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Abstract

Per-Arnt-Sim (PAS) domains occur in proteins from all kingdoms of life. In the bacterial
kingdom, PAS domains are commonly positioned at the amino terminus of signaling proteins such
as sensor histidine kinases, cyclic-di-GMP synthases/hydrolases, and methyl-accepting
chemotaxis proteins. Although these domains are highly divergent at the primary sequence level,
the structures of dozens of PAS domains across a broad section of sequence space have been
solved, revealing a conserved three-dimensional architecture. An all-versus-all alignment of 63
PAS structures demonstrates that the PAS domain family forms structural clades on the basis of
two principal variables: (a) topological location inside or outside the plasma membrane and (b) the
class of small molecule that they bind. The binding of a chemically diverse range of small-
molecule metabolites is a hallmark of the PAS domain family. PAS ligand binding either functions
as a primary cue to initiate a cellular signaling response or provides the domain with the capacity
to respond to secondary physical or chemical signals such as gas molecules, redox potential, or
photons. This review synthesizes the current state of knowledge of the structural foundations and
evolution of ligand recognition and binding by PAS domains.
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Introduction

The fitness of a bacterial cell is dependent on its ability to sense and adapt to changes in the
physicochemical makeup of its environment. To this end, bacteria express a variety of
sensory and signal transduction proteins, among which the PAS domain is widely utilized
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(110). The PAS domain consists of ~100 amino acids and is found coupled to a wide range
of enzymatic and non-enzymatic effector domains that function within multiple classes of
cellular signaling systems. These domains are annotated in all but the smallest bacterial
genomes, and have important sensory functions in archaea and eukaryotes as well (105).
PAS domains perform a variety of functions within sensory proteins by promoting protein/
protein interaction (68; 73; 81) or signal transfer (82), and also by directly sensing perceived
stimuli (105). The utility of PAS domains in performing this last function, that of a direct
cellular sensor, is in part due to their plasticity in binding different substrates (79). Indeed,
over the course of evolution, the PAS domain has been selected to bind a remarkable array
of cofactors and ligands. Depending on the system, the binding of small molecules or ions to
a PAS domain can either serve as a direct signal (20; 94; 112), or provide a cofactor that
enables perception of signals such as dissolved gases (41; 107), redox potential (90; 92; 100;
108), or visible light (22; 91; 103).

Although several examples of PAS sensor/signal pairs have been experimentally
characterized over the past two decades, only a small fraction of PAS domains annotated
within protein domain databases have been paired with a signal or ligand (79). While it is
unlikely that all or even most PAS domains bind a small molecule, it can be assumed that
the full signal recognition capacity of this domain remains largely underdetermined. Two
major stumbling blocks make PAS ligand identification difficult. First, though a conserved
three-dimensional fold characterizes PAS domains (79), these domains often share little
primary sequence identity. Thus, only a few clues are available to the investigator about
substrate recognition based on protein sequence data alone. Secondly, PAS domains appear
to be almost completely unrestricted in the class of substrate that can be bound. Investigators
studying PAS sensors are faced with infinite possibilities and few hints as to the signal
sensed. Herein, we first provide an overview of PAS signaling protein diversity across
prokaryotic taxa. We then analyze select classes and specific examples of PAS sensors, in an
effort to define both commonalities and peculiarities of PAS domains and the signals with
which they interact.

PAS Nomenclature

The PAS domain was first noted as a conserved entity by sequence comparison between the
fly clock protein PERIOD, the vertebrate aryl hydrocarbon nuclear translocator (ARNT),
and the fly developmental regulator single-minded (SIM), hence Per-Arnt-Sim or PAS (53).
Excellent early and recent reviews describe the evolution of modern understanding of the
PAS domain; briefly, what was once described as a PAS repeat, PAS/PAC motif or S1/S2
box is now know to form a single coherent protein fold of approximately 100 residues in
length (46; 75; 105). This fold is composed of a single anti-parallel, five-stranded B-sheet
with a 2-1-5-4-3 strand order. Intervening a-helices create a pocket upon the p-sheet, within
which ligand binding often occurs. The structure of Halorhodospira halophila photoactive
yellow protein (PYP) (13) was first put forth as the prototype of the PAS fold in 1998 (86).
Since this time, crystal structures of dozens of PAS domains have been solved and deposited
in the Protein Data Bank (PDB) (see Supplemental Material). Sequences encoding PAS
domains are found singly, in tandem, and sometimes in many copies within a single protein.
In this review, we use the term “PAS domain” to refer to single protein regions whose
known or predicted core B-sheet resembles PYP.

PAS Domain Prediction and Representation in the Prokaryotic Kingdom

Known PAS domains share less than 20% average pairwise sequence identity (34).
Although PAS domains were originally identified using basic sequence alignment
algorithms (53), statistical scoring metrics such as Position Specific Scoring Matrices
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(PSSMs) and profile Hidden Markov Models (HMMs) have been used to identify the great
majority of PAS domains currently annotated in the Conserved Domain Database (74). To
date, the Pfam database maintains seven different profile-HMMSs which, when applied to the
entire non-redundant set of publically available protein sequences, apprehend over 33,000
PAS domains. 87% of predicted PAS domains are encoded from prokaryotic genomes (34).
Within the set of bacteria encoding at least one PAS domain, ~27,500 PAS domains are
annotated among ~1500 organisms, giving a higher ratio of PAS domains per prokaryote
(18.3) than eukaryotes (5.0), but a lower ratio than archaea (45.5).

