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Abstract

The availability of complete genome sequences of diverse bacteria and archaea makes
comparative sequence analysis a powerful tool for analyzing signal transduction systems encoded
in these genomes. However, most signal transduction proteins consist of two or more individual
protein domains, which significantly complicates their functional annotation and makes automated
annotation of these proteins in the course of large-scale genome sequencing projects particularly
unreliable. We describe here certain common-sense protocols for sequence analysis of two-
component histidine kinases and response regulators, as well as other components of the
prokaryotic signal transduction machinery: Ser/Thr/Tyr protein kinases and protein phosphatases,
adenylate and diguanylate cyclases and c-di-GMP phosphodiesterases. These protocols rely on
publicly available computational tools and databases and can be utilized by anyone with an
Internet access.

Introduction

Sequence analysis of regulatory proteins played a key role in the discovery of the two-
component signal transduction. Indeed, it were the sequence alignments of the chemotaxis
response regulator CheY and transcriptional regulators OmpR and ArcA from Escherichia
coli with Bacillus subtilis sporulation proteins SpoOF and SpoOA by James Hoch and
colleagues (Trach et al., 1985) and with the N-terminal fragment of the chemotaxis
methylesterase CheB by Ann and Jeffry Stock and Daniel Koshland (Stock et al., 1985) that
convinced them that all these protein fragments were homologous. This homology, in turn,
suggested “an evolutionary and functional relationship between the chemotaxis system and
systems that are thought to regulate gene expression in response to changing environmental
conditions” (Stock et al., 1985). This prescient conclusion has been verified in subsequent
studies that described phosphorylation of these proteins and identified their common CheY-
like receiver (REC) domain as an evolutionarily stable compact structural unit (Stock et al.,
1989; 1993; Volz and Matsumura, 1991) that undergoes a distinctive change upon
phosphorylation (Kern et al., 1999; Lee et al., 2001).
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The identification of the receiver domain was followed by sequence analysis of histidine
kinases, most importantly by Parkinson and Kofoid (1992), who described five conserved
sequence motifs (H, N, G1, F and G2 boxes), and by Grebe and Stock (1999), who classified
histidine kinases into 11 families based on sequence similarity in their kinase domains.
These papers provided a solid basis for recognition of histidine kinases in genomic
sequences and analysis of the diversity in their domain organization (Dutta et al., 1999).

The importance of sequence analysis in studies of bacterial and archaeal signal transduction
systems has received an additional boost from the genome sequencing projects, which
provided virtually unlimited material for comparative studies. However, these studies
revealed a stunning complexity and diversity of signal transduction systems in various
microorganisms. The total number of sensory histidine kinases encoded in the genomes of E.
coli K12 and B. subtilis, 30 and 36, respectively, proved to be quite modest compared to the
sets of histidine kinases encoded by such environmental organisms as Pseudomonas
aeruginosa (62 proteins), Streptomyces coelicolor (95 proteins) or Myxococcus xanthus (138
proteins), see http://www.ncbi.nlm.nih.gov/Complete_Genomes/SignalCensus.html
(Galperin, 2005). Furthermore, the list of microbial environmental receptors has been
expanded and now, in addition to histidine kinases and methyl-accepting chemotaxis
proteins, includes Ser/Thr protein kinases and protein phosphatases, as well as adenylate and
diguanylate cyclases and c-di-GMP phosphodiesterases (Galperin, 2004, 2005; Kennelly,
2002; Kennelly and Potts, 1996; Romling et al., 2005). All these environmental receptors
share a pool of sensory domains, which can be extracytoplasmic (periplasmic or - in gram-
positive bacteria - extracellular), membrane-embedded or cytoplasmic (Galperin et al., 2001;
Nikolskaya et al., 2003; Zhulin et al., 2003), see reviews by Taylor and Zhulin (1999) and
Galperin (2004). Another important development was characterization of a complex system
of “one-component” intracellular signaling proteins (Galperin, 2004; Ulrich et al., 2005),
such as the anaerobic nitric oxide reductase transcription regulator NorR, which combines a
sensor GAF domain with an enhancer binding ATPase and a DNA binding domain (Gardner
et al., 2003; Pohlmann et al., 2000). To complicate the picture even further, certain receptors
contain more than one sensory domain and/or more than one output domain and participate
in the cross-talk between different signal transduction pathways (Galperin, 2004). However,
this very complexity makes case-by-case sequence analysis of signal transduction proteins
so effective. In the following paragraphs we discuss the computational tools and databases
that are most commonly used in sequence analysis of sensory and signal transduction
proteins and described analytical methods used for recognizing histidine kinases, response
regulators and other bacterial signaling components in genomic sequences and for
delineating their constituent domains.

Computational tools for domain identification

Identification of the CheY-like receiver (REC) domain (Stock et al., 1985; Trach et al.,
1985) as a common phosphoacceptor domain in various two-component systems
demonstrated the power of comparative sequence analysis in studies of the prokaryotic
signal transduction systems. In subsequent studies, many other conserved protein domains
that are involved in signal transduction were identified and included in public domain
databases, such as Pfam, SMART, InterPro and CDD (Table 1). Each of these databases
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comes with a search tool that allows comparing any given protein sequence against the
domain library to identify the (known) domains that this protein consists of. In addition,
these databases contain pre-computed profiles for previously sequenced proteins and
provide graphical views of their domain architectures (Fig. 1). As new genomic data are
added, deduced proteins are automatically analyzed for domain content. Therefore, unless
the protein to be analyzed is a newly sequenced one that is still absent from the NCBI
protein database and/or UniProt, its domain architecture should be available in protein
domain databases. Importantly, position-specific scoring matrices (PSSMs) and hidden
Markov models (HMMs) that are used for sequence searches in domain databases already
reflect sequence divergence within each protein family. This makes comparing a protein
sequence against a domain database (a library of PSSMs or HMMSs) much more sensitive
than any pairwise comparisons, used, e.g. in the BLAST algorithm. However, domain
recognition and functional annotation of multi-domain proteins is a tedious process that
cannot be readily automated (see below). Furthermore, the standard methodology of
assigning protein function based on the function of its closest experimentally characterized
homolog is not readily applicable to signal transduction components, as proteins with very
similar sequences (e.g. B. subtilis response regulators PhoP and ResD) may have
dramatically different biological functions. As a result, many signal transduction proteins
have incomplete, biased, or even erroneous annotation. Given that most protein annotations
these days are made in an automated high-throughput fashion, it would be unrealistic to put
too much trust into these annotations, especially when planning long-term experimental
research. For many experimentally uncharacterized proteins, an imprecise annotation, such
as “response regulator, OmpR type”) in the PIRSF protein family classification system
(Nikolskaya et al., 2006) or “COGO0745: Response regulators consisting of a CheY-like
receiver domain and a winged-helix DNA-binding domain” in the COG database (Tatusov
et al., 2000) would actually be far more accurate than a more precise, but likely erroneous,
functional assignment. Protein annotations in specialized databases, dedicated to signal
transduction, such as Sentra and MiST, are much more reliable but even these might need to
be verified.

