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Abstract
Believed to have been critical to the origin of life on Earth 1, the hydrosulfide ion (HS−) and its
undissociated form, hydrogen sulfide (H2S), continue to play a prominent role in physiology and
cellular signaling 2. As a major metabolite in anaerobic bacterial growth, hydrogen sulfide is a
product of both assimilatory and dissimilatory sulfate reduction 2–4. These pathways can reduce
various oxidized sulfur compounds including sulfate, sulfite and thiosulfate. The dissimilatory
sulfate reduction pathway uses this molecule as the terminal electron acceptor for anaerobic
respiration, where it produces excess amounts of H2S4. The reduction of sulfite is a key
intermediate step in all sulfate reduction pathways. In Clostridium and Salmonella, an inducible
sulfite reductase is directly linked to the regeneration of NAD+, which has been suggested to play
a role in energy production and growth, as well as in the detoxification of sulfite 3. Above a
certain concentration threshold, both H2S and HS− nhibit cell growth by binding the metal centers
of enzymes and cytochrome oxidase5, necessitating a release mechanism for the export of this
toxic metabolite from the cell 5–9. Through a combination of genetic, biochemical and functional
approaches, we have identified a hydrosulfide ion channel (HSC) in the pathogen Clostridium
difficile. The HS− channel is a member of the formate-nitrite-transport (FNT) family, in which
~50 HSC genes form a third subfamily alongside those for formate (FocA) 10,11 and for nitrite
(NirC) 12. In addition to HS− ions, HSC is also permeable to formate and nitrite. Such
polyspecificity can be explained by the conserved ion selectivity filter observed in the HSC crystal
structure. The channel has a low open probability and is tightly regulated, to avoid decoupling of
the membrane proton gradient.
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As a weak acid with a pKa of 6.8 and a second pKa of 19, over 80 percent of the H2S in a
biological system will exist in its ionized form as HS− 2,13. To account for membrane
permeation of intracellularly produced hydrogen sulfide 6,9, a channel for HS− or H2S has
been suggested 5,7, with the water channel aquaporins (AQPs) as possible candidates 8.
While studies in planar lipid bilayers indicate that the aquaporin from Archaeoglobus
fulgidus is not permeable to H2S and that the lipid bilayer provides little resistance to H2S
permeation 9, in the ventworm Riftia pachyptila it has been shown that HS− ions, but not
H2S, are selectively transported through its outer epithelium into its vasculature5.

Despite its high permeability across the lipid bilayer, we argue that the weak acidity of H2S
necessitates a release mechanism for its ionized form, HS− (Fig. 1a). As a weak acid with a
pKa of 6.8, H2S can diffuse readily across the lipid bilayer. Therefore, the distribution of
H2S and HS− on both sides of the cell membrane is directly proportional to the pH
differential as described by the Henderson-Hasselbalch equation 14. Since cellular pH is kept
at neutral levels, and extracellular pH is typically one to two units more acidic, at
equilibrium the HS− concentration will be 10–100 fold greater on the inside of the cell in the
absence of a release mechanism for the HS− anions. Therefore, given its significant toxicity,
it would be beneficial to directly expel this ion across the membrane by the quickest
mechanism available—an ion channel.

Recently, a novel family of anion channels for short-chain acids has been functionally
characterized 11,15,16. Members of the FNT family transport various anions during anaerobic
bacterial growth 10,12,17. Based on sequence homology, however, only about half of its two
thousand identified members clearly belong to either the FocA or NirC subfamily (Figs.
1b&c, Supplementary Figs. 1&2). Intriguingly, for both FocA and NirC, each channel gene
is genetically linked to its reductase partner: FocA to the formate reductase pflB 10 and NirC
to the nitrate reductase NirBD 12 (Fig. 1b). Our phylogenetic analysis of bacterial genes
suggests the existence of additional channel subfamilies in the FNT family (Fig. 1c,
Supplementary Fig. 1). One such subfamily is a group of ~50 homologous genes,
temporarily termed FNT3, found in various species of Clostridium, major human pathogens
grown under strictly anaerobic conditions. As it is linked with a reductase gene, the asrABC
operon 18 (Fig. 1b), we hypothesized that FNT3 might encode a channel for HS− or related
ions. AsrABC reduces sulfite (SO3

−2) into sulfide (S−2), which becomes instantly converted
into H2S and HS− under physiological conditions.

