrane

L DNA replication, recombination and repair

K Transcription

J Translation, ribosomal structure and biogenesis

| Lipid metabolism

H Coenzyme metabolism

G Carbohydrate transport and metabolism

F Nucleotide transport and metabolism

E Amino acid transport and metabolism

D Cell division and chromosome partitioning

C Energy production and conversion

Downloaded from www.sciencemag.org on December 20, 2011

B A Membrane proteins of unknown function

Number of interactions/possible pairs (0-0.06)

0

0

Fig. 2. Proteome organization is only partially reflected by other biological
data sets. (A) General overlap between TAP and interactions inferred from
other data sets: coexpression (24, 28), operons (24), STRING (21), and pathways
(48). Numbers refer to the interacting pairs within the different data sets. The
fraction of TAP interactions that cluster into complexes and are covered by other
data sets is given between brackets. For TAP-interacting protein pairs the cutoff was
set at 80% accuracy. Cutoffs for other data sets were optimized for coverage
(accuracies from 40 to 100%). (B) Frequent functional cross-talk in the protein

www.sciencemag.org SCIENCE

20 430

0.006 0.06

complex data set. All proteins within high confidence pairs were functionally
annotated according to the COG (Clusters of Orthologous Groups of Proteins)
database (49). Boxed areas are colored proportionally to the number of interactions
linking two functional classes. The scales represent the total (top) and normalized
(bottom) number of interactions (23). Category Q (secondary metabolites) con-
tains only two proteins. The category most frequently linked is ] (translation) with
itself, however, it contains the highest number of proteins. The highest
proportion of interactions is between proteins within category K (transcription).
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coexpressed (24). This implies that temporal or
conditional regulation of complex formation is
analogous to that for eukaryotes, in which differ-
ent components are expressed at different times
(1). For example, the four known subunits of the
RNA polymerase are in three operons, and their
transcription profiles correlate with two different
gene expression groups along the growth curve
(24, 28). With current knowledge, only a small
fraction of proteome organization can be inferred
from analysis of the genomes or transcriptional
data, making proteomics studies critical for under-
standing prokaryotic systems.

The M. pneumoniae protein complex network
reveals substantial cross-talk. About a third of the
heteromultimeric complexes in M. pneumoniae
have extensive physical interconnections that sug-
gest proteins participate in different cellular
processes (Fig. 2B). These reflect protein mul-
tifunctionality (see below) and organization into
at least 35 larger assemblies, sometimes hinting
at physical, possibly temporal, associations of se-
quential steps in biological processes (table S4).

For example, we reconstituted major parts of the
ribosome from the interaction screen and saw
extensive cross-talk with RNA polymerase (Fig.
3A). This higher-level association was unaffected
by ribonuclease (RNAse) and deoxyribonucle-
ase (DNAse) treatments, which suggests that
protein-protein rather than protein—nucleic acid
interactions were involved (fig. S5). The TAP-MS
data were consistent with gel filtration results
showing that the RNA polymerase o subunit,
RpoA (Mpn191), and the ribosomal protein RpsD
(Mpn446) co-elute with high apparent molecular
sizes (Fig. 3A). These observations are further
supported by the genome organization, where
the rpoA gene is localized in and co-regulated
with a ribosomal operon (24). This network pro-
vides a molecular model for the coupling of
transcription and translation proposed in bacteria
(32) and the direct involvement of ribosomal
proteins in transcriptional regulation (33). The
same assembly also includes translational ini-
tiation factors InfA (Mpn187), InfB (Mpn155),
and InfC (Mpn115), which are part of the 30S

initiation complex, as well as elongation factors
Tuf (Mpn665) and Tsf (Mpn631), suggesting
that we have captured sequential steps in a path-
way running from transcription to translation.
Functional reuse and modularity of protein
complexes. Genome-wide screens in eukaryotes
show that proteins often participate in more than
one complex, an attribute that has been proposed
to account for protein multifunctionality, pleiot-
ropy, and moonlighting (34). We defined a multi-
functionality index that measures the tendency of
proteins to associate with more than one complex
(16). This index is based on frequency with which
pairs of proteins were found associated in our set
of purifications and is insensitive to the clustering
parameters. We found 156 multifunctional pro-
teins (table S7), covering 54% of M. pneumoniae
proteins that are currently known to be multi-
functional in the literature (table S8). We also
compared our results with a set of multifunctional
enzymes that catalyze different enzymatic reac-
tions (28), and the overlap was smaller (32%).
Our analysis captured distinct mechanisms for

PgsA )
A & Topoisomerase Gyrase
Mpn091 \ \ / Modeled Templates Modeled .
Mpr:q(i\ \\‘ r;prr/; W WW. ParE _ Gyrase m GyrB
& -:\ Rplx a*” \,” \ ATPase ATPase
T >§4
Mn01s MP443 Mpd37 % ‘ i Topo-
B & \ parG [isomeras
Mpnfz? ‘\\\"f % LY h« cleavage

