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Abstract

Pendrin shares with nearly all SLC26/SulP anion

transporters a carboxy-terminal cytoplasmic segment

organized around a Sulfate Transporter and Anti-

Sigma factor antagonist (STAS) domain. STAS

domains of divergent amino acid sequence exhibit a

conserved fold of 4  strands interspersed among 5

 helices. The first STAS  domain proteins studied

were single-domain anti-sigma factor antagonists

(anti-anti- ). These anti-anti-  indirectly stimulate

bacterial RNA polymerase by inactivating inhibitory

anti-  kinases, liberating  factors to direct specific

transcription of target genes or operons. Some STAS

domains are nucleotide-binding phosphoproteins or

nucleotidases. Others are interaction/transduction

modules within multidomain sensors of light, oxygen

and other gasotransmitters, cyclic nucleotides, inositol

phosphates, and G proteins. Additional multidomain

STAS protein sequences suggest functions in

sensing, metabolism, or transport of nutrients such

as sugars, amino acids, lipids, anions, vitamins, or

hydrocarbons. Still other multidomain STAS

polypeptides include histidine and serine/threonine

kinase domains and ligand-activated transcription

factor domains. SulP/SLC26 STAS domains and

adjacent sequences interact with other transporters,

cytoskeletal scaffolds, and with enzymes metabolizing

transported anion substrates, forming putative

metabolons. STAS domains are central to membrane

targeting of many SulP/SLC26 anion transporters,

and STAS domain mutations are associated with at

least three human recessive diseases. This review

summarizes STAS domain structure and function.
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Introduction

Pendrin (SLC26A4) is a member of the SLC26
anion transporter family [1, 2]. Pendrin shares with all
vertebrate SLC26 proteins and with nearly all SulP anion
transport proteins of lower organisms [3-7] a carboxy-
terminal cytoplasmic segment constructed around a
central Sulfate Transporter and Anti-Sigma factor
antagonist (STAS) domain. This domain is present
throughout phylogeny from eubacteriae onward as a
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conserved fold encoded by highly divergent amino acid
sequences [8]. STAS domain proteins include small STAS
domain-only polypeptides and larger, multidomain
polypeptides. The intramolecular partner domains present
in these bacterial multidomain STAS proteins are
remarkably diverse. Moreover, for each example of such
fusion proteins, the database indicates examples of related
but distinct polypeptides encoded as independent open
reading frames within the same predicted operon, strongly
suggesting coordinated regulation and function.

In bacteria, STAS domain function has been
intensively studied in the context of the regulation of the
large family of sigma factors ( ) that bind to RNA
polymerase to confer transcriptional target gene specificity
[9]. Additional investigations have focused on STAS
domain function in various signaling contexts such as blue
light phototransduction. More recently, STAS domains of
SulP anion transport proteins from bacteria and plants
have been studied genetically and structurally, leading to
new insights on STAS function. The first structure of an
engineered mammalian SLC26 STAS domain [10] and
growing numbers of defined SLC26 STAS domain-
interacting proteins has provided new contexts in which
to evaluate STAS domain function. Most importantly,
connections between intrinsic activities or interactions of
STAS domains and the regulation of anion transport
function in SulP and SLC26 anion transporter polypeptides
are emerging.

This review will briefly summarize and update STAS
domain structure and function by examining three classes
of STAS domains: 1) bacterial anti-sigma factor
antagonists of F, 2) bacterial anti-sigma factor antagonists
of B in the context of the stressosome and LOV-STAS
phototransduction, and 3) several examples of STAS
domains in SulP anion transporters of bacteria and plants
and in human SLC26 anion transport proteins.

STAS domains as anti-sigma factor

antagonists (anti-anti- ): SpoIIAA

One of the most extensively studied models of
biological stress response is the sporulation of Bacillus

subtilis. The small forespore is the product of a stress-
induced asymmetric division which also yields the larger
mother cell with a distinct developmental fate. The
sporulation program is initiated by spoIIAC sigma factor
gene product F, leading to a cascade of downstream
activation of forespore-specific gene expression. F

exerts this initial control by conferring essential target

gene specificity for transcriptional activation of the single
core bacterial RNA polymerase. Anti-sigma factors (anti-

) bind and inhibit their cognate sigma factors. F is
regulated by anti-  SpoIIAB through interactions with
three structural domains of F. Anti-  are themselves
inhibited by the anti-sigma factor antagonists (anti-anti-
sigma factors, or anti-anti- ), which are STAS domain
proteins. Thus, SpoIIAB is regulated by STAS domain
protein anti-anti-  SpoIIAA. The structures of SpoIIAA
and other components of the F complex have been
determined by X-ray crystallography and NMR [11-13].
A composite structure of the intermediate complex of
the SpoIIAB homodimer, two SpoIIAA monomers, and
the F

3
 domain of F [9] is shown in Fig. 1A.

Fig. 1B outlines 6 stages of the regulatory cycle
controlling F availability to target the activity of RNA
polymerase (with important amino acid residues identified
in panel 1). When F is bound to the SpoIIAB homodimer,
its RNA polymerase recognition sites are unavailable, but
one of the two F-bound SpoIIAB protomers is in a more
“open” state. The SpoIIAA anti-anti-  monomer targets
(1) and binds (2) to the more accessible SpoIIAB anti-
protomer (AB1) of the ATP-loaded SpoIIAB homodimer
complex with F. Slower, additional binding interactions
promote steric/electrostatic clash of SpoIIAA with F (3),
leading to F dissociation (4) in a form that can regulate
RNA polymerase. Tightly bound anti-anti-  SpoIIAA is
phosphorylated by the kinase activity of anti-  SpoIIAB
(4), leading in turn to its dissociation  (5). Unphospho-
rylated SpoIIAA can form a tight complex with ADP-
loaded SpoIIAB, preventing rebinding of F, and
prolonging its regulation of RNA polymerase. ATP-loaded
SpoIIAB can rebind either SpoIIAA or F [13]. SpoIIAA
binds and hydrolyzes GTP and, to a lesser degree, ATP.
Mutation of SpoIIAA phosphorylation site Ser 58 to Ala
reduces but does not abolish GTPase activity [14].
However, the role of GTP binding and hydrolysis to
SpoIIAA binding to SpoIIAB and displacement of F

remains unclear.