An Overview of the PAS Domain in Bacterial Sensory Biology

Tens of thousands of PAS domains have been annotated, and though only a subset of these
domains likely serve as sensors, most appear to play a role in signal transduction. Examples
of signal transduction proteins include histidine kinases (HK), methyl-accepting chemotaxis
proteins (MCP), and nucleotide cyclases/phosphodiesterases (often containing GGDEF/EAL
domains), each of which mediate downstream responses to environmental stimuli (37).
Several previous studies have cataloged the combinatorial pairing of bacterial signaling
input and output domains (64; 67; 110). Our analysis of the full set of PAS-containing
proteins annotated in Pfam (Figure 1) shows that the top twelve domains found in PAS
proteins are related to sensory input (GAF), transduction (HAMP), or output (HK, GGDEF,
MCP, et cetera). Remarkably, almost half of all PAS proteins are histidine kinases. Tandem
and multiple PAS domains are common in individual proteins: about one third of PAS
proteins contain two or more PAS domains. Thus PAS domains most often function within
the context of signal transduction proteins. We further characterized the spatial relationship
between each individual PAS domain and other domains on the same protein (Figure 2).
PAS domains commonly neighbor one another and are often situated N-terminal to known
signal transduction outputs (37). This domain architecture follows a common paradigm
among sensor proteins: sensory input domains such as PAS perceive a signal, often via
ligand binding or cofactor modification, and information is transmitted to C-terminal output
domains (85).

A Structure-based PAS Domain Classification Provides Insight into Ligand
Binding and Cellular Localization

To understand the evolution of PAS domains in signal transduction proteins, we sought to
expand upon previous phylogenetic analyses of PAS domains. The body of known PAS
sequences resides in the “twilight zone” of sequence homology, possessing low pairwise
identity with no universally conserved residues (50; 113). Basic multiple sequence
alignment is often unreliable for sequence sets this diverse, confounding attempts at
sequence-based phylogenetics (113). Knowledge of protein structure can improve multiple
sequence alignments by confirming homologous residues; furthermore, structure-based
analysis may provide sequence-independent information on protein relatedness (96). At the
time of publication, high-resolution structures of over sixty individual PAS domains had
been deposited in the Protein Data Bank (10). Various attempts have been made to integrate
this body of information using pairwise comparisons to create structure-based trees and
sequence alignments (54; 79). We performed an independent analysis of PAS domain
relatedness using multiple structure alignment. The resultant all-verses-all root mean square
deviation (RMSD) values allowed clustering analysis and production of a structural
relatedness tree (Figure 3). In agreement with previous analyses, PAS domains cluster with
those that bind the same or similar ligands or cofactors (54; 79). For example, domains
binding flavin mononucleotide (FMN) are more closely related in structure to others that
bind FMN, and are also related to those binding flavin adenine dinucleotide (FAD).
Subsequent structure-based sequence comparison as well as investigation of ligand binding
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confirms the relatedness of these clades, suggesting a specific common ancestor for most
classes of ligand- or cofactor-binding PAS domain within our set of structures. Heme
binding poses one interesting exception to this observation; structures have been solved for
cytoplasmic PAS domains that bind heme b, as well as extracytoplasmic PAS domains that
bind heme c in a distinct manner and location (44; 88). Given such divergence in sequence
and structure space, it appears that heme binding has evolved at least twice over the course
of PAS domain evolution.

In contrast to observed clustering based on ligand or cofactor binding, PAS domains do not
appear to cluster strongly with signaling output modality. Most clusters are composed of
PAS domains coupled to diverse outputs, most commonly HK, GGDEF and MCP domains.
However, PAS domains do fall into structural clades related to their cellular topological
location, in either the cytoplasm or outside the cell in the periplasmic or extracellular space.
Differences between cytoplasmic PAS domains and extracytoplasmic PAS domains have
been noted: though both possess a conserved B-sheet core, extracytoplasmic PAS domains
are often anchored to the membrane by a long N-terminal a-helical spine, and most have a
reduced complement of helices between the second and third B-strand (18; 19; 46; 79).
There is some debate as to whether extracytoplasmic domains should be considered
canonical PAS domains or PAS-like “PDC domains,” named for members PhoQ, DcusS, and
CitA (16; 18; 19; 79). Since all domains under consideration are structurally similar, often
serve as signal recognition modules with and without cofactors, and transduce signals to the
same output domains (e.g. HK, GGDEF, and MCP), we will use the terms cytoplasmic and
extracytoplasmic PAS domains for the purposes of this review. The collection of aligned
PAS domains is available in the supplementary material (Supplementary File 1), allowing
readers of this review to easily compare and contrast PAS domain structures.

