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Proteome-wide Subcellular Topologies of
E. coli Polypeptides Database (STEPdb)*s

Georgia Orfanoudakit§ and Anastassios Economout§1]|

Cell compartmentalization serves both the isolation and
the specialization of cell functions. After synthesis in the
cytoplasm, over a third of all proteins are targeted to other
subcellular compartments. Knowing how proteins are dis-
tributed within the cell and how they interact is a prerequi-
site for understanding it as a whole. Surface and secreted
proteins are important pathogenicity determinants. Here
we present the STEP database (STEPdb) that contains a
comprehensive characterization of subcellular localiza-
tion and topology of the complete proteome of Esche-
richia coli. Two widely used E. coli proteomes (K-12 and
BL21) are presented organized into thirteen subcellular
classes. STEPdb exploits the wealth of genetic, pro-
teomic, biochemical, and functional information on pro-
tein localization, secretion, and targeting in E. coli, one
of the best understood model organisms. Subcellular an-
notations were derived from a combination of bioinfor-
matics prediction, proteomic, biochemical, functional,
topological data and extensive literature re-examination
that were refined through manual curation. Strong exper-
imental support for the location of 1553 out of 4303 pro-
teins was based on 426 articles and some experimental
indications for another 526. Annotations were provided
for another 320 proteins based on firm bioinformatic pre-
dictions. STEPdb is the first database that contains an
extensive set of peripheral IM proteins (PIM proteins) and
includes their graphical visualization into complexes, cel-
lular functions, and interactions. It also summarizes all
currently known protein export machineries of E. coli K-12
and pairs them, where available, with the secretory pro-
teins that use them. It catalogs the Sec- and TAT-utilizing
secretomes and summarizes their topological features
such as signal peptides and transmembrane regions,
transmembrane topologies and orientations. It also cata-
logs physicochemical and structural features that influ-
ence topology such as abundance, solubility, disorder,
heat resistance, and structural domain families. Finally,
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All cells have evolved specialized compartments demar-
cated by biological membranes. Compartmentalization iso-
lates biological processes, divides labor, controls molecular
flows; elevates solute and macromolecular concentrations
and increases reaction efficiencies.

Bacterial cells comprise a cytoplasmic aqueous volume
enclosed in a single (Gram™) or double (Gram™) lipid bilayer.
The Gram™ cytoplasm is surrounded by a multilayered cell
envelope (CE)". The CE consists of the plasma or inner mem-
brane (IM) phospholipid bilayer and an additional external lipid
bilayer, the outer membrane (OM) that also contains anchored
lipopolysaccharide molecules (1). Between the two mem-
branes lies the periplasm, a crowded space that contains
proteins, small molecules and a peptidoglycan mesh layer (1)
(Fig. 1).

E. coli proteins associated with the IM and with the CE are
involved in many cellular processes such as membrane bio-
genesis, maintenance of cell structure, transport of biomol-
ecules, signaling and chemotaxis. These proteins are found in
various cellular locations (Fig. 1) either associated with mem-
branes, or freely diffusing between them.

Protein trafficking is experimentally tractable via in vivo
tools such as monitoring of fluorescently tagged polypeptides
through microscopy. Such approaches have been utilized for
individual proteins but not for the complete E. coli proteome
(2, 3). One disadvantage is that the fluorescent protein deriv-
atives they employ, fused to a protein of interest, do not
always get translocated in a functional form across the IM (4).
In some cases, such folded proteins can be exported through
the TAT pathway (5). Subcellular localization can also be
studied by in vitro fractionation (6). One limitation of such
approaches is the loss of cellular localization context and the
possibility for cross-compartment contamination (7).

" The abbreviations used are: CE, cell envelope; PIM, Peripheral
Inner Membrane; CEP, Cell Envelope Proteome; IM, Inner Membrane;
IMP, integral inner membrane proteome; OM, Outer Membrane; TM,
transmembrane.
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Localization of many proteins can be predicted using bioin-
formatics tools (8—11). Certain elements such as the signal
peptide are excellent identifiers of secretory proteins (8, 9, 12,
13) that use the main, ubiquitous and essential “Sec” pathway
(14) or the minor TAT pathway (15). However, this is not the
case for all secreted proteins some of which have no readily
identifiable “export signals” or even use “piggy-back” mech-
anisms or undergo the so called nonclassical secretion (16).
Additional secondary structural elements such as TMs (17,
18), beta-barrels (19-21), amphiphilic alpha-helical anchors
(22—-24) and functional domains such as peptidoglycan (25,
26) and DNA (27, 28) binding domains can also serve as
indicators of subcellular location.

Cataloging the subcellular location of proteins and their
interactions is a first step towards a physicochemical under-
standing and in silico modeling of cells. Moreover, it is be-
coming increasingly obvious that several proteins undergo
dynamic changes of their location, e.g. from the nucleoid to
the membrane or from the cytoplasm to the extracellular
space. These dynamics are regulated by different stimuli and
are fundamental to the biology of the cell.

Comprehensive protein localization annotation at the pro-
teome level is not yet available for E. coli, an exhaustively
dissected model organism. General databases (e.g. Uniprot
(29)) and others dedicated to E. coli (e.g. EcoWiki (30) and
EcoCyc (31)), incorporate partial or mostly predicted cellular
compartment annotation (EchoLOCATION (32)) for the E. coli
K-12 proteome. Here we present STEPdb, a database that
brings together, corrects, resolves conflicts, and re-annotates
available subcellular annotation for E. coli K-12, contributes
additional validated topological annotation, amalgamates this
with proteome-wide biophysical information and provides vi-
sualization of proteins in a cell-context through a “cell atlas.”
STEPdb organizes proteins based on their subcellular class
and summarizes their features. It incorporates a plethora of
information including protein complexes, proteomic, tran-
scriptomic, biochemical data and structural, functional, and
abundance annotation.

All the information collected after an exhaustive manual
curation process is organized in a database easily accessible
by a web interface and assisted by supporting bioinformatics
tools. Specifically, STEPdb implements a multipredictor tool
(SignalP, TMHMM, Phobius, and IUPred) that can be used to
perform structural and topological feature predictions and
BLAST2STEP that can perform similarity inquiries into the
E. coli K-12 proteome. STEPdb lays the foundation towards
mapping of proteome dynamics, interactions, and trafficking
in the E. coli model.