STAS domain proteins of the stressosome

Extreme stress triggers sporulation in B. subtilis,
but less extreme, more frequently encountered stresses
are triggered by changes in environmental temperature,
pH, osmolarity, ethanol, blue light, or cell wall stress. These
stresses activate the alternative regulator of RNA
polymerase, B, which transcribes a regulon of >150
genes [15, 16]. In the absence of stress B is maintained
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in an inactive state in complex with anti-  kinase RsbW
(Fig. 2A). Free RsbW can be inhibited by the anti-anti-
STAS domain protein, RsbV. RsbW can phosphorylate
bound STAS protein RsbV, which can be dephosphory-

Fig. 1. A. X-ray crystal structure of the complex of B. subtilis

SpoIIAB anti-  homodimer kinase (comprising protomers AB1
(purple) and AB2 (magenta), with the F

3
 domain of holo-sigma

factor F superposed with the complex of SpoIIAB homodimer
and two SpoIIAA anti-anti-  monomers (gray and green).
Nucleotides bound to each SpoIIAB protomer are shown in
green stick and active site Mg2+ as green balls. Reproduced
from [9]. B. SpoIIAB catalytic cycle. Residues important for
binding and dissociation are shown in (1): AB1 protomer of
SpoIIAB (blue) is targeted by SpoIIAA (orange), as its docking
surface (R20 in particular) is more accessible than in AB2 (green).
(2) SpoIIAA binds to initial sites on SpoIIAB1 (E104, I112). (3).
Bound SpoIIAA D23 interacts with SpoIIAB1 R20, leading to
steric clash between SpoIIAA E21 and F D148. (4) The steric
clash promotes dissociation of F from ADP-bound SpoIIAB.
SpoIIAA then adopts a conformation that allows S58
phosphorylation (yellow circle changes to red) by SpoIIAA
kinase. (5) Phospho-SpoIIAA (yellow) dissociates from ADP-
bound SpoIIAB. (6) Unphosphorylated SpoIIAA can bind to
SpoIIAB, forming an inhibitory complex that by blocking F

binding maintains F in its active conformation. Reproduced
from [13].

A

B

Fig. 2. A. The B regulatory pathway of B. subtilis. A. The 1.5
MB stressosome, an ordered 1.5 megadalton complex made up
of multiple copies of STAS proteins RsbR and RsbS, serves to
sequester kinase RsbT in normal conditions. Under stress,
RsbT phosphorylates both STAS proteins, resulting in its
release from the stressosome to bind and activate RsbU
phosphatase. The RsbT/RsbU copmplex-mediated
dephosphorylation of anti-anti-  factor STAS protein RsbV
allows it to bind anti-  factor RsbW, liberating B from its
inactivating complex with RsbW, and allowing activation of
RNA polymerase. B. Cryo-transmission electron microscopy-
derived molecular envelope of the RbsR/RbsS stressosome at
8Å resolution, viewed down one of its 2-fold axes of symmetry
(central black ellipse). Dotted lines mark the other two symmetry
axes. Modified from [16].

A

B
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lated by RsbU phosphatase, restoring RsbV to its anti-
anti-  activity.

RsbU activity is controlled by the 1.5 megadalton
stressosome (Fig. 2A, Fig. 2B) comprising 40 copies of
multidomain STAS protein RsbR, 20 copies of simple
STAS protein RsbS, and 20 sequestered, inactive copies
of switch kinase RsbT [16]. The C-terminal STAS
domain of RsbR is preceded by an N-terminal domain of
novel sequence arrayed as a globin fold, but without bound
heme or other cofactor. In contrast to the conserved STAS
domain sequence, the N-terminal domain is highly varied
among bacterial RbsR proteins. The B. subtilis N-
terminal domain dimerizes just as do other heme-liganded
globin sensor proteins of bacteria   [17]. By analogy with
mammalian neuroglobin’s hypoxia signaling through
inhibition of GTP-GDP exchange by heterotrimeric G
proteins, the N-terminal domain of RbsR may modify in
a stress-dependent fashion the binding of ribosome-
associated, low-affinity GTPase Obg [18] (not shown in
Fig. 2A) to the kinase RsbT.

In response to stress, RsbT phosphorylates RsbS
and RsbR, releasing RsbT from the stressosome to
activate RsbU phosphatase. RsbU phosphatase activation
ultimately leads via anti-anti-  RsbV binding to anti-
RsbW to B release and activation of RNA polyerase to
transcribe the B regulon. The stress response is
dampened or terminated by RsbX phosphatase-mediated
dephosphorylation of stressosome STAS proteins RsbS
and RsbR, resetting the stressosome to again seqester
and inactivate RsbT kinase (Fig. 2A). The polyvalency
of the stressosome allows activation of the B stress
response with highly positive cooperativity and sensitivity
[9, 16]. In some bacterial species, the RsbW anti-  kinase
and an anti-anti-  STAS domain are found within a single
polypeptide, potentially yielding an even more highly
cooperative activation of the stress response.

The STAS domain in phototransduction

As noted above, B. subtilis activates the B pathway
in response to blue light. The flavin mononucleoside
(FMN)-binding LOV (light-oxygen-voltage sensing)
domain of the chimeric LOV-STAS protein YtvA is
responsible for this photodetection [19-21] and
transmission of the stress signal via the stressosome to

B. The dark-adapted LOV domain of YtvA
noncovalently binds oxidized FMN (LOV

447
). Blue light

illumination triggers msec-scale formation of a metastable
FMN thiol adduct with Cys62 in the D -E  loop via

Fig. 3. A. B. subtilis YtvA electrostatic surface image from
LOV domain crystal structure and from STAS domain (modeled
on crystal structure of B. subtilis SpoIIAA). Blue light is ab-
sorbed by the flavin mononucleotide chromophore of the LOV
domain, triggering local conformational change that is believed
to be transmitted through the agency of the J linker to the
STAS domain, which binds BODIPY-GTP. Yellow residues have
been implicated by mutagenesis as important or required for
phototransduction. Modified from [21]. B. Light-induced con-
formational change of YtvA as imagined from holoprotein struc-
ture. Modified from [26].

