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Abstract 11 

Fluc family fluoride channels protect microbes against ambient environmental fluoride by 12 

undermining the cytoplasmic accumulation of this toxic halide. These proteins are structurally 13 

idiosyncratic, and thus the permeation pathway and mechanism have no analogy in other known 14 

ion channels. Although fluoride binding sites were identified in previous structural studies, it was 15 

not evident how these ions access aqueous solution, and the molecular determinants of anion 16 

recognition and selectivity have not been elucidated. Using x-ray crystallography, planar bilayer 17 

electrophysiology and liposome-based assays, we identify additional binding sites along the 18 

permeation pathway. We use this information to develop an oriented system for planar lipid 19 

bilayer electrophysiology and observe anion block at one of these sites, revealing insights into 20 

the mechanism of anion recognition. We propose a permeation mechanism involving alternating 21 

occupancy of anion binding sites that are fully assembled only as the substrate approaches.   22 

mailto:stockbr@umich.edu
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Introduction 23 

Microbes are protected from the cytoplasmic accumulation of environmental fluoride ion 24 

by export of the toxic anion via fluoride channels known as Flucs [1-3]. These small, 25 

homodimeric ion channels are remarkable proteins in two regards: first, their unusual “dual 26 

topology” architecture, in which the two subunits of the homodimer are arranged antiparallel 27 

with respect to each other [4,5], yielding a double-barreled pair of pores related by two-fold 28 

symmetry [6-9]. Second, the Flucs stand out among anion channels for their extreme substrate 29 

selectivity [5]. In contrast to most characterized families of anion channels, which tend to be 30 

non-selective among anions, and sometimes poorly discriminate against cations, the Flucs are 31 

arguably the most selective ion channels known, with >10,000 fold selectivity against the 32 

biologically abundant chloride [5]. This extreme selectivity prevents collapse of the membrane 33 

potential due to chloride or cation leak through the Fluc channels, which are constitutively open. 34 

Among anion channels, the stringent selectivity displayed by the Flucs is atypical. Most 35 

characterized anion channels handle the most abundant ion in their milieu, usually chloride ion, 36 

and other halides and pseudohalides that might compete with the physiological ion are present at 37 

much lower concentrations. 38 

 Crystal structures of representative Fluc channels from Bordetella pertussis (Fluc-Bpe) 39 

and an Escherichia coli virulence plasmid (Fluc-Ec2) provide an opportunity to understand the 40 

molecular basis for anion permeation in the Flucs [6,10]. The protein possesses two deep, 41 

aqueous vestibules with electropositive character due to an absolutely conserved arginine 42 

sidechain and a deeply buried sodium ion at the center of the protein[9,11]. The structures 43 

captured four electron densities assigned as fluoride ions, two in each pore, positioned near the 44 

center of the protein, some distance from the vestibules. These ions are aligned along the polar 45 

face of TM4, referred to as the polar track. They are located 6-10 Å from the aqueous solution, 46 

with no clear aqueous pathway leading to the external solution. Mutation of the sidechains that 47 

coordinate the proposed fluoride ions inhibits fluoride throughput but does not alter the ion 48 

selectivity of these proteins [6,12]. Thus, characterizing the rest of the fluoride permeation route 49 

is the first step towards identifying the residues responsible for fluoride ion recognition. 50 

 Here we combine x-ray crystallography, planar lipid bilayer electrophysiology, and 51 

liposome flux assays to identify access points to the polar track, including a non-specific anion 52 

binding site at the bottom of the aqueous vestibule. We propose that fluoride ions accumulate in 53 
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this electropositive vestibule before entering the fluoride-selective region of the pore, reprising a 54 

familiar feature of many ion channels. After traversing the polar track, the fluoride ions then 55 

emerge at another point in the opposite vestibule on the opposite side of the membrane, near a 56 

conserved glutamate that plays a role in discriminating against Cl
-
.  57 

 58 

Results 59 

Anions enter the fluoride pathway through the electropositive vestibule 60 

The electropositive vestibule, lined with conserved, polar sidechains, is an obvious 61 

candidate for fluoride entry into the channel. Spherical, non-protein electron densities were 62 

observed in this region, but without additional evidence of anionic character, they were assigned 63 

as water molecules [6]. To test whether any of these densities might better be assigned as anions, 64 

we endeavored to crystallize Fluc channels with bromide (Br
-
), an anomalous scatterer. We were 65 

unable to generate diffracting Fluc-Bpe crystals in the presence of Br
-
, but we were successful in 66 

solving the structure of Fluc-Ec2 in the presence of 100 mM Br
-
 (Table 1). 67 

Anomalous difference maps show two prominent peaks, located in equivalent, non-68 

crystallographic symmetry-related positions at the bottom of the aqueous vestibules (Figure 1A). 69 

