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Abstract

Cellular receptors usually contain a designated sensory domain that recognizes the signal.
Per/Amt/Sim (PAS) domains are ubiquitous sensors in thousands of species ranging from
bacteria to humans. Although PAS domains were described as intracellular sensors, recent
structural studies revealed PAS-like domains in extracytoplasmic regions in several trans-
membrane receptors. However, these structurally defined extracellular PAS-like domains
do not match sequence-derived PAS domain models, and thus their distribution across the
genomic landscape remains largely unknown. Here we show that structurally defined extra-
cellular PAS-like domains belong to the Cache superfamily, which is homologous to, but
distinct from the PAS superfamily. Our newly built computational models enabled identifica-
tion of Cache domains in tens of thousands of signal transduction proteins including those
from important pathogens and model organisms. Furthermore, we show that Cache
domains comprise the dominant mode of extracellular sensing in prokaryotes.

Author Summary

Cell-surface receptors control multiple cellular functions and are attractive targets for drug
design. These receptors often have dedicated extracellular domains that bind signaling
molecules, such as hormones and nutrients. Computational identification of these ligand-
binding domains in genomic sequences is a pre-requisite for their further experimental
characterization. Using available three-dimensional structures of several bacterial cell-sur-
face receptors, we built computational models that enabled identification of the Cache
domain, as the most common extracellular sensor module in prokaryotes, including many
important pathogens. We also demonstrated that the Cache domain is homologous to, but
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sufficiently different from the most common intracellular sensor module, the PAS domain.
These findings provide a unified view on molecular principles of signal recognition by
extra- and intracellular receptors.

Introduction

Signal transduction is a universal feature of all living cells. It is initiated by specialized receptors
that detect various extracellular and/or intracellular signals, such as nutrients, and transmit
information to regulators of different cellular functions [1, 2]. Receptors are usually comprised
of several domains and one or more of them are designated sensors that physically interact
with the signal. There is a great diversity in the sensory domain repertoire, but a few of these
domains appear to be dominant. The most abundant sensory module that is found in tens of
thousands of signal transduction proteins throughout the Tree of Life is the Per/Arnt/Sim
(PAS) domain [3, 4]. PAS domains are related to another large group of dedicated sensors—
c¢GMP phosphodiesterase/adenylyl cyclase/FhlA (GAF) domains [5, 6]: both superfamilies
belong to the profilin-like fold [6, 7] and are found in similar types of signal transduction pro-
teins in eukaryotes and prokaryotes. PAS and GAF are amongst the largest superfamilies of
small molecule-binding domains in general, and the largest among those solely dedicated to
signal transduction [8]. Originally, PAS domains were discovered as exclusively intracellular
sensors [9, 10]; however more recent studies have identified several extracytoplasmic PAS
domains. Members of this group include quorum- [11], dicarboxylate- [12, 13] and osmo-sens-
ing [14] receptor kinases, and chemotaxis receptors [15, 16] from bacteria as well as the Arabi-
dopsis thaliana cytokinin receptor [17] among others. As commonly accepted in structure-
based approaches, these domains were termed PAS (or PAS-like) based on expert’s visual
inspection of three-dimensional structures. Surprisingly, none of these structurally defined
domains matched any sequence-derived PAS domain models. Furthermore, novel structural
elements previously unseen in PAS domains have been noticed in some of these structures and
a new name, PDC (acronym of three founding members, PhoQ, DcuS and CitA), has been sug-
gested for these extracellular domains [18]. On the other hand, several unappreciable, but inde-
pendent observations pointed toward a possible link between extracellular PAS-like structures
and yet another sensory domain superfamily, Cache [19]. Cache was originally described as a
ligand-binding domain common to bacterial chemoreceptors [20] and animal voltage-depen-
dent calcium channel subunits [21] that are targets for antineuropathic drugs [22]. First, the
authors of the original Cache publication suggested that three predicted strands in the Cache
domain might form a sheet analogous to that present in the core of the PAS domains structure;
they also suggested a circular permutation of the Cache domain in extracellular regions of
DcusS and CitA [19], proteins that later became the founding members of the proposed PDC
domain [18]. Second, in their structural classification of PAS domains, Henry and Crosson [4]
noted that a few sequences corresponding to structures included in their analysis were anno-
tated as Cache in domain databases. Third, Zhang and Hendrickson reported that a conserved
domain search detected the presence of a single Cache domain in their two related structures
of the double PDC domain, namely 3LIA and 3LIB (PDB identifiers), but not in the other three
closely related structures of this domain, 3LIC, 3LID and 3LIF [23]. Nevertheless, these poten-
tial relationships with Cache have never been explored further and extracellular PAS-like
domains are being referred to as PAS [4], PAS-like [14], PDC [18], PDC-like [24], and PDC/
PAS [25] (S1 Table). Furthermore, there is no agreement between sequence- and structure-
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Fig 1. Superfamily assignment of PAS domains in sequence and structure classification databases.
(A) Extracellular PAS-like domains; (B) intracellular PAS domains. Assignments of PDB structures by Pfam
[26] (red), SCOP [27] (green) and CATH [28] (blue) are shown as Venn diagrams to scale.

doi:10.1371/journal.pcbi.1004862.9001

based classifications of these domains and associated structures provided by leading databases
(Fig 1, S2 and S3 Tables).

The fundamental problem beyond classification issues and semantics is that other than a
handful of examples with solved 3D structure, receptors containing these domains cannot be
identified by tools implemented in major biological databases, such as the NCBI Conserved
Domain database [29], Pfam [26], SMART [30], etc. This, in turn, is a barrier for practical
applications, such as a proposed use of bacterial receptors as drug targets [31]. On the other
hand, Dunin-Horkawicz and Lupas [32] were able to detect many extracellular PAS-like
domains in genomic datasets by using a sensitive profile-profile search tool HHpred [33] and
PDB derived profiles, thus laying a foundation for further exploration of these complex
sequence-structure relationships.

Here we show that extracellular PAS (PDC)-like domains belong not to PAS, but to the
Cache superfamily. By building new Cache domain models utilizing structural information, we
implicated more than 50,000 signaling proteins from all three domains of life as new members
of this superfamily thus more than doubling the space of its current computational coverage.
We also provide evidence that while being a distinct superfamily, Cache is homologous to the
PAS superfamily and propose that the Cache domain emerged in bacteria from a simpler intra-
cellular PAS ancestor as a benefit of extracellular sensing. Finally, we show that Cache domains
are the dominant mode of extracellular sensing in prokaryotes.
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Results
“Extracellular PAS” Is Cache

To illustrate the level of ambiguity in classification of extracellular PAS/PDC-like domains (S2
Table) we compared it to that of diverse intracellular PAS domains from bacteria, archaea and
eukarya (53 Table). The results show a nearly perfect classification coverage and agreement
between sequence- and structure-based definitions for the latter and a state of disarray for the
former (Fig 1). We subjected protein sequences of all twenty-one single and double extracellu-
lar PAS-like domains [4] with known 3D structure to similarity searches against the Pfam data-
base (v.27.0) using sequence-to-profile search tool, hmmscan [34] and a more sensitive,
profile-to-profile search tool HHpred [33]. None of the sequences had any PAS domain models
as the best hit in any type of search. For fourteen of them (including both single and double
domains), best hits were to domain models from the Cache superfamily, whereas for the
remaining seven structures, best hits are not assigned to any domain superfamily (S4 Table).
Mapping regions matched to Cache domains onto corresponding structures revealed the
nature of ambiguity between sequence- and structure-based domain definitions. Single domain
structures showed better agreement with sequence-based domain models (S1 Fig), although
some of them still had substantial discrepancies. For example, the full-length Cache_2 model
does not include the last three B-strands of the PAS-like domain (Fig 2A). Dual domain struc-
tures showed major disagreements with sequence-based domain models. The Cache_1 model

A Cache_2 PAS-like
E m— s S—
102 69 153
:,?-b
K (N N
/ 4 41 :Lg’
/ eV
LA
o
Single Cache
B Cache_1 PAS-like PAS-like
—_— P — —
106 182 35 146 226

Double Cache

Fig 2. Comparison of sequence- and structure-based definitions for extracellular PAS-like domains.
(A) Vibrio parahaemolyticus chemoreceptor (PDB: 2QHK); (B) Vibrio cholerae chemoreceptor (PDB: 3C8C).
Domains are visualized on sequences with corresponding amino acid positions (top) and structures (bottom).
Cache (cyan) domains are defined by Pfam; PAS domains (green and magenta) were defined by visual
inspection of corresponding structures.

doi:10.1371/journal.pcbi.1004862.9002
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captures the last three strands from the membrane distal PAS-like domain, the first two strands
of the membrane proximal domain, and the connecting elements between the two domains
(Fig 2B). Some of the most conserved structural elements, such as the long N-terminal helix
captured in the Cache_2 model and connecting elements between two globular domains cap-
tured in the Cache_1 model, are never seen in proteins that belong to the PAS domain super-
family, which led to a suggestion that these domains are different from PAS [23]. We also
confirmed that the long N-terminal helix in some of the double domain structures (Fig 2B)
matches a Pfam model MCP_N (S4 Table).