A

B

decay of the excited FMN triplet state (LOV
390

). Return
to dark conditions is accompanied by slow reversion to
LOV

447
 on the sec-min time scale [22, 23].

The STAS domain of YtvA has been proposed as
the transducer of the photosignal from the LOV-FMN
adduct transmitted [21] via conformational change in the
short linker connecting the two domains (Fig. 3A). Studies
demonstrating YtvA STAS domain-mediated enhancement
and red-shift of BODIPY

TR
-GTP fluorescence in the

illuminated state, with further slight enhancement and red-
shift during thermally driven recovery in the dark [24, 22]
have suggested a guanine nucleotide binding function of
the STAS domain with conformational sensitivity to FMN-

Sharma/Rigby/AlperCell Physiol Biochem 2011;28:407-422
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suggest that the light-induced conformational change may
be more modest than depicted in this schematic drawing
[25].

STAS domains in bacterial anion transport

proteins: BicA, Rv1739c, ychM, and Ye0973

Marine cyanobacteria generate as much as 25% of
global primary productivity through efficient inorganic
carbon fixation mechanisms. The photosynthesis fueling
this productivity is driven by a carbon concentrating
mechanism comprising complementary transporters of
HCO

3
- and CO

2
 that generate up to 1000-fold

concentration of HCO
3

- over the extracellular
environment, with maintenance of the gradient aided by
absence of carbonic anhydrase [6]. One of the five known
inorganic carbon uptake systems of cyanobacteria such
as Synechocystis and Synechococcus is BicA, a STAS
domain-containing SulP polypeptide whose expression in
intact cells confers high-flux, low-affinity Na+-dependent
HCO

3
- uptake [27]. The transmembrane topography of

BicA has been studied by progressive C-terminal
truncation and fusion with alkaline phosphatase and -
lactamase, yielding an experimentally derived topogra-
phical model for SulP and SLC26 anion transporter
transmembrane domains [28]. BicA-related transporters
have also been noted in genomes of other marine bacteria,

Fig. 4. A. Schematic of M. tu-

berculosis Rv1739c SulP
polypeptide, showing its puta-
tively cytoplasmic N-terminal
segment, the transmembrane do-
main with 12 putative transmem-
brane -helices [7, 74], and the
cytoplasmic C-terminal STAS do-
main.  B. Secondary structure of
the Rv1739c STAS domain de-
duced from the three dimensional
solution structure, aligned above
the STAS domain’s 124 amino
acid residues (aa 437-560 in the
holoprotein). Modified from [30].

B

A

triggered changes in the LOV domain. A hypothesized
STAS domain GTP switch region including the conserved
STAS sequence DLSG was identified (Fig. 3A) by
assessing the impact of directed mutagenesis on in vivo

activation of B [20] and by assessment of alterations in
4-bora-3a,4a-diaza-s-indacene (BODIPY)-GTP

TR

fluorescence enhancement [21]. However, a recent report
indicates that some recombinant YtvA LOV constructs
lacking the STAS domain similarly enhance BODIPY-
GTP

TR
  fluorescence in a manner insensitive to competition

by added nucleotide triphosphates, but suggestive of
predominant actions of the hydrophobic BODIPY moiety
[25]. In addition, GTPase activity of the STAS domain
has not yet been detected. Thus, although, the ability of
BODIPY-GTP

TR
to monitor light-sensitive conformational

change in YtvA has been confirmed, the specificity of
BODIPY-GTP

TR
 binding to the YtvA STAS domain

remains in question. The role of the STAS domain in YtvA
phototransduction of B activation remains unclear, but
might involve direct or indirect activation of the RsbT
kinase that controls RsbU (Fig. 2A).

The near complete solution NMR backbone
assignment of holo-YtvA in the dark state [19] has
demonstrated a dimeric structure with LOV-LOV and
STAS-STAS interactions, partially consistent with the
proposed mechanism of light-induced conformational
change [26] shown in Fig. 3B.  However, experiments
with small angle X-ray scattering and circular dichroism

STAS Domain Structure and Function Cell Physiol Biochem 2011;28:407-422
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in Vibrio cholerae, and in Prochlorococcus species [6].
However, the role of the STAS domain in BicA
biosynthesis, stabilization, or function remains unknown.

Structral information is available for STAS domains
of SulP proteins of Mycobacterium tuberculosis and
Escherichia coli. Mycobacteria are characterized by
envelopes rich in sulfolipids that include components
important for pathogenesis, suggesting that sulfate uptake
mechanisms should also be important. Although genetic
growth experiments in vitro suggest that mycobacterial
sulfate assimilation is mediated entirely by the ABC-type
sulfate permease CysTWA, with possible contributions
of transport systems for thiosulfate and sulfur-containing
amino acids, the sulfate assimilation systems employed
by mycobacteria sequestered inside lysosomes are less
well understood. Among candidate sulfate or anion
transporters in the M. tuberculosis genome are three
SulP genes, among which only the Rv1739c gene product
was successfully overexpressed and purified [29].
Rv1739c has a SulP-type transmembrane domain and a
C-terminal cytoplasmic STAS domain (Fig. 4A).
Overexpression of Rv1739c in intact E. coli increased
sulfate uptake with K

1/2
of 4 μM, and this sulfate uptake

was activated at pH 6, inhibited by agents that collapse
the electrochemical gradient of the bacterial inner
membrane and by several low affinity inhibitors of

mammalian sulfate transport [29].
The isolated STAS domain of Rv1739c was purified

and found to be stable. Purified Rv1739c STAS domain
bound guanine nucleotides as assessed by specific
photoaffinity labeling with biotinylated azido-GTP and by
guanine nucleotide-induced quench of intrinsic Rv1739c
STAS fluorescence [30]. Modest GTPase activity also
copurified with Rv1739c STAS, but the hypothesis of
intrinsic Rv1739c STAS GTPase activity remains untested
by mutation of candidate GTP switch or hydrolase
residues. Rv1739c STAS was not a phosphoprotein, and
did not serve as a phosphorylation substrate for any of
the defined recombinant M. tuberculosis Ser/Thr kinases
[30].