¥ ~F = Gyrase ==

_Mpn067\

Mpn009
9 GItX ~ TMpn002

o~

Mpnsut\-’

3\ :Fi ResE ) RpsG)!
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Pyruvate
dehydrogenase (44)
Ribonucleoside-diphosphate.
reductase (94)
Glycolytic enzyme
complex 1 (12)

Other function

ATP synthase (47)
Restriction enzyme (28)
Peptidase complex (38)
GroEL- GroES (37)

Translation, ribosomal
structure & biogenesis

Phenylalanine-tRNA
synthetase (11)

Ribosome (50)
Complex 51

Complex 105

Function unknown

Primase (103)

Gyrase (82)

DNA replication,

Mpn524 ‘-_ h
577/ " N
Pth
N T i N
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Fig. 3. Higher level of proteome organization. (A) The RNA polymerase—
ribosome assembly. Core components are represented by circles, attachments
by diamonds. The line attribute corresponds to socio-affinity indices: dashed
lines, 0.5 to 0.86; plain lines, >0.86. Color code and shaded yellow circles
around groups of proteins refer to individual complexes: RNA polymerase
(pink), ribosome (purple), and translation elongation factor (green). The
bottom graph shows that the ribosomal protein RpsD (23 kD) and the o
subunit of the RNA polymerase, RpoA-TAP (57 kD), co-elute in high molecular
weight fractions (MD range) during gel filtration chromatography. (B) DNA
topoisomerase (diameter ~ 12 nm) is a heterodimer in bacteria: ParE (ATPase
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and DNA binding domains) and ParC (cleavage and C-terminal domains). The
interaction between ParE-DNA-binding and ParC—cleavage domains was
modeled by using yeast topoisomerase Il as a template [Protein Data Bank
(PDB) code 2rgr], and ParE-ATPase and ParC—C-terminal domains were
modeled separately on structures of gyrase homologs (PDB 1kij and 1suu). All
four domains were fitted into the electron microscopy density. Gyrase (~12 nm)
is similarly split in bacteria into GyrA/GyrB, which are paralogs of ParE/ParC,
and was modeled and fitted by using PDB 1bjt as a template for the GyrB-
DNA-binding and GyrA-cleavage domains interaction. (C) Protein multi-
functionality in M. pneumoniae illustrated with the AARS complexes.
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multifunctionality that imply the combinatorial
use of gene products in different contexts, for
different functions.

For example, GyrA (Mpn004) is a compo-
nent of the DNA gyrase complex that introduces
negative supercoils into DNA, and ParE (Mpn122)
is a member of the topoisomerase IV complex,
which decatenates DNA (35). Besides well-
documented interactions within their respective
complexes (complexes 17 and 82, table S4), GyrA
and ParE were also found to stably associate with
each other (complex 102, table S4). Single-particle
electron microscopy and comparative modeling
(fig. S6) showed that DNA topoisomerase and
DNA gyrase have related overall shapes, as ex-
pected from their functional similarity, and also
support the notion that they might be able to in-

terchange subunits (Fig. 3B). In eukaryotes, ParE
and ParC (Mpnl23) are fused into one single
polypeptide. In bacteria, the possibility for the
split ParE and ParC to contribute to different
complexes might represent a parsimonious way
of generating functional diversity and also ro-
bustness to mutations with a set of paralogous
proteins.

Another example is a complex containing a
cluster of five different aminoacyl transfer RNA
(tRNA) synthetases (AARSs) (complex 10, Fig.
3C and table S4). In eukaryotes and archaea,
AARSs form macromolecular complexes that
improve aminoacylation efficiency by channeling
substrates to ribosomes (36, 37). These assemblies
also act as reservoirs of AARSs that additionally
exert a range of noncanonical regulatory func-

A Purification, electron microscopy & modeling

Pyruvate
dehydrogenase
structural core

B

TAP homomultimer x60

Ribosome

RESEARCH ARTICLES I

tions in transcription, metabolism, and signaling
(38). The existence in bacteria of big multi-AARS
complexes is controversial; the most recent review
advocates assembly in binary complexes that are
functionally involved in tRNA metabolism and
editing (39). Our results suggest that higher-
order multi-AARS complexes might also exist
in bacteria. We also found several AARSs in
other complexes involved in functions as diverse
as translation, transcription, DNA replication,
and metabolism (Fig. 3C).