These densities are coordinated by a sidechain that is invariant among Fluc channels, Ser81, 70 

along with the highly conserved Thr82 (Figure 1B, upper panel). In maps from previous Fluc-71 

Bpe structures [6], a positive density occupies this same position between the homologous 72 

hydroxyl sidechains (Figure 1B, lower panel). This site is exposed to bulk water in the vestibule, 73 

but is likely to be partially dehydrated, with aliphatic sidechains including Ile48 in close 74 

proximity to the bound bromide ion (Figure 1C).  75 

In order to test whether this anion binding site is part of the fluoride permeation pathway, 76 

we introduced an I48C mutation to Fluc-Ec2 and assessed the effect of modification by a bulky, 77 

anionic, thiol-reactive reagent, MTSES, on fluoride conduction. We performed these 78 

experiments on a C74A background, which behaves like the WT protein in F
-
 efflux assays 79 

(Figure 1-Figure Supplement 1). A second cysteine in the native Ec2 sequence, C16, cannot be 80 

altered without destabilizing the protein. However, this residue is buried at the interface of 81 

helices 1 and 1’, and does not react with thiol reagents in the folded protein. In planar lipid 82 

bilayers, I48C mediates robust fluoride currents, which rapidly diminish by ~50% upon addition 83 

of saturating MTSES to the cis chamber (Figure 1D), consistent with full modification of a cis-84 
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facing thiol in a population of channels with oppositely oriented pores. In contrast, MTSES 85 

addition to channels with WT I48 (C74A background) does not alter the fluoride currents (Figure 86 

1D). We sought to recreate the MTSES block experiment in Fluc-Bpe channels, but we did not 87 

observe efficient labeling of a cysteine introduced at the corresponding position, Ile50. However, 88 

mutation of Ile50 in Bpe to a bulkier tryptophan sidechain diminished the rate of fluoride 89 

transport by ~400-fold in liposome efflux experiments, possibly by sterically hindering fluoride 90 

access to the bottom of the vestibule (Figure 1- Figure Supplement 2).  91 

In order to probe the role of the anion coordinating sidechains in more detail, we mutated 92 

Fluc-Ec2’s bromide-coordinating Ser81 to alanine, threonine or cysteine, and also constructed a 93 

S81A/T82A double mutant. For all four mutants, we measured fluoride channel activity using 94 

either single channel electrophysiology or bulk liposome efflux experiments (Figure 2A, 2B), 95 

and we solved x-ray crystal structures of the mutants together with Br
-
 (Figure 2C). No other 96 

halides or pseudohalides were present in crystallization solutions.  97 

The functional experiments showed that fluoride throughput is inhibited in these mutants. 98 

S81A had a mild effect, with a ~50% decrease in conductance to 3.7 ± 0.4 pS (7 single channel 99 

measurements), compared to 7 pS for the WT protein[5] (Figure 2B). The S81A/T82A double 100 

mutant had a more severe effect, with fluoride throughput diminished to 8530 ± 30 s
-1

, a ~100-101 

fold reduction in the rate (Figure 2A). In accord with the fluoride transport experiments, a strong 102 

anomalous peak persisted in the S81A structure, but was weaker in the S81A/T82A double 103 

mutant (Figure 2C). In both cases, the densities shifted away from the channel center towards the 104 

external solution, moving about 2 Å closer to the vestibule Arg22s. 105 

The S81C and S81T phenotypes were more extreme: for both mutants, fluoride efflux 106 

from liposomes was completely abolished (Figure 2A). From the structural data, it is not readily 107 

apparent why S81T does not transport fluoride. A bromide density is observed in a similar 108 

position, coordinated by the threonine’s hydroxyl, and with similar intensity as wildtype, and the 109 

surrounding residues are not perturbed by this mutation.  110 

In contrast, the structure of S81C provides a possible explanation for the lack of fluoride 111 

transport observed in the liposome flux assays. An anomalous density is present in the vestibule, 112 

but has moved ~2 Å farther up into the aqueous vestibule, relative to the Br
-
 position in the WT 113 

protein (Figure 2D). We posit that the electropositive environment of the vestibule perturbs the 114 

cysteine pKa such that it is deprotonated at the pH of these experiments (pH 9 in the crystal 115 
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structure, and pH 7.5 in the liposome flux experiments). The pKa prediction software PropKa 116 

reinforces this possibility, calculating an approximate pKa value of ~6 for S81C in the crystal 117 

structure of this mutant [13].  To test this idea explicitly, we monitored currents mediated by Ec2 118 