Several protein domains for which high-resolution structures exist have been described as
“PAS-like,” superimposing well with known PAS domains but possessing an altered
complement of B-strands, for example (3; 45; 48). We have included in our analysis the
structures of two cytoplasmic PAS-like domains, one found at the C-terminus of the B.
subtilis phosphodiesterase Ycul, and a second found within the D. deserti DNA damage
response protein IrrE (77; 114). Each contains an extra p-strand but superposes well with the
cores of recognized PAS domains. Interestingly, these cytoplasmic PAS-like proteins cluster
with extracytoplasmic PAS domains and possess some of their defining features. The IrrE
domain, whose similarity to GAF domains and CitA was noted by its discoverers, is missing
the same helical elements absent in other extracytoplasmic PAS domains (114). Similarly,
the investigators who solved the structure of Ycul note a long N-terminal a-helical spine
similar to those found anchoring extracytoplasmic PAS domains to the outer surface of the
membrane, though this protein is not known to be membrane-associated (77). Future
structural studies will be necessary to place these domains within the PAS evolution of form
and may provide a link between cytoplasmic and extracytoplasmic PAS domains, as well as
to the seemingly related GAF sensor domain (5; 48). Nevertheless, it appears clear that our
knowledge of PAS domain structure and function, particularly in the realm of
extracytoplasmic PAS domains, is rapidly expanding.

PAS Domains are a Dominant Extracytoplasmic Sensor Domain

Recent crystallographic and bioinformatic analyses provide evidence that PAS domains are
highly underpredicted within the extracytoplamsic sensory region of histidine kinases. Using
a combination of structural biology and in silico protein modeling, Chang and colleagues
(16) have predicted that 11 of 13 Bacillus subtilis sensor histidine kinases containing large
extracytoplasmic domains (>40 non-membrane spanning amino acids) have a predicted
PAS-like fold. Based on their analysis of B. subtilis and E. coli, PAS is predicted to be the
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dominant extracytoplamsic sensor domain in histidine kinases. Such structure-based domain
predictions promise to expand the annotated set of PAS domains across bacterial genomes.
Indeed, our simple application of the structure/sequence profile-profile matching algorithm,
Phyre (57), identified 4 additional high probability PAS sensor histidine kinases in the
genome of Caulobacter crescentus, that are not predicted using purely sequenced-based
HMM or PSSM prediction algorithms. These findings likely not only apply to histidine
kinases, but also to the extracytoplasmic sensor domains of MCP proteins. A notable
example of this is McpB of Bacillus subtilis, which has a tandem pair of extracytoplasmic
PAS domains predicted by profile-profile homology modeling. One of these two putative
PAS domains binds asparagine with low micromolar affinity and is required for regulation
of asparagine chemotaxis (42). As will be detailed below, structurally-characterized
signaling proteins encoding multiple extracytoplamsmic PAS domains (e.g. NifL, MmoS,
Dcus, CitA, DctB) generally appear to bind ligand through their amino-terminal PAS
domains, though ligand-binding carboxy-terminal PAS domains have been described (98;
115).

Individual PAS Domains Play Different Roles in Sighal Transduction
Proteins, and Many Function as Sensory Inputs

PAS domains have been shown to perform a variety of functions within signal transduction
proteins. PAS domains are often important mediators of protein-protein interactions;
examples include the PAS domains of sporulation kinase KinA and quorum sensing protein
LuxQ (68; 81). PAS domains have also been implicated in signal transfer and subcellular
localization. For example, in plant phytochrome B, mutations in an N-terminal PAS domain
block signaling from a chromophore-containing GAF domain (82), while a C-terminal PAS
domain provides a nuclear localization signal (17). Unfortunately, PAS domain sequences
appear to hold few clues that would suggest these roles to the investigator of a novel protein.
However, a wealth of molecular, biochemical, and structural data have been amassed in the
study of PAS sensors that directly bind a sensed ligand or accessory cofactor, and careful
comparison of novel PAS domains to well-characterized ones has proven a fruitful strategy
in identifying PAS sensors and functions. Examples include references (115) and (103). The
remainder of this review will focus on this final role, highlighting the interplay between the
PAS sensor and the signal sensed. We hope this comparative analysis of PAS sensors and
ligands will aid those investigators studying novel PAS proteins, and help differentiate
classes of ligand-binding PAS sensors from PAS domains playing myriad other roles in
microbial signal transduction.

THE STRUCTURAL BASIS OF LIGAND BINDING IN THE PAS DOMAIN

FAMILY

The structure-based phylogenetic groupings described in Figure 3 provide the foundation for
our analysis of PAS protein-ligand interactions. Presuming that all PAS domains share a
common ancestor, we note the remarkable evolutionary plasticity of these domains, as they
have been selected to specifically bind a chemically diverse array of small molecules while
maintaining the conserved PAS fold. Indeed, the high “evolvability” of PAS has been
experimentally characterized in the model PAS domain, photoactive yellow protein (PYP)
(87).

Our discussion of ligand binding is by no means comprehensive; recent biochemical and
biophysical studies of PAS domains suggest that new classes of functional ligands are
certain to be discovered in the future (2; 60). Our analysis is largely limited to those PAS
domains for which there is a known functional ligand, and for which high-resolution
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structural information in the ligand-bound state exists. This group includes PAS domains
that bind heme, flavin mononucleotide (FMN), flavin adenine dinucleotide (FAD), 4-
hydroxycinnamic acid (4-HCA), C3-C4 carboxylic acids (malonate, malate and succinate),
C6 carboxylic acids (citrate), and divalent metal cations. Recent structural and biochemical
data supporting the possibility that fatty acids can serve as a PAS ligand will also be briefly
discussed. Our description of ligand recognition/binding centers on defining the PAS
domain residues that directly contact the bound ligand. The identification of such ligand
binding consensus sequences may inform future predictions of cofactor binding in PAS
domains that otherwise have low overall sequence identity.