Structural anatomy of M. pneumoniae. Be-
cause of their small genome size, bacteria from
the genus Mycoplasma have attracted attention as
model organisms for structural genomics (40). We
used these data to populate our protein complex
network with structural information. Sequence

RNA

TAP homomultimer x14

GroEL

Fig. 4. From proteomics to the cell. By a combination of pattern recognition
and classification algorithms, the following TAP-identified complexes from
M. pneumoniae, matching to existing electron microscopy and x-ray and
tomogram structures (A), were placed in a whole-cell tomogram (B): the
structural core of pyruvate dehydrogenase in blue (~23 nm), the ribosome in
yellow (~26 nm), RNA polymerase in purple (~17 nm), and GroEL homo-

www.sciencemag.org SCIENCE

multimer in red (~20 nm). Cell dimensions are ~300 nm by 700 nm. The cell
membrane is shown in light blue. The rod, a prominent structure filling the
space of the tip region, is depicted in green. Its major structural elements are
HMW2 (Mpn310) in the core and HMW3 (Mpn452) in the periphery, sta-
bilizing the rod (42).The individual complexes (A) are not to scale, but they
are shown to scale within the bacterial cell (B).
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similarity searches and comparative modeling pro-
vided structures for 484 M. pneumoniae proteins
(70% of the genome) and 340 proteins in the
network. There were also structural templates to
construct models for 153 binary interactions (Fig.
1) covering 29 heteromultimeric and 57 homo-
multimeric complexes (table S6). These data can
be used both to study particular interactions or
complexes (Fig. 3B and fig. S7A) and to infer
general correlations. Structural interfaces are par-
ticularly illuminating for the multifunctional pro-
teins. When structural models are available for
multiple interactions with a common protein, anal-
ysis of the interfaces can suggest whether the
interactions are mutually exclusive (same bind-
ing sites) or compatible (different sites) (47). We
observed that multifunctional proteins generally
tend to accommodate more ligands per inter-
acting interface (P = 0.003), consistent with the
view that multifunctionality engages mutually
exclusive interactions. For example, the protein
P115 (Mpn426) has six distinct interfaces, each
of which has several mutually exclusive inter-
action partners.

Having assembled a repertoire of structural
information, the next logical step is to map these
networks and protein complexes in their native
environment, the cell. For this purpose, we per-
formed cryogenic electron tomography of 26
entire M. pneumoniae cells (42) (fig. S8). We
used pattern recognition techniques to generate
probability maps for complexes selected from
the larger ones in M. pneumoniae (Fig. 4) be-
cause larger complexes are more likely to be
identified. After a thorough classification consid-
ering missing data, low signal-to-noise ratio, and
known spatial proximities of different subcom-
plexes, we generated maps for the ribosome, the
chaperone GroEL (Mpn573), the structural core
of the pyruvate dehydrogenase (PdhC, Mpn391,
homomultimer), and RNA polymerase, with a
minimal number of false positives (Fig. 4). These
large complexes are excluded from the tip, an
organelle required for the attachment to epithelial
cells, illustrating that even in a simple, minimal
bacteria the proteome is spatially organized
(42). Within the cell bodies, we could not find
substantial proximities or patterns among the
different complexes. In contrast to E. coli that
contains a compact nucleoid forming an exclu-
sion area in the cell center (43), circular DNA in
M. pneumoniae is apparently uniformly distrib-
uted (44). We estimated the average number of
complexes per cell to be 140 for the ribosome,
100 for GroELs, 100 for pyruvate dehydro-
genase, and 300 for RNA polymerase. For the
ribosome and GroEL, we also quantified com-
plex abundances by Western blotting (fig. S9).
For both, the numbers derived from Western
blot were in the range of those estimated from
the tomograms. This adds to the emerging view
that the mapping of macromolecular structures
into entire-cell tomograms (45), even though still
challenging, is a powerful strategy when com-
bined with unbiased large-scale complex purifi-

cation. It opens the way to more general charting
of cellular networks in entire-cell tomograms.

Conclusions. Our genome-scale screen for
soluble complexes in a bacterium provides a val-
uable resource for the functional annotation of
many genes whose biological roles in prokaryotic
or parasitic cells are elusive. The coverage of
known complexes leads to an estimate of some
200 molecular machines in M. pneumoniae. The
study allows estimation of unanticipated proteome
complexity for an apparently minimal organism
that could not be directly inferred from its ge-
nome composition and organization or from ex-
tensive transcriptional analysis. Organisms with
small genomes are the most tractable for systems
biology, and the biochemical data set, proteome-
wide spectra, ORFome, and collection of TAP-
expressing M. pneumoniae strains will provide
an extremely useful resource for this community.
Comparison to both more complex bacteria and
to even smaller ones, such as M. genitalium with
485 annotated protein-coding genes (46), should
reveal additional systemic features associated with
genome streamlining.

With protein structures available for about
three-quarters of its ORFs, either directly from
structural genomics efforts (40) or indirectly
inferred by homology, M. pneumoniae has been
extensively studied. We demonstrated that we
can integrate data sets of biochemically deter-
mined complexes with structural information to
approximate the three-dimensional organization
of proteins into functional molecular machines.
These models can then be mapped in entire cell
tomograms, providing a three-dimensional view
of cellular proteomes and interactomes (47); ulti-
mately whole-cell models will benefit studies of
biological function and disease.
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