S81C in planar lipid bilayers as a function of changing pH. Whereas fluoride currents were near 119 

zero at pH 7.4, currents increased dramatically when the pH was decreased to 5.5 (Figure 2E, 120 

Figure 2F, Figure 2- Figure Supplement 1). The increase in F
-
 currents was fully reversible with 121 

pH, and WT activity was not altered by changing pH over this range. The analogous mutation in 122 

Fluc-Bpe channels, S83C, exhibits similar pH sensitivity (Figure 2E, Figure 2F, Figure 2- Figure 123 

Supplement 1). 124 

Taken together, these experiments show that the anion binding site at the bottom of the 125 

vestibule is on the pathway for fluoride permeation. This anion binding site is located 126 

immediately adjacent to one of the fluoride ions in the polar track, and we imagine fluoride ions 127 

enter the vestibule, become dehydrated, before eventually being stripped of water entirely as the 128 

ion is translocated from the bottom of the vestibule to the polar track. Translocation between the 129 

vestibule and the polar track must contribute to anion selectivity since the bromide anomalous 130 

density is observed in the former location, but never the latter. However, we could not detect any 131 

change in chloride transport by these mutants (Figure 2-Figure Supplement 2), motivating us to 132 

search for additional pore-lining sidechains on the opposite end of the pore. 133 

 134 

A trio of sidechains defines the opposite end of the pore 135 

 To identify additional pore-lining sequences, we began by analyzing the sequences of the 136 

eukaryotic relatives of the homodimeric bacterial Flucs, known as FEX proteins [14]. Whereas 137 

the bacterial Flucs assemble as dual-topology homodimers with a pair of symmetry-related 138 

pores, the eukaryotic fluoride channels are expressed as a two-domain single polypeptide with a 139 

linker helix that enforces antiparallel topology of the domains [15]. In the FEX proteins, this 140 

ancient fusion event has permitted drift of redundant sequences, including degradation of one of 141 

the two pores [16]. A clear pattern has been identified in which residues that line one pore 142 

(mostly, but not entirely, from the C-terminal domain) are highly conserved, whereas the 143 

corresponding residues from the second, vestigial pore (mostly, but not entirely, from the N-144 

terminal domain) have drifted [6,15,16]. We reasoned that other amino acids that follow this 145 

pattern of conservation and degradation might be expected to also contribute to the pore.  146 
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We selected representative eukaryotic FEX proteins from yeasts and plants, and aligned 147 

the N- and C- terminal domains with the sequence of Fluc-Bpe in order to identify residues that 148 

follow eukaryotic pore conservation patterns (Figure 3A). We chose Fluc-Bpe for this analysis 149 

rather than Fluc-Ec2, because Fluc-Bpe has higher sequence homology to the eukaryotic FEX 150 

domains. We identified three additional residues that follow the same pattern of conservation as 151 

other pore-lining sequences: a threonine, a tyrosine, and a glutamate (blue highlighting in 152 

alignment). In the Fluc-Bpe structure, the homologous three sidechains (Thr39, Glu88, and 153 

Tyr104) associate within hydrogen bonding distance of each other; one contributed by each pore-154 

lining helix, TM2, TM3, and TM4. They are positioned near the protein’s aqueous vestibules, 155 

and Tyr104 is also within hydrogen bonding distance of a fluoride ion within the pore (Figure 156 

3B).  157 

These residues are well-conserved among Flucs more generally [17]. From an alignment 158 

of all homodimeric Fluc sequences in the PFAM database[18], we found that Thr39 is conserved 159 

in ~95% of the sequences we studied, Glu88 is conserved in >85% of sequences (~10% Asp, and 160 

~ 5% Gln), and Tyr104 is conserved in 55% of sequences (~35% Asn, ~15% Ser). The strong 161 

conservation of these residues across multiple kingdoms, the asymmetric distribution among 162 

eukaryotic domains that is consistent with other pore-lining sequences, and their close spatial 163 

relationship to one another motivated further functional analysis of this molecular triad.  164 