1) b-type heme binding in a PAS-histidine kinase and a PAS-phosphodiesterase

FixL is a sensor histidine kinase conserved in a-proteobacteria that controls, in a species-
dependent manner, the expression of a number of proteins that function under microaerobic
or anaerobic conditions (23; 26; 35; 95). FixL was known to sense oxygen (27) via a heme b
cofactor (40) several years before it was determined that the heme-binding sensory domain
is a member of the PAS structural superfamily (44). A related class of b-type heme binding
PAS domain is encoded by the Escherichia coli direct oxygen sensor, DosP (28) and its
orthologs. This sensor enzyme functions as an oxygen-regulated phosphodiesterase that
catalyzes the cleavage of cyclic-di-GMP into pGpG (104; 107).

FixL-PAS and DosP-PAS1 share a common site of heme ligation via a conserved histidine
residue (Figure 4). The conservation of this ligation site suggests a common evolutionary
origin for this gas-sensing PAS domain. However, an analysis of the molecular details of
interaction between PAS and unliganded ferrous heme b in these two domains reveals that
other direct interactions between the protein and heme are not conserved. In particular,
DosP-PASL1 (66; 84) and FixL-PAS (44; 59; 78) interact with the propionate side chains of
heme b through a different set of residues. FixL-PAS employs arginine and histidine side
chain, and peptide backbone interactions to bind the negatively-charged propionates (Figure
4B). Heme propionates of DosP-PAS have more extensive interactions with solvent and are
complexed by asparagine and peptide backbone interactions. Moreover, DosP-PAS heme is
ligated by methionine on the distal side in the absence of bound oxygen (Figure 4D). These
structures thus present evidence for evolutionary divergence in the molecular details of
heme b binding from a common heme-binding ancestor.

2) c-type heme binding in PAS chemoreceptors

The identification of PAS domains that bind c-type heme was first described in
chemoreceptor proteins of Desulfovibrio vulgaris (116) and Geobacter sulfurreducens (71).
Although a cellular function has not been assigned to G. sulfurreducens GSU0582 and
GSU0935, the structures of the heme c-binding extracytoplasmic PAS domains (88) of these
chemoreceptors merit discussion as they provide evidence for independent evolution of a
second class of heme-binding PAS domains. Structurally, heme c is covalently bound via a
conserved bi-cysteine ligation site outside of the PAS domain core (Figure 5). The heme
cofactor is contained on its opposite face by a helical motif from a second PAS domain,
which forms a swapped dimer within the crystal (Figure 5A). Thus, these proteins present a
case of a cofactor that is bound and presented on the surface of the PAS domain.

Spectroscopic analysis of these PAS domains has shown that heme ¢ iron binds nitric oxide
in both its ferrous (Fe2*) and ferric (Fe3*) forms, but is only able to bind carbon monoxide
in the ferrous state (15). Future cell physiology studies are necessary to define the
physiological ligand sensed by heme c, and the regulatory function of these heme c-binding
chemoreceptors.
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3) Visible light perception by flavin-binding PAS domains

A forward genetic screen for regulators of the phototropic response in plants identified a
new class of PAS domain that binds a flavin cofactor (21) and forms a cysteinyl-flavin C4(a)
covalent adduct in response to blue light absorption (97). The crystal structure of this
photosensory PAS domain (24), more specifically termed a LOV domain (25; 52), revealed
a conserved set of amino acids that form a network of polar interactions with the
isoalloxazine ring, ribtyl chain, and phosphate of the flavin (Figure 6). The presence of this
flavin-binding consensus sequence and the conserved photoresponsive cysteine has been
used to predict putative photosensory LOV domains in other sequenced genomes. This
bioinformatic analysis has shown that the LOV domain is broadly conserved in prokaryotes:
the percentage of bacterial genomes encoding a LOV photoreceptor domain is estimated at
3.5% (63) to over 10% (72). It is notable that many bacterial species encoding LOV domains
are neither photosynthetic, phototactic, nor pigmented; there are few hypotheses regarding a
physiological role for a visible light photosensor in such species. However, recent work in
both Gram-positive and Gram-negative bacteria has defined unanticipated regulatory roles
for these proteins.

Early functional data for bacterial LOV proteins emerged from the genetic analysis of the oB
general stress pathway in Bacillus subtilis. Specifically the gene ytvA, which encodes and N-
terminal LOV domain and a C-terminal sulfate transporter anti-sigma factor antagonist
(STAS) domain (see Figure 6A), was shown to function as a positive regulator of B (1). It
was later revealed that blue light modulates B signaling in B. subtilis via YtvA (6).
Subsequent work on Gram-negative species in the a-proteobacteria clade has identified
LOV histidine kinases that exhibit light regulated autokinase activity and regulate virulence
in the mammalian pathogen, Brucella abortus (103), and cell adhesion in the freshwater
bacterium, C. crescentus (91). Recent in vitro studies on the C. crescentus LOV histidine
kinase, LovK, provide evidence that cellular redox state can provide an additional signaling
input into LOV signaling systems (90).