asrABC from Salmonella is the only such operon that has been characterized thus far. Its
overexpression in E. coli, which lacks this biochemical pathway, was previously shown to
reduce SO3

−2 to H2S 19. To first verify whether the homologous asrABC operon from C.
difficile also encodes an SO3

−2 reductase, we tested the growth of E. coli transformed with
the C. difficile asrABC genes, plated on bismuth sulfite agar 19,20. When C. difficile asrABC
was induced, E. coli were able to overcome the expected growth inhibition by reducing
SO3

−2 to H2S (Fig. 1d, Supplementary Fig. 3). Darkening along the edges of the colonies,
formed by bismuth/iron sulfide precipitation, further indicated that H2S gas was being
produced. This showed that the asrABC genes from C. difficile do indeed encode for an
SO3

−2 reductase, which in turn supports the notion that the FNT3 gene in the asrABC
operon may indeed encode a channel for SO3

−2, or its reduced product, HS−.

To determine whether the FNT3 protein from C. difficile functions as a channel for HS− or
SO3

−2, we then carried out whole cell transport, ion – protein binding in solution and
transport-inhibition assays in reconstituted proteoliposomes. First, we transformed sulfide-
producing S. typhimurium, which lacks an HS− channel, with the C. difficile FNT3 gene. In
SO3

−2 supplemented minimal medium, the FNT3-expressing S. typhimurium released a high
level of HS− ions into the culture medium (Fig. 2a, Supplementary Fig. 4). This increase in
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extracellular HS− was specific for HS− produced by the endogenous cytoplasmic AsrABC;
when the other sulfide-producing reductase in the cell, the periplasmic thiosulfate reductase,
was engaged with its substrate thiosulfate, little effect on the extracellular concentration of
HS− was observed. This indicates that the measured HS− was generated by SO3

−2 reduction
by the cytoplasmic AsrABC and then exported. Such an FNT3-linked increase in HS−

production in S. typhimurium can be attributed to either increased import of SO3
−2 or

increased HS−-export from the cell. It follows that FNT3 could be an ion channel for SO3
−2

or HS−.

An ion channel protein is often stabilized by its permeating ions through their direct
interaction with its selectivity filter 21. Therefore, we tested whether purified FNT3 protein
interacts with the monovalent HS− or the divalent SO3

−2. Using size-exclusion
chromatography of purified protein samples incubated at elevated temperatures, we found
that at pH 8.0 the presence of HS− ions was able to increase the nominal melting
temperature of the FNT3 protein by 8 °C, whereas SO3

−2 had little effect (Fig. 2b,
Supplementary Table 1). This result is consistent with the hypothesis that FNT3 functions as
an HS− channel but is probably impermeable to SO3

−2. Intriguingly, three other monovalent
anions, formate, nitrite and chloride, also increased the melting temperature of the FNT3
protein, but to a lesser degree (3 – 4 °C).

We went on to identify the permeable ion(s) of the FNT3 protein in vitro. As channels in the
FNT family are expected to have slow conductance rates 11, we measured FNT3 transport
activity using a concentrative uptake assay 11,22. Given that HS− ions at concentrations
needed to set up a sufficient electrochemical gradient (~150 mM) are severely disruptive to
the membrane, we chose to measure the permeability of FNT3 using another interacting ion
(Fig. 2b), formate. Proteoliposomes reconstituted at pH 8.0 from purified C. difficile FNT3
protein were found to be permeable to formate, although at a lower rate than FocA from
Vibrio cholerae (Fig. 2c). This permeability to formate by FNT3 allowed us to search for
other ions that directly compete with formate for transport. Indeed, when HS− or nitrite was
present in the buffer outside the proteoliposomes, the uptake of formate was dramatically
inhibited (Fig. 2d). In the physiological range of 1—2 mM sulfide, ~70% inhibition was
observed, while at the highest concentration tested (15 mM), HS− and nitrite inhibited the
uptake of formate by 90% and 70%, respectively.

Such direct competitive inhibition (Fig. 2c), coupled with whole cell transport assays (Fig.
2a) and in vitro binding assays (Fig. 2b), collectively indicates that the FNT3 protein from
C. difficile is likely to be a channel for the hydrosulfide ion, HS−. Although the channel is
also permeable to formate and nitrite ions, the FNT3 gene is directly linked to the asrABC
sulfite reductase operon (Fig. 1b); we have therefore tentatively named this protein a
hydrosulfide ion channel (HSC). A definite understanding of the physiological role of these
channels will need to be confirmed by in vivo experiments such as genetic deletion studies.