T39 and Y104 proved sensitive to mutagenesis, and only conservative mutations were 165 

permitted at these positions. Using bulk liposome efflux assays as a binary measurement of F
-
 166 

transport, we found that we obtained transport-competent mutants when Thr39 was replaced by 167 

Ser, but not Val, Asn, Ala, or Cys (Figure 3-Figure Supplement 1). When Tyr104 was replaced 168 

by Phe, robust fluoride efflux activity was observed, but mutants with Ser, His, or Ile in this 169 

position all had anemic fluxes in the range of 100 ions/sec (Figure 3-Figure Supplement 1). 170 

Glu88 was somewhat more permissive: Ala, Asp, and Gln were all tolerated, but not Lys (Figure 171 

3-Figure Supplement 1). To experimentally probe whether Glu88 is in the anionic carboxylate 172 

form or protonated at pH 7, we performed bilayer experiments in which we recorded currents at 173 

pH 7 and then raised the pH in a stepwise fashion to pH 8.7. We observed reduced fluoride 174 

currents as pH was increased, but the difference in these effects between channels bearing Glu 175 

and Gln at position 88 was minimal (Figure 3-Figure Supplement 2). Since changing the 176 

protonation state of an acidic sidechain along the permeation pathway would be expected to have 177 
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substantial ramifications for fluoride currents, these experiments suggest that the protonation 178 

state of Glu88 does not change as the pH is increased from 7 to 8.7, and therefore that the pKa of 179 

E88 falls below ~6.5 or above ~9. A pKa perturbation of a glutamate to >9 would be quite 180 

unusual, and we argue that it is more likely that Glu88 is not protonated at physiological pH. In 181 

agreement with this interpretation, Propka calculates an approximate pKa for Glu88 of 5.7 [13]. 182 

Those triad mutants that permitted fluoride transport in efflux assays were also assessed 183 

using single channel electrophysiology (Figure 3C, D). T39S, E88D, Y104F retained F
-
 184 

conductance at least 75% of WT levels, and we do not interpret these differences as 185 

mechanistically important. In contrast, E88Q exhibited currents one fifth of the wildtype levels, a 186 

more substantial difference that is also statistically significant at p<.0001 (unpaired t-test). T39S 187 

and Y104F both showed differences in dynamic behavior compared to WT Fluc-Bpe proteins, 188 

which are constitutively open and show no closures or sub-conductance states. T39S undergoes 189 

long periods of robust throughput (o = 9.2 ± 0.2 s), punctuated by brief channel closures (c = 190 

35.3 ± 0.4 ms) (Figure 3D). Y104F was more dynamic, with shorter open intervals (o = 1.9 ± 191 

0.2 s and c = 33.2 ± 2.5 ms) (Figure 3D, inset). Thus, single-channel recordings suggest that one 192 

role of the triad is to stabilize the three pore-lining helices in an open, fluoride-conducting 193 

conformation. Upon addition of channel-binding monobodies [4,9], familiar current block is 194 

observed, indicating that despite the increased conformational flexibility, the structure of the 195 

channel is not perturbed to a significant extent (Figure 3-Figure Supplement 3). 196 

 197 

Anion recognition at the triad 198 

None of the fluoride-conductive mutants constructed thus far transports chloride ion, as probed 199 

using our most sensitive metric of chloride transport, liposome efflux assays (Figure 4-Figure 200 

Supplement 1). However, we noticed that halides and pseudohalides inhibit fluoride currents 201 

with a wide range of potencies (Figure 4A, Table 2). The recognition series (OCN
- 
> SCN

- 
> 202 

NO3
- 
> Cl

-
) deviates from common determinants of anion selectivity, such as anion radius, 203 

Ghydration, GBorn or the lyotropic (Hofmeister) series (Table 3, Figure 4-Figure Supplement 2). 204 

In these titrations, full inhibition of the fluoride currents is not achieved. The inhibitory effects 205 

are best fit by a two-site binding isotherm, with weak binding to a second site (Table 2). Because 206 

the Fluc channel possesses a pair of antiparallel pores, the observed behavior might reflect anion 207 

interactions at both the vestibule and triad sides of the channel. In order to separate the effects of 208 
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anion block at these two positions, and to better quantify the affinity, we exploited the S83C 209 

vestibule mutant described in Figure 2E by recording channels under asymmetric pH conditions. 210 