In the results sections below we first detail all the steps
taken to complete the annotation and manual curation of the
E. coli K-12 proteome then we describe the interface through
which the user can access this information.

EXPERIMENTAL PROCEDURES

The E. coli K-12 Reference Proteome and Data Sources—Two
databases Uniprot (29) and EcoLOCATION (32) and the proposed IM
proteome (33) were the main initial starting points for the complete
subcellular categorization of K-12 described here. The E. coli K-12/
MG1655 strain is one of the microbial proteomes whose comprehen-
sive annotation is of the highest priority in Uniprot (29). This is the
“reference proteome” for E. coli, contains 4303 proteins, and has
been annotated here. Our annotation has been formulated in such a
way that it can be easily incorporated in Uniprot.

EchoLOCATION has an easily accessible table that maps gene
names to subcellular locations. However, mapping the gene names
given by EchoLOCATION to the respective protein identifiers in Uni-
prot was not straightforward. Unfortunately, gene names cannot
serve as unique identifiers of a protein sequence. In more than 100
cases the gene name of a predicted protein in EchoLOCATION when
searched against Uniprot gave as a result more than one K-12 protein
hits. That is because there are proteins that have common synony-
mous gene names with the primary gene name of others.

To retrieve updated Uniprot accession identifiers and to map Uni-
prot accessions identifiers to EchoLOCATION identifiers (termed:
EchoBASE IDs) we used the “ID mapping” function of Uniprot. In
cases where the only provided identifiers were the gene names, we
used mySQL queries to compare with the primary and alternative
gene names in Uniprot. In cases where multiple matches existed for
the same gene name, we manually resolved the differences based on
other information (e.g. protein description, mass etc.).

The annotation of pseudogenes, mobile elements, transposons,
and insertion elements relied on EcoGene (34), Uniprot (29), and
Ochman et al. (35). The list of E. coli K-12 complexes was retrieved
from EcoCyc (31) and literature searches.

Bioinformatics Tools and Parameter Definitions—The proposed to-
pologies in the three resources were compared between them and
extensively re-evaluated with bioinformatics tools. The primary pre-
diction tools utilized were: 1) SignalP4.0 (8) and LipoP (12) that predict
signal peptides cleaved by signal peptidases | and Il respectively; 2)
TatP (13), which identifies the twin arginine motif present on TAT
pathway signal peptides; and 3) TMHMM v2.0 (36) and Phobius (9)
that detect transmembrane (TM) a-helixes of IM. For predictions with
Phobius and TMHMM, LipoP and TatP the applied thresholds of the
developers were used. In SignalP we selected the default p-cutoff
values and selected the option for input sequences that may include
TM regions. Lipoproteins that are anchored in the inner membrane
were distinguished from those anchored to the outer membrane
based on the amino acid at the position +2 of their mature domains
(Asp or Glu in IM lipoproteins). TatP was based on the predefined
regular expression best describing the form of the twin arginine motif
(13). However, discrepancies in accurate prediction of known proteins
made us annotate as TAT secretory proteins only those verified by
biochemical studies (5) including some lacking any signal peptide
(TAT-piggybacks; see export systems below).

Specific structural features that reveal subcellular locations were
identified by a combination of both homology and structural domain
searches and specialized tools such as Amphipaseek for the predic-
tion of in-plane membrane anchors (supplemental Fig. S2). Other
ancillary tools that were used to predict subcellular topologies were
PSORT-B (11) and sosuiGramN, that is based on the physicochemical
properties of the sequences (10), LocTree3, a SVM based tool (37)
and ClubSub-P, that performs clusters-based homology searches for
Gram™ bacteria (38). With ClubSub-P we used 70% length coverage
for query and hit sequences and a sequence identity threshold of
40%. These tools are based on modern machine learning algorithms
that are trained by more complete and less adulterated training sets.
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EcoGene (34) and EcoCyc (31) were used for additional information
on the proteins and their interactions.

Potential unstructured regions were examined with |UPred (39),
which sums up the pair-wise stabilizing energy (interaction energy) of
the constituting amino acids. It makes the assumption that IDPs are
unable to stabilize their structure because of poor stabilizing con-
tacts. The stabilizing energy of all amino acid pairs is summarized in
an energy-predictor matrix (P-matrix). P-matrix values have been
calculated based on the inter-residue interactions of globular protein
structures.

Sequence Similarity Analysis—We run BLAST (33) queries to de-
termine homologies between proteins. Potential outer membrane pro-
teins carrying the autotransporter domain were determined through
their homology with Ag43. The Ag43 protein sequence was run
against the reference K-12 proteome, then we applied score and
e-value thresholds >40 and <10 * correspondingly.

Additionally, we identified potential PIM proteins by their similarity
to well characterized peripheral membrane proteins. We used
FadD13 protein of Mycobacterium, that is an ATP-binding protein
membrane associated through distinctive regions rich in aromatics
(40). Six proteins have been identified as “By similarity” PIM proteins
based on homology to FadD13 (EntE, Acs, CaiC, MenE, FadK, and
PrpE). Another set of potential PIM proteins were identified as ho-
mologs of MalK, the ATPase component of the maltose transport
system. MalK is a peripheral inner membrane protein involved in
maltose transport in complex with MalF and the integral inner mem-
brane protein MalG (41). Nineteen proteins homologous to MalK have
been identified in E. coli K-12. These proteins are ATPase subunits of
similar ATP-binding cassette (ABC) transporters.

Evaluation of Experimental Procedures—The confidence level of
the experimental evidence depends on the experimental methodol-
ogy followed. For example fractionation methods coupled with pro-
teomic analysis are known to have commonly cross-compartment
contamination (7). There are also concerns about the validity of the
statistical analysis following peptide identification. Early proteomic
studies tend to apply less stringent criteria and use less sensitive
mass spectrometers.

In the annotation of E. coli we followed some confidence criteria
regarding the experimental evidence that was discovered. The order
of reliability was microscopy and biochemical experiments, then pro-
teomic studies. Therefore when a protein was identified by prefrac-
tionation MS-based proteomics, but also identified by biochemical
studies the latter was considered as stronger evidence and the pro-
tein was annotated accordingly.