We solved the NMR solution structure of Rv1739c
STAS, which showed the interspersed -strands and -
helices characteristic of the STAS domains of bacterial
anti-anti-  proteins (Fig. 4B), with the pattern 1- 1-

2- 2- 3- 3- 4- 4- 5 [30]. Discrete, overlapping sets
of amino acid residues underwent chemical shift
perturbation (CSP) in the presence of nominally saturating
concentrations of GDP or of GTP (Fig. 5A), providing
more focused evidence of nucleotide binding-induced
conformational change in the Rv1739c STAS domain.
Of particular interest was the proximity of W50 to some
of these chemically shifted residues, providing a partial

Fig. 5. A. M. tuberculosis Rv1739c STAS domain backbone structure (blue) with red-highlighted amino acid residues that
showed significant chemical shift perturbation (CSP) in the presence of GDP. Side chains of residues W50 and T64 are in cyan.
Figure drawn in VMD [74]. B. Rv1739c STAS residues showing GDP-induced CSP mapped onto average STAS structure. Colors
denote STAS backbone 15N-1H relaxation parameters. CSP residues in red show increased R

2
 and J(0) along with decreased NOE

and J(
N
) values, indicating high flexibility likely due to increased chemical exchange. CSP residues in yellow deviated from the

red pattern in one or two relaxation parameters. CSP residues in blue are those for which at least two relaxation parameters were
unavailable due to experimental limitations. W50 and T64 are shown in green. Figure drawn in PyMOL (www.pymol.org).
Modified from [30] and from Sharma et al. (manuscript in revision).

Sharma/Rigby/AlperCell Physiol Biochem 2011;28:407-422
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basis for the ability of nucleotides to quench intrinsic STAS
fluorescence [30].

Rv1739c STAS backbone 1H-15N dynamics
revealed nucleotide-induced internal fluctuations which
increased overall rotational tumbling time. This slowed
ligand-dependent STAS domain tumbling was dominated
by select residues exhibiting slow (on the NMR time scale)
conformational exchange. These residues exhibited higher
values of the reduced spectral density parameter, J(0),
as mapped onto the Rv1739c STAS domain backbone
structure in Fig. 5B. Residues with the greatest local
changes in relaxation parameters paritially overlap with
chemically shifted residues, suggesting a complex
relationship between backbone dynamics and steady-state
backbone conformation. These backbone dynamics
results suggest that nucleotide binding may induce a
molecular shape change or a small shift in oligomeric
equilibrium away from the predominantly monomeric
unliganded state. (Sharma et al., manuscript in revision).

Another SulP polypeptide that can be overexpressed
in abundance is the non-essential E coli gene product,
YchM. Genetic deletion of  YchM or deletion of the YchM
STAS domain decreased steady-state Na+-dependent
14C-HCO

3
- accumulation by 30-50% in intact bacteria

[31]. YchM differed significantly in its secondary structure
as compared to Rv1739c and the anti-anti-  proteins, with
relative reversal of 1 and 2 in the linear sequence and
absence of helix 5, yielding the secondary structural
sequence . The
recombinant STAS domain of YchM was found to
copurify and cocrystallize in a 1:1 stoichiometry with bound
acyl carrier protein (ACP), an essential component of
the fatty acid biosynthetic apparatus. The ACP in the
crystal was covalently attached to a malonyl-coA moiety
which was situated at the ACP-STAS interface (Fig. 6A).
The additional demonstration by both genetic and direct
biochemical analyses of a large family of  YchM-binding
proteins (Fig. 6B) led to the novel suggestion [31] that
YchM takes up HCO

3
- for direct channeling to a fatty

acid biosynthesis regulon scaffolded around the STAS
domain/ACP complex (Fig. 6C). These findings encourage
re-evaluation of the role of CO

2
 and HCO

3
- in a wide

spectrum of bacterial functions.
A fraction of E. coli  YchM STAS domain purified

as an uncomplexed monomer [31], and the unliganded
M. tuberculosis Rv1739c STAS domain was also
monomeric. However, the SulP-STAS holoprotein YE0973
from Yersinia enterocolitica was overexpressed and
purified through sequential detergent solutions of
dodecylmaltoside and Foscholine-12 was shown by small

angle neutron scattering combined with contrast variation
to form a dimer stabilized by its transmembrane domains.
No evidence was found for involvement in dimer
formation of the STAS domains, which were oriented

Fig. 6. A. Crystal structure of STAS domain from E. coli SulP
protein YchM (red) in complex with acyl carrier protein (ACP,
cyan), as described by [31]. Shown in yellow is the malonyl-4'-
phosphopantheine prosthetic group covalently linked through
the phosphate to the hydroxyl group of conserved S36 of ACP.
The structure (PDB:3NY7) was rendered in PyMOL. B. Experi-
mental evidence supports the existence of numerous YchM-
interacting proteins, grouped here by function (reproduced
from [31]). C. Schematic model of YchM as a bicarbonate trans-
porter delivering substrate to STAS domain-bound ACP for
sequential transfer to multiple components of the fatty acid
biosynthesis pathway assembled around the STAS-ACP com-
plex  (reproduced from [31]).

B

A

C

STAS Domain Structure and Function Cell Physiol Biochem 2011;28:407-422
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away from each transmembrane homodimer and from
each other [32], in contrast to the STAS-STAS interaction
observed in the YtvA dimer [19].