As a starting point in sequence analysis of a putative signal transduction protein, it is often
useful to compare it against several (or even all) domain databases that are listed in Table 1.
Each of these databases uses its own search tool, so the results are likely to be non-uniform,
both in terms of domain recognition and in terms of domain boundaries for the same
domain. A careful analysis of all meaningful annotations from these different sources, taking
into account the similarity scores, the underlying experimental evidence and the available
references, is the best way to avoid costly mistakes. We provide several examples of such an
analysis further in this chapter.

Sequence analysis of histidine kinases

A typical sensory histidine kinase consists of at least three distinct domains: a sensor (signal
input) domain, a His-containing phosphoacceptor (dimerization) HisKA domain and an
ATP-binding HATPase domain (Dutta et al., 1999; Grebe and Stock, 1999; Hoch, 2000;
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Stock et al., 2000). There are humerous variations on this common theme. Sensor domains
can be periplasmic, membrane-embedded or cytoplasmic, and a single histidine kinase can
contain two or more sensory domains. Extracytoplasmic sensor domains are connected to
the intracellular HisK A domains by one or more transmembrane segments and, sometimes,
the cytoplasmic helical linker (HAMP) domain (Aravind and Ponting, 1999; Williams and
Stewart, 1999). In addition, certain histidine kinases contain C-terminal CheY-like
phosphoacceptor (receiver, REC) domains (these enzymes are commonly referred to as
hybrid histidine kinases) and/or histidine phosphotransfer (HPt) domains (Dutta et al., 1999;
Matsushika and Mizuno, 1998; Mizuno, 1997).

The diversity of histidine kinases makes recognizing them in genomic sequences a
formidable task. In 1992, Parkinson and Kofoid described conserved sequence motifs (H, N,
G1, F and G2 boxes), common for most histidine kinases (Parkinson and Kofoid, 1992).
These motifs were subsequently used in numerous papers, most significantly in the histidine
kinase classification by Grebe and Stock (1999). However, proteins that lack one or more
such motifs can still function as histidine kinases. Examples include proteins that belong to
the HPK8 and HPK10 in classification by Grebe and Stock (COG2972 and COG3275 in the
COG database), such as Pseudomonas aeruginosa sensor protein FimS (Yu et al., 1997) and
many others. While these motifs can be captured by such databases as Blocks, PRINTS, or
PROSITE (Table 1), in the past several years the motif-based approach to identification of
histidine kinases has been largely replaced by an approach based on domain analysis.
Sensory domains are by far the most diverse ones of the three core domains in histidine
kinases; many of them are unique or have a narrow phylogenetic representation.
Phosphoacceptor (dimerization) HisKA domains, which contain the H box with the
phosphoryl-accepting His residue, are less diverse and have similar three-dimensional
structures, consisting of long alpha-helices (Stock et al., 2000; Wolanin et al., 2002). Still,
recognizing these domains through sequence similarity alone may be complicated. In the
latest version of the Pfam database, HisKA domains are divided into four separate domain
families, HisKA (PF00512), HisKA_2 (PF07568), HisKA_3 (PF07730), and HWE_HK
(PF07536), which are unified into the His Kinase A (phosphoacceptor) domain clan (Finn et
al., 2006). It should be noted that the four HisKA domains currently in Pfam do not cover
the full diversity of these domains: some experimentally characterized sensory histidine
kinases, such as Clostridium perfringens VirS (Cheung and Rood, 2000), as well as many
archaeal histidine kinases, contain dimerization domains that are not recognized by either of
the Pfam profiles, at least at standard confidence levels (E<1073). The ATPase domain of
histidine kinases, referred to as HATPase_c domain (PF02518) in the Pfam database,
contains the N, G1, F and G2 boxes of Parkinson and Kofoid. It is by far the most conserved
domain in histidine kinases and the easiest one to recognize in sequence similarity searches.
However, very similar ATPase domains of the GHKL family can be found in a stand-alone
form in the DNA gyrase (gyrB gene product) and DNA repair protein MutL, or as a
component of the heat-shock protein HSP90 (Ban and Yang, 1998; Dutta and Inouye, 2000).
Therefore, recognition of a histidine kinase by sequence analysis relies on finding a (usually
C-terminal) ATPase domain of the GKHL superfamily that does not belong to GyrB, MutL,
or HtpG family. This domain should be preceded by a histidine kinase A (phosphoacceptor)
domain: either one of the HisKA domains listed in Pfam or a poorly conserved domain of
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~60 amino acid residues that consists of predicted alpha-helices and contains an invariant
His residue. Finally, there should be an N-terminal fragment, corresponding to a sensory
domain, which may or may not have close homologs in the existing protein databases. The
presence of these three domains would qualify the protein in question as a two-component
sensory histidine kinase. Determining its exact substrate (ligand) specificity would require
further analysis and may be impossible without additional experimental data. A significant
fraction of histidine kinases are encoded in conserved operons with their cognate response
regulators that can be easily recognized by their highly conserved REC domain. Although
not a universal trait, presence of an adjacent gene encoding a response regulator could
strengthen the case for the analyzed protein being a histidine kinase. Thus, sequence analysis
of potential sensory kinases should always include examination of their gene neighborhoods.

Identification of MA_3481 as a sensory histidine kinase

1. Find the entry for the Methanosarcina acetivorans protein MA_3481 in GenBank
(accession no. AE010299) or directly in one of the protein databases: UniProtKB
(accession no. Q8TKC?7) or the NCBI protein database (AAMO6847)1.

2. Inspect the annotation of MA_3481 and its constituent domains in each of these
databases. Note that both the NCBI protein database (a non-curated database) and
in UniProt (a curated database) annotate MA_3481 as a “hypothetical protein”, in
keeping with its original annotation by the scientists at the Whitehead Institute
Center for Genome Research (Cambridge, MA). Nevertheless, both NCBI and
UniProt entries include the list of the domains that are recognized in the MA_3481
sequence by various tools, which provide numerous hints that MA_3481 might be a
histidine kinase.

A.