New Cache Domain Models

Cache domains were represented in Pfam 27.0 as a clan (Pfam definition of a superfamily)
comprised of six families: Cache_1, Cache_2, Cache_3, Ykul_C, DUF4153 and DUF4173. We
used newly uncovered relationships between structure and sequence characteristics to con-
struct new Cache domain models. Three key facts about Cache domains were taken into
account. First, structural studies revealed that both single and double Cache domains occupy
the entire extracellular region between two transmembrane helices [11-17, 23]. Second, Cache
domains have been identified exclusively in proteins that contain output signaling domains.
Third, the vast majority of Cache domains are found in prokaryotes. Consequently, in order to
identify potential Cache domains, we retrieved a non-redundant set of prokaryotic sequences
that contained at least one output signaling domain and a predicted extracellular region
flanked by two transmembrane helices (see Methods for details). The final set of predicted
extracellular regions (non-redundant at 90% identity) was used in the hidden Markov model
(HMM) construction. Models were built in three stages using sequence-to-sequence and
HMM-to-HMM comparisons (see Methods for details). We constructed eight new Cache
models (four double Cache models-dCache_1, dCache_2, dCache_3, Cache_3-Cache_2 and
four single Cache models-sCache_2, sCache_3_1, sCache_3_2 and sCache_3_3) to replace the
three models (Cache_1, Cache_2, and Cache_3) from Pfam 27.0 (Table 1). The alignments for
the eight new models are shown in S1 Data. The fourth Pfam model from the Cache clan,
Ykul_C, was found to adequately capture the domain structure and to perform well (S1B Fig).
Two other members of the clan, DUF4153 and DUF4173 were found to be unrelated to Cache
based on both sequence similarity and secondary structure prediction. Consequently, these
models will be removed from the clan.

The new models revealed complex relationships between single and double Cache domains.
HMM-HMM comparison (see Methods) showed that the membrane distal subdomain of
dCache_1 was more similar to sCache_3, whereas the membrane proximal subdomain was
more similar to sCache_2 (S2 Fig). On the other hand, dCache_2 and dCache_3 domains
appear to be a result of sCache_2 and sCache_3 duplication, respectively. Finally, the
Cache_3-Cache_2 domain likely originated as a fusion of sCache_3 and sCache_2 domains.

The new models demonstrated dramatically improved sensitivity by identifying more than
50,000 Cache domains in the NCBI non-redundant database that escaped detection by Pfam
27.0 models (S2 and S3 Data, S5 Table). HMM-HMM comparisons of newly identified Cache
domains were carried out against the HHpred PDB70 profile database. 91% of the newly iden-
tified Cache domains were found to hit the PDB profile generated from available structures of
the extracellular “PAS-like” domains (S4 Data). The results further support that the newly gen-
erated models correctly identify Cache domains.

A small number of newly identified Cache domains (~4%) overlapped with other non-
Cache Pfam domains, such as MCP_N, TarH, VGCC_alpha2 and few others (S5 Data). As
already discussed earlier, we consider MCP_N as a part of the Cache domain as it defines a
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Table 1. Newly defined Cache superfamily.

Family Total HK MCP
dCache_1 15569 4958 4908
dCache_2 299 71 92
dCache_3 883 327 236

Cache_3-Cache_2 407 17 330

CHASE 1214 607 -

LuxQ-periplasm 115 112 -

sCache_2 2243 356 1534
sCache_3_1 2854 2799 3
sCache 3 2 2499 2189 64
sCache_3_3 276 14 201

Ykul_C 277 - -
CHASE4 529 79 7
Stimulus_sens_1 203 202 -
DUF2222 713 705 -
SMP_2 788 - -
Diacid_rec 1274 - 30
2CSK_N 966 952 -
PhoQ_sensor 556 551 -

GCD AC SP STK IC TF PDB
GC

Double domains
2880 265 204 25 467 300 3C8C, 2ZBB, 3BY9, 3E4P, 3LIA, 3LIB, 3LIC, 3LID, 3LIF, 4JGO

89 = 21 - - 1 -
248 4 8 1 - - -
10 - - - - - -
549 9 3 5 - - 3T4J
1 - - - - - 2HJE, 3C38
Single domains
29 - 2 - - - 2QHK,3UB6,4K08
15 - 1 2 - 3 3CWF
40 - 60 2 - 3 1P0Z, 3BY8
15 - - - - 14 -
178 - - - - - 2W27
387 3 - - - - -
1 - - - - - -
3 - - - - 1192 -
- - - - - - 2KSE
- - - - - - 3BQ8, 1YAX

Number of sequences in UniProt 2012_06 release are shown. Abbreviations: MCP, methyl-accepting chemotaxis proteins (MCPsignal); HK, histidine
kinases (HATPase_c, HATPase_c_2, HATPase_c_3, HATPase_c_5, HisKA, HisKA_2, HisKA_3, HWE_HK); GCD, c-di-GMP-cyclases and diesterases
(GGDEF, EAL, HD); SP, serine phosphatases (SpollE, PP2C, PP2C_2); AC/GC, adenylate- and guanylate cyclases (guanylate_cyc): STK, serine/
threonine kinases (Pkinase); TF, transcription factors (HTH clan, LytTR); IC, ion channels (VWA_N, VGCC_alpha2).

doi:10.1371/journal.pcbi.1004862.t001

subset of conserved Cache structural elements. Overlap with TarH is caused by inclusion of
several Cache-domain containing sequences in the seed alignment for a model depicting an all
alpha-helical TarH domain [35]. VGCC_alpha?2 is usually present C-terminal to the Cache
domain in Calcium channel subunits and in fact is a C-terminal part of the Cache domain
missing from a Pfam 27.0 seed alignment. After correcting for these artifacts, the overlap of
newly defined Cache domains with unrelated Pfam domains is about 0.15%.

New models also showed a significantly improved average coverage (Fig 3, S6 Table). The
average length of single and double Cache domains of known 3D structures is 140 and 271
amino acid residues, respectively, matching well previously observed bimodal distribution of
extracellular ligand-binding regions in chemoreceptors [36]. Occasionally, single Cache
domain models match to extracellular regions that are significantly larger than the average
length of single Cache domains (S3 Fig). Similarly, double Cache domain models occasionally
match to extracellular regions with a size of a single Cache domain. This is likely due to the
complex modular nature of these domains (S2 Fig). We used sequences with known 3D struc-
tures as controls to visualize the increased specificity and coverage of the newly built Cache
models (S7 Table). All new models, further refined according to Pfam standard protocols, are
now available in the Pfam 29.0 release.

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004862 April 6,2016 6/21
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Fig 3. Length distribution of Cache domains identified using the new domain models. Results for
searches of the Pfam 27.0 associated UniProt database (June 2012 release) using the newly built single and
double Cache models and the unchanged Ykul_C model are shown. Shaded areas show the upper and
lower boundaries of known single and double Cache domain structures. Outliers represent partial protein
sequences as well as partial matches to models (very short sequences) and sequences with large insertions
within the Cache domain (very long sequences). See S2 Data for details.

doi:10.1371/journal.pcbi.1004862.9003

New Members of the Cache Superfamily and Its Relationship to PAS
and GAF

When carrying out sensitive profile-to-profile searches initiated with the sequences of extracel-
lular “PAS-like” structures, we noticed statistically significant (although never the best) hits
with profiles corresponding to several Pfam domains other than members of the current Cache
clan. We explored this indication of potential remote homology further by consistently analyz-
ing all statistically significant HHpred matches for all nineteen structures. The results show
that statistically significant hits belong either to the PAS and GAF superfamilies or to small
families that have not been assigned to any domain superfamily, for example LuxQ-periplasm,
CHASE, Diacid_rec, etc (S6 Data, spreadsheet 1). Nearly the same repertoire of small families
and members of PAS and GAF superfamilies were statistically significant hits in HHpred
searches initiated with newly constructed Cache models (S6 Data, spreadsheet 2). Finally, we
have performed a reverse search, where queries were models from small families as well as PAS
and GAF superfamilies identified as statistically significant hits in the previous two types of
searches (S6 Data, spreadsheet 3). These searches have identified nine additional current Pfam
families that lacked any superfamily assignments. We now assign these families to the Cache
superfamily (see Methods, Table 1, S6 Data, spreadsheet 4). The sequence logos for all the
members of the new Cache superfamily are shown in S7 Data.

Relationships between all members of the Cache, PAS and GAF superfamilies at profile and
sequence levels are shown in Fig 4. The clustered heat map (S4 Fig) generated using HHsearch
Prob scores, shows four main clusters, one each for PAS, GAF and Cache superfamily and a
fourth cluster comprising of several new Cache family members along with some smaller GAF
and PAS families. While being closely related to PAS and GAF, members of the Cache super-
family are more related to each other, thus fully justifying a separate superfamily designation.
Satisfactorily, homologous relationships between Cache, PAS, and GAF were also captured in a
new database ECOD (Evolutionary Classification of Protein Domains) [37], which also
included most of the related “orphan” families described above into the same superfamily.