Additional putative functions for STAS

domains in multidomain bacterial gene

products

Bacterial STAS domains are found not only as anti-
anti-  proteins or C-terminal to SulP anion transporters.
The Conserved Domain Architecture Retrieval Tool
(cDART) of the National Center for Biotechnology
Information (NCBI) Conserved Domain Database (CDD)
reveals a wide range of functional domains in STAS
domain-containing polypeptides. Thus, a few SulP-STAS
transporters exhibit a C-terminal pro-carbonic anhydrase
domain, whereas a larger number including M.

tuberculosis Rv3273 exhibit a cytoplasmic -carbonic
anhydrase domain in place of the more commonly found
STAS domains. These proteins are very likely HCO

3
-

transporters, but their overexpression in quantities required
for further study has not been easily achieved. However,
the -carbonic anhydrase domain of putative anion
transporter Rv3273 has been overexpressed, purified,
documented to be an active carbonic anhydrase, and
studied pharmacologically [33]. SulP-STAS domain
proteins have been noted within complex multigene
antibiotic biosynthesis operons in several species of
Streptomyces, including orf29 of the BLM bleomycin
biosynthesis operon in S. verticillus [34]. Many similar
SulP-STAS open reading frames are evident in antibiotic
biosynthesis operons and in other genomic regions
of S. coelicolor, S. avermitilis and other antibiotic-
producing commercial strains of Streptomyces. This is
particularly intriguing in that the YchM-binding protein
ACP is required in multiple steps of polyketide antibiotic
biosynthesis [35].

As predicted by the NCBI Conserved Domains
Database, some SulP-STAS domain proteins include a
rhodanese domain thought to encode a thiosulfate:cyanide
sulfotransferase activity, and suggesting an intramolecular
thiosulfate or cyanide transport metabolon. Other STAS
domain proteins may be involved in nutrient transport.
These are situated adjacent to domains predicted to encode
glutaminase, glycosyltransferase, N-acylglucosamine
epimerase (part of the sailic acid synthetic pathway),
periplasmic sugar binding, Na+-alanine cotransport activity,
prenyl metabolism, or vitamin-K-dependent carboxylase
activity, and may be involved in nutrient or cofactor uptake

and/or processing. STAS domains in still other proteins
are physically adjacent to domains involved in
detoxification of alkenes, organic solvents, and
aminoglycosides. In addition to the LOV/PAS/PAC light
and oxygen sensors and the neuroglobin-like signaling
domains described above, STAS domains likely involved
in signaling are situated adjacent to domains predicted to
encode PAS/PAC oxygen/light sensors, histidine kinases,
His kinase-related Rec signaling domains, Ser-Thr kinase
G protein regulators, PX phosphoinositide binding
domains, CAP-ED/CRP, NTR, and GAF cyclic nucleotide
binding domains, a lacI-related transcription regulator
domain, and AmiR and NasR transcriptional anti-
termination domains.

Plant Sultr sulfate transport proteins

In the plant Arabidopsis thaliana, at least 14 distinct
SulP/Sultr genes in 5 classes encode plasmalemmal and
intracellular membrane sulfate transporters with C-
terminal STAS domains. These transporters are expressed
in distinct subcellular membranes in specific tisses and
with developmental stage-specific patterns. Although most
are sulfate transporters, some (such as SHST1 from
Stylosanthes hamata) preferentially exhibit nM affinity
uptake of molybdate [36], and at least one has turned out
to regulate cellular levels of phytic acid [37]. Plastids
utilize sulfate transporters of the ABC superfamily [38].
The two best studied of the SulP proteins are Sultr1;2
and Sultr1;1. Sultr1;2 is the principal plasma membrane
sulfate transporter of the roots, but sulfate limitation
increases abundance of Sultr1;1 transcripts to a greater
degree, suggesting that Sultr1;2 can be acutely regulated
by rhizosphere sulfate and cellular energetics. Both plant
cell experiments and yeast complementation experiments
suggest a mechanism of 3H+/SO

4
2- cotransport for

plasmalemmal Sultr transporters of A. thaliana [39].
Unlike the bacterial SulP STAS domains, the Sultr1;2
STAS domain homodimerizes. The STAS domain of
Sultr1;2 is also essential to proper plasma membrane
targeting of holoprotein, and contributes to protein stability
and transport kinetics [40].

In addition to generation of the metabolic
intermediate phosphoadenosine phosphosulfate (PAPS),
plant cells reduce sulfate to sulfite and on to sulfide (Fig.
7A) in the plastids (Fig. 7B). Sulfide then is condensed
with serine-derived O-acetylserine (OAS) to synthesize
cysteine by O-acetylserine-lyase/Cysteine synthase
(OASTL) (Fig. 7A). A yeast two-hybrid screen of the

Sharma/Rigby/AlperCell Physiol Biochem 2011;28:407-422
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Fig. 7. A. Sulfate assimila-
tion pathways in plants. Re-
produced from [38]. B.-D.
Model of proposed regula-
tory function of A. thaliana

Sultr1;2 (modified from [41])
in high extracellular [SO

4
2-]

conditions (B. and C.) and in
low extracellular [SO

4
2-] con-

ditions (D.). See text for de-
tails.

Sultr1;2 STAS domain revealed binding with OASTL
[41]. The interaction was validated by reciprocal
pulldown experiments in vitro, and by reconstitution of a
split fluorescent protein in tobacco cells. Sulfate uptake
into Sultr1;2-rescued Saccharomyces cerevisiae

deficient in endogenous sulfate transport is downregulated
by co-expression of OASTL through a mechanism that
does not require OASTL catalytic activity and does not
reduce Sultr1;2 surface expression. Conversely, OASTL
cysteine synthase activity is enhanced by interaction
with Sultr1;2 STAS domain [41]. Thus Sultr1;2 and
OASTL may comprise a sulfate metabolon assembled
on the STAS domain. In a low-energy state root epidermal
cell exposed to high sulfate (Fig. 7B), low cytoplasmic
sulfide and elevated cytoplasmic OAS promotes OASTL
binding to Sultr1;2 STAS, reducing sulfate uptake while
increasing OASTL activity. In a high energy state cell
exposed to high sulfate (Fig 7C), sulfide synthesis
matches OAS levels, OASTL is released from Sultr1;2
STAS, and Sultr1;2 continues to import sulfate. In cells
exposed to low sulfate (Fig. 7D), unbound OASTL does
not reduce Sultr1;2-mediated sulfate uptake, and Sultr1;1
transcription and biosynthesis are increased to maintain
cell sulfate homeostasis [41].