In the NCBI entry, these domains come from the CDD databases and are
linked to the CDD entries for the PAS domain and the HATPase_c domain.
The exact borders of each domain vary depending on the source of the
domain entry: in the COG database the PAS domain (COG2202) occupies
amino acid residues 243 to 446, whereas the CDD’s own c¢d00130 entry
recognizes a much smaller region, 339 to 439, as the PAS domain. Likewise,
COG3920 “Signal transduction histidine kinase” covers amino acid residues
436 to 702, whereas the SMART entry SM00387 recognizes only the C-
terminal HATPase_c domain (amino acid residues 557 to 702) with a
somewhat unreliable expectation value of 0.004. The complete domain
organization can be viewed on the NCBI web site by clicking the
“Conserved Domains” link or by entering the link http://
www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?
INPUT_TYPE=precalc&SEQUENCE=19917534 where the last 8 digits
correspond to the gi number. When the protein in question is not in the
database, one would need to compare its sequence against the CDD using
RPS-BLAST (see below).

LAl URLSs and database references in this chapter were correct at the time of writing (Oct. 2006). We apologize for any confusion that
might arise from subsequent changes in database content, sequence and/or annotation updates.
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B. The UniProt entry for MA_ 3481 contains even more hints that MA 3481 is
a histidine kinase. For example, this entry contains links to the Gene
Ontology (GO) “Molecular function: two-component sensor activity (GO:
0000155)” and “Biological process: two-component signal transduction
system (GO: 0000160)”. Still, these annotations should be treated with
caution. For example, one of them says “Biological process: regulation of
transcription, DNA-dependent (GO:0006355), which is probably not true for
MA 3481, as DNA-binding response regulators are very rare in archaea
(Galperin, 2006) and, like most archaeal histidine kinases, MA_3481 does
not appear to regulate transcription. The UniProt entry for MA_3481 also
contains links to the PROSITE database and several domain databases, such
as InterPro, Pfam, SMART and TIGRFAMs. A very useful link to the
“Graphical view of the domain structure” in InterPro (http://www.ebi.ac.uk/
interpro/protein/Q8TKC7) allows one to take a birds-eye view at all the
domain recognized by individual tools used in InterPro. Again, all of them
recognize the PAS (or PAS/PAC) domain in the 320-449 region of the
protein and the ATPase domain in the 550-706 region of the protein. Two
InterPro tools also cover the intermediate 450-550 region: Pfam recognizes
it as HisKA_2 (PF07568) domain (corresponding to the InterPro entry
IPR011495), whereas PROSITE unifies it with the ATPase domain into the
single HIS_KIN entry spanning the entire C-terminal half of MA_3481 from
Glu-459 to its C-terminus. Pfam graphical view, which can be obtained by
following a link from the UniProt entry or by going directly to http://
pfam.xfam.org/protein/Q8TKC7 will show the presence of all three required
domains, i.e. the sensory PAS domain, the phosphorylation/dimerization
HisKA_2 domain, and the C-terminal HATPase_c domain. In addition, Pfam
shows that the N-terminus of MA_3481 consists of 7 transmembrane
segments, which might form an additional sensory domain (see below).

3. Although most sequence analysis tools recognize the C-terminal region of
MA_3481 as the HATPase domain, it is necessary to check conservation of the key
(active site) residues to make sure that this protein actually can function as an
ATPase (or kinase). The easiest way to do that is to use the CDD tool that
compares the sequence in question against the consensus sequence for the given
domain. In the current version this can be done by clicking the “plus’ sign in the
CDD output. Although the current CDD entry does not have any information about
the active site residues, this alignment allows one to recognize the G1 box and the
less obvious N and G2 boxes (the F box is poorly conserved in the MA_3481
sequence). Therefore, it is necessary to verify conservation of the key residues in
the HATPase_c domain of MA_3481 by comparing it against the active site
residues of a well-characterized ATPase domain, e.g. with the nucleotide binding
domain of Thermotoga maritima CheA (TMO0702, gi|15643465), whose structure
(PDB entry: 1I5A and others) has been solved in a complex with an ATP analog
(Bilwes et al., 1999; Bilwes et al., 2001).
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The quickest way to compare two closely related sequences is by aligning them
using the Blast 2 sequences tool (Tatusova and Madden, 1999), available on the
NCBI BLAST web page http://www.ncbi.nlm.nih.gov/BLAST/ in the “Special”
category. (Other on-line tools for aligning two sequences, such as EMBOSS, http://
www.ebi.ac.uk/emboss/align/, or LALIGN, http://fasta.bioch.virginia.edu/
fasta_www?2/fasta_www.cgi?rm=lalign, can be used as well). Clicking on “bl2sec”
opens two sequence windows; paste the gi number of MA_ 3481, 19917534, into
one of them and the gi number of the Thermotoga maritima CheA, 15643465, into
the other, change the program to be run from “blastn” to “blastp”, and press the
“Align” key”. Although the resulting alignment shows only a relatively low
sequence similarity (21% identity in the 279 amino acid overlap; expect value E =
0.71), comparing it with the article by Bilwes and colleagues (Bilwes et al., 2001)
shows that the key nucleotide-binding residues of CheA, Asn-409, His-413, and
Gly-506 are all conserved in MA_3481. Hence, MA 3481 appears to have a
functional ATPase domain.

According to the Pfam database, MA_3481 contains a dimerization and
phosphoacceptor domain HisKA_2 (PF07568). The only thing that needs to be
checked here is the presence of the phosphoryl-accepting His residue. A BLAST
search using the MA_3481 residues 430-550 as a query reveals a large number of
sequences with a conserved (HNQDR)HR motif, characteristic of the recently
described HWE family of histidine kinases, where the conserved His residue serves
as the phosphorylation site (Karniol and Vierstra, 2004). A similar result can be
obtained by comparing MA_3481 with Agrobacterium fabrum protein Atu2165
(AGR_C 3927, gi|15157306), which was experimentally characterized by Karniol
and Vierstra (2004). These comparisons show that MA_3481 indeed contains a
functional dimerization/phosphoacceptor domain with a phosphoryl-accepting His
residue.

Summing up, the above analysis shows that MA_3481 contains a C-terminal
HATPase domain, preceded by a HisKA domain and a PAS domain. In addition, it
contains an N-terminal 7TM region, which could be another sensor domain (see
below). Although the MA_3481 gene neighborhood does not contain a gene for a
potential response regulator, MA_3481 satisfies all the key criteria listed above and
can be confidently annotated as sensory histidine kinase.