Comparison of E. coli Strains—Two E. coli proteomes (K-12 and
BL21(DE3)) were compared with each other using the BLAST + library
(34) in order to define the “common proteome.” Each proteome was
run against the other and each K-12 protein was compared against
the whole proteome of BL21 and vice versa. Best hits with an identity
of <40% (i.e. percent of identical residues between two sequences
normalized to their total length) or an e-value <102 were discarded.

We defined the “core” proteome (i.e. common between all E. coli
strains) using 43 sequenced E. coli strains (supplemental Table S10).
Sequence alignment of all K-12 proteins against all E. coli complete
proteomes was performed. The best hit for each K-12 protein in each
of the 43 E. coli proteomes was selected. Next, only the best hits with
identity of >40% and e-value<0.001 were selected as homologous.
“Core proteins” are those with homologs that satisfy the above cri-
teria for all the E. coli strains. In both “common” and “core” proteome
analysis, protein hits were filtered using the “best hit” algorithm of the
blastp routine (threshold set to 0.2). The “core proteome” comprises
2583 proteins (supplemental Table 1).

Expressed Genome—Active genes (i.e. transcribed at mRNA level)
were considered to be all genes that have transcripts identified as

“present” at either of four microarray datasets (42-46) or quantified in
single cell analyses (44).

Database Implementation—STEPdb is a web-based database of
protein subcellular locations. Data are organized and accessed
through the mySQL database management system. The web inter-
face of STEPdb was designed and generated by PHPMaker, a PHP-
and Javascript-based Content Management System. The STEPdb
web interface is currently available through an Apache web server
(http://httpd.apache.org/). Supplementary visual interventions have
been implemented with the jQuery library.

IUPred (39) source code and SignalP (8), Phobius (9) and TMHMM
(36) binaries were downloaded under academic licenses and incor-
porated into a single multiselection tool written in PHP.

Disorder probability, solubility, and IM topology graphs are plotted
using the JpGraph Object-Oriented chart library (http://jpgraph.net/).
Subcellular location distributions under the cell cartoon are drawn
using the “Highcharts” chart API (http://www.highcharts.com/). Com-
plexes in the “Complexome” section are drawn in PHP with the
graphics drawing library.

The BLAST2STEP web-tool was developed in PHP and currently
does not support user defined identity and e-value thresholds. It uses
a predefined setup and hits are filtered using the “best hit” algorithm
of the blastp routine (threshold set to 0.4) and only one hit (the best)
for each query is returned.

RESULTS

The Basic Proteome of E. coli K-12—E. coli strains survive
in different environments and have accumulated evolutionary
traits that range from those allowing adaptation to various
habitats to silent genes (47). We first defined the “basic”
proteome of K-12, that is devoid of proteins that are likely not
synthesized and/or are encoded in genomic insertions en-
riched in defective prophages, transposons, pseudogenes,
integrases, and mobile elements (supplemental Table S1 and
S2). The “basic” K-12 proteome comprises 3897 proteins
(supplemental Table S4A). The transcripts encoding 3849 of
these polypeptides (42—45) as well as 3178 of these polypep-
tides have been detected in cells grown in LB broth (48, 49).

Subcellular Classification of the E. coli Proteome—The
E. coli proteome was divided into 13 subcellular locations (10
for the CEP, 3 for the cytoplasm) based on, and extending, the
formalisms of EchoLOCATION (Fig. 1). We correlated each
subcellular location to a distinct GO (gene ontology) classifier
(supplemental Fig. S1; supplemental Table S3 (50)). Ribo-
somal proteins (r) together with rRNAs constitute the large
and small subunits of the ribosome; nucleoid proteins (N),
include DNA/RNA binding proteins such as DNA helicases,
polymerases, histone-like proteins, sigma factors, repair en-
zymes, and transcription factors. Proteins that have been
either captured experimentally in the cytoplasm or for which
there is no indication that they are located in any other loca-
tion, are classified as cytoplasmic (A). In general, all nucleoid
or peripheral membrane proteins will have an obvious “cyto-
plasmic” state so this is not explicitly identified for these
classes of proteins.

Existing Annotations and Inconsistencies—First we com-
pared the annotations provided by the three resources. Uni-
prot assigns subcellular locations to 48% of the K-12
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reference proteome (Table I, supplemental Table S4B). Echo-
LOCATION organizes 4345 protein sequences into 11 subcel-
lular locations. Bernsel and Daley, characterize 1133 IM pro-
teins. We were able to map 4243 of the 4345 predicted
proteins in EchoLOCATION and 1108 out of 1133 proposed
IM proteins to the reference E. coli K-12 proteome (Table I;
supplemental Tables S4D-S4E; Fig. 2). Proteins from either
resource that did not correspond to entries in the E. coli
reference proteome were excluded from further analysis.
These were: unknown coding sequences, putative pseudo-
genes/transposases, duplicate entries in EchoLOCATION,

OM Extra-cellular

Fic. 1. Protein subcellular location categories. Cartoon repre-
sentation of E. coli cell that comprises of the cytoplasm surrounded
by the inner (IM) and outer (OM) membranes. Proteins are classified in
13 categories: N: nucleoid-associated r: ribosomal A: cytoplasmic F1:
peripherally associated with the IM facing with cytoplasm, B: integral
IM proteins, F2: peripherally associated with the IM facing the
periplasm, E: IM lipoproteins, G: periplasmic, I: OM lipoproteins F3:
peripherally associated with the OM facing the periplasm, H: integral
OM proteins, F4: peripherally associated with the OM facing the
extra-cellular space, X: extra-cellular space. For Gene Ontology cor-
relations see supplemental Table 3.

Nucleoid Cytoplasm IM

Periplasm

proteins that have been deleted from Uniprot, or belonging to
other E. coli strains (supplemental Table S4E).

Side-by-side comparison of the three resources (containing
only annotations related to the reference proteome) revealed
that they either proposed the same (“Matching”) or different
(“Conflicting”), or “Unknown” locations (supplemental Fig. S3;
supplemental Table S5A). ~14% of the 4303 proteins (~15%
of the basic reference proteome) had conflicting subcellular
annotations (Table I; Fig. 2; supplemental Table S8). Thirty-six
proteins remained without a proposed assigned location in at
least one of the three resources (Table I; supplemental Table
S7). Twenty-four of the unknown proteins belong to the K-12
“basic proteome” whereas none belongs to the “core
proteome.”

