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Extracytoplasmic PAS-Like Domains Are Common in Signal
Transduction Proteins�†
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We present the crystal structure of the extracytoplasmic domain of the Bacillus subtilis PhoR sensor histidine
kinase, part of a two-component system involved in adaptation to low environmental phosphate concentrations.
In addition to the PhoR structure, we predict that the majority of the extracytoplasmic domains of B. subtilis
sensor kinases will adopt a fold similar to the ubiquitous PAS domain.

Transmembrane signal transduction in bacteria is primarily
mediated by the so-called two-component signal transduction
system. To generate an appropriate response to an environ-
mental signal, a sensor histidine kinase (SK) adjusts its intrinsic
autokinase activity upon detection of ligands. Subsequent
transfer of the phosphoryl group alters the propensity of the
associated response regulator/transcription factor (RR) to
generate the appropriate response (11).

SK proteins are modular multidomain proteins featuring a
structurally conserved C-terminal catalytic core and N-termi-
nal signal-sensing and activity-modulating domains (31). The
C-terminal catalytic core consists of two domains, the phos-
phorylatable histidine containing a four-helix bundle domain
(called DHp or HisKA domain) and an ATP-binding domain
(called HATPase or CA domain). The autokinase activity of
the catalytic core is controlled by the N terminus, which is
variable in length and domain architecture. Since the majority
of SKs are transmembrane proteins, they commonly feature
signal detection and activity-modulating domains localized to
both the extracytoplasmic space and the cytoplasm.

The cytoplasmic input and activity-modulating domains of
the SKs are readily identifiable by sequence analysis, and the
dominant folds are the HAMP, GAF, and PAS domains (re-
viewed in reference 31). The PAS fold is a particularly wide-
spread and versatile protein domain fold, is commonly found
in signaling proteins, and has been implicated in small-mole-
cule binding as well as protein-protein interaction (21, 32). The
Pfam database (7) reveals over 20,000 examples in more than
1,300 organisms.

The extracytoplasmic domains in contrast to cytoplasmic
portions of transmembrane-embedded SKs show very low se-
quence conservation. With a few exceptions, the extracytoplas-

mic sensing domains cannot be categorized by sequence anal-
ysis (11, 31, 35). This hampers progress in the identification of
signaling ligands, which for most SKs still remain unknown.

Here, we present a structure prediction analysis of the com-
plete set of extracytoplasmic sensor domains of the Bacillus
subtilis SK proteins. This analysis suggests that the PAS-like
fold (10, 21) is the dominant sensing module adopted in B.
subtilis SKs. To back up this prediction, we present the crystal
structure of the B. subtilis PhoR extracytoplasmic domain,
which adopts the expected PAS-like fold.

B. subtilis two-component systems have been the subject of
extensive studies in the last 3 decades. Some of these studies
have identified growth conditions under which individual sys-
tems are activated (e.g., cell envelope stress, phosphate limi-
tation, nutrient deprivation) (6, 11). However, the molecular
ligands sensed by these kinases remain unknown for all but the
MalK and CitS proteins, malate and citrate sensors, respec-
tively (5, 33). The complete set of B. subtilis SKs was previously
analyzed by Fabret and colleagues (6). Of the 35 SKs, five were
found to be soluble, whereas 30 contained at least one identi-
fiable transmembrane helix. In the original work, the extracy-
toplasmic portions of the transmembrane histidine kinases did
not receive any further attention.

We recently determined the structures of two periplasmic
sensor domains of chemotaxis receptor proteins (Mcp’s) from
the Gram-negative bacterium Geobacter sulfurreducens (26)
and found that they adopted a PAS-like fold, as we had pre-
viously predicted (20), by using the structure prediction pro-
gram 3DPSSM (17). This program combines one- and three-
dimensional amino acid sequence profiles with secondary
structure predictions and solvation potential. The structural
folds could not be identified using pure sequence comparison
methods, such as BLAST. This prompted us to revisit the
analysis of the B. subtilis SK sequences. We identified 13 sensor
kinases that have an extracytoplasmic domain containing more
than 40 amino acids located between two transmembrane
helices near the N terminus. The exact boundaries of the trans-
membrane helices were predicted by using the program
TMHMM (19). These domains were analyzed by applying a
newer fold recognition program, FFAS03 (15). FFAS03 uses
an amino acid sequence profile-profile comparison method for

* Corresponding author. Mailing address for M. Schiffer: 9700 S.
Cass Avenue, Bldg. 202, A-145, Argonne, IL 60439. Phone: (630)
252-3883. Fax: (630) 252-3387. E-mail: mschiffer@anl.gov. Mailing
address for H. Szurmant: MEM-116, 10550 N. Torrey Pines, La Jolla,
CA 92037. Phone: (858) 784-7945. Fax: (858) 784-7966. E-mail:
Szurmant@scripps.edu.