4) Cellular redox/energy regulation by FAD-binding PAS domains

In addition to the LOV domains, there are a number of other PAS domains that bind flavin
cofactors. Here, we focus on PAS proteins that function as cellular redox sensors via a
bound flavin adenine dinucleotide (FAD) cofactor. Among the most well-studied of these
systems is the transmembrane aerotaxis receptor (Aer) of E. coli (106), which contains a
cytoplasmic, FAD-binding PAS domain that monitors the energy state of the cell by sensing
electron transport (12; 93). Although no high-resolution structural data exist for the Aer PAS
domain, mutagenesis studies have identified amino acids required for FAD binding (11; 47).
The identity of these residues is generally consistent with high-resolution crystal structures
of the related FAD-binding, redox-sensing PAS domains of NifL (58) and MmoS (109). In
NifL, MmoS, and Aer the isoalloxazine ring moiety and phosphate of FAD is bound within
the PAS domain though a series of conserved polar interactions involving asparagine and
lysine/arginine residues. Additionally, a conserved tryptophan forms aromatic stacking
interactions with the FAD adenine (Figure 7). These data provide evidence for a common
evolutionary origin of the FAD-PAS redox sensor.

As in the other domains discussed above, the modularity of this PAS redox sensor is clear.
In the case of Aer, the PAS domain is encoded on the same polypeptide as a methyl-
accepting chemotaxis domain and ultimately controls the aerotaxis response by modulating
interaction with the taxis kinase, CheA, in trans. In NifL, the FAD binding PAS domain is
encoded at the N-terminus of a histidine kinase domain that controls expression of nitrogen
fixation genes though its redox-dependent interaction with the DNA-binding protein, NifA
(70). The PAS domain of the MmoS sensor kinase likely has an analogous role as NifL in
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redox-dependent regulation of gene expression, where it is proposed to control the
expression of soluble methane monooxygenase (108).

5) Regulation of di- and tricarboxylate transport and metabolism by PAS sensor kinases

Carboxylic acids can serve as a carbon and energy source during aerobic metabolism and
can be fermented or serve as terminal electron acceptors during anaerobiosis (14; 29; 55).
Bacteria that utilize these carbon compounds have sensory systems that regulate genes
required for their uptake and metabolism. Among these are the related DcuS and CitA
sensor histidine kinases, which encode extracytoplasmic PAS sensor domains that directly
sense C4 and C6 carboxylate-containing substrates (62; 83; 94; 117) (Figure 8). Activation
of these sensor kinases by substrate binding controls expression of genes required for C4
and C6 transport and utilization (14; 43). In the rhizobia, C4 dicarboxylates serve as the
primary energy and carbon source during nitrogen fixation within the legume root nodule
(102). The dicarboxylate transport system in the rhizobiaceae (and other) species is
regulated by the DctB sensor kinase, which binds C3 and C4 substrates in a similar region of
the PAS domain pocket, but using a set of residues that are distinct from DcuS and CitA (18;
117) (Figure 9). Indeed, a primary sequence alignment of these three sensor PAS domains
(Dcus$, CitA, and DctB) shows that DctB is distinct from DcuS/CitA (18). Thus, the PAS
domain structural scaffold has been selected to bind a whole range of carboxylic acids using
different backbone and side chain interactions. However, it is difficult to clearly discern
whether the capacity of PAS domains to bind di- and tricarboxylic acids has evolved
independently in the DctB and DcuS/CitA systems or if there has been divergence from a
common ancestor.

6) Divalent metal binding by the PAS sensor domain of histidine kinase PhoQ

The transmembrane sensor kinase PhoQ and its cognate receiver PhoP are conserved
pleiotropic regulators that control processes including type 111 secretion, Mg2* transport,
acid stress resistance, and LPS remodeling (31; 32). PhoQ activates PhoP-dependent
transcription under low divalent metal ion concentrations (39); this response is mediated by
direct metal binding to the extracytoplasmic PAS domain of PhoQ (38). In pathogenic
species PhoQ is known to regulate virulence, and senses a complex array of signals that are
particular to the host environment including low pH and low divalent metal ions, and may
sense antimicrobial peptides (89).

Structural data on the PhoQ PAS domain have revealed the molecular basis of metal
binding. In particular, an acidic cluster of residues on a surface of the PAS domain that is
proximal to the outer leaflet of the inner membrane is required for sensing of divalent
cations and maintaining the PhoQ kinase in a repressed state (20) (Figure 10). While the first
reported structure of PhoQ PAS revealed Ca2* binding to this acidic patch (20), an
independently determined crystal structure has shown binding to Ni2* (18). Thus, this
molecular surface has promiscuous metal binding properties. The range of divalent metal
ligands that are biologically relevant regulators of PhoQ is underdetermined; it may be the
case that Mg2*, Ca%*, and Mn?* are all relevant physiological signals under particular
environmental conditions.