To understand the transport mechanism of the HSC/FNT3 channel from C. difficile
(Supplementary Fig. 5), we determined its crystal structure at high-pH (pH = 9.0) to 2.2 Å
resolution (Fig. 3a, Supplementary Table 2). The HSC protein adopts the AQP/FocA
fold 11,23, and forms a pentamer like FocA, with the five protomers having identical
structure (Supplementary Figs. 6–8). The twofold inverted symmetry between the first and
second half of the protein goes beyond that observed in FocA and extends to the pore-lining
helices TM2b and TM5b (Supplementary Fig. 8b), two salt bridge triads on the periplasmic
and the cytoplasmic side (Lys148-Glu200-Asn205 and Lys16-Glu81-Asn86) (Figs. 4a–c)
and the two short helices parallel to the membrane (helix P on the periplasmic surface and
helix N at the N-terminus on the cytoplasmic surface) (Supplementary Fig. 8b). This helix
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N, via the Lys16-Glu81-Asn86 salt bridge triad, buttresses TM2b and TM5a, making the
cytoplasmic side of the protein more closed and rigid than that in FocA 11.

The pore for ion permeation, located at the center of each protomer, contains the selectivity
filter formed by a cytoplasmic slit and a periplasmic ring in the middle of the membrane
(Figs. 3a&b). The radius of the cytoplasmic slit measures 0.8 Å which is too small for an
HS− ion (radius 1.7 Å 24) to pass through (Supplementary Figs. 9–11). Therefore, the HSC
channel in the crystal structure is probably in a closed state. As expected from the sequence
conservation in the selectivity filter with that of FocA (Supplementary Fig. 2), the positions
or orientations of key residues changed only slightly in HSC (Supplementary Fig. 10). Such
conservation explains the permeability of HSC to HS−, as well as to formate and nitrite.
When a residue at the cytoplasmic slit or the periplasmic ring is mutated into a smaller
residue—Leu82->Val or Phe194->Ile—the pore size is widened, as shown in the crystal
structures of the mutant protein (Fig. 3b, Supplementary Table 2), and the formate transport
rate of the channel is significantly increased (Fig. 3d). Interestingly, in the crystal structure
of the Leu82Val mutant, electron density was observed in the cytoplasmic slit (Fig. 3c). This
density, heavier than a water molecule—judged by a B-factor fourfold lower than the
surrounding atoms—could be accounted for by a Cl− or an HS− ion. Due to their similar
sizes and chemical properties, it has been previously observed that Cl− and HS− ions often
bind to the same site in protein crystal structures 25.

The observed polyspecificity of HSC is typical for anion channels 26–28, most likely shared
by the FocA and NirC channels as well. Such polyspecific anion recognition is at least
partially due to the diffused nature of the electron cloud of anions 29, in contrast to the point-
like charge properties of cations. In the meantime, each type of HSC channel in this ancient
protein family, coupled with its specific metabolic pathway, is expected to have its own
preference for permeating ions, and that preference is probably due to the small structural
variations in the selectivity filter that we observed here (Supplementary Fig. 10).

The expulsion of toxic levels of HS− from the cytoplasm through HSC needs to be balanced
against the potential risk of the uncoupling of the membrane proton gradient. Freely
diffusible H2S and other weak, short-chain acids will dissociate into an anion and a proton in
the cytoplasm (Fig. 1a). As the anion is expelled, there will be an intracellular net
accumulation of protons. Therefore, the ground state of HSC is likely to be closed and its
opening tightly regulated.

Indeed, the HSC structure we determined at high pH is in its closed state (Fig. 3,
Supplementary Figs. 9–11). We then asked the question, how easily could this channel be
opened? As the homologous FocA channel can be opened by pH or cytoplasmic formate
concentration 11,16, we first investigated possible pH-dependent structural changes of HSC
by determining its crystal structure at pH 7.5 (3.2 Å resolution) and at pH 4.5 (3.0 Å)
(Supplementary Table 2). The protein structures obtained at these neutral and low pHs were
the same as the 2.2 Å structure at pH 9.0 (Supplementary Fig. 12), and the channel remained
closed. We then studied the two salt bridge triads, both of which contain a glutamate residue
that could potentially function as a pH sensor (Fig. 4a–c). When either of the salt bridges
was broken, by mutating Lys16->Ser or Lys148->Glu, the HSC crystal structure did not
change and the channel still remained closed (Supplementary Fig. 13, Supplementary Table
2). Consistent with these structural results, their transport rate did not increase (Fig. 4d).