† Supplemental material for this article may be found at http://jb
.asm.org/.

� Published ahead of print on 11 December 2009.

1156



protein families. The program predicted that 11 out of the 13
sensors would have PAS-like domain folds (Table 1), whereas
the structures of the other two domains were not reliably
predicted. Some low-scoring hits for these two proteins, how-
ever, were PAS-like domains, not excluding the possibility that
all 13 extracytoplasmic sensor domains adopt the PAS-like
fold. An analogous analysis conducted for other organisms
reveals that at least two out of five Streptococcus pneumoniae,
at least three out of six Staphylococcus aureus, and 11 out of 21
Escherichia coli SK extracytoplasmic domains are likely to
adopt the PAS-like fold as well (see Table S1 in the supple-
mental material).

To verify the above-described predictions, we have under-
taken a study to determine the structures of the extracytoplas-
mic domains of the 13 proteins from B. subtilis by X-ray dif-
fraction. Diffraction quality crystals could be obtained for one
of these extracytoplasmic domains from the phosphate limita-
tion sensor, PhoR. The PhoR extracytoplasmic domain, resi-
dues 32 to 150 from the sensor histidine kinase (GeneID no.
16079962), was expressed in E. coli by using vector pMCSG7
(30). The protein was purified using previously described pro-
cedures (18) and was crystallized from Index Screen, condition
G4 (Hampton Research). The crystals were orthorhombic with
space group of P212121 and have unit cell dimensions of a �
55.50, b � 67.63, and c � 77.69 Å. The crystals diffracted to
2.2-Å resolution. Crystallographic data were collected at the
Structural Biology Center (SBC) beamline 19BM at the Ad-
vanced Photon Source (APS). The structure was determined
using anomalous scattering from bromide ions by using the
quick-halide soak method (4). The asymmetric unit contains
two molecules that form a dimer. Electron density is observed
for residues 33 to 141 in both monomers. The structure was
refined with the program REFMAC (22), and the final coor-
dinates were deposited in the Protein Data Bank (PDB acces-
sion code 3cwf). The R factor and the free R factor are 19.4%
and 24.4%, respectively. The Ramachandran plot shows that
90.3% of the residues are in the most favored regions, while
none are in the disallowed regions.

The structure comparison program, DaliLite (12), identified

the sensor domain of CitA, a citrate sensor from Klebsiella
pneumoniae (27), as the closest structural homologue of PhoR
in the PDB. After structural alignment, the two domains share
only 12% sequence identity (Fig. 1a). The most significant
structural differences (Fig. 1b and c) are in the elements sur-
rounding the citrate-binding pocket in CitA. In particular, the
loop connecting �-strands 3 and 4, which is utilized in the CitA
sensor as a lid for the binding pocket, is shorter in sequence
and is observed to be in an open conformation in the structure
of PhoR sensor. Similarly, an extended loop-helix-loop motif
between �-strands 2 and 3 covers the ligand-binding pocket in
the CitA sensor and differs in both length and positioning
between the two structures (Fig. 1b and c). This suggests that
PhoR either might bind a ligand of very different nature or
perhaps might not serve a small-molecule-binding purpose at
all. Consistent with this notion, Shi and Hulett have shown that
this domain is not required for the phosphate limitation re-
sponse elicited by PhoR (29). It might be argued then that the
extracytoplasmic domains in most SKs have no function. This
is unlikely in the light that despite astounding sequence vari-
ability, so many SK sensor domains have retained a conserved
structural fold. It is conceivable that new functions for these
sensor domains beyond sensing small-molecule ligands will
come to light.

Currently available structures of the extracytoplasmic PAS-
like sensor domains share a central five-stranded �-sheet of
identical topology with other PAS domains (Fig. 1d). Differ-
ences observed between these domains have recently been
pointed out by Cheung et al. (1). They suggested that these
domains comprise a fold “distinct from the PAS domain struc-
tures with which they share a �-sheet topology” and named
them “PDC” fold based on previously determined structures
(PhoQ, DcuS, CitA). Given the similarity of the folds of the
extracytoplasmic PAS-like domains and other PAS domains
and given their conserved function in regulating the activity of
SKs and other signal transduction proteins, often in response
to small-molecule ligands, it is more than likely that they share
an evolutionary origin. As such, we do not see the necessity to
define them as a separate fold and feel that they should be

TABLE 1. Structure predictions for extracytoplasmic domains of B. subtilis SKs

Protein Residuesa Function Reference Top structure hitb Score (% identity)c Predicted fold