Analysis of sensory domains in histidine kinases

The sensory domains of histidine kinases are extremely diverse, reflecting the diversity of
the signals they perceive. However, as far as we can judge, members of the same domain
family typically recognize the same (or very close) substrates. Therefore, functional
characterization of a sensory domain in one organism often serves as a basis for functional
annotation of all proteins that contain the same domain. Still, functions of many periplasmic,
membrane-embedded or intracellular sensory domains such domains are still unknown.
Furthermore, not every N-terminal domain in every histidine kinases necessarily serves as a
sensor. For example, the N-terminal membrane domain of the E. coli UhpB, a histidine
kinase that regulates transport and metabolism of glucose-6-phosphate and related sugars,
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does not appear to work as a sensor. Instead, its function appears to be limited to the
interaction with UhpC, another membrane protein that is evolutionarily related to sugar
phosphate transport proteins but actually works as a sensor of sugar phosphate in the UhpB-
UhbC complex (Island and Kadner, 1993). Therefore, describing new sensory domains
requires certain caution. Still, in most cases one can safely assume that the (periplasmic) N-
terminal region of a histidine kinase is its sensory domain. This assumption is definitely
justified for those domains that are found in combination with more than one type of
membrane sensors, for example, histidine kinases and chemotaxis methyl-accepting
proteins, adenylate or diguanylate cyclases (Galperin et al., 2001; Nikolskaya et al., 2003;
Zhulin et al., 2003).

Analysis of the putative sensory domain of MA_3481

1

Extract the sequence of MA_ 3481 from UniProt (accession no. Q8TKC7) or the
NCBI protein database (accession no. AAMO06847 or gi|19917534). Note that its
N-terminal region is not covered by any known domain in CDD, whereas in
Pfam it is represented by seven predicted transmembrane segments.

Select the first 240 amino acid residues of the MA_3481 sequence, copy them
and paste into the PSI-BLAST window on the NCBI web site (http://
www.ncbi.nlm.nih.gov/BLAST/) and press the “Run BLAST” and “Format”
keys. Upon receiving the results, press “Run PSI-BLAST iteration 2” and then
“Format” keys again. Continue this procedure until convergence, i.e. until PSI-
BLAST reports “No new sequences were found above the 0.005 threshold!” The
search should converge after 6 or 7 iterations, resulting in a list of ~90 database
hits.

Visually inspect the degree of sequence conservation by scrolling down from the
highest-scoring to the lowest-scoring proteins. Note that none of them has been
experimentally characterized so far. In addition, although most proteins in the
hit list are annotated as “sensory transduction histidine kinase”, several of them
(including Thermotoga maritima protein TM0972 and Thiobacillus denitrificans
protein Thd_2578) are annotated as “GGDEF domain” or “diguanylate cyclase”,
while others are annotated as “Protein phosphatase 2C-like” (Clostridium
thermocellum protein ABN51324, gi|125712832 or “Stage Il sporulation E”
(Alkaliphilus metalliredigenes protein ABR47247, gi|149948719). This diversity
of annotations deserves a further investigation to check if the N-terminal region
of MA_3481 can be found in signaling proteins other than histidine kinases.

By pressing the “Taxonomy reports” link on top of the BLAST output, generate
the listing of database hits, sorted by their taxonomic representation, and save to
your disk in HTML and/or plain text format.

Using formatting options for the BLAST results, remove the low scoring hits by
changing the “Expect value range” parameter to the range from 0 to 1e-10 and
press the “Format” key. Save the resulting BLAST output file to your disk in
HTML and/or plain text format.
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Manually inspect each of the non-histidine kinase hits in the output by following
the link to the source protein and then checking out the “Conserved domains”
link. This should confirm that the N-terminal region of MA_3481, used in the
PSI-BLAST search indeed can be fused to a variety of signal output domains
and, hence, comprises a novel sensory domain. By analogy to the previously
described membrane-associated sensory domains of unknown function, MASE1
and MASE2 (Nikolskaya et al., 2003), we can tentatively name it MASE3.

To create a multiple alignment of the MASE3 domain, return to formatting
options and change the “Alignment view” from “Pairwise” to “flat-query-
anchored without identities”. In addition, unselect the Graphical Overview,
Linkout, and Sequence Retrieval boxes in the “Show” menu and again press
“Format”. Save the resulting multiple alignment to your disk in HTML and/or
plain text format (the plain text file can also be obtained by selecting the
“Alignment in Plain text” option in the “Show” menu). After manual curation
(trimming, removal of the unjustified gaps, etc.), such an alignment can be
colored using Microsoft Word or a dedicate software program such as GeneDoc
(http://www.nrbsc.org/gfx/genedoc/ebinet.htm), BoxShade (http://
www.ch.embnet.org/software/BOX_form.html), or Cinema (http://
aig.cs.man.ac.uk/research/utopia/utopia.php), and used for publication.

In certain cases, it might make sense to remove from the alignment the
sequences coming from the unfinished genome sequences. This can be done
using the “Limit results by entrez query” option and selecting the limit
“srcdb_refseq_provisional[prop]” or a similar one.

The most conserved residues in the domain can be visualized using the
WebLogo tool (Crooks et al., 2004). For a first look, change the BLAST results
formatting options to the “query-anchored without identities” alignment view
and save the resulting alignment as a text file. Remove the unaligned amino acid
residues by deleting all lines that do not start with a gi number, fill the empty
spaces with dots or dashes, and submit the resulting alignment to http://
weblogo.berkeley.edu/. The formatted logo (Fig. 1) shows several well-
conserved residues and groups of positively-charged residues that could be used
to determine the membrane topology of the domain, using the “positive-inside”
rule (von Heijne, 1992). For a publishable sequence logo, use the manually
curated alignment from step 8.

It would be helpful to check whether all identified instances of MASE3 domain
indeed consist of 7 transmembrane segments. This could be done using a variety
of software tools, listed in Table 2. As always, it is recommended that at least 3
different methods were used, their results compared, and any discrepancies in
the outcomes analyzed on case-by-case basis.

In conclusion, the described procedure identified a new integral membrane
sensory domain (MASE3) found in histidine kinases, diguanylate cyclases, c-di-
GMP phosphodiesterases, and PP2C-type protein phosphatases from a variety of
bacteria (alpha-, beta-, gamma-, and deltaproteobacteria, firmicutes and
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Thermotoga spp.) and archaea. The signal sensed by this domain is currently
unknown and can only be identified through experimental studies of the
respective signaling proteins.