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004862 April 6,2016 7/21
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Fig 4. Relationship between Cache (red), PAS (blue) and GAF (green) superfamilies. (A) HMM-to-HMM
comparisons. The nodes represent domain families. Links represent reciprocal hits in hhsearch. Hits with an
E-value <1e-3 are shown as thick lines, those with E-value <1e-1 are shown as thin lines and dotted lines
represent hits with >90 probability score. Filled circles represent PAS and GAF domain families that were
identified in HHpred search using new Cache models. Families that were not identified in these searches are
depicted by empty circles (B) Sequence-to-sequence comparisons. The outer circle represents domain
families. Links between individual sequences represent reciprocal BLAST hits with an E-value threshold of
1e-8, the lowest E-value at which no links between superfamilies were found. However, the overall
relationships shown here remain at less stringent E-values.

doi:10.1371/journal.pcbi.1004862.9004

A key unsolved biological problem in signal transduction is linking computationally derived
models of sensory domains with their ligands. We have compiled a comprehensive literature
survey, which showed that only a handful of Cache domains have known ligands (S8 Table).
While it is unlikely that proposed models for individual Cache families capture the ligand-spe-
cific information (see Discussion), there seem to be at least some interesting trends. For exam-
ple, the majority of known ligands for dCache_1 domains are amino acids, whereas many

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004862 April 6,2016 8/21
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single Cache domains bind organic acids. Interestingly, no sugars were identified so far as
ligands for Cache domains.

Cache Domains Are Ubiquitous Extracellular Sensors

By performing the hmmsearch against the Pfam 27.0 associated UniProt database using eigh-
teen domain models from the newly defined Cache superfamily, we have identified 31,572 pro-
tein sequences containing these domains. Thus, the size of the Cache superfamily is
comparable to that of PAS (88,093 sequences) and GAF (47,618 sequences) superfamilies.
Overall phyletic distribution of Cache domains is also similar to that of PAS and GAF (Fig 5,
S8 Data).

We have used the TMHMM?2 tool to identify transmembrane regions in all 31,572
sequences with detectable Cache domains and determined that members of all Cache families
are predicted to be principally extracellular, except for two small families, Diacid_rec and
Ykul_C that are principally intracellular (S9 Table). Altogether, 78% of all Cache domains
were confidently predicted to be extracellular. For comparison, 74% of all PAS domains were
confidently predicted to be intracellular. Analysis of the domain architecture of all Cache
domain-containing protein sequences revealed known output domains of signal transduction
systems, except for the SMP_2 family members (Table 1). The SMP_2 domain is the closest
relative of the DUF2222 domain (mutual best hits in HHpred searches) and both are found
exclusively in proteobacteria. While DUF2222 is the sensory module of the BarA/GacS/
VarA-type histidine kinases that are global regulators of pathogenicity in gamma-proteobac-
teria [38], SMP_2 appears to be a sensory module that was cut off from the rest of the protein.
The likelihood of this scenario is further supported by the nearly identical phyletic distribu-
tion of both domains and the fact that SMP_2 proteins are also implicated in virulence in
gamma-proteobacteria [39]. Apart from this neofunctionalization, all other Cache domains
appear to serve as extracellular sensory modules for all major modes and brands of signal
transduction proteins in prokaryotes, including sensor histidine kinases, cyclic di-GMP
cyclases and diesterases, chemotaxis transducers, adenylate and guanylate cyclases, etc. Fur-
thermore, Cache domains are dominant among known extracellular sensory domains in pro-
karyotes (Fig 6, S10 Table), significantly outnumbering the best studied such domain, a four-
helix bundle [35, 40].

Newly Identified Cache Domains

Among tens of thousands of newly identified Cache domains, many are present in signal trans-
duction proteins from important human pathogens and model systems (Fig 7). For example,
we have confidently detected the Cache domain in the extracellular region of the WalK sensor
histidine kinase from low G+C Gram positive bacteria, which plays a critical role in regulating
cell division and wall stress responses [41]. WalK is a novel target for antibacterial agents
against multidrug-resistant bacteria, including methicillin-resistant Staphylococcus aureus [31,
42]. We identified the new double Cache domain in the YedQ diguanylate cyclase, which regu-
lates cellulose biosynthesis and biofilm formation in Escherichia coli and Salmonella enterica
[43, 44]. This domain was also identified in the Rv2435c adenylate cyclase in Mycobacterium
tuberculosis, which is a part of the cAMP network involved in virulence [45]. Our new
dCache_1 model has identified the double Cache domain in the extracellular region of the
osmosensing histidine kinase SInl from Saccharomyces cerevisiae, which controls activity of
the HOG1 pathway [46]. The region, which is now designated as the Cache domain, was
shown to be essential for its sensory function [47].

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004862 April 6,2016 9/21
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Fig 5. Phyletic distribution of PAS (blue), GAF (green) and Cache (red) domains. Flags at the outer three layers represent the domain presence in a
corresponding genome. The tree was built using taxonomic ranks retrieved from NCBI.

doi:10.1371/journal.pcbi.1004862.9005

Evolutionary Scenario for Cache Origins

A meaningful phylogenetic tree of Cache domains cannot be produced due to extreme
sequence variation between families. Consequently, evolutionary analysis of Cache is limited to
less informative options. However, phyletic distribution, relative abundance and protein con-
text all point towards a probability that Cache domain(s) evolved from simpler intracellular
PAS-like ancestor(s). We have shown that Cache is homologous to PAS and GAF (Fig 4A),
which is also independently supported by CATH [28] and ECOD [37] classification. PAS and

10/21

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004862 April 6,2016



®PLOS

COMPUTATIONAL

BIOLOGY

Cache Domains Are Dominant Extracellular Sensors

SBP_bac 3 (2%)
Y Y Y (2%) DUF3365 (1%)
Reg_prop {20/6) Others {301{1)
NIT (3%)
Pild (3%)

CSS-motif
(3%)

4HB_MCP clan 4  Cache clan
(17%) (64%)

Fig 6. Relative abundance of known extracellular sensory domains in prokaryotes. Domain counts
were obtained by running Pfamscan against a dataset of non-redundant prokaryotic extracellular sequences,
which was also used for HMM construction (see Methods).

doi:10.1371/journal.pcbi.1004862.9g006

GAF (that are homologous to each other) or their common ancestor originated in the last uni-
versal common ancestor [5, 8, 48]. Cache has all basic structural elements of PAS, but also con-
tains novel structural elements that are not seen in PAS/GAF [23] including a long N-terminal
helix previously mistaken for a separate domain (MCP_N). Thus, PAS and GAF are structur-
ally simpler than Cache. Domains that are structurally simpler are expected to be more ancient
and more abundant than their structurally more complex derivatives [49]. In bacteria, PAS,
GAF, and Cache domains are nearly equally abundant, whereas in archaea and eukarya Cache
is significantly less abundant suggesting that Cache has likely originated in the bacterial lineage
after its separation from the archaeal/eukaryotic lineage. Incidences of Cache in archaea and
eukaryotes appear to be due to horizontal gene transfer. For example, Cache domains in Meta-
zoa are mostly limited to a single type of protein-a voltage-dependent calcium channel alpha-
2-delta subunit [21] (S8 Data), whereas vertically inherited PAS and GAF domains are found
in diverse signal transduction proteins [3, 50]. In plants and fungi, Cache is limited to histidine
kinases (S8 Data) that are known to be horizontally transferred from bacteria [51, 52]. In Nae-
gleria, a representative of Excavates, the Cache domain is found in a single protein, a bacterial-
type adenylate cyclase (Fig 7). In a striking contrast, Cache domains in bacteria are found in all
major types of signal transduction proteins (Table 1) similarly to PAS and GAF, and their phy-
letic distribution and abundance in bacteria are similar to that of PAS and GAF. Finally, the
Cache-to-PAS ratio in archaea and eukaryotes is nearly five times smaller than that in bacteria
(S8 Data). Taken together, these observations suggest that PAS and GAF predate Cache, which
is consistent with the previous suggestion that intracellular sensing predates extracellular sens-
ing [53].