The cis side of the bilayer was maintained at pH 7.5, silencing any pore with a cis-facing 211 

vestibular S83C. The trans side of the bilayer was adjusted to pH 5.5, so that pores with a trans-212 

facing vestibular S83C retained WT-like function (Figure 4B).  213 

With this oriented system, we tested the effect of OCN
-
 and Cl

-
 addition to the cis (pH 214 

7.5) side of the bilayer, isolating anion interactions at the side of the pore defined by the T-E-Y 215 

triad. In OCN
-
 titration experiments, currents were reduced almost to the zero-current level at 30 216 

mM OCN
-
, showing that the higher-affinity OCN

-
 binding site is on the triad side of the pore 217 

(Figure 4C). Using the oriented system, we performed OCN
-
 addition experiments in the 218 

presence of 30-300 mM F
-
. The apparent affinity of OCN

-
 increased as F

-
 concentration 219 

decreased, showing that binding and inhibition at the triad site is competitive with fluoride 220 

(Figure 4D). For both OCN
-
 and Cl

-
, block of the fluoride currents was well approximated by a 221 

single site binding isotherm that saturates at full inhibition, although we did not perform 222 

experiments at the ~molar Cl
-
 concentrations that would be required to fully block currents 223 

(Figure 4E, Figure 4-Figure Supplement 3, Table 2). In contrast, fits to the data with the two-site 224 

binding model used for the dual topology WT channels were poor. Under our usual experimental 225 

conditions with 300 mM F
-
, fit to a single site binding isotherm yielded Ki values of ~400 mM 226 

for chloride, the most abundant biological halide, and 8 mM for OCN
-
, in very good agreement 227 

with the value estimated from the dual topology WT channels (Table 2). Although OCN
-
 blocked 228 

Fluc-Bpe with relatively high affinity, liposome flux experiments showed that OCN
-
 is not 229 

permeant (Figure 4-Figure Supplement 4). 230 

It is notable that one of the participants in the triad, E88, is itself an anion. In order to 231 

understand the interplay between the E88 carboxylate and the blocking anions, we mutated E88 232 

to glutamine on the S83C background and measured fluoride current inhibition by Cl
-
 and OCN

-
. 233 

The appreciable ~60-fold difference in Cl
-
 and OCN

-
 block characteristic of WT channels is 234 

almost eliminated for E88Q channels, which display only ~4-fold difference in Cl
-
 and OCN

-
 235 

affinity (Figure 4F, Figure 4-Figure Supplement 5, Table 2). This effect is almost entirely due to 236 

10-fold less potent block of E88Q by OCN
-
. Qualitatively similar results were obtained for SCN

- 
237 

block of randomly oriented WT and E88Q channels (Figure 4-Figure Supplement 6). Even if we 238 

are cautious in quantifying the effect because Cl
-
 block cannot be measured to saturation, a 239 
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qualitative reading of these experiments suggests that Glu88 contributes to anion recognition at 240 

the end of the pore defined by the T-E-Y triad. 241 

 242 

Discussion 243 

The vestibule end of the pore  244 

In this work, we fuse electrophysiology, X-ray crystallography, and liposome flux assays 245 

to identify the routes by which fluoride ions access the previously identified fluoride binding 246 

sites along the polar track of Fluc homologues Fluc-Bpe and Fluc-Ec2. One anion binding site, 247 

identified by the anomalous diffraction of Br
-
 in the Fluc-Ec2 homologue, is located at the 248 

bottom of the electropositive vestibule and is sensitive to mutagenesis as well as modification of 249 

a nearby sidechain with the bulky thiol-reactive anion MTSES. Moreover, conversion of a serine 250 

from this anion binding site to a cysteine introduces a strong pH-dependence to the fluoride 251 

channel activity, demonstrating that this position comprises part of the permeation pathway. Ion 252 

accumulation in aqueous entryways is a well-characterized feature of many ion channels, serving 253 

to increase the rate at which ions process to the constricted selectivity filter [19-21].  254 

We speculate that the vestibule serine (S81 in Fluc-Ec2/S83 in Fluc-Bpe), which is 255 

absolutely invariant in Fluc channels, plays a central role in fluoride access to the dehydrated 256 

polar track. It is worth noting that a rotamerization of the vestibule serine would bring this 257 

sidechain within hydrogen bonding distance of one such polar track fluoride position, F1 (Figure 258 