Sequence analysis of response regulators

Overview

All response regulators of the two-component signal transduction system contain the CheY-
like phosphoacceptor (receiver, REC) domain (Stock et al., 2000; West and Stock, 2001),
either in a stand-alone form (for example, the chemotaxis response regulator CheY or the
sporulation regulator SpoOF) or fused to an effector, or output, domain, which is usually
located at the C-terminus of the polypeptide chain (Grebe and Stock, 1999; Stock et al.,
2000). Two-domain response regulators are typically thought of as transcriptional regulators
that combine the REC domain with a DNA-binding output domain. Indeed, recent studies
have shown that the great majority of output domains are involved in DNA binding
(Galperin, 2006; Ulrich et al., 2005). However, a substantial fraction of response regulators
have RNA-binding, enzymatic or ligand-binding (noncatalytic) output domains, or
uncharacterized output domains whose function is unknown (Galperin, 2006; Ulrich et al.,
2005). Phylogenetic analysis of the receiver and output domains in various response
regulators has shown that receiver domains typically co-evolve with the corresponding
effector domains, although some of them show signs of relatively recent domain shuffling
(Pao and Saier, 1995).

The mechanism of two-component signal transduction includes phosphory! transfer from the
His residue in the HisKA domain of the sensor histidine kinase to an Asp residue in the REC
domain of its cognate response regulator (Stock et al., 2000; West and Stock, 2001).
Phosphorylation induces conformational changes in the REC domain (Kern et al., 1999),
which affects its binding properties, including its association with the output domain (if
any). In different response regulators, there appear to be several different mechanisms of
signal transmission. These include dimerization of the REC domain (in OmpR/PhoB family
and potentially in all DNA-binding response regulators (Toro-Roman et al., 2005a, 2005b)),
direct protein-protein interaction with a variety of target proteins (in stand-alone receiver
domains, such as CheY or SpoOF), and a relief-of-inhibition mechanism (and potentially
also a stimulatory effect on catalysis) in case of enzymatically active output domains (Anand
and Stock, 2002).

The most common response regulators are the DNA-binding transcriptional regulators that
belong to two largest families: 1) the OmpR/PhoB family regulators that contain winged
helix-turn-helix (HTH) output domains (Martinez-Hackert and Stock, 1997a, 1997b) and 2)
the NarL/FixJ family regulators that contain a single HTH motif in the middle of a four-
helix bundle (Baikalov et al., 1996). Other, less common, DNA-binding response regulators
contain DNA-binding output domains of the Fis type (NtrC and PrrA families), AraC type
(YesN family), LytTR type (AgrA/LytR family), SpoOA type (SpoOA family), and several
others (Galperin, 2006). Within each family of response regulators, the signaling specificity
is determined by minute details of the interactions of the REC domains with the cognate
histidine kinases and of the HTH domains with the target sites on the DNA. As a result,

Methods Enzymol. Author manuscript; available in PMC 2015 May 27.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Galperin and Nikolskaya Page 11

response regulators within each particular family typically show high levels of sequence
similarity, even when they regulate dramatically different biological processes. This
circumstance makes it almost impossible to assign function to newly sequenced response
regulators based solely on sequence similarity. Therefore, the goals of sequence analysis
have to be far more modest: 1) identification of protein in question as a response regulator,
based on the presence of the REC domain; 2) identification of the output domain of the
given response regulator (if any) and its function (if known); and 3) assignment of this
response regulator to a particular family, followed by assignment of a general function, such
as DNA binding, RNA binding, small-molecule ligand binding, or an enzymatic activity.

Identification of Spo0OA as a response regulator

By definition, almost any protein containing the receiver (REC) domain can be considered a
response regulator. Exceptions include hybrid histidine kinases that contain a C-terminal
REC domain and other multidomain signal transduction proteins that combine the REC
domain with various sensory and/or output domains [see, for example, Fig. 2 in ref.
(Galperin, 2006)]. The relatively high sequence conservation of the REC domain makes its
identification relatively straightforward. Comparing the protein in question against any of
the domain databases, such as CDD, Pfam, InterPro, or ProDom, using their default
parameters, is usually sufficient to find out whether this protein contains the REC domain
and, if it does, what are the domain boundaries. The output of this comparison will also
show if this protein also contains a recognized output domain [see Galperin (2006) for a
recently compiled listing]. Consider the following example of the well characterized DNA-
binding response regulator SpoOA, which controls initiation of sporulation in Gram-positive
bacteria (Stephenson and Lewis, 2005).

1. Retrieve the sequence of Bacillus anthracis SpoOA (BA_4394) from UniProt
(SPOA_BACAN, accession no. P52928) or the NCBI protein database (accession
no. AAP28110; gi|30258892). Inspect the annotation of BA_4394 in these
databases. Note that this protein is uniformly annotated as “Stage 0 sporulation
protein A”.

2. Inspect the domain architecture of BA_ 4394 as represented in Pfam. To do that, go
to the Pfam search page at http://pfam.xfam.org/search and enter the UniProt name,
accession number or the protein sequence in the appropriate windows. Results will
show at http://pfam.xfam.org/search/sequence). Also, look at the domain
representation in CDD (click the “Conserved Domains” link from the NCBI protein
entry or go to http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml and then enter
the NCBI accession number, gi number, or sequence. The results will also show up
at http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi?
INPUT_TYPE=precalc&SEQUENCE=30258892). Both CDD and Pfam recognize
in the BA_ 4394 sequence an N-terminal REC domain with convincing similarity
scores. Furthermore, inspection of domain alignment shows conservation of the
phosphoacceptor Asp residue, confirming that BA_ 4394 contains a functional REC
domain and, hence, is a genuine response regulator.
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Identification of the output domain of SpoOA

In some cases, including the one above, comparing a sequence of a response regulator
against protein domain databases shows that 1) the REC domain is the only one recognized
in the given sequence and 2) it occupies only a certain part of the protein, leaving 50 or even
more amino acid residues not assigned to any domain. Given that some protein domains can
be as short as 25 amino acid residues [(e.g. ATP-hook, (Aravind and Landsman, 1998)] and
many HTH domains are not much longer (Aravind et al., 2005), these unassigned regions
could well belong to as yet unrecognized protein domains. On the other hand, some of such
unassigned regions appear to lack any (predicted) secondary structure and therefore should
not be considered separate domains. The following example continues sequence analysis of
the Bacillus anthracis protein SpoOA (BA_4394).

1. Note that the C-terminal region of BA_4394 (amino acid residues 130-264) is now
covered in CDD by the Pfam domain PF08759.

2. Copy the 134-aa C-terminal sequence fragment of BA_4394 (residues 131-264)
into the PSI-BLAST search page at the NCBI web site, http://
www.nchi.nlm.nih.gov/BLAST/. Run PSI-BLAST until convergence using the
default parameters on the web page. The search should converge after 3 or 4
iterations, resulting in a list of ~90 database hits. Visually inspect the degree of
sequence conservation by scrolling down from the highest-scoring to the lowest-
scoring proteins to confirm that all the hits are genuine homologs.