SLC26 anion transporter STAS domains

The human SLC26 STAS domain-associated anion
transporter gene family numbers 11 genes encoding at

least 10 polypeptides. Among these are three human
Mendelian recessive disease genes. The SLC26A3/DRA

gene was discovered by positional cloning to be mutated
in Congential Chloride-losing Diarrhea [2]. The disease
is associated with loss of SLC26A3-mediated Cl-/HCO

3
-

exchange across the microvillar apical membrane of
enterocytes, leading to severely reduced intestinal NaCl
absorption. An independent positional cloning project led
to the realization that the immediately adjacent gene
SLC26A4/PDS, likely a product of gene duplication, is
responsible for both Pendred Syndrome [1] and for non-
syndromic deafness DFNB4 associated with enlargement
of the vestibular aqueduct (reviewed by Ito et al. [42] in
this volume). The unlinked SLC26A2/DTDST gene was
next linked to diastrophic dysplasia [43] and several related
clinical entities encoded by mutations in the same gene.
The above human disease phenotypes have been
replicated in knockout mice. Autosomal recessive deafness
was initially attributed to biallelic mutations in the
SLC26A5 gene [44] encoding prestin, the
mechanotransducer of the cochlear outer hair cell lateral
membrane [45]. However, subsequent studies established
that the very few known prestin coding sequence variants
found to date are variants also present in individuals with
normal hearing [46], despite the severe hearing
impairment observed in Slc26a5-/- mice. Mouse-specific
pathological phenotypes have been observed in mice
genetically deficient in other Slc26 gene products. These
include urolithiasis in Slc26a1-/- and Slc26a6-/- mice [47,
48], gastric achlorhydria in Slc26a7-/- and Slc26a9-/- mice
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[49, 50], distal renal tubular acidosis in Slc26a7-/- mice
[50], and male infertility in Slc26a8-/- mice [51].

The SLC26A10 gene is transcribed and mRNA levels
exhibit tissue and differentiation-state specificity, but its
open reading frame encodes a STAS domain-deficient

polypeptide which is inactive as an anion transporter in
Xenopus oocytes (unpublished data). However, no data
is available on SLC26A10 polypeptide expression, or its
potential interactions with other proteins. Moreover, the
Slc26a10 gene in most lower organisms for which

Fig. 8. STAS domain amino
acid sequences from the
indicated human and rat
SLC26 polypeptides,
bacterial SulP proteins
Rv1739c and YchM, and
bacterial anti-anti-  pro-
teins SpoIIAA and TM1442.
The anti-anti-  proteins are
presented in their full
lengths. Amino acid numbe-
ring is from UniProtKB
(www.uniprot.org). The
underlined DSSG motif of
SpoIIAA includes its
phosphorylated residue
S58. Gray block indicates
the intervening sequence
(IVS) present in mammalian
SLC26 STAS domains but
absent from SulP STAS
domains and from anti-anti-

 proteins. SLC26 STAS
amino acid residues in bold
highlight human disease-
associated missense
mutations (in red),
termination mutations (in
yellow), and frameshifts
mutations (in blue). Note
that among SLC26 STAS
domains, only in pendrin
have mutations of the IVS
been reported. Asterisks
under sequences mark
positions of complete
sequence conservation.
Alignment was generated
by ClustalW2 (http://
www.ebi.ac.uk/Tools/msa/
clustalw2/).
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sequence is available encodes full-length polypeptides with
STAS domains. Thus, the designation of SLC26A10 as a
pseudogene remains tentative.

Mammalian and plant SLC26 polypeptides generally
encode proteins longer than bacterial SulP proteins, with
longer N-terminal cytoplasmic domains, longer loops
connecting transmembrane spans, and longer C-terminal
regions, including longer STAS domains. Molecular
truncation experiments have indicated that STAS domain
integrity is required for optimal surface trafficking and
functional expression for SLC26A3 [52], as has been
shown for A. thaliana Sultr1;2 [40, 53]. Trafficking
impairment is noted with most of the examined disease
mutations of the SLC26 STAS domains (Fig. 8), which
constitute a minority of all SLC26 human disease
mutations. The mammalian STAS domains differ from
those of anti-anti-  proteins and from bacterial SulP
polypeptides in their intervening sequences (IVS) inserted
into the loop between helix 1 and strand 3 (rat prestin
nomenclature). The largest number of distinct disease-
associated variants in STAS domains, as well as in
holoproteins, is found in pendrin (Fig. 8). Not shown in
Fig. 8 are 9 recently discovered novel missense mutations
in 8 amino acid residues (B. Wu, pers. comm.). Notably,
among IVS sequences of SLC26 human disease genes,
only the IVS of pendrin has been shown to date to harbor
disease genes (Fig. 8). The IVS sequences are the most
divergent regions of SLC26 STAS domains, and a
Genbank search of the pendrin IVS revealed no
identifiably related amino acid sequences in the database.