To determine whether HSC is gated by anion concentration in a similar manner as the V.
Cholerae FocA 11, in which the competition of formate with Thr90 from the Ω loop for
hydrogen bonding to His208 in the selectivity filter opens the channel, we mutated the
equivalent threonine in HSC, Thr84, to an alanine and determined its 2.4 Å crystal structure
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(Supplementary Table 2). This mutant structure did not differ from the closed wild-type
channel, and no increase in transport was detected (Fig. 4d & Supplementary Fig. 14). As
Thr84, Lys16 and Lys148 all line the ion permeation pathway, mutation of these residues
slightly reduced the ion permeation rate of the channel. Therefore, we conclude that the
opening of HSC is indeed tightly regulated and the channel has a much lower open
probability than FocA 11,16.

The low open probability of HSC observed here is consistent with its physiological role in
the cell. The opening of HSC probably requires significant movement of helix 2b. As helix
2b is “held” in space by the cytoplasmic helix N (Fig. 4a), the movement of the latter, for
example, by direct interaction with a cytoplasmic enzyme in the same metabolic pathway,
can trigger the opening of the channel. Of course, we have no evidence for such a
hypothesis, and its validation can only be achieved by further experimentation, which we
expect would reveal greater variations in both the gating mechanism and anionic preference
of FNT channels.

METHODS
Phylogenetic analysis

Phylogenetic data for 474 bacterial and archaeal members of the Formate-Nitrite Transport
family were obtained from the HOGENOM database 30, aligned with program Jalview 31

and plotted with program Archaeopteryx 32. Genomic sequences and operon annotations
were derived from the NCBI Genbank nucleotide database 33.

Bismuth sulfite Agar plate assay
The FNT3/HSC gene was isolated from Clostridium difficile strain 630. The genes for
Clostridium difficile asrA (NCBI ID: 4915353) and asrB (ID: 4915352) were cloned into
pCDFDuet-1 (EMD Biosciences) and the genes for C. difficile asrC (ID: 4915351) and HSC
(ID: 4915350) were cloned into pACYCDuet-1 (EMD Biosciences). Bismuth sulfite agar
plates 20 were freshly prepared following the manufacturer’s protocol and supplemented
with 1 mM Isopropyl β-D-1-thiogalactopyranoside and antibiotics chloramphenical and
spectinomycin. E. coli BL21 (DE3) cells were transformed with the indicated vectors and
streaked, and colonies were allowed to grow at 37 °C for 48 hours. The bismuth sulfite
agar 20 contained the ATP-synthase-inhibitor brilliant green 19 and high concentrations of
SO3

−2. When C. difficile asrABC was induced, E. coli were able to overcome the growth
inhibition by producing ATP via glycolysis by reducing SO3

−2 to H2S.

Whole cell in vivo transport assay
Salmonella typhimurium LT2 was transformed with the HSC gene cloned into a pBAD
vector (Invitrogen). Cells were adapted in MOPS medium supplemented with 10 mM
glucose and thiamine at 1 μg/ml. A fraction of each culture (5 ml) was centrifuged and
resuspended in fresh media supplemented with ampicillin, 0.2% arabinose and either 6 mM
sodium sulfite or 6 mM sodium thiosulfate. Aliquots were incubated at 37°C for 6 hours and
then centrifuged to pellet bacteria. Media was gently poured into an equal volume of sulfide
antioxidant buffer. Exported sulfide was measured using a combination silver-sulfide
electrode (Cole-Palmer). The concentration of sulfide in the medium was determined using
standards of known sodium sulfide concentrations in the same antioxidant buffer.