5, right panel). A mechanism involving translocation of fluoride ions by rotamerization of amino 259 

acid sidechains lining the pore has been proposed for the Fluc channels previously, and would be 260 

consistent with the measured conductance of these proteins[6,12]. Since threonine enjoys less 261 

conformational flexibility than serine, such a mechanism might explain why S81T is non-262 

functional in Fluc-Ec2, and why the Ser to Thr substitution has not arisen over evolutionary time 263 

in any Fluc channel. The hydrogen bond between the fluoride and the vestibule serine seems to 264 

be dispensable, and mutant channels with an alanine at the position retain robust fluoride 265 

currents. Similarly, conversion of polar track residues to alanine also had mild consequences for 266 

Fluc-Ec2[12]. We note that, in experiments to monitor fluoride currents, especially single 267 

channels, saturating fluoride concentrations and high potentials are required due to the channels’ 268 

relatively low conductance. We speculate that these mutants might have more drastic 269 

consequences at the low mM fluoride concentrations typical in the biological context.  270 
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The T-E-Y triad end of the pore 271 

Based on sequence analysis and site-directed mutagenesis, we have also identified the 272 

opposite end of the pore, which, in Fluc-Bpe, is defined by a hydrogen-bonded trio of conserved 273 

sidechains, T39, Y104, and E88, contributed by each of the three pore-lining helices. We 274 

propose that, in the resting state of the channel, the E88 carboxylate resides in the position 275 

observed in the crystal structures (Figure 5, right panel). (In structures, this position is 276 

additionally enforced by monobody binding). E88 is stabilized in this position by the positive 277 

dipole of helix 3b and hydrogen bond donors T39 and Y104, where it helps compensate the 278 

otherwise positive electrostatics of the unoccupied channel. We suggest that when F
-
 is present, 279 

the permeant anion electrostatically repels the E88 carboxylate, perhaps competing for the same 280 

binding site at the top of helix 3b (Figure 5, left panel).  281 

Other anions are also able to compete for this site in the permeation pathway, 282 

competitively inhibiting fluoride currents when bound. We observed that, for a series of halides 283 

and pseudohalides, the selectivity series is correlated to the pKa of the conjugate acid (Table 3, 284 

Figure 4-Figure Supplement 2); we propose that pKa is actually a proxy for the anion’s strength 285 

as a hydrogen bond acceptor (basicity). Although pKa and basicity are not strictly correlated 286 

across anion types, the properties are relatively well correlated within a single anionic series, 287 

such as the halide/pseudohalide series tested here[22,23]. Thus, we suggest that an anion’s 288 

propensity to serve as a hydrogen bond acceptor contributes to its recognition by the Flucs, 289 

helping to explain the channel’s remarkable indifference to Cl
-
,
 
the fluoride ion’s most 290 

biologically relevant competitor. In contrast to Cl
-
, and like OCN

-
, F

-
 is a famously strong 291 

hydrogen bond acceptor.  292 

Proposed mechanism of fluoride permeation 293 

For all of Fluc’s idiosyncrasies, we propose a mechanism with much in common with 294 

other well-characterized ion channels (Figure 5). The negative charge of the fluoride ions is 295 

counterbalanced by the protein’s few positive charges, the vestibule arginines and the structural 296 

central Na
+
. Experiments have shown that both pores are functional for F

-
 permeation[7], but it 297 

seems highly unlikely that all six anion positions (three anions in each of two pores) are 298 

simultaneously occupied. Rather, we imagine a scenario of alternating occupancy, as proposed 299 

for other multi-ion pores, in which a fluoride moving into one binding site electrostatically 300 

hastens its neighbor into the next position in the sequence. We propose that the densities 301 
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observed in the crystal structure either represent partially occupied fluoride sites, or that the 302 

monobodies used as crystallization chaperones alter the electrostatic landscape in the pore, 303 

increasing ion occupancy. Indeed, in crystal structures of Fluc-Bpe with monobody occupying 304 

only one side of the channel, each pore contained only one fluoride density, rather than two, in 305 

the polar track[11].  306 

In Figure 5, the starting configuration (left panel) shows a F
- 
bound in the site identified 307 

by anomalous scattering, at the bottom of the vestibule, labelled F0. We propose that as 308 

additional fluoride ions enter the electropositive vestibule, the fluoride ion at F0 is 309 

electrostatically repelled, providing energy for desolvation and translocation into the narrowest 310 

part of the channel at position F1 (Figure 5, right panel). But the F1 binding site is not pre-311 

assembled: rotamerization of the vestibule serine (S83 in Fluc-Bpe), which is possible with 312 

serine but not threonine, accompanies the lateral movement of the anion. Other sidechains have 313 

also been proposed to adopt new rotameric conformations in order to ligand the anion at F1, 314 

including N43[6] and S84[12]. Thus, we propose that the F1 binding site is assembled 315 

simultaneously with its occupation by fluoride. The rotamerization of channel sidechains to 316 

accompany ions through the pore has been proposed for other channels as well, including the 317 