Multiple residues of Rv1739c STAS involved in ligand
contact or subject to ligand-induced conformational
change align with human SLC26 STAS residues
implicated in disease. The Rv1739c STAS residues
chemically shifted by GTP [30] include (as numbered in
Fig. 8 for Rv1739c holoprotein) V477 (corresponding to
SLC26A4 V570) and E543 (corresponding to SLC26A3
S706fsX6 and to SLC26A4 K715). One additional
Rv1739c STAS residue chemically shifted by GTP but
not GDP is V497 (corresponding to SLC26A4 L668P).
Rv1739c STAS residues implicated by molecular docking
calculations in binding with GTP and GDP [30] include
L513 (corresponding to SLC26A3 I675), G516
(corresponding to SLC26A2 G678V and to SLC26A4
D687Y), K540 (corresponding to SLC26A3 G702 and to
SLC26A4 D711X), and I541 (corresponding to SLC26A4
I713M). Molecular docking calculations suggest that only
GDP may bind to P551 corresponding to the prevalent
SLC26A4 deafness mutation H723R. Thus, disease-
associated mutations in human STAS domain residues

align remarkably well with residues of Rv1739c STAS
associated with binding of guanine nucleotides. This
interesting relationship between ligand binding residues
and disease-associated mutations suggests at minimum,
a shared reliance on proper protein folding, and perhaps
additional signaling-related functions.

The X-ray crystal and NMR solution structure of
the rat prestin STAS domain with an engineered central
deletion of the IVS sequence was recently reported [10].
Inclusion of the IVS produced NMR signal broadening
and prevented crystallization. Truncation of the C-terminal
9 residues was also required for crystallization. Rat prestin
exhibited a secondary structural element sequence of

. Although
with an extra  strand in its N-terminal region, prestin
STAS resembled YchM STAS in the placement of strand

1 before helix 1, and resembled Rv1739c STAS in
the presence of a helix 5. The absence from Rv1739c
STAS of an antiparallel N-terminal -strand may reflect
inability of Pro residues at positions 8 and 14 to form
inter-strand hydrogen bonds. However, secondary
structure prediction suggests that inclusion in the Rv1739c
construct of upstream residues between the end of the

Fig. 9. Backbone structure of the human pendrin STAS domain
encompassing aa 515-734 (excluding the intervening sequence
(IVS) region of aa 566-653 between helix 1 and strand 3), as
modeled on the structure of rat prestin (PDB ID 3LLO; [10]).
The missing portions correspond to regions absent from the
rat prestin structure. Red residues are sites of disease-
associated missense mutations; yellow residues are sites of
disease-associated termination mutations. Blue oval marks
nominal strand 5 (2 aa in length) which is absent from the
structure generated by PyMOL, but present in that generated
by MOLMOL (not shown; [75]).
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transmembrane domain and the N-terminus of the current
STAS construct might elicit formation of this antiparallel
N-terminal -strand. Rat prestin STAS also differs from
the STAS domains of YchM and Rv1739c in its higher
angle of divergence between helices 1 and 2, possibly
a result of the engineered deletion of the nearby IVS
region.

Using the rat prestin STAS domain crystal structure
[10] as template in Modeller 9.9 [54], we have modeled
the three-dimensional structure of the corresponding
regions of human pendrin encompassing aa 515 and 734,
but lacking the IVS sequence 566-653 between helix 1
and strand 2 (Fig. 9). The model includes a 1 strand
which is the only strand oriented anti-parallel to the other
strands. However, secondary structure prediction analysis
reveals that in the presence of IVS sequence, the
presence of a 1 strand equivalent is not predicted in
pendrin or in several other SLC26 STAS domains [30].
Based on mutagenesis studies, Sultr1;2 STAS domain
residues A540, Y542, F543 and S588 were proposed to
interact with the membrane domain [40], These residues
correspond to partially conserved residues P543, Y545,
Y546, and V655 of rat prestin STAS, and to residues
P560, C562, F563 and T600 of Rv1739c STAS, all of
which occupy similar positions on the STAS surface.
These residues were proposed to form a juxtamembrane
binding surface, or to interact with the SLC26/SulP
transmembrane domain [10]. The corresponding pendrin
STAS residues P553, F555, Y556, and V671 occupy
similar putative positions on the modeled STAS domain
structure (Fig. 9). Rv1739c P560 is highly conserved
among SLC26 and SulP proteins, whereas the modest
conservation at position 563 of Rv1739c includes residues
with bulky hydrophobic side chains.

With the exception of SLC26A5/prestin, identification
of proteins that interact directly with mammalian SLC26
polypeptides remains in its initial stages. The interaction
of MgcRacGap with the SLC26A8 STAS domain [55],
seems highly relevant to guanine nucleotide binding by
SpoIIAA and by Rv1739c STAS, but no subsequent
reports have explored this interaction. Some but not all
SLC26 STAS domain C-terminal regions exhibit PDZ
recognition motifs. Consistent with this, SLC26A3 STAS
domain binds to NHERF2 [56] and to CAP70/PDZK1
[57]. The SLC26A6 STAS domain binds to NHERF1
and NHERF2 [58]. Conversely, CFTR also binds CAP70/
PDZK1 and NHERF proteins[59], indicating coassembly
of scaffolds approximating SLC26 protein with CFTR,
and perhaps stabilizing their interactions. The R domain
of CFTR also binds STAS domains from SLC26A3,

SLC26A6, SLC26A9, with the consequence of mutual,
reciprocal activation of anion transport activities in the
setting of HEK-293 cell overexpression [60, 61], where
R domain phosphorylation was reported to be required.
However, purified recombinant SLC26A3 domain
interacted with purified recombinant CFTR R domain
independent of phosphorylation state [62]. In the context
of intact mice, absence of SLC26A6 expression stimulated
basal CFTR-dependent HCO

3
- secretion, but inhibited

activated secretion of HCO
3

- [63]. In yet another set of
variations, CFTR coexpression stimulated SLC26A9 anion
channel activity in Xenopus oocytes, an interaction
inhibited by STAS domain mutation L683P [64], yet the
CFTR R domain inhibited both anion exchange and
conductance by SLC26A9. Moreover, removal of the
SLC26A9 STAS domain eliminated anion conductance
but partially preserved anion exchange activity while
rendering it CFTR R domain-insensitive [65]. Although
pendrin was initially reported to be activated by
coexpressed CFTR in HEK-293 cells [60], later
studies of iodide secretion in intact parotid duct failed to
detect functional interaction of CFTR and pendrin [66].
Thus, the conditions of STAS domain-R domain
interaction, the source of STAS domain, and the anion
transport properties of the appended transmembrane
domain may dictate whether the interaction output is
stimulatory or inhibitory. Pendrin STAS-interacting
proteins other than CFTR have not been reported. Nor
have any binding proteins with specificity for a mammalian
STAS domain IVS sequence been reported.