3. By pressing the “Taxonomy reports” link on top of the BLAST output, generate
and save the listing of database hits, sorted by their taxonomic representation. You
will see that, with a single exception, all high-scoring hits (bitscore of > 133, which
corresponds to the expectation value E < 2x10739) belong to the Firmicutes (low G
+C Gram-positive bacteria). The only exception is Symbiobacterium thermophilum,
which, owing to its relatively high G+C content, has been initially assigned to the
phylum Actinobacteria but obviously belongs to the Firmicutes.

4. Inthe BLAST output, find hits to the known 3D structures (marked by red squares
with the letter “S”). Follow the links to the Protein Data Base (PDB) entry 1FC3 to
see a detailed description of this domain (Lewis et al., 2000) and then the link
“Structure” to view its six-helix structure. Alternatively, follow the link to the PDB
entry 1L.Q1 to see this domain bound to the DNA (Zhao et al., 2002). Note that the
C-terminal DNA-binding fragment of SpoOA forms a compact and stable 3D
structure and thus comprises a separate well-defined protein domain.

Sequence analysis of prokaryotic signal transducers

Overview

Analysis of the rapidly accumulating genome sequences from diverse bacteria and archaea
revealed the great variety of sensory proteins. The characteristic architecture of histidine
kinases and MCPs, which includes a periplasmic sensory domain, a transmembrane segment
with one or more transmembrane helices, and a cytoplasmically located output domain, was
predicted for many proteins encoded in the newly sequenced genomes (Galperin, 2004;
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Galperin et al., 2001). However, while their N-terminal sensory domains were shared with
histidine kinases and/or MCPs (Zhulin et al., 2003), their C-terminal output domains could
be adenylate cyclases, diguanylate cyclases, c-di-GMP phosphodiesterases of EAL or HD-
GYP type, as well as Ser/Thr protein kinases and protein phosphatases (in Ser/Thr protein
kinases, the protein kinase domain is typically at the N-terminus and the sensory domains at
the C-terminus). The computational predictions were followed by experimental data
detailing participation of these new (predicted) receptors in bacterial signal transduction.
Thus, activities of cyanobacterial membrane-bound adenylate cyclase and Rhodobacter
sphaeroides bacteriophytochrome BphG1 (diguanylate cyclase/phosphodiesterase) were
shown to respond to the red and blue light (Ohmori and Okamoto, 2004; Tarutina et al.,
2006). Activities of many other bacterial receptor-type proteins appear to be regulated by
environmental factors as well; however, the nature of these factors still remains obscure
(Galperin, 2004, 2005; Kennelly, 2002; Lory et al., 2004; Romling et al., 2005; Zhang and
Shi, 2004). Still, recognition of a potential receptor protein in a given piece of DNA
sequence could be an important step towards understanding the function of that protein
and/or its neighbors. We briefly describe here the domain-based approaches to the
identification of diguanylate cyclases (the GGDEF domain), c-di-GMP-specific
phosphodiesterases (EAL and HD-GYP domains), class Il adenylate cyclases (the CyaA
domain), eukaryotic-type Ser/Thr/Tyr-specific protein kinases (the STYK domain), and
PP2C-family Ser/Thr/Tyr-specific protein phosphatases (the PP2C-SIG domain) and
mention several caveats of such searches that may lead to false-positive hits.

Identification of diguanylate cyclases (the GGDEF domain)

The diguanylate cyclase activity, synthesis of the bacterial second messenger c-di-GMP
from two molecules of GTP, is a property of the so-called GGDEF domain, named after its
most conserved sequence motif, Gly-Gly-Asp/Glu-Glu-Phe (Galperin et al., 2001; Jenal and
Malone, 2006; Rémling et al., 2005). The GGDEF domain is structurally related to the
eukaryotic adenylate cyclase domains (Chan et al., 2004) and has a number of well-
conserved residues (see the sequence logo of this domain at http://mmbr.asm.org/content/
77/1/1/F3.expansion.html), which makes its identification fairly straightforward. The key
problem with its sequence analysis is recognition of inactivated and/or truncated GGDEF
domains, which has to be done by meticulously checking the active site residues (Christen et
al., 2006; Paul et al., 2004) and deciding whether if any given mutation allows correct
folding of the protein and is compatible with its activity. Unfortunately, few residues outside
the GGDEF loop and the allosteric I-site (Christen et al., 2006) have been mutated so far
(see http://mmbr.asm.org/content/77/1/1/F4.expansion.html, and their contribution to
activity remains unknown. The listings of the GGDEF-containing proteins encoded in
completely sequenced bacterial genomes are available on the SignalCensus web site http://
www.ncbi.nlm.nih.gov/Complete_Genomes/c-di-GMP.html and in the MiST database.

Identification of type | c-di-GMP-specific phosphodiesterases (the EAL domain)

Just like the GGDEF domain, the type I c-di-GMP-specific phosphodiesterase (the EAL
domain) is very well conserved and easily identified through comparison with any of the
protein domain databases. In addition to the conserved EAL motif, two acidic residues
required for the activity have been identified (see the sequence logo of this domain at http://
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mmbr.asm.org/content/77/1/1/F3.expansion.html). An alignment of active and inactive EAL
domains (http://mmbr.asm.org/content/77/1/1/F4.expansion.html and Schmidt et al., 2005)
could provide further clues to which amino acid residues are required for activity.

Identification of type Il c-di-GMP-specific phosphodiesterases (the HD-GYP domain)

The HD-GYP domain (Galperin et al., 1999), recently proven to function as a c-di-GMP-
specific phosphodiesterase (Ryan et al., 2006), is an extended variant of the widespread HD-
type phosphohydrolase domain (Aravind and Koonin, 1998) that contains extra conserved
residues at its C-terminus. Because of that, Pfam and SMART databases do not recognize
HD-GYP as a separate domain and list its N-terminal 110 amino acid residues as HD
catalytic domain. In contrast, PIRSF and COGs list HD-GYP as a separate domain, while
InterPro has a separate entry for RpfG-like response regulators that combine REC and HD-
GYP domains (Ryan et al., 2006). In sequence similarity searches of HD-GYP domains,
generic HD domains often show up with higher similarity scores than genuine HD-GYP
domains. Here, the listing of HD-GYP-containing proteins on the SignalCensus web site
could be used as a guide.