Orai and voltage-gated calcium channels[24,25]. 318 

We imagine that this configuration is short-lived: a new fluoride ion can settle into the 319 

deep vestibule F0 site, the fluoride at F1 moves farther down the channel to F2, and the S83 320 

sidechain returns to its position facing the vestibule. The binding site at F2 is in close proximity 321 

to the E88 carboxylate; the electrostatic conflict could be resolved if E88 swings out into 322 

solution, allowing the fluoride at F2 to exit the channel, having now traversed the bilayer 323 

(whereby E88 could then resume its position at the pore exit without conflict). We show that the 324 

E88Q mutant reduces both fluoride currents and block of fluoride currents by OCN
-
. We propose 325 

that both behaviors arise because the mutant sidechain, which does not bear a negative charge, is 326 

not as easily dislodged from the binding site via electrostatic conflicts with the permeant fluoride 327 

or the cyanate blocker.  328 

This proposed mechanism introduces several previously unrecognized amino acids 329 

involved in fluoride permeation, and extends the pathway to the aqueous solutions on both sides 330 

of the bilayer. It also explains the evolutionary conservation and physiological consequences of 331 

mutation described for conserved sidechains, including the invariant serine (position S81 in Ec2 332 
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or S83 in Bpe) and triad glutamate (position E88 in Bpe) [15,16]. And while these experiments 333 

provide the first hints of a molecular mechanism for anion recognition by the Flucs, they also 334 

emphasize how robust the channel’s anion selectivity is. Despite dozens of point mutations to 335 

two homologues, alone and in combination (summarized in Figure 5-Figure Supplement 1 and 336 

Table 4), no mutant that permits the
 
permeation of any other anion has been reported yet. It may 337 

be that there is no unique selectivity filter, but that several regions of the channel work together 338 

to achieve selectivity, so that abolishing anion selectivity requires destruction of the channel 339 

itself. Alternatively, channel selectivity might be achieved by matching the number of available 340 

ligands in the pore to the preferred coordination number of the anion, as has been proposed for 341 

K
+
 channels[26,27]. F

-
 is a superlative in this regard, requiring fewer ligands than any other 342 

anion. If this is the case, relaxing the selectivity might require adding coordinating ligands along 343 

the pore, which would be difficult to accomplish with site-directed mutagenesis alone. Indeed, 344 

even accounting for the addition of coordinating ligands via sidechain rotamerization, the F1 and 345 

F2 sites have relatively small coordination numbers (~4 including the phenylalanine ring edges). 346 

Chloride, in contrast prefers at least 6 ligands in its coordination sphere[27-30].  347 

As a rare example of an anion channel required to select against the biologically 348 

dominant anion, the Fluc channels present an excellent case study of biochemical anion 349 

recognition. But the Fluc channel’s stringent anion recognition, as quantified here, is 350 

physiologically essential, too. In electrophysiology experiments, in the presence of saturating 351 

300 mM F
-
, the apparent Ki values for block by Cl

- 
and other anions are correspondingly low. 352 

But in the bacterial cytoplasm during a F
-
 challenge, with F

-
 ion between 100 μM and 10 mM[2], 353 

and Cl
-
 ion between 10 and 100 mM[31], even a small increase in the inhibitory effects of Cl

- 
354 

would represent a serious challenge to the efficacy of these channels and the survival of the 355 

bacteria.  356 

 357 

Materials and Methods: 358 

Key Resources Table: 359 

Key Resources Table 
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Reagent type 
(species) or 
resource 

Designation Source or 
reference 

Identifiers Additional 
information 

Gene 
(Bordetella 
pertussis) 

Fluc-Bpe NCBI WP_0038186
09.1 
 

Bears 
mutation 
R28K to 
increase 
yield 
(PMID: 
26344196) 

Gene 
(Escherichia coli 
virulence 
plasmid) 

Fluc-Ec2 NCBI WP_0013182
07.1 

Bears 
mutations 
R25K to 
increase 
yield (PMID: 
26344196). 
For cysteine 
modification 
experiments, 
C74A (this 
paper — see 
Figure 1-
Figure 
Supplement 
1 ). 