7) 4-hydroxycinnamic acid binding in photoactive yellow protein confers sensitivity to
visible light signals

Photoactive yellow protein (PYP) has long served as the structural prototype of PAS
domains (86). This bacterial photosensor consists of a single PAS domain that covalently
binds the secondary metabolite 4-hydroxycinnamic acid (p-coumaric acid) via a conserved
cysteine residue (7; 49); this covalent cofactor confers sensitivity to blue/near-UV light and
is stabilized within the PAS pocket by a conserved set of polar interactions (4; 13) (Figure
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11). PYP was originally discovered in extracts of the halophilic bacterium Halorhodospira
halophila (76), where it has been implicated in the regulation of negative phototaxis (101).
Multidomain proteins encoding a PYP domain have been discovered in a number of other
bacteria (111), the most well-characterized being Ppr of Rhodospirillum centenum. This
hybrid photoreceptor encodes a blue-absorbing PYP domain coupled to a red-absorbing
bacteriophytochrome domain (56), and regulates the development of starvation-resistant
cysts (9). Recent characterization of Ppr from Rhodocista centenaria provides evidence that
this hybrid photoreceptor also functions in the chemotaxis signaling pathway (65).

8) A fatty acid-binding PAS domain in a o regulatory system

The cofactors discussed to this point are bound to the PAS domain largely through polar side
chain and backbone interactions. The recent discovery of bound palmitic acid (C16:0) in the
PAS domain crystal structure of Mycobacterium tuberculosis c© regulatory protein,
RV1364c, provides evidence that lipids/fatty acids can potentially function as PAS domain
ligands (PDB ID: 3K3C) (61). Although palmitic acid binding to RV1364c-PAS expressed
in E. coli was confirmed by mass spectrometry, fluorescence binding assays revealed 10-
fold tighter binding of palmitoleic (C16:1; 5 nM) and oleic acid (C18:0; 7.5 nM) to this
protein. The functional relevance of fatty acids as a regulatory cofactor has not been
established in this system. However, lipid signaling between host and pathogen is an
important determinant of tuberculosis disease (51), and it is known that the transcription of
Mycobacterium bovis rv1364c is upreguated in host macrophages and co-regulated with
genes involved in fatty acid metabolism (69).

Conclusions

Since the initial classification of the PAS domain nearly 20 years ago, significant strides
have been made in understanding function, structure, and regulation of PAS-containing
proteins. The utility of PAS as a cytoplasmic and extracytoplasmic sensor is in part due to its
capacity to bind a chemically diverse range of small molecule ligands. Indeed, the PAS
structural scaffold has been selected to bind a broad range of molecules and ions including
hemes, flavins, di- and tricarboxylic acids, amino acids, divalent metal cations, coumaric
acid, and fatty acids. This list is by no means comprehensive, and is certain to expand. The
remarkable evolutionary plasticity of the PAS domain has likely driven its expansion and
diversification in signaling proteins across all kingdoms of life. In short, it seems that the
PAS fold can be selected to perform many functions in a variety of protein structural
contexts. In the context of the emerging field of synthetic biology, the extraordinary
flexibility/modularity of sensory PAS domains has been exploited to engineer artificial
proteins with new activities (reviewed in (80)). Future studies promise to expand our view of
the range of functions/activities that can be regulated by PAS domains in both natural and
synthetic systems.

Mini-glossary

LOV domain a PAS subfamily, generally classified as a blue-light sensor

GGDEF/EAL amino acid motifs found in enzymes that either synthesize the

bacterial second messenger cyclic-di-GMP (nucleotide cyclase
activity), or hydrolyze it (phosphodiesterase activity) respectively.
GGDEF and EAL-containing domains are found separately or in
tandem.
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Response part of a two-component signal transduction system; typically a
regulator histidine kinase phosphorylates a response regulator protein, changing
its functionality (promoting DNA binding, for example).

HisKA a Pfam protein domain known to dimerize and accept a phosphate
group, part of a full histidine kinase protein.

H_ATPase_c a Pfam protein domain associated with ATP hydrolysis in histidine

kinases, found C-terminal to the HisKA domain.

Important acronyms

PYP photoactive yellow protein

HK histidine kinase

MCP methyl-accepting chemotaxis protein

GAF sensory domain first characterized in cGMP-dependent phosphodiesterase,
adenylyl cyclases, and E. Coli EhlA

STAS sulfate transporter anti-sigma factor

REC RECeiver domain of a response regulator

HPt histidine-containing phosphotransfer domain

FMN/FAD flavin mononucleotide / flavin adenine dinucleotide

4-HCA the chromophore 4-hydroxycinnamic acid
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Figure 1.

Predicted Domains contained in PAS Proteins. We calculated the proportions of all PAS
proteins (annotated by one of the seven PAS Clan CL0183 HMMs in Pfam 24.0) containing
other Pfam-annotated domains (34). For the special case of the PAS domain itself, we
calculate the proportion of PAS proteins containing two or more PAS domains. Counts for
domains with similar functions were combined, and the highest scoring twelve domain types
are presented here. Counts for each individual domain are tabulated in Supplementary Table
1.
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Figure 2.