Identification of adenylate cyclases

Several unrelated (analogous) forms (classes) of the adenylate cyclase (EC 4.6.1.1) have
been described but only one of them, usually referred to as class I, is widespread in
bacteria and has been shown to function as environmental sensor (Lory et al., 2004; Ohmori
and Okamoto, 2004). Class Il adenylate cyclase domain (designated the Guanylate_cyc
domain in Pfam and PROSITE and A/G cyclase in InterPro) is well conserved and can be
easily recognized through protein sequence comparison against any of the domain databases.
It should be noted that the eukaryotic form of this domain can use both ATP and GTP as
substrates, producing, respectively, cCAMP and cGMP, while in most bacteria it appears to be
specific for ATP and have little, if any guanylate cyclase activity (Baker and Kelly, 2004;
Shenoy and Visweswariah, 2004). Therefore, for bacteria, the name “adenylate cyclase
domain” appears to be more appropriate than any other. Many class 111 adenylate cyclases
are cytoplasmic enzymes and only a small fraction of them are membrane-bound and can be
considered genuine environmental sensors.

Identification of Ser/Thr/Tyr-specific protein kinases

Curiously, the vast majority of prokaryotic Ser/Thr/Tyr-specific protein kinases belong to
the so-called eukaryotic-type protein kinase superfamily (Kennelly and Potts, 1996). This
superfamily includes several other kinase families, such as choline kinases,
lipopolysaccharide kinases, aminoglycoside 3’-phosphotransferases. This fact makes correct
identification of Ser/Thr/Tyr protein kinases fairly complicated, particularly because Ser/Thr
protein kinases from different families sometimes show less similarity to each other than to
3-deoxy-D-manno-octulosonic acid (KDO) kinase (the product of the waaP gene, assigned
in Pfam to a separate domain PF06293). In addition, there is a long-standing controversy
regarding the functions of the proteins of ABC1/AarF/UbiB family, which are required for
(Poon et al., 2000). These widespread proteins, which belong to the Pfam family PF03109
and COG0661 and most likely function as protein kinases that regulate ubiquinone
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biosynthesis pathway, are sometimes misannotated as ABC transporters or even as ABC
transporter substrate binding proteins. Identification of an unknown protein as a Ser/Thr/Tyr
protein kinase should take into account domain assignments in several domain databases,
presence or absence of additional — sensory or signal output — domains, and genomic
context, e.g. the operon structure of the adjacent genes. Functional assignments for
completely sequenced genomes are available on MiST, Sentra, and SignalCensus web sites,
as well as in KinG, a database dedicated specifically to Ser/Thr/Tyr protein kinases (Krupa
et al., 2004).

Identification of Ser/Thr/Tyr protein phosphatases

Prokaryotic Ser/Thr/Tyr-specific protein phosphatases of the PP2C family are reasonably
well conserved and can be easily recognized through protein sequence comparison against
any of the domain databases. However, only a small fraction of these enzymes have an
attached sensory domain and can be considered genuine environmental sensors.

Functional annotation of multidomain proteins

The complexity of microbial signal transduction machinery and the paucity of
experimentally characterized proteins make annotating signaling proteins even in well-
studied organisms an arduous task. For example, of the 30 histidine kinases encoded by E.
coli K12, functions of seven (AtoS, RstB, YehU, YpdA, YfhK, YedV, YjoN) are unknown
and several others have poorly defined substrates. For (predicted) signal transduction
proteins encoded in the newly sequenced genomes this task becomes even more daunting.
Although assigning the signal transduction protein to a general class, such as “histidine
kinase”, “response regulator”, “methyl-accepting chemotaxis protein” or “diguanylate
cyclase”, is usually easy (see above), it is practically impossible to identify the signal that
this protein responds to. Indeed, standard methods of protein sequence analysis, where the
function of newly sequenced protein is assigned based on the function of its experimentally
characterized (close) homolog, are rarely applicable to signal transduction proteins. Thus,
the degree of sequence similarity of the response regulators of the NtrC family is determined
more by their central ATPase domains than by their N-terminal REC or C-terminal DNA-
binding Fis-like domains, which are in fact responsible for the specificity of these
transcriptional regulators. As a result, proteins that show the highest similarity scores are
very likely to regulate entirely different biological processes. Therefore, functional
annotation of newly sequenced signal transduction proteins should rely on the following
simple rules:

1. Ifatall possible, the protein should be classified as a signaling, signal transduction,
or signal output protein.

2. For signaling proteins, the enzymatic activity of the signal transduction domain
(histidine kinase, Ser/Thr/Tyr kinase, protein phosphatase, adenylate cyclase,
diguanylate cyclase, c-di-GMP phosphodiesterase) can be used as a basis for
protein annotation.

3. Any protein that contains more than one enzymatic output domain should be
annotated as “multidomain signaling protein containing such and such domain”.
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The only exceptions to this rule are the proteins combining the GGDEF and EAL
domains, which, unless one of the domains is known (or predicted) to be inactive,
can be annotated as “diguanylate cyclase/phosphodiesterase”.

It is also useful to identify the transmembrane segments, if any, and decide whether
the respective signaling protein contains a periplasmic (extracytoplasmic) or
membrane-embedded sensory domain, or it is sensing the cytoplasmic milieu.

If the signaling protein contains a known sensory domain, its name (or, better yet,
ligand specificity) should be included in the annotation, e.g. “Citrate-sensing
histidine kinase”, “Histidine kinase with two PAS and one GAF sensory domains”,
“Adenylate cyclase with a PAS sensory domain”, or “Diguanylate cyclase with
MASE2 sensory domain”.

Any protein containing the REC domain is annotated either as a response regulator,
or as a hybrid histidine kinase, or as a multidomain signal transduction protein.

Response regulators are classified into families and named according to the
specificities of their output domains, e.g. “DNA-binding response regulator, OmpR
family” or a “Transcriptional regulator, OmpR/PhoB family”. In the rare cases
when the transmitted signal is known, this information has to be reflected in the
name, whereas the family designation can be omitted, for example, NarL can be
annotated either as “Nitrate/nitrite response regulator NarL” or as “Transcriptional
regulator of nitrate/nitrite response, NarL family”.

Response regulators with enzymatic output domains can have family-based or
domain-based names. For consistency, it would be appropriate to annotate them
based on their enzymatic activities, just as it is being done for signaling proteins.
For example, the response regulator of the REC-GGDEF domain architecture can
be called a “Response regulator, WspR family” or a “Response regulator with a
diguanylate cyclase output domain”. Finally, response regulators with ligand-
binding output domains have to be named based on their domain architectures, e.g.
“Response regulator with a PAS output domain, REC-PAS”.

Finally, other components of the signal transduction machinery, unless their
function has been established experimentally, should be annotated based on their
domain composition. For example, we would recommend that uncharacterized
homologs of the nitric oxide reductase transcription regulator NorR be annotated as
“Transcriptional regulator containing GAF, AAA-type ATPase, and Fis-like DNA
binding domains, NorR/HyfR family”, as some of them may turn out to respond to
other signals than nitric oxide.