Some location assignments were accompanied by experi-
mental evidence (398 for Uniprot; 506 for EChoLOCATION;
only 105 common; Fig. 3A). Many other annotations are
theoretical or predicted. Uniprot defines three levels of non-
experimental identifiers that we also adopted: “potential” (to-
pologies that are predicted), “probable” (at least some exper-
imental indication exists), and “by similarity” (indications exist
in other(s) bacterial strains or species). ECchoLOCATION incor-
porates two levels of evidence: “theoretical” for predicted
proteins and “experimental.”

To resolve conflicts, determine the “unknown” topologies,
obtain additional experimental evidence, and complete the
subcellular location analysis of the E. coli proteome we re-
examined the previous annotations ab initio.

TABLE |
Summary of previously existing subcellular annotation and comparison with STEPdb. Uniprot and EchoLOCATION databases contributed 2050
and 3979 protein annotations correspondingly and together with the theoretical IM proteome (33) gave a combined 4111 initially annotated
proteins. Comparison of the three resources revealed some matches in proposed subcellular locations (“Matching annotation”) but also some
differences (“Conflicting annotation”). IM proteins with matching annotations in only in two of three resources are referred as “Unique IM
proteome.” All proteins with existing annotations in only one source are referred as “Unique (total).” STEPdb multicombinatorial analysis
contributed 36 newly classified proteins that were of unknown location (“STEPdb de novo annotated”), 674 proteins that have been reassigned
to locations other than previously proposed (“STEPdb revised”) and 601 proteins with contradicting subcellular annotations that have been
unresolved (“STEPdb unresolved”)

Uniprot EchoLOCATION  Bernsel & Daley (2009)33 Total
Reference proteome (E. coli K-12) 4303 434572 1133 4303
Matching annotations 1613 1646 850 1652
Unique (IM proteome) 11 29 4 44
Unique (total) 12 1998 4 2014
Contradicting annotations 425 599 254 601
Existing annotations 2050 4243 1108 4267
% of reference proteome 48% 98% 26% 99%
Missing annotations 2253 60 - 36
Missing and unresolved annotations 2678 659 254 637
% of reference proteome 62% 15% 6% 18%
STEPdb total contribution over previous annotations 3352 1333 560 1311
de novo annotated 2253 60 84 36
Revised 674 674 222 674
Resolved 425 599 254 601
Experimental validations 1205
References added 118
% of reference proteome 76.89% 35.37% 7.87% 32.81%

@ This is the estimation of the total proteome of EchoLOCATION.
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Fic. 2. Annotation of subcellular to-
pologies of the E. coli K-12 proteome.
The E. coli K-12 reference proteome was
downloaded from Uniprot (July 2014;
(29)). Respective subcellular annotation
from Uniprot (29) was retrieved for 2050
proteins (~46% of the total proteome;

Uniprot

Reference Proteome (K-12)

L]

( Proposed Topologies )

Table 1). Subcellular annotation was Y Y
also downloaded from EchoLOCATION Uniprot EchoLOCATION Bernsel
(82) that lists 4345 proteins that were & Daley 2009
matched to 3957 proteins of the E. coli 2053
reference proteome (Table |). The anno- Cell Envelope (CEP)
tation of IM proteins we based on a 1198 0B kJAmI(tf\Oqu_(U)I .
proteomic analysis that contributed e CSn;ﬁcTinOFzg)ogleS( )
1108 IM proteins (33). The subcellular o 19 191 9
terminologies of the two databases were

A CEP X MT C U A CEP X MT C U B

assigned to a STEPdb subcellular class
(supplemental Table S4). Amalgamation

of these three resources contributed a

total of 4111 proteins with an already 2201
existing proposed annotation in at least
one resource leaving 195 proteins of un-
assigned topologies and 576 proteins

with contradicting proposed subcellular 1.0

location (Table I). To determine the a A r F1 B

subcellular location for the unknown
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proteins and to resolve the annotation
differences we sought to utilize bioinfor- ‘

Sub-cellular location prediction tools

matics tools that can predict subcellular

location or other structural motifs and

Structural features prediction tools

sequence alignment (supplemental Fig.
S2). The core tools utilized were: Sig-

BLAST

nalP, TatP, LipoP, Phobius (8, 9, 12, 13)
used for the prediction of secretion mo-

Proteomics

tifs, PSORT-B (11) for the prediction of
subcellular location and TMHMM, Pho- ‘

Biochemical Data ‘

bius (9, 36) for the prediction of trans- ’
membrane helices. A set of additional

Other Databases ‘

bioinformatics tools (Prediction Tools 2)
comprising Protscale for hydrophobicity
(116), SOSUI, ClubSub, LocTree3 for

no Topology

subcellular location (10, 37, 38) Am-
phipaSeek for amphipathic in-plane
membrane anchors (51) and BLAST ]

Conflicts

(117) was employed to locate additional
autotransporters. The comparison be-

Manual Curation

tween the existing annotations and the <
predictions of the bioinformatics tools

v

lead to more conflicts regarding the pro-
posed subcellular topologies (supple- 1895
mental Table S8). To resolve these
annotation differences we sought exper-
imental evidence in proteomic, genomic
and biochemical studies (supplemental

Table S7A). NA T

STEPdb

22 22w 95 8 67 19 1 60 89

1
F1BF2EGIF3HF4‘X MT C

De novo Comprehensive Topological Annotation of E. coli
K-12—Towards the complete topological annotation of E. coli
we followed a number of steps that included prediction tools
of subcellular locations and structural domains, homology
searches, proteomic/biochemical data, other databases and,

CEP

as a central tool, manual curation through literature searches
(Fig. 2). A decision tree describes the hierarchical clustering of
the information from the various sources that were combined,
based on the confidence we attach to the information (sup-
plemental Fig. S3). Location assignment of high confidence
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A
EchoLOCATION
Uniprot (506)
(398)
STEPdb
(1205)
F1
B . C

TAT ,Other
CEP

B,

F2 E// / / Cytosolic SEC
G\ i F4
F3H

Fic. 3. Summary of annotated topologies and experimentally
verified proteins. A, Proteins with experimentally verified topologies
in the two databases compared with STEPdb. B, CEP proteome and
distribution of proteins within its subcellular compartments. C, Utili-
zation of the main export systems in E. coli.

was for proteins that are accompanied by experimental evi-
dence. The robustness of the annotation for these experimen-
tally verified proteins was generally accepted, although in
some cases (described in supplementary material, “annota-
tion conflicts”) some proposed topologies were reconsidered
and overruled.