PhoR 32–150 Phosphate limitation 13 K. pneumoniae CitA �16.2 (12) PAS-like
ResE 34–172 Oxygen limitation 23 B. subtilis PhoR �12.0 (16) PAS-like
YycG 35–182 Cell wall/cell division 8 E. coli DcuS �37.9 (9) PAS-like
CitS 38–173 Citrate uptake/metabolism 33 E. coli DcuS �49.0 (18) PAS-like
MalK 33–172 Malate uptake/metabolism 5 E. coli DcuS �59.0 (31) PAS-like
KinD 37–250 Sporulation 16 V. cholerae Mcp �55.1 (13) 2� PAS-liked,e

CssS 30–166 Secretion stress response 3 B. subtilis PhoR �11.4 (8) PAS-like
DctS 36–173 Dicarboxylic acid uptake 14 E. coli DcuS �60.2 (28) PAS-like
YkoH 30–153 Unknown 6 E. coli DcuS �11.8 (13) PAS-like
YclK 33–162 Unknown 6 B. subtilis PhoR �40.2 (11) PAS-like
YesM 42–284 Unknown 6 V. cholerae Mcp �49.7 (10) 2� PAS-liked

YvrG 27–249 Cell surface maintenance 28 E. coli RNAP �-chain �7.16 ?
YrkQ 35–144 Unknown 6 H. sapiens cathepsin D �6.62 ?

a Extracytoplasmic residue stretch as predicted by the TMHMM program (19).
b Top structure hit identified by the Fold and Function Assignment System (FFAS) (15).
c Score and sequence identity as identified by the FFAS03 program. A score lower than �9.5 in boldface type is considered significant, with �3% false positive hits.
d The “double PAS-like” (2� PAS-like) fold has been observed in the LuxQ and DctB SKs (2, 24), and a number of other such structures have been deposited in

the PDB.
e The structure has been recently determined (PDB code, 3fos) and is as predicted.
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considered to be part of the clan of PAS folds. Previous pub-
lications about this domain have also considered it a PAS
domain (10, 21).

Naturally, localization to different cellular compartments as
well as response to differing ligands dictates diverse require-
ments that account for the major differences observed for the
extracytoplasmic PAS domains. Case in point is one of the
most obvious structural differences found at the N terminus,
preceding the first strand of the central �-sheet. In the extra-
cytoplasmic PAS-like domains, the N terminus forms a long
�-helix, which may be envisioned as an extension of the N-
terminal transmembrane helix. Physically, such an element is
not required for cytoplasmic PAS domains, which are com-
monly found in the center of modular SK proteins in between
other N- and C-terminal domains. The other major structural
difference is observed around the elements that form the li-
gand-binding pockets. The number of residues between
�-strands 2 and 3 is smaller in the extracytoplasmic PAS-like
domain (�40 residues) than in the Pfam-annotated PAS do-
mains (�60 residues). This is perhaps not surprising, since
diversity in this region could merely reflect the capacity of this
domain fold to bind and respond to a variety of different
ligands.

It is expected that there are large numbers of extracytoplas-
mic PAS-like domains present in bacterial SK signal transduc-
tion proteins that are not yet identified due to the inherent low
sequence identity and the fact that they are consequently not
defined as distinct domains in the Pfam database. This is sup-

ported, not only by our current analysis, but also by an increas-
ing number of such structures, part of SK proteins from various
organisms, available in the PDB (e.g., see references 24, 25, 27,
and 34). Some recent publications and new structures depos-
ited into the PDB demonstrate that extracytoplasmic PAS-like
domains are not confined to SK proteins but are also part of
Mcp proteins we studied previously (26), other Mcp proteins
(PDB codes 3c38 and 2qhk), and a GGDEF signaling protein
(PDB code 2p7j). Homology modeling has revealed two tan-
dem PAS domains for the extracytoplasmic sensing domain of
B. subtilis asparagine chemotaxis receptor McpB (9). We con-
clude that the prevalence of PAS-like sensor domains in signal
transduction proteins is highly underestimated using search
algorithms based on sequence alone. Our limited analysis sug-
gests that at least in the Gram-positive model organism B.
subtilis and the Gram-negative model organism E. coli, the
PAS-like domain is the dominant extracytoplasmic signaling
detection module for SK proteins. We hypothesize that this is
likely to be true across the microbial kingdom.
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FIG. 1. The extracytoplasmic domain of PhoR forms a PAS-like fold. (a) Structural alignment of the B. subtilis PhoR extracytoplasmic domain
with that of K. pneumoniae CitA. Despite a very low number of identical residues in the alignment (in boldface type), secondary structure elements
are very similar in position and length (red for �-helix, blue for �-strand). (b) Structure of PhoR sensor domain (PDB code 3cwf). (c) Structure
of CitA sensor domain (PDB code 2j80). Main structural differences are found surrounding the ligand-binding pocket of CitA (citrate in green),
suggesting that PhoR binds a ligand of very different nature, or might not serve a ligand binding purpose at all. (d) For comparison, the PAS
domain of photoactive yellow protein (PYP) as a representative of cytoplasmic PAS domains is presented (PDB code 2qj5). It features an identical
strand topology and very similar structure of the central �-sheet. The location of the ligand-binding pocket (citrate and hydroxycinnamic acid
molecules in green) is also conserved between the CitA PAS-like and PYP PAS domains. The extensive loop and helix elements inserted between
strands �2 and �3, flanking the ligand-binding pocket, differ in length and position. The long N-terminal helix in the extracytoplasmic PAS-like
domains, an extension of the N-terminal transmembrane helix, is absent in cytoplasmic PAS domains. �-Strands are shown in blue and �-helices
in red. For clarity, some PYP helices in the region connecting strands �2 and �3 are shown in red but not depicted as helices.
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21. Möglich, A., R. A. Ayers, and K. Moffat. 2009. Structure and signaling
mechanism of Per-ARNT-Sim domains. Structure 17:1282–1294.