Protein purification
The gene encoding HSC was cloned into a modified pBAD vector (Invitrogen) creating a C-
terminal TEV-Flag-10xHis fusion protein and transformed into E. coli BL21 plysS (Sigma-
Aldrich) cells 11,34,35. Transformed cells were grown at 37 oC to an OD600 of 1.0 and
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induced with 0.2 % of arabinose for 4 hours. Cells were collected and lysed by passing twice
through an Emulsiflex cell disrupter (Avestin). Lysate was clarified by a low speed spin at
12,000 × g and solubilized with 1% β-dodecyl-maltopyranoside (DDM, Anatrace).
Solubilized lysate was incubated with Ni+2 –NTA resin (Qiagen) and the bound protein was
eluted with buffer containing 1.1% β-octyl-glucopyranoside (OG, Anatrace), 50 mM Tris
8.0, 200 mM NaCl, 300 mM imidazole and 10% glycerol. The protein sample was incubated
with TEV protease overnight to remove the tags, followed by size exclusion
chromatography in Superdex 200 in 25 mM TRIS, pH 6.8, 100 mM NaCl and 1.1% OG.

Mass Spectrometry
The mass of purified HSC protein was determined using matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrometry in the laboratory of Dr. T.
Neubert following published protocols 36–38.

Protein-ion interaction assay
Ion-binding-induced thermostability of purified protein samples was measured using size
exclusion chromatography. Aliquots of 100 mg of Ni+2 –NTA purified protein were
incubated for 10 minutes in a thermocycler at increasing temperatures. Samples were
injected onto a Shodex KW804 analytical size exclusion chromatography column
(Thomson, Clear Brook, VA) on HPLC (Shimadzu, Columbia, MA) equilibrated in 200 mM
Na2SO4, 50 mM Tris pH 8.0, 3 mM NaN3 and 0.05 % DDM. The height of monodisperse
peak was used to quantify the amount of remaining sample. The nominal melting
temperature Tm, defined as the temperature at which 50% of the protein remained soluble,
was calculated by fitting the data to a Boltzmann sigmoidal model in Prism5 (GraphPad
Software, La Jolla, CA). For screening of various compounds, 20 mM of each sodium salt
was added prior to incubation.

Proteoliposome reconstitution and in vitro transport assay
Transport of radiolabeled formate was measured in a concentrative uptake assay 11,22. E.
coli total lipids were aliquoted in chloroform and dried under nitrogen. Following
resuspension in intraliposomal buffer (150 mM sodium formate and 50 mM Tris pH 8.0),
lipids were overlayed with nitrogen, freeze thawed 10 times, vortexed and sonicated to
homogeneity. Proteoliposomes were formed by the addition of 1% OG and Ni+2 –NTA
purified HSC at a protein to lipid ratio of 1:10,000 (w/w). OG detergent was removed by
incubation with 400·mg·ml−1 Bio-Beads SM2 (Bio-Rad) overnight. Proteoliposomes were
then subjected to extrusion through 400-nm membrane filter and then frozen at −20 °C until
use. Concentrated reuptake of formate was initiated by buffer exchanging 200 ml of thawed
proteoliposomes over 2 ml of G50 Sephadex swollen in extraliposomal buffer (150 mM
glutamate, 50 mM Tris pH 8.0). 450 μM 14Clabeled sodium formate (American
Radiolabeled Chemical) was added to the collected proteoliposomes, and the assays were
terminated by centrifuging a 20 ml sample at 1000 × g for 1 minute at each time point
through a G-50 Probequant™ Micro-column (GE Healthcare) to remove the external
radiolabeled formate.

The amount of transported radiolabeled formate was quantified by adding 1 ml of
scintillation fluid to each sample and emitted photons were counted using a Wallac
scintillation counter. For competition assays, increasing concentrations of sodium sulfite,
sodium nitrite or sodium hydrosulfide at 0, 0.15, 0.6, 3 and 15 mM, were added prior to the
addition of radiolabeled formate.
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Protein crystallization
High pH, primitive orthorhombic crystals of HSC were grown using the vapor diffusion
method, by mixing protein at a concentration of 11 mg/ml in a 1:1 ratio with reservoir
solution containing 25–27% (v/v) PEG 400, 100 mM Tris pH 7.0–9.0, 100 mM sodium
sulfite, with or without 50 mM sodium hydrosulfide. Medium pH, monoclinic crystals were
grown in reservoir substituted with 100 mM sodium nitrite, pH 7.5. Low pH, C-centered
orthorhombic crystals were grown in buffer containing 100 mM sodium sulfite, 100 mM
sodium nitrite, 8–10% (w/v) PEG 6000, 100 mM zinc acetate and 100 mM sodium acetate
pH 4.5.