In the two following sections, we describe in more detail the
process that we followed and provide some examples.

De novo Annotation of Proteins of “Unknown” Location—
For the annotation of the 36 proteins of “Unknown” location
we first used prediction tools and literature searches. This led
to several assignments, for example, for MntS (cytoplasmic),
OmpP (OM), and SgrT (PIM) (supplemental Table S7). YshB
has a prediction for a potential amphipathic helix (1-10) (51)
and is thus annotated as potential PIM protein. The remaining
proteins were annotated as “Potential” based on the predic-
tions of the tools (most of them as cytoplasmic; supplemental
Table S7).

Elucidation of Previous Annotation Conflicts—The “Con-
flicting” proposals for subcellular compartments of 601 pro-
teins were resolved in a series of steps (supplemental Fig. S3).

1. Large Scale Localization Studies—First we analyzed high
throughput proteomic (supplemental Table S6C), biochemical
(8, 52), genomic (27), and microscopy studies (53).

Proteins identified in either of the proteomic studies in
specific locations were annotated as “experimental” unless
overridden by more dedicated biochemical studies (see step
4). There were cases where two proteomic studies suggested
different locations. One example is BtuB that has been iden-
tified in the outer membrane and the cytoplasm and Fis iden-
tified both in association with the inner membrane and in
nucleoids collected by sucrose gradient centrifugation (sup-
plemental Table S6A). If additional evidence was lacking,
proteins were annotated as being in either of the two
locations.

2. Bioinformatic Prediction Tools—Proteins with remaining
conflicting annotations were further examined with the core
prediction tools. When all prediction tools agreed (e.g. Sig-
nalP, LipoP, and Phobius predicted the existence of a signal
peptide or both TMHMM and Phobius predicted a TM) the
proteins were annotated as “potential.” When primary predic-
tions failed to resolve issues we made additional use of recent
classification tools (see Experimental Procedures).

3. Structural Elements that Correlate with Subcellular Lo-
calization— Certain structural features can also be indicative
of protein localization. These include the TMs, B-barrels, and
amphipathic a-helices and folds such as the “autotransporter
domain.”

Some PIM proteins interact with the IM via amphipathic
helices (22-24, 54-56). STEPdb identifies nine of them: DhnA
(57), PbpB (22), FtsA (55), MinD (24), GlpD (54), FtsY (23), Rne
(58), Rnb (59), and MinE (60). Proteins with similar features
(e.g. DacA (56)) have also been identified in the periplasmic
face of the IM.

The “autotransporter domain,” is located at the C terminus
of OM autotransporters (AT) (61). STEPdb identifies 10 ATs
mainly based on homology to the well characterized Ag43 and
the presence of the at-1 InterPro family motif (62). However,
three of these proteins (Ycgl, YcgV, and YdeU) do not pos-
sess detectable signal peptides.

Peptidoglycan (PG)-binding domains can also be indicators
of peripherally associated proteins of the OM (F3 class; Fig.
1). STEPdDb identifies five L, b-transpeptidases. Three of them
(YbiS, ErfK, and YcfS) cross-link Braun’s lipoprotein (Lpp) to
the PG and two of them form direct cross links with the PG
(63). MotB is both PG-tethered through its conserved C-ter-
minal region and IM-anchored through its N-terminal TM (64).
The lipoprotein Pal is anchored in the OM and associates with
the PG through its C terminus (65).

One common DNA-binding element is the helix-turn-helix
(H-T-H) motif. Sigma factors (RpoS, RpoE, and RpoH) contain
the H-T-H motif that mediates interaction with RpoA (RNA
polymerase subunit) and with the —35 element in promoter
DNA. Another set of DNA-binding proteins are the histone-like
proteins (66). The signature motif of this family is a twenty
residue sequence that includes three perfectly conserved po-
sitions. Four members of this family exist in K-12 (DhbA and B
and |hfA and B).
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The BON (bacterial OsmY and nodulation) domain is related
to association with phospholipid membranes (67). Apart from
OsmyY, which contains two BON domains, YraP also contains
two and YgaU one such domain.

4. Manual Curation— For all the remaining unresolved local-
izations we performed literature searches. This led to addi-
tional new experimental documentation for 1205 proteins (Fig.
3A), derived from 118 studies. For 152 proteins that remained
with unassigned localizations we applied certain criteria (sup-
plemental Table S5A) and annotated them as “Potential.”
Literature searches also provided experimental evidence for
proteins that had “Matching” proposed topologies by the
three resources.

Summarizing the results from the conflict resolution efforts
described above: for 200 proteins we have found enough
evidence and propose more certain subcellular topologies.
For 227 proteins the primary prediction tools agree among
themselves and for 152 proteins the topology has been de-
cided based on additional criteria (supplemental Table S5).
Some detailed examples of resolved conflicts are given (sup-
plementary Results: “Annotation conflicts” and supplemental
Table S8).

The Challenge of the PIM Proteome —PIM proteins are sol-
uble yet membrane-interacting and a particular annotation
challenge (6). They mediate communication of the cytoplasm
with the cell envelope through the IM for a plethora of biolog-
ical processes (6). PIM proteins are under-represented in
current databases, probably because of the absence of any
bioinformatics tools to predict them. EchoLOCATION labels
only 10 of them as “membrane-associated” whereas Uniprot
lists 139 “membrane-related” proteins of which 127 are pro-
posed to “associate with the IM from the cytoplasmic side.”
PIM proteins can be identified experimentally by their physical
interaction with the IM (6). STEP collects 550 PIM proteins of
which 37 have multiple locations (see below). 392 are exper-
imentally verified, 366 of them were characterized recently (6).
From the remaining PIM proteins, 76 were annotated as
“Probable,” 20 as “Potential,” and 26 “By similarity”.