Domains that are neighbors of PAS, by position. For each individual PAS domain annotated
in Pfam (34), we identified other annotated domains at its N- and C-terminus in the same
protein. The PAS domain occupies position zero, the —1 position represents the nearest
domain annotated N-terminal to the PAS domain, and the +1 position represents the nearest
domain annotated C-terminal. Subsequent positions are separated from the PAS domain in
question by intervening domains. A full count of all domains neighboring PAS domains by
position is found in Supplementary Table 2.
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Figure 3.

Structural relatedness between PAS and PAS-like domains. PDB coordinates for
representatives of what we believe to be all known PAS structures at the time of writing
were trimmed to include only the region between the beginning of the first g-strand (Ap)
and the end of the final -strand (IB); cofactors, ligands, and flanking sequences were
discarded. The aligned region is illustrated in the secondary structure diagram, in which
arrows represent -strands and boxes represent a-helices present in most structures. We note
that some sequences corresponding to the included structures are annotated as Cache
domains in Genbank (8) or unrecognized by current HMM-based annotation; others are
erroneously annotated as possessing a “heme pocket.” Generally, the ‘A’ chains of multi-
chain files were used unless other chains were more fully resolved; for structures in which
multiple PAS domains are present on a single chain, the N- and C-terminal domains are
referred to as *‘A’” and ‘B’ respectively. All structures were further annotated according to
their organism of origin, given name and/or predicted or known signaling output domain.
Structures were oriented in PyMOL (99), then multiply aligned using the Structural
Alignment of Multiple Proteins (STAMP) algorithm (96) with the MultiSeq extension of the
VMD software package (30). For all structures for which reliable multiple alignment was
obtained, a distance matrix of RMSD values was exported to FITCH (Phylip) for clustering
by the Fitch-Margoliash method (33; 36). Black text indicates cytoplasmic localization, blue
indicates extracytoplasmic localization, and purple denotes cytoplasmic PAS-like structures
included in the alignment. Physiological ligands and cofactors, but not fortuitous ligands of
crystallization, are indicated on the right.
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Figure 4.

Structure and ligand binding in the heme b PAS sensor domains of FixL and Dos. (A)
Overall domain architecture and ribbon rendering of the B. japonicum FixL PAS domain
bound to heme b (PDB ID: 1DRM). B-strands are rendered in light green, a-helices in blue.
Atoms of the heme cofactor bound to the PAS domain are colored by element: carbon-
green; nitrogen-blue; oxygen-red; iron-orange. (B) Drawing of protein interactions with the
heme b cofactor (in red) in FixL-PAS marked with dotted lines or wedge lines. Interacting
residues are numbered on the line drawing and sequence alignment with red numbers
indicating conserved interactions between FixL and E. coli Dos, and green numbers
indicating heme interactions that are specific to FixL-PAS. (C) Overall domain architecture
and ribbon rendering of E. coli Dos PAS domain bound to heme b (PDB ID: 1S66) colored
as in panel A. (D) Drawing of side chain and backbone interactions with the heme b cofactor
(in red) in Dos-PAS marked with dotted lines or wedge lines. Blue numbers indicate heme
interactions specific to Dos-PAS. (E) Clustal sequence alignment of FixL and Dos heme b
PAS domains with the position of interacting residues numbered as described above. FixL of
Rhodopseudomonas palustris (gb|ACF03217) and the DosP-like protein of Bordatella petrii
(emb|CAP41703) are shown for comparison.
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Figure 5.

Structure and ligand binding in the heme ¢ PAS sensor domains of chemoreceptor proteins.
(A) Overall domain architecture and ribbon rendering of G. sulfurreducens MCP GSUQ935
bound to heme ¢ (PDB ID: 3B42). B-strands are rendered in light green, a-helices in blue.
Atoms of the heme cofactor bound to the PAS domain are colored by element: carbon-
green; nitrogen-blue; oxygen-red; iron-orange. (B) Drawing of protein interactions with the
heme c cofactor (in red) in GSU0935-PAS marked with dotted lines or wedge lines.
Interacting residues are numbered on the line drawing and sequence alignment with red
numbers indicating conserved interactions between heme and MCPs of G. sulfurreducens.
(C) Clustal sequence alignment of chemoreceptor heme ¢ PAS domains with the position of
interacting residues numbered as described above.
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Figure 6.

Structure and flavin binding in the class of PAS blue light photosensors known as LOV
domains. (A) Overall domain architecture and ribbon rendering of B. subtilis YtvA bound to
flavin mononucleotide (FMN) (PDB ID: 2PR5). B-strands are rendered in light green, a-
helices in blue. Atoms of the flavin cofactor bound to the PAS domain are colored by
element: carbon-green; nitrogen-blue; oxygen-red. (B) Drawing of side chain interactions
with the flavin cofactor (in red) in LOV domains. Interacting residues are numbered on the
line drawing and sequence alignment with red numbers indicating conserved interactions
between protein and the flavin cofactor. (C) Clustal sequence alignment of YtvA and two
LOV histidine kinases of C. crescentus and B. abortus, with the position of conserved
interacting residues numbered as described above.
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Figure 7.