Discussion

Our findings show that experimentally solved three-dimensional structures of so-called “extra-
cellular PAS domains” belong not to PAS, but to Cache superfamily. Our new sequence profile
models for the Cache superfamily dramatically improve computational coverage and enable
identification of Cache domains in tens of thousands of signal transduction proteins including
those from human pathogens and model systems. Consequently, we demonstrated that Cache
is the most abundant extracellular sensory domain in prokaryotes, which probably originated
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OOHO-mep )

Vibrio cholerae Q9KL26

Helicobacter pylori E6S4L8

' GGDEF

Escherichia coli Q8XB92

Mycobacterium tuberculosis LTN5X5

OOOHK)

Staphylococcus aureus QB6GKS6

ODKO-OCO(HKO)

Methanosarcina mazei Q8PSW8

Naegleria gruberi D2V1C3

Arabidopsis thaliana Q9SXL4

Saccharomyces cerevisiae P39928

Homo sapiens P54289

Fig 7. Examples of newly identified and better defined Cache domains in diverse signal transduction
proteins from bacteria, archaea and eukaryotes. Domain architectures for representative sequences from
model organisms are shown along with their UniProt accession numbers. Newly defined Cache domains are
shown in red. Cache boundaries defined by the previous Pfam models are shown in pink (Cache) and green
(MCP_N). HAMP domains are shown as grey circles, PAS domains as cyan circles, and HisKA domains as
white circles. Other Pfam domains are abbreviated as follows: MCP, MCPsignal; GGDEF, GGDEF; GC,
guanylate cyclase; HK, the histidine kinase HATPase_c domian; RR, response regulator; VWA, a
combination of VWA _N and VWA domains; VGCC, VGCC_alpha2.

doi:10.1371/journal.pcbi.1004862.9007

from a simpler intracellular PAS/GAF ancestor as a benefit of extracellular sensing. The key
structural innovation in Cache domains, when compared to PAS and GAF, is the long N-ter-
minal alpha helix (Fig 2), which is a direct extension of the first transmembrane helix. It
appears that this simple innovation (along with a helical extension of the C-terminus to con-
nect it to the second transmembrane helix) was sufficient to convert an intracellular sensor to
an extracellular sensor. However, this also placed significant physical constraints on the ability
of the sensor to transmit information. Intracellular PAS and GAF domains have multiple
options for interacting with downstream signaling domains, including direct domain-to-
domain binding. In contrast, the only option for an extracellular Cache to transmit signals is
via its C-terminal transmembrane helix, similarly to the sensory four-helix bundle exemplified
by the E. coli aspartate chemoreceptor [54]. It is highly likely that these physical constraints
dictated some re-wiring of the PAS/GAF-like core in Cache domains resulting in evolutionary
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conservation of amino acid positions that are not under such constraints in cytoplasmic PAS
and GAF domains. Although our new domain models and expansion of the Cache superfamily
helped to newly identify tens of thousands of Cache domain-containing proteins in hundreds
of species, the key biological question-what do these Cache domains sense-remains unan-
swered. At this time, only a handful of Cache domains have known ligands (S8 Table) and high
sequence variation essentially prohibits the computational identification of function-specific
positions for various Cache domains. This is a persistent problem in signal transduction.
Changes in just two or three amino acid positions in the ligand-binding site can convert a ser-
ine sensor into an aspartate sensor [55] and in case of a covalently bound cofactor a single
amino acid residue may define the receptor specificity [56]. On the other hand, certain trends
connecting different Cache families to specific ligand classes can be observed. For example, the
majority of known ligands for dCache_1 domains are amino acids, whereas organic acids com-
prise the major known class of ligands for single Cache domains (S8 Table). High-throughput
screens, such as the one recently developed for microbial chemoreceptors [57], should lead to
substantial expansion of the known ligand repertoire for Cache domains. Once various ligands
are identified for different Cache domains, a computational analysis aiming at linking specific
ligands (or ligand classes) to conserved sequence features may become productive. Finally, our
results demonstrate that solving ambiguous sequence- and structure-based domain definitions
can dramatically improve computational models and significantly accelerate computational
coverage of the protein sequence space [58].

Materials and Methods
Data Sources and Bioinformatics Software

The central data source for all analyses was the local MySQL Pfam 27 [26] database based on
Uniprot 2012_06 release. The database files for PfamScan were downloaded in December 2014.
The Non-redundant database fasta file was retrieved from NCBI on April 2015. Uniref90 (April
2015) was used for running Psipred [59, 60]. The following software packages were used in this
study: BLAST 2.2.28+ [61, 62], HHsuite-2.0.16 [33, 63, 64], CD-HIT 4.5.7 [65], Cytoscape 2.8.3
[66], BLAST2SimilarityGraph plugin for Cytoscape [67], Graph-0.96_01 (UnionFind) Perl
library, MAFFT v7.154b [68], Jalview v2.7 [69], TMHMM 2.0c [70], Phobius v1.01 [71],
DAS-TMfilter (December 2012) [72], HMMER 3.0 (March 2010) [34], PfamScan (October
2013) [26], MEGA 5.05 [73], Circos v0.64 [74] and Psipred v3.5. The multiple sequence align-
ments were built with MAFFT-LINSI using legacygappenalty option. Maximum likelihood trees
were constructed to aid in the model building using MEGA with pairwise deletion and the JTT
substitution. Domain predictions with PfamScan and hmmsearch were carried out at sequence
E-value and domain E-value thresholds of 1E-3 for new Cache models and default thresholds for
other Pfam models. Sequence logos were generated using the Skylign web-server [75].

Hidden Markov Model Construction

A flow chart showing the model building approach is shown in S5 Fig. More than 1 million
sequences containing at least one signal transduction output domain as defined in MiST2 data-
base [76] were retrieved from a local copy of the Pfam database (S5 Fig). Eukaryotic sequences
were discarded, because domain boundaries for Cache domains in eukaryotes are unclear. Pre-
dicted extracytoplasmic regions that were longer than 50 amino acids were scanned for Pfam
domains and redundancy (at 90% identity) was removed resulting in 36,320 sequences. In the
next step, a similarity network was built using the BLAST2similarityGraph Cytoscape plugin.
Nodes were connected by edges if the blast alignment resulted in an E-value less than 1E-10
and a query coverage of >95% reciprocally. Each connected component was considered as a
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distinct cluster. At this threshold the known families of Cache-Cache_1, Cache_2, Cache_3
and Ykul_C were separated into distinct clusters. 38 clusters comprising of at least ten mem-
bers and containing at least one Cache domain (7577 sequences in total) were further chosen
for building models. Representative sequences were obtained using a custom script (S6 Fig) for
each cluster and the sequences in each cluster were aligned using MAFFT-LINSi with the lega-
cygappenalty option [77]. In case of the largest cluster, which was primarily comprised of
sequences with the Cache_1 domain, the alignment was improved by dividing the cluster into
smaller groups based on a maximum-likelihood tree generated using MEGA [78]. Individual
groups were realigned using MAFFT-LINSi.

HMM models for each cluster were built using hhmake and all-against-all HMM-HMM
comparison was carried out using HHsearch [64]. Based on the probability scores and cover-
age, the clusters were then merged using mafft-profile. Representatives of each cluster were
chosen to construct HMMs using the hmmbuild utility in the HMMER3 package [34]. The
sensitivity of the models was improved by incorporating remote homologs that were identified
by a more sensitive HMM-HMM comparison using HHblits and HHsearch [63, 64].

Representative Sequences

This algorithm outputs representative sequences for a given set of sequences based on all-
against-all blast results (S6 Fig). Each query sequence is considered to be a representative of all
hits that meet a certain threshold E-value and query coverage. The set of hits for a given query
will be referred to as the represented set and the query sequence as the representative sequence.
In order to reduce redundant computation, represented sets that were identical or subsets were
discarded. The representative sequences were sorted based on the size of the represented set.
The sequence with the largest represented set was first added to the list of representative
sequences and the represented sequences were added to a new set, which we will refer to as the
working set. Iteratively, a representative sequence was added to the list of representatives and
the corresponding represented sequences are added to the working set. In each iteration, the
representative sequence chosen was the one that results in the largest working set of repre-
sented sequences. Sequences were added to the list of representatives until all sequences that
were provided as input have been included in the working set.

HMM-HMM Comparison

The newly identified Cache sequences that were not detected with Pfam models were used to
carry out HMM-HMM comparisons with HHpred PDB70 profile database (Sep 2015) in order
to detect similarity to Cache domains with known structures. 638 sequences that were not in
NCBI non redundant database (Feb 2016) were excluded. HHblits was first run to generate
profiles for newly identified Cache sequences and HHsearch was then used to identify PDB
hits for each sequence.

New Members of the Cache Superfamily and Its Relationship to PAS
and GAF

The sequences of extracellular PAS-like domains with available PDB structures were used as
queries for HHpred search using default parameters against Pfam 27 database. Only hits with a
probability score greater than 95 for at least one of the PDB queries were considered. The align-
ments used for creating the new Cache models were also used as queries for performing pro-
file-profile comparisons using the HHpred web server against Pfam 27 database. All hits with a
probability score greater than 70 were considered to be potentially homologous. To further
explore the relationship between the families, we retrieved models for these hits along with
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new Cache models and the PAS and GAF clan. All-against-all HMM-HMM comparison was
carried out using standalone hhsearch. A similarity network was created with the domain fami-
lies as nodes and hits representing reciprocal hhsearch hits with (i) E-value less than 1E-3 (ii)
E-value less than 1E-1 and (iii) probability score > 90. The E-value thresholds of 1E-3 and 1E-
1 were used in accordance with the thresholds presently used in Pfam to define members of a
clan (Pfam definition of a superfamily). In addition the threshold probability score of 90 was
used to detect more remote relationships. The nodes in the network were manually rearranged
after using unweighted Force-directed Layout. Families were assigned to the Cache clan when
the E-value from HHpred was less than 1E-3 (LuxQ-periplasm, CHASE4, Diacid_rec and
DUF2222) or when Cache was the closest superfamily (CHASE, Stimulus_sens_1 and
2CSK_N). SMP_2 and PhoQ_Sensor were included in Cache clan as they are mutual best hits
with DUF2222 and 2CSK_N respectively.