Proteins with Multiple Subcellular Locations— Our analysis
indicates that 60 of the proteins of K-12 may exist in multiple
subcellular locations (Fig. 2, “MT”) making the proteome
much more topologically dynamic then currently known. Pro-
teins with multiple subcellular locations are not specifically
demarcated in Uniprot or EchoLOCATION. Of these, 37 are
annotated both as nucleoid and PIM proteins (N, F1); nine as
both nucleoid and IM proteins (N, B). This suggests that they
act as important physical connectors between the inner mem-
brane and the genetic material. In total 53 of the 60 have at
least one verified localization and the remaining were anno-
tated as “Probable” or “Potential.” Five of these (ArcD, Ygjl,
ClcB, RodZ, and CadC) have been experimentally verified as
being IM (3, 68, 69) and peripheral proteins.

SecM and YgfZ have been verified to localize both in the
cytoplasm and the periplasm (70) (A, G). OsmY, ChiA, and

HIyE have been characterized as both periplasmic and extra-
cellular proteins. ChiA becomes secreted when the cryptic
T2S system is activated (71).

Cytoplasmic peptidyl-tRNA hydrolase ArfB can also bind to
ribosomes through its C-tail (72). Three OM lipoproteins (Wza,
CsgG, and Lpp), normally residing in the inner leaflet of the
OM, have also been demonstrated to be partially or fully
surface exposed (73-75).

Two flagellar proteins, FliK and the anti-sigma factor FigM,
are cytoplasmic proteins that get secreted at the appropriate
time through the flagellum. Two integral inner membrane pro-
teins, CyoA and YiaD, have also been shown to be signal
peptidase Il substrates, thus both annotated as lipoproteins.
Finally, enolase can be found in three states, cytoplasmic,
peripherally associated to the IM and cell-surface bound (76,
77).

To denote multiple localization possibilities that have been
experimentally established we introduced the comma “,” for-
malism whereas a slash “/” denotes two or more possible
subcellular locations that have not yet been experimentally
determined.

Comparing Two E. coli Proteomes—The proteome of K-12
derivative MG1655 was compared with strain BL21(DES3).
BL21(DES3) is the most widely employed host for the produc-
tion of recombinant proteins and is considered more robust
than K12 strains because of reduced acetate production and
absence of some proteases (42, 78). More than 90% of each
proteome is “common,” leaving 266 and 359 proteins unique
to K-12 and BL21(DES3) respectively (supplemental Table S1).
The subcellular locations of the “common” proteins in
BL21(DE3) was extrapolated from those of K-12. Proteins
unique to BL21(DE3) were annotated de novo following the
same process followed for K-12.

Protein Sorting and Secretion—Our annotation reveals that
a remarkable 48% of the K-12 proteome that is synthesized in
the cytoplasm, is transported to various locations in the CE
(supplemental Table S4A; Fig. 3B). Before they reach their
final location, CE proteins have to overcome membrane bar-
riers that pose major energetic hurdles. E. coli cells have
developed several export mechanisms to negotiate crossing
into or across the IM or OM. STEPdb annotates the 12 protein
export systems identified in K-12 (Fig. 4) (14, 61, 79-87).
STEPdb also determines, where known, the respective ex-
ported proteins that utilize them.

A. Protein Export Systems— Protein export systems in K-12
can be classified as Sec-dependent (LOL, BAM, TAM, CU,
T5SS, Curli, OMV, and T2SS) and non-Sec dependent (Fla-
gellum and TAT)(Fig. 4). This generally reflects the protein
export systems found in all bacteria although additional ex-
port systems, not present in K-12, are known to exist in other
Gram™ and Gram™ bacteria. The bulk of protein translocation
across and protein integration into the IM is carried out by the
Sec pathway (>98%; Fig. 3C; Fig. 4)(14). Sec-dependent
systems generally deal with sorting proteins to the periplasm,
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outer membrane B-barrel protein (H) b) periplasmic protein (G)

outer membrane lipoprotein (1) integral Inner membrane protein (B)

) peripherally associated with the plasma membrane facing
the cytoplasm (F1)

L) peripherally associated with the outer membrane facing
the extra-cellular space (F4)

FiG. 4. E. coli K-12 main protein export pathways. Schematic representation of all currently known E. coli K-12 export systems along
with their respective structural and chaperone/targeting components. Sec-dependent and non-Sec dependent export systems exist. The
Sec-dependent export systems are: SEC, the essential Sec secretory pathway from which most of the proteins are secreted across or
inserted into the plasma membrane; SRP-SEC, co-translational export pathway, known to mainly target and insert transmembrane
proteins into the plasma membrane; LOL, Lipoprotein sorting system; BAM, the complex for the B-Barrel Membrane protein assembly;
TAM, Translocation and assembly module for Autotransporters; CU, Chaperone Usher export system; T5S, the secretion pathway of
autotransporters (composed of three functional domains: leader sequence, the passenger domain and the B-domain); Curli, extracellular
amyloid fibers; OMV, outer membrane vesicles; T2S, Type two secretion system, which mediates secretion of proteins that are folded in
the periplasm. The non-Sec dependent export systems are: Flagellum, is a motion generation organelle able to secrete some of its
constituent proteins; TAT, twin arginine translocation system. Also YidC, a protein involved in membrane insertion of some proteins
together with SecYEG, is also known to act independently thus defining its own pathway. Auxiliary components of the export systems
presented include the periplasmic chaperone SecB, the signal recognition ribonucloprotein particle Srp, the periplasmic chaperones (Skp
and DegP), the peptidyl prolyl cis-trans isomerases (SurA, FKbAB, and PpiAD) and the periplasmic disulfide oxidoreductases DsbABCD

(14). The list of proteins shown is not comprehensive (see database).

outer membrane and beyond after the IM has been negotiated
via the Sec translocase.

B. Secretory Proteins—STEPdb organizes exported proteins
in two levels of secretion that are facilitated by two levels of
chaperone/targeting factor pathways. The two export levels
reflect the export machineries responsible for secretion through
the IM (Sec, TAT, or YidC) or the OM (e.g. BAM, TAM, or CU)
whereas the two levels of targeting refer to the soluble compo-
nents that are responsible for guiding exported proteins to the
specific membrane (e.g. SecB for the SecA/SecYEG translo-
case, SRP for the SecYEG translocase, Skp for the BAM etc.).