Structure and ligand binding in flavin adenine dinucleotide (FAD)-binding PAS redox
sensor domains of MmoS and NifL. (A) Overall domain architecture and ribbon rendering
of the M. capsulatus MmoS PAS1 domain bound to FAD (PDB ID: 3EWK). B-strands are
rendered in light green, a-helices in blue. Atoms of the flavin cofactor bound to the PAS1
domain are colored by element: carbon-green; nitrogen-blue; oxygen-red. (B) Drawing of
side chain and backbone interactions with the flavin cofactor (in red) in MmoS-PAS1
marked with dotted lines. Bridging water molecules are shown as blue circles. Interacting
residues are numbered on the line drawing and sequence alignment with red numbers
indicating conserved interactions between MmoS and A. vinelandii NifL-PAS1, and green
numbers indicating flavin interactions that are specific to MmoS-PASL. (C) Overall domain
architecture and ribbon rendering of A. vinelandii NifL-PAS1 domain bound to FAD (PDB
ID: 2GJ3) colored as in panel A. (D) Drawing of side chain and backbone interactions with
the FAD (in red) in NifL-PAS1 marked with dotted lines. Bridging water molecules are
shown as blue circles. (E) Clustal sequence alignment of MmoS and NifL PAS1 domains
with the position of FAD interacting residues numbered as described above. Related PAS
domains of the E. coli aerotaxis sensor, Aer (NP_417543), and B. thuringiensis PAS-
GGDEF (ZP_04100494) are shown for comparison.
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Figure 8.

Structure and ligand binding in the related di-/tricarboxylate-binding PAS domains of the
Dcus and CitA sensor histidine kinases. (A) Overall domain architecture and ribbon
rendering of E. coli DcuS PAS1 domain bound to a malate ion (PDB ID: 3BY8). p-strands
are rendered in light green, a-helices in blue. Atoms of the malate cofactor bound to the
PAS1 domain are colored by element: carbon-green; oxygen-red. (B) Drawing of side chain
and backbone interactions of DcuS-PAS1 with malate (in red) marked with dotted lines.
Interacting residues are numbered on the line drawing and sequence alignment with red
numbers indicating conserved interactions between DcuS and Klebsiella pneumoniae CitA-
PAS1. (C) Overall domain architecture and ribbon rendering of K. pneumoniae CitA-PAS1
domain bound to a citrate ion (PDB ID: 1P0Z) colored as in panel A. (D) Drawing of side
chain and backbone interactions with citrate (in red) in CitA-PAS1 marked with dotted lines.
(E) Clustal sequence alignment of DcuS and CitA PAS1 domains with the position of ligand
interacting residues numbered as described above. Related PAS domains of Yersinia
enterocolitica, DcuS (YE2505), and Vibrio cholerae CitA (VC0791) are shown for
comparison.
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Figure 9.
Structure and ligand binding in the dicarboxylate-binding PAS1 domain of DctB. (A)
Overall domain architecture and ribbon rendering of Sinorhizobium meliloti DctB PAS1
domain bound to a succinate ion (PDB ID: 3E40). B-strands are rendered in light green, a-
helices in blue. Atoms of the succinate cofactor bound to the PAS1 domain are colored by
element: carbon-green; oxygen-red. (B) Drawing of side chain and backbone interactions of
DctB-PAS1 with succinate (in red) marked with dotted lines. Interacting residues are
numbered on the line drawing and sequence alignment with red numbers indicating
conserved interactions with DctB orthologs of A. vinelandii and Burkholderia pseudomallei.
(C) Clustal sequence alignment of DctB PAS1 domains with the position of ligand
interacting residues numbered as described above. Related PAS domains of A. vinelandii,
DctB, and Burkholderia pseudomallei DctB are shown for comparison.
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Figure 10.

Structure and metal binding in the PAS domain of PhoQ. (A) Overall domain architecture
and ribbon rendering of Salmonella typhimurium PhoQ PAS domain bound to Ca2* ions
(PDB ID: 1YAX). B-strands are rendered in light green, a-helices in blue; calcium ions
colored in red. (B) Drawing of protein interactions of PhoQ-PAS with calcium cations (in
red) marked with dotted lines. lon interactions pictured are boxed in panel A. Bridging water
molecules are colored as blue circles. Interacting residues are numbered on the line drawing
and sequence alignment with red numbers indicating conserved interactions with PhoQ
orthologs of E. coli and Yersinia pestis. (C) Clustal sequence alignment of PhoQ PAS
domains with the position of ligand interacting residues numbered as described above.
Related PAS domains of E. coli, PhoQ, and Y. pestis PhoQ are shown for comparison.
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Figure 11.

Structure and ligand binding in the PAS domain, photoactive yellow protein (PYP). (A)
Overall domain architecture and ribbon rendering of Halorhodospira halophila PYP bound
to 4-hydroxycinnamic acid (4-HCA) (PDB ID: 2PHY). -strands are rendered in light green,
a-helices in blue. Atoms of the 4-HCA cofactor bound to PYP are colored by element:
carbon-green; oxygen-red. (B) Drawing of side chains of PYP that form the covalent linkage
and direct polar interactions with 4-HCA (in red). Interacting residues are numbered on the
line drawing and sequence alignment with red numbers indicating conserved interactions
across related PYP domains of Stigmatella aurantiaca and Rhodospirillum centenum. (C)
Clustal sequence alignment of PYP domains with the position of ligand interacting residues
numbered as described above. Related PYPs of S. aurantiaca and R. centenum are shown for
comparison.
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