Most importantly, all signal transduction proteins should be annotated based on
their total domain composition, not just based on the database hits that might cover
the whole protein.

In conclusion, it is worth noting that sequence analyses and functional annotations described
in this chapter cannot be readily be automated. Although analysis of protein domain
organization is usually fairly straightforward, proper utilization of proper databases and
software tools requires a human with certain biological education. While this may be
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considered a nuisance by some, this reflects a more general principle that to recognize
novelty, one has to be aware of the state of the art. If the latest developments are any
indication, signal transduction proteins with complex domain architectures would not be
amenable to fully automated analysis for years to come.
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Figure 1.
Sequence logo of the MASE3 domain, generated using the WebLogo (http://

weblogo.berkeley.edu) tool from a multiple alignment of 35 different sequences of the

‘weblogo berkeley.edu
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MASE3 domain aligned to the Methanosar cina acetivorans histidine kinase MA_3481.
Residue numbering starts from Gly-4 of the MA_3481 sequence.
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Table 1
Computational resources for sequence analysis of signal transduction proteins
Name URL Comment Ref.
Specialized databases of signal transduction proteins
KEGG http://www.genome.jp/kegg-bin/show_pathway?ko02020 Graphical representation Kanehisa et al.,
of two-component systems 2004
in bacteria with sequenced
genomes
MiST http://mistdb.com Predicted signal Ulrich and Zhulin,

Signaling Census

KinG

http://www.ncbi.nlm.nih.gov/Complete_Genomes/SignalCensus.html

http://megha.garudaindia.in/king/index.jsp

Sequence motif databases

PROSITE

BLOCKS

PRINTS

http://www.expasy.org/prosite/

http://blocks.fhcrc.org/

http://www.bioinf.manchester.ac.uk/dbbrowser/PRINTS/

Protein domain databases

Pfam

SMART

ProDom

CDD

http://pfam.xfam.org/

http://smart.embl.de/

http://prodom.prabi.fr/

http://www.ncbi.nlm.nih.gov/cdd

Protein family databases (full-length proteins)

COG

PIRSF

http://www.ncbi.nlm.nih.gov/COG/

http://pir.georgetown.edu/pirwwwi/dbinfo/pirsf.shtml

transduction proteins from
all completely sequenced
prokaryotic genomes

Total counts of signal
transduction proteins in
completely sequenced
prokaryotic genomes

Kinases in Genomes, a
listing of Ser/Thr/Tyr-
specific protein kinases
encoded in complete
genomes of prokaryotes
and eukaryotes

Protein sequence patterns
and profiles that define
protein domains

Protein sequence motifs
represented as Blocks,
multiply aligned ungapped
sequence segments

Protein fingerprints groups
of conserved motifs used
to characterize each
protein family

An extensive collection of
protein domains, including
those with unknown
functions

Prokaryotic and
eukaryotic signaling
domains and domain
architectures

An automatically
generated listing of protein
domains

Conserved domains with
curated alignments that are
based on available 3D
structures

Clusters of orthologous
groups that represent
either whole proteins or
individual domains

Families of proteins with
shared domain
architecture and full-
length similarity
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2007

Galperin, 2005

Krupa et al., 2004

Hulo et al., 2006
Henikoff et al.,
2000

Attwood et al.,
2003

Finn et al., 2006

Letunic et al., 2006

Servant et al., 2002

Marchler-Bauer et
al., 2005

Tatusov et al., 2000

Wu et al., 2004


http://www.genome.jp/kegg-bin/show_pathway?ko02020
http://mistdb.com
http://www.ncbi.nlm.nih.gov/Complete_Genomes/SignalCensus.html
http://megha.garudaindia.in/king/index.jsp
http://www.expasy.org/prosite/
http://blocks.fhcrc.org/
http://www.bioinf.manchester.ac.uk/dbbrowser/PRINTS/
http://pfam.xfam.org/
http://smart.embl.de/
http://prodom.prabi.fr/
http://www.ncbi.nlm.nih.gov/cdd
http://www.ncbi.nlm.nih.gov/COG/
http://pir.georgetown.edu/pirwww/dbinfo/pirsf.shtml
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Name URL Comment

Ref.

Integrated motif, domain and family database

InterPro http://www.ebi.ac.uk/interpro/ An umbrella database
combining results from
several of the above
databases

Protein structure database

PDB http://www.rcsb.org/pdb 3D structures of proteins
and other molecules

Mulder et al., 2005

Berman et al., 2000
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Computational resources for prediction of signal peptides and transmembrane segments in proteins

Name URL

Prediction of signal peptides

SignalP http://www.cbs.dtu.dk/services/SignalP
LipoP http://www.cbs.dtu.dk/services/LipoP/
PSORT http://www.psort.org/

SOSUI signal  http://harrier.nagahama-i-bio.ac.jp/sosui/sosuisignal/sosuisignal_submit.html

Prediction of transmembrane segments

TMHMM http://www.cbs.dtu.dk/servicess TMHMM/
ConPred http://bioinfo.si.hirosaki-u.ac.jp/%7EConPred2/
DAS http://mendel.imp.ac.at/sat/DAS/DAS.html

HMMTOP http://www.enzim.hu/hmmtop/

MEMSAT http://bioinf.cs.ucl.ac.uk/psipred/

Phobius http://phobius.cgb.ki.se/

PSORT http://www.psort.org/

SOSUI http://bp.nuap.nagoya-u.ac.jp/sosui/

SVMtm http://ccb.imb.ug.edu.au/svmtm/

TMpred http://www.ch.embnet.org/software/TMPRED_form.html
TMAP http://bioweb.pasteur.fr/seqanal/interfaces/tmap.html
TopPred http://bioweb.pasteur.fr/seqanal/interfaces/toppred.html

No. of sequences  Reference

<2000
<4000

< 20002

<4000
<100
<50

N/AZ

< 20002
N/AZ

<258

Bendtsen et al., 2004
Juncker et al., 2003
Gardy et al., 2005

Gomi et al., 2004

Krogh et al., 2001
Arai et al., 2004
Cserzo et al., 2004

Tusnady and Simon,
2001

Jones et al., 1994
Kall et al., 2004
Gardy et al., 2005

Hirokawa et al., 1998
Yuan et al., 2004

Hofmann and Stoffel,
1993

Persson and Argos, 1997

Claros and von Heijne,
1994

aThe actual limitation for PSORT is 600,000 characters, for SVMtm - 10 KB; N/A means that the server accept multiple sequences but the exact

limit is not specified.
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