The annotation of exported proteins utilizing export sys-
tems was mainly based on tools that can predict well char-
acterized secretion motifs such as the Sec/TAT signal pep-
tides and TM regions (8, 12, 13) and proteomic/biochemical
data (3, 5, 54, 88-90) from both in vivo (91), in vitro (92), and
proteomic (93) studies. However, there are proteins that get
secreted through the Sec system without having an obvious

signal peptide like the Rhizobium SodA (SodM and SodF
homologs in K-12) (94).

All predicted and experimentally verified Sec and TAT
signal peptides were included in STEPdb along with a syn-
opsis of their lengths and physicochemical properties. Two
types of exported proteins make use of the Sec system (95).
In type | secretory proteins (e.g. periplasmic, OM, or extra-
cellular proteins) the signal peptide is excised by signal
peptidase | (SPasel), at the periplasmic face of the plasma
membrane. Type Il proteins have evolved signal sequences
that are cleaved off by SPasell. Type Il proteins comprise of
lipoproteins anchored either on the IM or the OM (81). Some
lipoproteins are secreted in an unfolded form through the
Sec pathway with the help of YidC (96). Lipoproteins are
covalently modified with lipids at a cysteinyl amino-terminal
residue (+1 position relative to the cleavage site).

IM proteins are thought to utilize mainly the SRP pathway
for their targeting and are cotranslationally inserted into the IM
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by the Sec translocase (97). In the absence of proteome-level
experimental data for all IM proteins, we adopt this proposal
and categorize them all as being SRP and Sec substrates.
One known exception is HyaA, an IM protein with a single TM
helix. HyaA is targeted by the SRP but secreted through the
TAT pathway (5). YidC-dependent IM proteins have been
defined through fluorescent tagging (98). IM insertion after
depletion of YidC was monitored for ~400 IM protein using
GFP tags (98). YidC appears to be responsible for the mem-
brane integration of 77 IM proteins of K-12 and some small
proteins produced by phages such as M13 and Pf3 (89, 98).
Negative charges on the periplasmic segments or within the
TMs have been proposed to act as possible determinants of
YidC substrates (99).

In total, 33 proteins follow the TAT pathway for secretion
and most of them possess characteristic signal peptides (5).
Interestingly, some proteins that use this pathway lack TAT
signal peptides (e.g. DmsB) and are translocated by “piggy-
backing” on other TAT proteins (e.g. DmsA) that do possess
bona fide TAT signal peptides (100, 101).

Finally, at least two proteins (HIyE and YebF) are known to
be exported through outer membrane vesicles that bleb off
the cell’s surface (79, 102). Similarly, periplasmic OsmY can
also be secreted into the medium.

The Web Interface of STEPdb and the Embedded Bioinfor-
matics Tools—In this section we present the STEPdb web-
interface, the included information and the auxiliary web-tools
developed. STEPdb is navigated through a panel menu on the
left. This is divided in two groups of buttons: 1) “Strains,”
includes items giving access to the lists of proteins of the two
E. coli strains as well as the list of complexes, PIM proteins,
Sec/TAT secretory proteins and IM proteins, and the pairing
of the two E. coli strains and 2) “Downloads and Tools” (see
below), which includes a series of prediction tools, references
and information on specifics of STEPdb under “About.”

The comparison of subcellular locations of the two E. coli
strains is accessible through the “K-12 versus BL21” button.
Below the K-12 branch lie some subclasses of the K-12
proteome along with their summarized features (PIM, IM, and
the SEC/TAT secretomes). The list of proteins of each class
can be viewed by the corresponding “Sequences” link and the
summarized features through the “Features” link.

Beneath the IM proteome branch lies an additional button,
“Topology,” where users can visualize the transmembrane
orientation of ~700 IM proteins. These are based on predic-
tions made by Phobius and then corrected by the experimen-
tally verified localization of the C termini of these proteins (3).
A strong descriptor of IM proteins is the existence of TM
regions. These can be accurately predicted by various tools
(9, 36) along with the information of their orientation in the IM
(i.e. which of their regions are exposed to either the cytoplasm
or the periplasm). Based on these data TMHMM predicts
correctly the orientation of only 78% (3) and Phobius of only
~81% of these proteins (data not shown). Membrane proteins

Periplasm

Cytoplasm

Fic. 5. Inner Membrane protein topology. Categorization of IM
proteins based on their topology and orientation in the IM. B, By
bitopic IM proteins anchored in the IM with their soluble region in
cytoplasm or periplasm correspondingly; B, polytopic IM proteins;
Bin. out Single pass IM proteins with soluble regions in both cytoplas-
mic and periplasmic volumes; A, B, IM proteins with both their termini
facing the same side cytoplasm or periplasm correspondingly; C, D,
IM proteins that their N termini lay on opposite sides of the IM plane
B proteins with multiple orientations.

are classified in STEPdb depending on the location of their
termini but also based on whether they are bitopic (single
TMs) or polytopic (multiple TMs) (Fig. 5).

K-12 export systems are summarized in cartoon represen-
tation in the correspondingly named menu link. In this cartoon
proteins are represented as colored circles that contain active
links to information for each protein. Furthermore, the com-
plete list of the proteins participating in each export system
can be selected and viewed by clicking the export system
names at the bottom of the cartoon. More information regard-
ing each system can be viewed by clicking the “References”
button.

Finally, in the “Solubility” page, STEPdb summarizes the
solubility features of each subcellular protein class as exper-
imentally determined by large scale in vitro studies (103).

In the “Downloads and Tools” section of the navigation
menu, the user can access: 1) the correspondence of STEPdb
nomenclature to Gene Ontology terms, 2) the BLAST2STEP
tool, 3) a multiprediction tool for protein motifs, 4) files for
download, 5) complete list of references that have been col-
lected after manual curation of the database entries, and 6)
specific explanations on STEPdb content and the terminology
used (“about”).

Bioinformatic Predictors Incorporated in STEPdb—Four
widely used bioinformatics tools have been incorporated in
STEPdb: TMHMM, Phobius, and SignalP, that predict se-
creted and membrane protein features, and IUPred that pre-
dicts protein disordered regions (39). Searches can be run via
the dedicated “Predict Topology” page or accessed through
“Predict Now” within the “more info” slide panel of each
protein entry.

Homology searches of protein sequences against the
STEPdb database can be run through BLAST2STEP. This tool
can be used to predict topology for new proteins/omes based
on our well-characterized subcellular topologies.
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Structural/physicochemical Features of Proteins—Unstruc-
tured regions within proteins have been related to function,
including trafficking (104). Proteins that include them are
called intrinsically disordered (IDPs) and many of them have
fundamental cellular roles (104). IDPs have regions that lack
any tertiary structure under native conditions.