Structure determination
X-ray diffraction data were collected at beamlines X25 and X29 in the National Synchrotron
Light Source of the Brookhaven National Laboratory and 23-ID in the Advanced Photon
Source of Argonne National Laboratory. Images were processed and scaled using the
HKL2000 suite 39. The structure was solved by molecular replacement using the V. cholerae
FocA structure (PDB code 3KLY) 11 as a search model. Models were built using Phenix
Autobuild 40 and manually adjusted using COOT 41. Refinement was carried out using
Phenix Refine 40. Pore size of the channel was calculated using HOLE 42, and structure
figures were generated using the program PYMOL 43

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Genetic analyses and functional characterization of the FNT3/HSC gene and the asrABC
operon. a, Model of the intracellular anion concentrative effect for the weak acid H2S. b,
Genomic organization of FNT and their metabolically related reductase genes.
Representatives are shown for the focA, nirC and FNT3/HSC genes with their respectively
linked operons. c, Phylogentic tree of 474 bacterial and archaeal members of the FNT
family. Branches are colorized based on genetic linkage to metabolic enzymes: pyruvate
formate lyase (pflAB) or formate dehydrogenase (fdhAB) linked genes are colored pink,
nitrite reductase (nirBD) linked genes are colored blue, and sulfite reductase linked genes
(asrABC) are colored green. The FocA protein in archaea is encoded by the fdhC gene. The
gray areas represent FNT family members with no assigned function based on genetic
linkage. d, Bismuth sulfite agar plate assay. Top: vector control, left: asrA, asrB, asrC, right:
asrA, asrB, asrC, FNT3.
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Fig 2.
Binding and transport activity of HSC channel in reconstituted proteoliposomes. a,
Measurements of sulfide concentrations in the media of salmonella transformed with vector
control or vector encoding FNT3. Minimal media was supplemented with either sulfite or
thiosulfate to induce hydrogen sulfide production from either periplasmic thiosulfate
reductase or cytoplasmic sulfite reductase. b, Binding of detergent solubilized and purified
HSC protein to various anions was determined by using thermostability coupled size
exclusion chromatography. Peak heights of recovered samples were plotted against
temperature and fitted to a boltzman-sigmoidal model to determine nominal melting
temperatures. c, Radiolabeled formate uptake in proteoliposomes reconstituted with purified
FNT at pH 8.0 was monitored in a concentrative uptake assay and compared to FocA
activity or vesicle controls. d, Inhibition of radiolabeled concentrative uptake of formate by
the addition of various anions at increasing concentrations. The plotted bar graphs represent
the amount of radiolabeled formate measured at the 10-minute time point for each
concentration of anion tested. The concentration of the competing anions were, 0 mM, 0.15
mM, 0.6 mM, 3 mM and 15 mM. Error bars represent s.e.m. (N = 3).
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Fig 3.
Structural and functional characterization of the ion permeation pathway. a, Structure of a
protomer of HSC overlaid with the pore diameter calculations from HOLE, colorized to
indicate the radius of water, where green is permeable to water and red is impermeable.
Transmembrane helix-2 has been removed for clarity. b, Pore diameter calculations from
HOLE of the crystal structures for each of the two permeation pathway mutations, Leu82Val
and Phe194Ile and wild-type (WT). c, Close up of the electron density observed at the
selectivity filter for the Leu82Val mutant. Purple is the 2Fo – Fc electron density map
contoured at 1.1σ and green is the Fo – Fc difference density map contoured at 3σ. d,
Relative uptake of proteoliposomes reconstituted with purified HSC protein and pathway
mutations. The bar graph represents the 10-minute time point of each concentrative uptake
experiment. Error bars represent s.e.m. (N = 3).
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Fig 4.
Structural and functional characterization of possible gating mechanisms. a, Structure of the
HSC protomer representing possible gating regions. The structure is colorized to show the
two-fold inverted topology. b&c, The Glu-Lys-Asn salt bridge triads, related by a pseudo-
twofold symmetry, help to stabilize the helix-P at the periplasmic side and helix-N at the
cytoplasmic side of the protein. The rotamer that each residue adopts is conserved. d,
Relative uptake of proteoliposomes reconstituted with purified HSC protein and gating
mutations. The bar graph represents the 10-minute time point of each concentrative uptake
experiment. Error bars represent s.e.m. (N = 3).
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