A clustered heat map was also constructed using HHsearch Prob scores from HMM-HMM
comparison. The Heatmap web server (http://www.hiv.lanl.gov/content/sequence/
HEATMAP/heatmap.html) was used to carry out hierarchical clustering using threshold Prob
score of >20, Euclidean distance method and Ward clustering.

We also performed sequence-sequence comparisons using all-against-all BLAST. The
sequences for PAS clan, GAF clan and Cache clan comprising of new families were retrieved.
For Cache clan, sequences that have overlapping domain prediction with other sensory Pfam
domains were disregarded. 100% redundant sequences were removed using CD-HIT. The sim-
ilarities between different domains were demonstrated using Circos tool [74].

Phyletic Distribution of Cache, PAS and GAF Families

In order to show the phyletic distribution, only those organisms having more than 1000 pro-
teins in Pfam 27.0 database were selected to exclude organisms with relatively incomplete
genomes. The Sunburst was created by clustering the main level taxonomic ranks retrieved
from NCBI Taxonomy database with the lowest rank used that of species. The domains were
considered to be present if any strain of a given organism was found to contain a given domain.
The Sunburst was generated using a custom script. PAS and GAF clans include all the families
defined in Pfam 27.0. However, the Cache domains indicated comprise of those identified by
the eight new models, Ykul_C as well as the other families (2CSK_N, CHASE, CHASE4, Diaci-
d_rec, DUF2222, LuxQ-periplasm, PhoQ_Sensor, SMP_2 and Stimulus_sens_1) that were
identified to be a part of the Cache clan in this study.

Cache Dendrogram

The secondary structure prediction by Psipred was mapped on to the alignment for each
model. Only the PAS-like regions comprising of five beta strands were extracted. HMM pro-
files were built for each alignment using hhmake tool in the HHsuite. All-against-all
HMM-HMM comparison was performed using hhsearch. A distance matrix was generated
using probability scores from hhsearch. The dendrogram showing similarity between single
Cache domains and the membrane-distal and membrane proximal domains of double Cache
was generated using the DendroUPGMA web server [79].

Supporting Information

S1 Fig. Comparison of sequence- and structure-based definitions for extracellular and
intracellular single PAS-like domains. (A) Periplasmic domain of CitA from Klebsiella pneu-
moniae (PDB-1P0Z). Cache_3 domain is shown in cyan, (B) Ykul comprising of EAL and
Ykul_C domains from Bacillus subtilis (PDB-2W27). The EAL domain is shown in gray and
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Ykul_C domain is shown in cyan. The Pfam based domain predictions for Cache_3 and
Ykul_C map to distinct structural domains in contrast to Cache_1 and Cache_2 that map only
to parts of structural domains (Fig 2).

(TIF)

S2 Fig. Relationship between single Cache domains and the membrane distal and mem-
brane proximal domains of double Cache. The PAS-like regions were extracted for each
model based on secondary structure prediction and all-against-all HHsearch comparison was
carried out. The dendrogram was generated by using the probability scores as similarity measure.
(TTF)

S3 Fig. Coverage of extracellular regions by new Cache models. (A) dCache_1, (B) dCacche_2,
(C) dCache_3, (D) Cache_3-Cache_2, (E) sCache_2, (F) sCache_3_1, (G) sCache_3_2, (H)
sCache_3_3.Scatterplot showing relationship between the length of the extracellular regions and
the percent query coverage of the extracellular regions by the new Cache domain models.

(TIF)

$4 Fig. Clustered heat map of Cache, PAS and GAF superfamilies using HHsearch
HMM-HMM comparison. The HHsearch Prob scores were used to generate the heatmap
using a threshold Prob score of > = 20, Euclidean distance and Ward clustering using the
Heatmap tool http://www.hiv.lanl.gov/content/sequence/ HEATMAP/heatmap.html.
(TIF)

S5 Fig. Flow chart of the HMM construction process.
(TTF)

S6 Fig. Algorithm for selecting representatives from a given set of sequences based on all-
against-all BLAST results.
(TTF)

S1 Table. Timeline of PAS, Cache and PDC domain discoveries.
(DOCX)

S2 Table. Family (domain) and superfamily assignments for extracellular PAS-like
domains.
(DOCX)

$3 Table. Family (domain) and superfamily assignments for intracellular PAS domains.
(DOCX)

S$4 Table. Best Pfam database matches for extracellular PAS-like domains in sequence-pro-
file and profile-profile searches.
(DOCX)

S5 Table. Number of Cache domains predicted by Pfam 27 Cache models and new models
against Pfam 27 associated UniProt database (June 2012 release) and NCBI non-redundant
(NR) database (April 2015 release).

(DOCX)

S6 Table. Query coverage of extracellular regions by new Cache domain models. The query
coverage was determined by dividing the length of predicted Cache domain over the length of
the extracellular region. The frequency distribution table shows the percentage of Cache
domains for different query coverage intervals (bin = 10).

(DOCX)
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S7 Table. Computational coverage of Cache domains in proteins with known 3D structure.
The query coverage was determined by dividing the length of predicted Cache domain over the
length of the extracellular region for the PDB sequence.

(DOCX)

§8 Table. Known ligands for members of the Cache superfamily.
(DOCX)

S9 Table. Cellular localization prediction for members of the Cache superfamily using
TMHMM.
(DOCX)

$10 Table. Abundance of the two largest clans among known prokaryotic extracellular sen-
sory domains. Domain models were searched against non-redundant prokaryotic extracellular
sequences
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S1 Data. Seed alignments for new Cache models.
(PDF)

$2 Data. Cache domains identified by newly constructed models in the Pfam 27.0 associ-
ated UniProt database (June 2012 release).
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$3 Data. Cache domains identified by newly constructed models in the NCBI non-redun-
dant database (April 2015 release).
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S$4 Data. HMM-HMM comparison of newly identified Cache sequences in NR database
against HHpred PDB70 database (September 2015).
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S5 Data. Overlap of Cache domains identified by new models with other Pfam domains.
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S6 Data. HMM-HMM results. Spreadsheet 1: HHpred domain prediction for extracellular
PAS-like structures. Spreadsheet 2: Results for searches initiated with newly built Cache
domain models. Spreadsheet 3: HHsearch all-against-all Cache, PAS, GAF. Spreadsheet 4:
HHsearch initiated with new members of the Cache superfamily.
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S8 Data. Phyletic distribution of Cache, PAS and GAF domains.
(XLSX)

Acknowledgments
We thank Davi Ortega and Tino Krell for helpful discussions.

Author Contributions

Conceived and designed the experiments: IBZ AAU. Performed the experiments: AAU. Ana-
lyzed the data: AAU ADF OA RDF IBZ. Contributed reagents/materials/analysis tools: RDEF.
Wrote the paper: AAU ADF IBZ.

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004862 April 6,2016 17/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pcbi.1004862.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pcbi.1004862.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pcbi.1004862.s015
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pcbi.1004862.s016
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pcbi.1004862.s017
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pcbi.1004862.s018
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pcbi.1004862.s019
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pcbi.1004862.s020
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pcbi.1004862.s021
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pcbi.1004862.s022
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pcbi.1004862.s023
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pcbi.1004862.s024

@ PLOS | si5amoms:

Cache Domains Are Dominant Extracellular Sensors

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22.

23.

Stock AM, Robinson VL, Goudreau PN (2000) Two-component signal transduction. Annu Rev Biochem
69: 183-215. PMID: 10966457

Chantranupong L, Wolfson RL, Sabatini DM (2015) Nutrient-sensing mechanisms across Evolution.
Cell 161:67-83. doi: 10.1016/j.cell.2015.02.041 PMID: 25815986

Taylor BL, Zhulin IB (1999) PAS domains: internal sensors of oxygen, redox potential, and light. Micro-
biol Mol Biol Rev 63: 479-506. PMID: 10357859

Henry JT, Crosson S (2011) Ligand-binding PAS domains in a genomic, cellular, and structural context.
Annu Rev Microbiol 65:261-286. doi: 10.1146/annurev-micro-121809-151631 PMID: 21663441

Aravind L, Ponting CP (1997) The GAF domain: an evolutionary link between diverse phototransducing
proteins. Trends Biochem Sci 22: 458—-459. PMID: 9433123

Ho YS, Burden LM, Hurley JH (2000) Structure of the GAF domain, a ubiquitous signaling motif and a
new class of cyclic GMP receptor. EMBO J 19: 5288-5299. PMID: 11032796

Pellequer JL, Wager-Smith KA, Kay SA, Getzoff ED (1998) Photoactive yellow protein: a structural pro-
totype for the three-dimensional fold of the PAS domain superfamily. Proc Natl Acad SciU S A 95:
5884-5890. PMID: 9600888