Even SLC26A5/prestin binds to and is potentiated
by CFTR coexpression in HEK-293 cells. This interaction
with prestin may direct a proportion of CFTR to the outer
hair cell lateral membrane, an unprecedented subcellular
localization in mammalian cells. However, prestin-
mediated non-linear capacitance is not modified in outer
hair cells of Cftr-/- mice [67], and cystic fibrosis in humans
has not been associated with hearing loss beyond that
plausibly attributable to chronic aminoglycoside treatment.
MAP1S is a prestin STAS-binding protein discovered
through yeast two-hybrid interaction [68]. MAP1S
interacts through a linker region between light and heavy
chain domains with the proximal region of the STAS
domain. The interaction leads to marked stimulation of
prestin-mediated nonlinear capacitance in transiently
transfected CHO cells in parallel with increased surface
expression. MAP1S has a tonotopic distribution that
parallels the tonotopic distribution of pendrin through the
cochlear spiral [68]. The integral membrane protein
“Vesicle-associated membrane protein-associated protein
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A” (VAPA or VAP-33) was discovered as a prestin-
binding protein through a membrane-based yeast two-
hybrid screen, and validated by co-immunoprecipitation
and immuno-colocalization in outer hair cells. Outer hair
cells from Slc26a5-/- mice expressed VAPA at decreased
abundance, suggesting a possible role for VAPA in
vesicular trafficking of prestin [69]. Additional,
incompletely validated prestin-binding proteins identified
in this membrane-based yeast two-hybrid screen [70]
include integrin-interacting  proteins tetraspanins 6 and
29 (CD9) and 2-microglobulin, glycosylphosphoinositide-
linked costimulatory molecule CD52/CAMPATH-1, the
small conductance Ca2+-activated K+ channel KCNN2/
SK2, fatty acid binding protein FABp3, Wnt receptor
frizzled-3, bone -carboxyglutamate protein I, and dynein
light chain Tctex-type I [70]. Kcnn2 is expressed in inner
hair cells [71], and frizzled-3 is involved in embryonic
cochlear hair cell development [72]. Prestin has also been
shown to interact indirectly with V-Spectrin, likely through
the cytoskeletal proteins F-actin and protein 4.1 [73].
However, these intermediate proteins have themselves
not yet been shown to bind directly to prestin.

Conclusion

The STAS domain is the central structural feature
of the C-terminal cytoplasmic domains of SulP and SLC26
anion transport proteins. The phylogenetically ancient
protein fold of the STAS domain also constitutes the core
of anti-anti-  factor function in multiple bacterial  factor
pathways. The STAS domain secondary structures vary
slightly at their N- and C-termini and more extensively in
the potentially disordered IVS sequence between helix

1 and strand 3 (rat prestin nomenclature), present only
in STAS domains of higher organisms. The STAS domain
of B. subilis YtvA responds to a blue light-induced
conformational change in the adjacent LOV domain to
transduce a transcriptional signal to B by a yet unknown
pathway. E. coli YchM STAS likely functions in fatty
acid biosynthesis through its binding to acyl carrier protein,
but its role in bacterial lipid metabolism remains
incompletely understood. Since acyl carrier protein is a
cofactor in numerous bacterial biosynthetic pathways,
including those of polyketide antibiotics, the impact of
YchM may extend beyond lipid metabolism. M.

tuberculosis Rv1739c STAS binds and may hydrolyze
guanine nucleotides, but the functional importance of these
activities remains obscure for Rv1739c as well as for
anti-anti-  SpoIIAA of B. subtilis. Additional putative

functions of bacterial STAS domains can be hypothesized
based on the nature of adjacent functional domains within
the same multidomain polypeptide, or based on adjacency
or proximity within a single operon.

Although widespread among bacteria, in higher
organisms the STAS domain appears restricted to
SulP/SLC26 anion transporter polypeptides. The presence
of disease-causing mutations in the STAS domains of
SLC26A2/DTDST, SLC26A3/DRA, and SLC26A4/
pendrin attests to the structural importance of the
STAS domain,  as suggested by recombinant expression
and targeting experiments. No intrinsic enzymatic
activity has been associated with STAS domains of
mammalian SLC26 anion transporters. However the
STAS domains have a complex, context-dependent
relationship with the R domain of CFTR and with their
own adjacent SLC26 anion transport domains that may
be modified by scaffolding through adjacent PDZ
recognition motifs. The growing number of identified,
specific prestin-interacting proteins of the cochlear outer
hair cell may presage a similar bounty of proteins that
interact with the other, less highly conserved SLC26 STAS
domains.

The intact STAS domains of mammalian SLC26
polypeptides have proven thus far refractory to
crystallization, or even to NMR solution structure
determination. This difficulty may reflect unstructured or
metastable IVS domains, N-terminal linker sequences,
and/or C-terminal sequences of STAS domains. The latter
two possibilities may require empiric selection of optimal
N- and C-terminal boundaries of STAS domain constructs
for structure determination. The unanticipated,
stoichiometric presence of acyl carrier protein was
important in the crystallization of E. coli YchM. The yet
unreported proteins hypothesized to interact with
mammalian SLC26 STAS domains may similarly prove
important for stabilization and structure determination of
the putatively disordered IVS regions of intact mammalian
SLC26 STAS domains, and perhaps of the corresponding
holoproteins as well. They may, in addition, provide
information crucial to decoding the mechanisms by which
STAS domains regulate SLC26 polypeptide trafficking,
stability, and anion transport function.
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