22. Murshudov, G. N., A. A. Vagin, and E. J. Dodson. 1997. Refinement of
macromolecular structures by the maximum-likelihood method. Acta Crys-
tallogr. D Biol. Crystallogr. 53:240–255.

23. Nakano, M. M., and F. M. Hulett. 1997. Adaptation of Bacillus subtilis to
oxygen limitation. FEMS Microbiol. Lett. 157:1–7.

24. Neiditch, M. B., M. J. Federle, A. J. Pompeani, R. C. Kelly, D. L. Swem, P. D.
Jeffrey, B. L. Bassler, and F. M. Hughson. 2006. Ligand-induced asymmetry
in histidine sensor kinase complex regulates quorum sensing. Cell 126:1095–
1108.

25. Pappalardo, L., I. G. Janausch, V. Vijayan, E. Zientz, J. Junker, W. Peti, M.
Zweckstetter, G. Unden, and C. Griesinger. 2003. The NMR structure of the
sensory domain of the membranous two-component fumarate sensor (histi-
dine protein kinase) DcuS of Escherichia coli. J. Biol. Chem. 278:39185–
39188.

26. Pokkuluri, P. R., M. Pessanha, Y. Y. Londer, S. J. Wood, N. E. Duke, R.
Wilton, T. Catarino, C. A. Salgueiro, and M. Schiffer. 2008. Structures and
solution properties of two novel periplasmic sensor domains with c-type
heme from chemotaxis proteins of Geobacter sulfurreducens: implications
for signal transduction. J. Mol. Biol. 377:1498–1517.

27. Reinelt, S., E. Hofmann, T. Gerharz, M. Bott, and D. R. Madden. 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.

28. Salzberg, L. I., and J. D. Helmann. 2008. Phenotypic and transcriptomic
characterization of Bacillus subtilis mutants with grossly altered membrane
composition. J. Bacteriol. 190:7797–7807.

29. Shi, L., and F. M. Hulett. 1999. The cytoplasmic kinase domain of PhoR is
sufficient for the low phosphate-inducible expression of pho regulon genes in
Bacillus subtilis. Mol. Microbiol. 31:211–222.

30. Stols, L., M. Gu, L. Dieckman, R. Raffen, F. R. Collart, and M. I. Donnelly.
2002. A new vector for high-throughput, ligation-independent cloning en-
coding a tobacco etch virus protease cleavage site. Protein Expr. Purif.
25:8–15.

31. Szurmant, H., R. A. White, and J. A. Hoch. 2007. Sensor complexes regu-
lating two-component signal transduction. Curr. Opin. Struct. Biol. 17:706–
715.

32. Taylor, B. L., and I. B. Zhulin. 1999. PAS domains: internal sensors of
oxygen, redox potential, and light. Microbiol. Mol. Biol. Rev. 63:479–506.

33. Yamamoto, H., M. Murata, and J. Sekiguchi. 2000. The CitST two-compo-
nent system regulates the expression of the Mg-citrate transporter in Bacillus
subtilis. Mol. Microbiol. 37:898–912.

34. Zhou, Y. F., B. Nan, J. Nan, Q. Ma, S. Panjikar, Y. H. Liang, Y. Wang, and
X. D. Su. 2008. C4-dicarboxylates sensing mechanism revealed by the crystal
structures of DctB sensor domain. J. Mol. Biol. 383:49–61.

35. Zhulin, I. B., A. N. Nikolskaya, and M. Y. Galperin. 2003. Common extra-
cellular sensory domains in transmembrane receptors for diverse signal
transduction pathways in Bacteria and Archaea. J. Bacteriol. 185:285–294.

VOL. 192, 2010 NOTES 1159