Anantharaman V, Koonin EV, Aravind L (2001) Regulatory potential, phyletic distribution and evolution
of ancient, intracellular small-molecule-binding domains. J Mol Biol 307: 1271-1292. PMID: 11292341

Ponting CP, Aravind L (1997) PAS: a multifunctional domain family comes to light. Curr Biol 7: R674—
677. PMID: 9382818

Zhulin IB, Taylor BL, Dixon R (1997) PAS domain S-boxes in Archaea, Bacteria and sensors for oxygen
and redox. Trends Biochem Sci 22: 331-333. PMID: 9301332

Neiditch MB, Federle MJ, Pompeani AJ, Kelly RC, Swem DL, et al. (2006) Ligand-induced asymmetry
in histidine sensor kinase complex regulates quorum sensing. Cell 126: 1095-1108. PMID: 16990134

Reinelt S, Hofmann E, Gerharz T, Bott M, Madden DR (2003) The structure of the periplasmic ligand-
binding domain of the sensor kinase CitA reveals the first extracellular PAS domain. J Biol Chem 278:
39189-39196. PMID: 12867417

Cheung J, Hendrickson WA (2008) Crystal structures of C4-dicarboxylate ligand complexes with sen-
sor domains of histidine kinases DcuS and DctB. J Biol Chem 283: 30256—-30265. doi: 10.1074/jbc.
M805253200 PMID: 18701447

Wu R, Gu M, Wilton R, Babnigg G, Kim Y, et al. (2013) Insight into the sporulation phosphorelay: crystal
structure of the sensor domain of Bacillus subtilis histidine kinase, KinD. Protein Sci 22: 564-576. doi:
10.1002/pro.2237 PMID: 23436677

Pokkuluri PR, Pessanha M, Londer YY, Wood SJ, Duke NE, et al. (2008) Structures and solution prop-
erties of two novel periplasmic sensor domains with c-type heme from chemotaxis proteins of Geobac-
ter sulfurreducens: implications for signal transduction. J Mol Biol 377: 1498-1517. doi: 10.1016/j.jmb.
2008.01.087 PMID: 18329666

Goers Sweeney E, Henderson JN, Goers J, Wreden C, Hicks KG, et al. (2012) Structure and proposed
mechanism for the pH-sensing Helicobacter pylori chemoreceptor TIpB. Structure 20: 1177-1188. doi:
10.1016/j.str.2012.04.021 PMID: 22705207

Hothorn M, Dabi T, Chory J (2011) Structural basis for cytokinin recognition by Arabidopsis thaliana his-
tidine kinase 4. Nat Chem Biol 7: 766—768. doi: 10.1038/nchembio.667 PMID: 21964459

Cheung J, Bingman CA, Reyngold M, Hendrickson WA, Waldburger CD (2008) Crystal structure of a
functional dimer of the PhoQ sensor domain. J Biol Chem 283: 13762—-13770. doi: 10.1074/jbc.
M710592200 PMID: 18348979

Anantharaman V, Aravind L (2000) Cache—a signaling domain common to animal Ca(2+)-channel
subunits and a class of prokaryotic chemotaxis receptors. Trends Biochem Sci 25: 535-537. PMID:
11084361

Hazelbauer GL, Falke JJ, Parkinson JS (2008) Bacterial chemoreceptors: high-performance signaling
in networked arrays. Trends Biochem Sci 33: 9-19. doi: 10.1016/}.tibs.2007.09.014 PMID: 18165013
Dolphin AC (2012) Calcium channel auxiliary alpha2delta and beta subunits: trafficking and one step
beyond. Nat Rev Neurosci 13: 542-555. doi: 10.1038/nrn3311 PMID: 22805911

Stahl SM, Porreca F, Taylor CP, Cheung R, Thorpe AJ, et al. (2013) The diverse therapeutic actions of
pregabalin: is a single mechanism responsible for several pharmacological activities? Trends Pharma-
col Sci 34: 332—-339. doi: 10.1016/).tips.2013.04.001 PMID: 23642658

Zhang Z, Hendrickson WA (2010) Structural characterization of the predominant family of histidine
kinase sensor domains. J Mol Biol 400: 335—-353. doi: 10.1016/j.jmb.2010.04.049 PMID: 20435045

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004862 April 6,2016 18/21


http://www.ncbi.nlm.nih.gov/pubmed/10966457
http://dx.doi.org/10.1016/j.cell.2015.02.041
http://www.ncbi.nlm.nih.gov/pubmed/25815986
http://www.ncbi.nlm.nih.gov/pubmed/10357859
http://dx.doi.org/10.1146/annurev-micro-121809-151631
http://www.ncbi.nlm.nih.gov/pubmed/21663441
http://www.ncbi.nlm.nih.gov/pubmed/9433123
http://www.ncbi.nlm.nih.gov/pubmed/11032796
http://www.ncbi.nlm.nih.gov/pubmed/9600888
http://www.ncbi.nlm.nih.gov/pubmed/11292341
http://www.ncbi.nlm.nih.gov/pubmed/9382818
http://www.ncbi.nlm.nih.gov/pubmed/9301332
http://www.ncbi.nlm.nih.gov/pubmed/16990134
http://www.ncbi.nlm.nih.gov/pubmed/12867417
http://dx.doi.org/10.1074/jbc.M805253200
http://dx.doi.org/10.1074/jbc.M805253200
http://www.ncbi.nlm.nih.gov/pubmed/18701447
http://dx.doi.org/10.1002/pro.2237
http://www.ncbi.nlm.nih.gov/pubmed/23436677
http://dx.doi.org/10.1016/j.jmb.2008.01.087
http://dx.doi.org/10.1016/j.jmb.2008.01.087
http://www.ncbi.nlm.nih.gov/pubmed/18329666
http://dx.doi.org/10.1016/j.str.2012.04.021
http://www.ncbi.nlm.nih.gov/pubmed/22705207
http://dx.doi.org/10.1038/nchembio.667
http://www.ncbi.nlm.nih.gov/pubmed/21964459
http://dx.doi.org/10.1074/jbc.M710592200
http://dx.doi.org/10.1074/jbc.M710592200
http://www.ncbi.nlm.nih.gov/pubmed/18348979
http://www.ncbi.nlm.nih.gov/pubmed/11084361
http://dx.doi.org/10.1016/j.tibs.2007.09.014
http://www.ncbi.nlm.nih.gov/pubmed/18165013
http://dx.doi.org/10.1038/nrn3311
http://www.ncbi.nlm.nih.gov/pubmed/22805911
http://dx.doi.org/10.1016/j.tips.2013.04.001
http://www.ncbi.nlm.nih.gov/pubmed/23642658
http://dx.doi.org/10.1016/j.jmb.2010.04.049
http://www.ncbi.nlm.nih.gov/pubmed/20435045

@ PLOS | si5amoms:

Cache Domains Are Dominant Extracellular Sensors

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

Pineda-Molina E, Reyes-Darias JA, Lacal J, Ramos JL, Garcia-Ruiz JM, et al. (2012) Evidence for che-
moreceptors with bimodular ligand-binding regions harboring two signal-binding sites. Proc Natl Acad
SciUS A 109: 18926-18931. doi: 10.1073/pnas.1201400109 PMID: 23112148

Shah N, Gaupp R, Moriyama H, Eskridge KM, Moriyama EN, et al. (2013) Reductive evolution and the
loss of PDC/PAS domains from the genus Staphylococcus. BMC Genomics 14: 524. doi: 10.1186/
1471-2164-14-524 PMID: 23902280

Finn RD, Bateman A, Clements J, Coggill P, Eberhardt RY, et al. (2014) Pfam: the protein families data-
base. Nucleic Acids Res 42: D222-D230. doi: 10.1093/nar/gkt1223 PMID: 24288371

Andreeva A, Howorth D, Chothia C, Kulesha E, Murzin AG. (2014) SCOP2 prototype: a new approach
to protein structure mining. Nucleic Acids Res 42: D310-314. doi: 10.1093/nar/gkt1242 PMID:
24293656

Sillitoe I, Lewis TE, Cuff A, Das S, Ashford P, Dawson NL, et al. (2015) CATH: comprehensive struc-
tural and functional annotations for genome sequences. Nucleic Acids Res 43: D376-381. doi: 10.
1093/nar/gku947 PMID: 25348408

Marchler-Bauer A, Derbyshire MK, Gonzales NR, Lu S, Chitsaz F, Geer LY, et al. (2015) CDD: NCBl's
conserved domain database. Nucleic Acids Res 43: D222—226. doi: 10.1093/nar/gku1221 PMID:
25414356

Letunic |, Doerks T, Bork P. (2015) SMART: recent updates, new developments and status in 2015.
Nucleic Acids Res 43: D257—260. doi: 10.1093/nar/gku949 PMID: 25300481

Gotoh Y, Eguchi Y, Watanabe T, Okamoto S, Doi A, et al. (2010) Two-component signal transduction
as potential drug targets in pathogenic bacteria. Curr Opin Microbiol 13:232-239. doi: 10.1016/j.mib.
2010.01.008 PMID: 20138000