IDPs take part in signaling (105) and regulation pathways
(106) and they often bind to DNA molecules (107), ribosomes
(72), small molecules, and proteins (108).

STEPdb incorporates the IUPred tool (39) that can predict
disordered areas in proteins. IUPred can be accessed either
through the “more info” button where it can be executed for
the selected protein or through the “Predict Location” multi-
prediction tool button.

The physicochemical properties of proteins (e.g. hydropa-
thy profile and solubility), are reflected in and influence their
structural attributes, their interaction with chaperones and
their trafficking. Niwa et al. (103) have studied protein solubil-
ity in E. coli, in a chaperone-free reconstituted translation
system using a centrifugation assay. The IM proteome con-
sists of highly aggregation-prone proteins (solubility <30%),
whereas 65% of ribosomal proteins are highly soluble (solu-
bility >70%). Solubility features of the E. coli proteome are
summarized under the “Solubility” menu button.

“More Info” Panel— Conclusions that derived from manual
curation or bioinformatics predictions accompany each pro-
tein entry in STEPdb (supplemental Fig. S4). These can be
found in a sliding menu panel that can be opened through a
“More info” button at the left of each protein entry (supple-
mental Fig. S4). The “More info” panel is organized in four
subsections.

The leftmost section is dedicated to manual curation infor-
mation: localization, experimental evidence level, manual cu-
ration comments, and literature references. It contains addi-
tional data such as mRNA molecules/cell (44) and protein
abundance as calculated by single cell screening (44) and
mass spectrometry [PaxDb; (109)].

Next follows a subsection that contains information about
structural motifs from the SCOP (110) database, Multifun
terms, functional annotation provided by PFAM and SMART
databases (111, 112). In this section a button redirects the
user to protein complexes of the respective protein.

The third subsection contains physicochemical features of
the protein: experimentally quantified protein solubility (103),
heat stability, and protein disorder (IlUPred tool; (39)). The
rightmost panel brings together the results of the various
classification and prediction tools. Use of the incorporated
prediction tools is via the “Predict Now” button.

Protein Complexes and Visualization— STEPdb includes the
first attempt to ascribe PIM protein complexes and interac-
tions (6) and can be accessed through the “Complexome”
button. The “complexome” section of STEPdb contains all
known K-12 complexes, mainly drawn from EcoCyc that in-
corporates the only currently available curated catalog of

E. coli complexes (957 complexes including subunit compo-
sition, stoichiometry, and functionality).

During manual curation we identified 61 new complexes (38
of these are heteromeric) not present in EcoCyc (supplemen-
tal Table 6B). An interesting example is Psd that gets proteo-
lytically cleaved and forms a heteromeric complex with itself
(113).

For the newly identified complexes, STEPdb retains the
nomenclature, subunit composition, and Multifun (114) func-
tional annotation formalisms of EcoCyc. Each complex can be
dynamically drawn and “visualized” on demand in cartoon
form upon clicking on the corresponding “draw” button (sup-
plemental Fig. S5).

Depending on their localization complexes can be ac-
cessed through the linked cell cartoon at the top of the
“Complexome” section. Protein complexes that span more
than one subcellular compartment are annotated as a con-
catenation of all different compartments. For example the
flagellum that spans both membranes and is constituted also
by extracellular components is annotated as “B&H&F4.”

Subcellular annotation of protein complexes lays the foun-
dation for future analysis and visualization of cellular functions
and metabolic pathways. STEPdb colocalizes for the first time
all known protein complexes of K-12 within the cell based on
thorough location annotation of their corresponding subunits.
This is an extension of the recently published map of the PIM
proteins (6). It organizes protein complexes found in EcoCyc
in nine functional categories and incorporated protein—protein
interactions as registered in the Intact database (115).

The E. coli complexome map can be accessed under the
“Cell Atlas” item or the “Cell Atlas” button accessible in all
pages under a “cell-subsites” cartoon. It contains active links
to proteins and protein complexes.

DISCUSSION

The complete elucidation of protein localization in subcel-
lular compartments is a cornerstone for further study of any
cell. The ever increasing need for proteomics analyses re-
quires well described reference proteomes. Here we present
STEPdb, an integrated database that includes protein subcel-
lular location characterization of all proteins of E. coli K-12.

Subcellular annotation of STEPdb was based on bioinfor-
matic prediction tools that were combined with the updated
annotations of databases (29, 32) that were further corrobo-
rated by biochemical and proteomic data and a manual cu-
ration process. Manual curation contributed 1547 proteins of
experimentally verified subcellular location that was based on
397 literature studies.

Collectively the multicombinatorial analysis used to derive
STEPdb, revises previously existing annotation for ~15% of
the E. coli K-12 proteins (Table I; 640 of 4303 proteins), cat-
egorizes for the first time ~4.5% of proteome (Table I;
“STEPdb de novo annotated”) and resolves conflicts for 576
of 4303 proteins.
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Our analysis has demonstrated that bioinformatic tools are
not yet sufficient to predict comprehensively the subcellular
location of all E. coli K-12 proteins. This is reflected on the
contradictions between the predictions of currently available
tools or by the absence of prediction tools. Another example
is the prediction of TM regions by Phobius and TMHMM. In
older versions of these tools the N-terminal signal peptide
was frequently miss-predicted as a TM region. Even though
the recent releases of SignalP and Phobius take into account
the possibility of a TM or a signal peptide correspondingly, the
predictions do not always agree with each other.

Towards the goal of comprehensive annotation of subcel-
lular location, manual curation, and the inclusion of experi-
mental data is essential. This is particularly true for protein
classes such as PIM proteins that have no currently traceable
bioinformatic signatures. Also, experimental knowledge of the
machineries by which proteins find their final locations adds to
the accuracy of the annotations. This process is ongoing and
we expect it to be revisited as more experimental information
becomes available. STEPdb can be used as a starting point
for users looking for subcellular locations of unknown bacte-
rial proteins. The comprehensive subcellular annotation in
STEPdb will also, in the long run, provide constant feedback
that will fine-tune the performance of the prediction tools and
serve as a reference dataset for bacterial proteomics.
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