Dunin-Horkawicz S, Lupas AN. (2010) Comprehensive analysis of HAMP domains: implications for
transmembrane signal transduction. J Mol Biol 397: 1156—1174. doi: 10.1016/j.jmb.2010.02.031
PMID: 20184894

Soding J, Biegert A, Lupas AN (2005) The HHpred interactive server for protein homology detection
and structure prediction. Nucleic Acids Res 33: W244—-248. PMID: 15980461

Eddy SR (2011) Accelerated Profile HMM Searches. PLoS Comput Biol 7: €1002195. doi: 10.1371/
journal.pcbi.1002195 PMID: 22039361

Ulrich LE, Zhulin IB. (2005) Four-helix bundle: a ubiquitous sensory module in prokaryotic signal trans-
duction. Bioinformatics 21 Suppl 3: iii45—-48. PMID: 16306392

Lacal J, Garcia-Fontana C, Munoz-Martinez F, Ramos JL, Krell T. (2010) Sensing of environmental sig-
nals: classification of chemoreceptors according to the size of their ligand binding regions. Environ
Microbiol 12:2873-2884. doi: 10.1111/1.1462-2920.2010.02325.x PMID: 20738376

Cheng H, Schaeffer RD, Liao Y, Kinch LN, Pei J, Shi S, et al. (2014) ECOD: an evolutionary classifica-
tion of protein domains. PLoS Comput Biol 10: €1003926. doi: 10.1371/journal.pcbi.1003926 PMID:
25474468

Lapouge K, Schubert M, Allain FH, Haas D (2008) Gac/Rsm signal transduction pathway of gamma-
proteobacteria: from RNA recognition to regulation of social behaviour. Mol Microbiol 67: 241-253.
PMID: 18047567

Cox AJ, Hunt ML, Ruffolo CG, Adler B (2000) Cloning and characterisation of the Pasteurella multocida
ahpA gene responsible for a haemolytic phenotype in Escherichia coli. Vet Microbiol 72: 135-152.
PMID: 10699510

Milburn MV, Prive GG, Milligan DL, Scott WG, Yeh J, et al. (1991) Three-dimensional structures of the
ligand-binding domain of the bacterial aspartate receptor with and without a ligand. Science 254:
1342-1347. PMID: 1660187

Dubrac S, Bisicchia P, Devine KM, Msadek T (2008) A matter of life and death: cell wall homeostasis
and the WalKR (YycGF) essential signal transduction pathway. Mol Microbiol 70: 1307—-1322. doi: 10.
1111/j.1365-2958.2008.06483.x PMID: 19019149

Watanabe T, Igarashi M, Okajima T, Ishii E, Kino H, et al. (2012) Isolation and characterization of sign-
ermycin B, an antibiotic that targets the dimerization domain of histidine kinase WalK. Antimicrob
Agents Chemother 56: 3657-3663. doi: 10.1128/AAC.06467-11 PMID: 22526318

Da Re S, Ghigo JM (2006) A CsgD-independent pathway for cellulose production and biofilm formation
in Escherichia coli. J Bacteriol 188: 3073—-3087. PMID: 16585767

Garcia B, Latasa C, Solano C, Garcia-del Portillo F, Gamazo C, et al. (2004) Role of the GGDEF protein
family in Salmonella cellulose biosynthesis and biofilm formation. Mol Microbiol 54: 264-277. PMID:
15458421

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004862 April 6,2016 19/21


http://dx.doi.org/10.1073/pnas.1201400109
http://www.ncbi.nlm.nih.gov/pubmed/23112148
http://dx.doi.org/10.1186/1471-2164-14-524
http://dx.doi.org/10.1186/1471-2164-14-524
http://www.ncbi.nlm.nih.gov/pubmed/23902280
http://dx.doi.org/10.1093/nar/gkt1223
http://www.ncbi.nlm.nih.gov/pubmed/24288371
http://dx.doi.org/10.1093/nar/gkt1242
http://www.ncbi.nlm.nih.gov/pubmed/24293656
http://dx.doi.org/10.1093/nar/gku947
http://dx.doi.org/10.1093/nar/gku947
http://www.ncbi.nlm.nih.gov/pubmed/25348408
http://dx.doi.org/10.1093/nar/gku1221
http://www.ncbi.nlm.nih.gov/pubmed/25414356
http://dx.doi.org/10.1093/nar/gku949
http://www.ncbi.nlm.nih.gov/pubmed/25300481
http://dx.doi.org/10.1016/j.mib.2010.01.008
http://dx.doi.org/10.1016/j.mib.2010.01.008
http://www.ncbi.nlm.nih.gov/pubmed/20138000
http://dx.doi.org/10.1016/j.jmb.2010.02.031
http://www.ncbi.nlm.nih.gov/pubmed/20184894
http://www.ncbi.nlm.nih.gov/pubmed/15980461
http://dx.doi.org/10.1371/journal.pcbi.1002195
http://dx.doi.org/10.1371/journal.pcbi.1002195
http://www.ncbi.nlm.nih.gov/pubmed/22039361
http://www.ncbi.nlm.nih.gov/pubmed/16306392
http://dx.doi.org/10.1111/j.1462-2920.2010.02325.x
http://www.ncbi.nlm.nih.gov/pubmed/20738376
http://dx.doi.org/10.1371/journal.pcbi.1003926
http://www.ncbi.nlm.nih.gov/pubmed/25474468
http://www.ncbi.nlm.nih.gov/pubmed/18047567
http://www.ncbi.nlm.nih.gov/pubmed/10699510
http://www.ncbi.nlm.nih.gov/pubmed/1660187
http://dx.doi.org/10.1111/j.1365-2958.2008.06483.x
http://dx.doi.org/10.1111/j.1365-2958.2008.06483.x
http://www.ncbi.nlm.nih.gov/pubmed/19019149
http://dx.doi.org/10.1128/AAC.06467-11
http://www.ncbi.nlm.nih.gov/pubmed/22526318
http://www.ncbi.nlm.nih.gov/pubmed/16585767
http://www.ncbi.nlm.nih.gov/pubmed/15458421

@ PLOS | si5amoms:

Cache Domains Are Dominant Extracellular Sensors

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Bai G, Knapp GS, McDonough KA (2011) Cyclic AMP signalling in mycobacteria: redirecting the con-
versation with a common currency. Cell Microbiol 13: 349-358. doi: 10.1111/j.1462-5822.2010.01562.
x PMID: 21199259

Posas F, Wurgler-Murphy SM, Maeda T, Witten EA, Thai TC, et al. (1996) Yeast HOG1 MAP kinase
cascade is regulated by a multistep phosphorelay mechanism in the SLN1-YPD1-SSK1 "two-compo-
nent" osmosensor. Cell 86: 865-875. PMID: 8808622

Reiser V, Raitt DC, Saito H (2003) Yeast osmosensor SIn1 and plant cytokinin receptor Cre1 respond
to changes in turgor pressure. J Cell Biol 161: 1035—-1040. PMID: 12821642

Montgomery BL, Lagarias JC (2002) Phytochrome ancestry: sensors of bilins and light. Trends Plant
Sci 7: 357-366.49. PMID: 12167331

Bukhari SA, Caetano-Anolles G. (2013) Origin and evolution of protein fold designs inferred from phylo-
genomic analysis of CATH domain structures in proteomes. PLoS Comput Biol 9: €1003009. doi: 10.
1371/journal.pcbi.1003009 PMID: 23555236

Martinez SE, Beavo JA, Hol WG (2002) GAF domains: two-billion-year-old molecular switches that
bind cyclic nucleotides. Mol Interv 2: 317-323. PMID: 14993386

Koretke KK, Lupas AN, Warren PV, Rosenberg M, Brown JR (2000) Evolution of two-component signal
transduction. Mol Biol Evol 17: 1956—1970. PMID: 11110912

Wuichet K, Cantwell BJ, Zhulin IB (2010) Evolution and phyletic distribution of two-component signal
transduction systems. Curr Opin Microbiol 13:219-225. doi: 10.1016/j.mib.2009.12.011 PMID:
20133179

Ulrich LE, Koonin EV, Zhulin IB (2005) One-component systems dominate signal transduction in pro-
karyotes. Trends Microbiol 13:52-56. PMID: 15680762

Chervitz SA, Falke JJ (1996) Molecular mechanism of transmembrane signaling by the aspartate
receptor: a model. Proc Natl Acad Sci U S A 93: 2545-2550. PMID: 8637911

Tajima H, Imada K, Sakuma M, Hattori F, Nara T, Kamo N, et al. (2011) Ligand specificity determined
by differentially arranged common ligand-binding residues in bacterial amino acid chemoreceptors Tsr
and Tar. J Biol Chem 286: 42200-42210. doi: 10.1074/jbc.M111.221887 PMID: 21979954

Xie Z, Ulrich LE, Zhulin IB, Alexandre G. (2010) PAS domain containing chemoreceptor couples
dynamic changes in metabolism with chemotaxis. Proc Natl Acad Sci USA 107: 2235-2240. doi: 10.
1073/pnas.0910055107 PMID: 20133866

McKellar JL, Minnell JJ, Gerth ML. (2015) A high-throughput screen for ligand binding reveals the spec-
ificities of three amino acid chemoreceptors from Pseudomonas syringae pv. actinidiae. Mol Microbiol
96: 694—707. doi: 10.1111/mmi.12964 PMID: 25656450

Rekapalli B, Wuichet K, Peterson GD, Zhulin IB (2012) Dynamics of domain coverage of the protein
sequence universe. BMC Genomics 13: 634. doi: 10.1186/1471-2164-13-634 PMID: 23157439

Buchan DW, Minneci F, Nugent TC, Bryson K, Jones DT (2013) Scalable web services for the
PSIPRED Protein Analysis Workbench. Nucleic Acids Res 41: W349-W357. doi: 10.1093/nar/gkt381
PMID: 23748958

Jones DT (1999) Protein secondary structure prediction based on position-specific scoring matrices. J
Mol Biol 292: 195-202. PMID: 10493868

Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, et al. (2009) BLAST+: architecture and
applications. BMC Bioinformatics 10:421. doi: 10.1186/1471-2105-10-421 PMID: 20003500

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local alignment search tool. J Mol
Biol 215: 403-410. PMID: 2231712

Remmert M, Biegert A, Hauser A, Soding J (2012) HHblits: lightning-fast iterative protein sequence
searching by HMM-HMM alignment. Nat Methods 9: 173-175.

Soding J (2005) Protein homology detection by HMM-HMM comparison. Bioinformatics 21: 951-960.
PMID: 15531603

Li W, Godzik A (2006) CD-hit: a fast program for clustering and comparing large sets of protein or nucle-
otide sequences. Bioinformatics 22: 1658—1659. PMID: 16731699

Smoot ME, Ono K, Ruscheinski J, Wang P- L, Ideker T (2011) Cytoscape 2.8: new features for data
integration and network visualization. Bioinformatics 27: 431-432. doi: 10.1093/bioinformatics/btq675
PMID: 21149340

Wittkop T, Emig D, Truss A, Albrecht M, Bécker S, et al. (2011) Comprehensive cluster analysis with
Transitivity Clustering. Nat Protoc 6: 285-295. doi: 10.1038/nprot.2010.197 PMID: 21372810

Katoh K, Standley DM (2013) MAFFT multiple sequence alignment software version 7: improvements
in performance and usability. Mol Biol Evol 30: 772—780. doi: 10.1093/molbev/mst010 PMID:
23329690

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004862 April 6,2016 20/21


http://dx.doi.org/10.1111/j.1462-5822.2010.01562.x
http://dx.doi.org/10.1111/j.1462-5822.2010.01562.x
http://www.ncbi.nlm.nih.gov/pubmed/21199259
http://www.ncbi.nlm.nih.gov/pubmed/8808622
http://www.ncbi.nlm.nih.gov/pubmed/12821642
http://www.ncbi.nlm.nih.gov/pubmed/12167331
http://dx.doi.org/10.1371/journal.pcbi.1003009
http://dx.doi.org/10.1371/journal.pcbi.1003009
http://www.ncbi.nlm.nih.gov/pubmed/23555236
http://www.ncbi.nlm.nih.gov/pubmed/14993386
http://www.ncbi.nlm.nih.gov/pubmed/11110912
http://dx.doi.org/10.1016/j.mib.2009.12.011
http://www.ncbi.nlm.nih.gov/pubmed/20133179
http://www.ncbi.nlm.nih.gov/pubmed/15680762
http://www.ncbi.nlm.nih.gov/pubmed/8637911
http://dx.doi.org/10.1074/jbc.M111.221887
http://www.ncbi.nlm.nih.gov/pubmed/21979954
http://dx.doi.org/10.1073/pnas.0910055107
http://dx.doi.org/10.1073/pnas.0910055107
http://www.ncbi.nlm.nih.gov/pubmed/20133866
http://dx.doi.org/10.1111/mmi.12964
http://www.ncbi.nlm.nih.gov/pubmed/25656450
http://dx.doi.org/10.1186/1471-2164-13-634
http://www.ncbi.nlm.nih.gov/pubmed/23157439
http://dx.doi.org/10.1093/nar/gkt381
http://www.ncbi.nlm.nih.gov/pubmed/23748958
http://www.ncbi.nlm.nih.gov/pubmed/10493868
http://dx.doi.org/10.1186/1471-2105-10-421
http://www.ncbi.nlm.nih.gov/pubmed/20003500
http://www.ncbi.nlm.nih.gov/pubmed/2231712
http://www.ncbi.nlm.nih.gov/pubmed/15531603
http://www.ncbi.nlm.nih.gov/pubmed/16731699
http://dx.doi.org/10.1093/bioinformatics/btq675
http://www.ncbi.nlm.nih.gov/pubmed/21149340
http://dx.doi.org/10.1038/nprot.2010.197
http://www.ncbi.nlm.nih.gov/pubmed/21372810
http://dx.doi.org/10.1093/molbev/mst010
http://www.ncbi.nlm.nih.gov/pubmed/23329690

@ PLOS | si5amoms:

Cache Domains Are Dominant Extracellular Sensors

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Waterhouse AM, Procter JB, Martin DM, Clamp M, Barton GJ (2009) Jalview Version 2—a multiple
sequence alignment editor and analysis workbench. Bioinformatics 25: 1189—1191. doi: 10.1093/
bioinformatics/btp033 PMID: 19151095

Krogh A, Larsson B, Von Heijne G, Sonnhammer EL (2001) Predicting transmembrane protein topol-
ogy with a hidden Markov model: application to complete genomes. J Mol Biol 305: 567-580. PMID:
11152613

Kall L, Krogh A, Sonnhammer EL (2004) A combined transmembrane topology and signal peptide pre-
diction method. J Mol Biol 338: 1027-1036. PMID: 15111065

Cserzo M, Eisenhaber F, Eisenhaber B, Simon | (2004) TM or not TM: transmembrane protein predic-
tion with low false positive rate using DAS-TMfilter. Bioinformatics 20: 136—-137. PMID: 14693825

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, et al. (2011) MEGAS5: molecular evolutionary
genetics analysis using maximum likelihood, evolutionary distance, and maximum parsimony methods.
Mol Biol Evol 28: 2731-2739. doi: 10.1093/molbev/msr121 PMID: 21546353

Krzywinski M, Schein J, Birol I, Connors J, Gascoyne R, et al. (2009) Circos: an information aesthetic
for comparative genomics. Genome Res 19: 1639-1645. doi: 10.1101/gr.092759.109 PMID:
19541911

Wheeler TJ, Clements J, Finn RD (2014) Skylign: a tool for creating informative, interactive logos repre-
senting sequence alignments and profile hidden Markov models. BMC Bioinformatics 15: 7. doi: 10.
1186/1471-2105-15-7 PMID: 24410852

Ulrich LE, Zhulin IB (2010) The MiST2 database: a comprehensive genomics resource on microbial sig-
nal transduction. Nucleic Acids Res 38: D401—-407. doi: 10.1093/nar/gkp940 PMID: 19900966

Katoh K, Kuma K, Toh H, Miyata T (2005) MAFFT version 5: improvement in accuracy of multiple
sequence alignment. Nucleic Acids Res 33:511-518. PMID: 15661851

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S (2013) MEGAG6: Molecular Evolutionary Genet-
ics Analysis version 6.0. Mol Biol Evol 30: 2725-2729 doi: 10.1093/molbev/mst197 PMID: 24132122

Garcia-Vallve S, Palau J, Romeu A. (1999) Horizontal gene transfer in glycosyl hydrolases inferred
from codon usage in Escherichia coli and Bacillus subtilis. Mol Biol Evol 16: 1125-1134. PMID:
10486968

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004862 April 6,2016 21/21


http://dx.doi.org/10.1093/bioinformatics/btp033
http://dx.doi.org/10.1093/bioinformatics/btp033
http://www.ncbi.nlm.nih.gov/pubmed/19151095
http://www.ncbi.nlm.nih.gov/pubmed/11152613
http://www.ncbi.nlm.nih.gov/pubmed/15111065
http://www.ncbi.nlm.nih.gov/pubmed/14693825
http://dx.doi.org/10.1093/molbev/msr121
http://www.ncbi.nlm.nih.gov/pubmed/21546353
http://dx.doi.org/10.1101/gr.092759.109
http://www.ncbi.nlm.nih.gov/pubmed/19541911
http://dx.doi.org/10.1186/1471-2105-15-7
http://dx.doi.org/10.1186/1471-2105-15-7
http://www.ncbi.nlm.nih.gov/pubmed/24410852
http://dx.doi.org/10.1093/nar/gkp940
http://www.ncbi.nlm.nih.gov/pubmed/19900966
http://www.ncbi.nlm.nih.gov/pubmed/15661851
http://dx.doi.org/10.1093/molbev/mst197
http://www.ncbi.nlm.nih.gov/pubmed/24132122
http://www.ncbi.nlm.nih.gov/pubmed/10486968