Recombinant 
DNA reagent 

Fluc-Bpe in 
pET21a 
(plasmid) 

PMID: 
26344196 

 Expression 
vector for 
Fluc-Bpe. 
Available 
upon 
request. 

Recombinant 
DNA reagent 

Fluc-Ec2 in 
pET21a 
(plasmid) 

PMID: 
26344196 

 Expression 
vector for 
Fluc-Ec2. 
Available 
upon 
request. 

Chemical 
compound, drug 

Isethionic 
acid 

Wako 
Chemicals, 
Richmond VA 

107-36-8  
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Chemical 
compound, drug 

MTSES Toronto 
Research 
Chemicals 

S672000  

Chemical 
compound, drug 

E. coli polar 
lipids 

Avanti, 
Alabaster, AL 

#100600C   

Chemical 
compound, drug 

n-decyl- -
D-
maltopyrano
side 

Anatrace, 
Maumee, OH 

D322  

Other Monobodies 
S9 and S12 

PMID: 
25290819 

 Purified from 
E.coli 
according to 
protocol 
described in 
reference. 
PMID: 
25290819 

 360 

Chemicals and Reagents: 361 

Potassium isethionate was prepared from isethionic acid (Wako Chemicals, Richmond, VA). 362 

Detergents were from Anatrace and lipids from Avanti Polar Lipids. MTSES ((2-363 

sulfonatoethyl)methanethiosulfonate) was from Toronto Research Chemicals. 364 

Protein expression, purification, and reconstitution: 365 

Mutant channels were constructed using standard molecular biology techniques and verified by 366 

sequencing. All constructs bore functionally neutral mutations R25K (Fluc-Ec2) or R28K (Fluc-367 

Bpe), which increase protein yield[6]. Constructs that introduced a cysteine (Ec2-I48C and Ec2-368 

S81C) also bore the mutation C74A. WT Fluc-Bpe is cysteine-free. Histidine-tagged Fluc-Bpe 369 

and Fluc-Ec2 were expressed in E. coli and purified via cobalt affinity chromatography 370 

according to published protocols[4,6,11]. The buffer for the final size exclusion step was 100 371 

mM NaBr, 10 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), pH 7 for 372 

crystallography applications, or 100 mM NaCl, 10 mM HEPES pH 7 for functional 373 

reconstitution. For reconstitution, proteins were mixed with detergent-solublized E. coli polar 374 
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lipids (Avanti Polar Lipids, 10 mg/mL) at a ratio of 0.1 g protein/mg lipid for single channel 375 

bilayer electrophysiology, 0.2 g protein/mg lipid for liposome flux experiments, or 5 g 376 

protein/mg lipid for macroscopic bilayer experiments. The protein/detergent/lipid mixture was 377 

dialyzed for 36 hours (6 L buffer per 50 mg lipid over 3 buffer changes). Proteoliposomes were 378 

stored at -80 °C until use, at which point the suspension was freeze/thawed three times and 379 

extruded 21 times through a 400 nm filter to form liposomes. 380 

X-ray crystallography: 381 

After purification, monobody S9 and Fluc-Ec2 were mixed in a 1:1 molar ratio as described[6]. 382 

For the Ec2-S81C. The protein mixture was used to set up sitting drop vapor diffusion crystal 383 

trays with a 1:1 mixture of protein solution and mother liquor. Crystals formed in either 0.1 M 384 

glycine, pH 8.7-9.2, 31-36% PEG 600 or 0.1 M ammonium sulfate, 0.1 M N-(2-385 

Acetamido)iminoacetate (ADA) pH 6-6.5, 31-36% PEG 600 over 3-7 days, and were frozen in 386 

liquid nitrogen prior to data collection at 13.5 keV at the Life Sciences Collaborative Access 387 

Team beamline 21-ID-D at the Advanced Photon Source, Argonne National Laboratory. Phases 388 

were calculated by molecular replacement with Phaser[32] using Fluc-Ec2 and the monobody S9 389 

as search models (pdb:5A43), followed by refinement with Refmac[33] and Phenix[34] and 390 

model building in real space with Coot[35]. 391 

Planar lipid bilayer electrophysiology: 392 

Experiments were performed as described previously[5]. Electrophysiological recordings were 393 

acquired at a holding voltage of -200 mV, electronically filtered at 1 kHz during acquisition and 394 

digitally filtered to 500 Hz for analysis. Solutions in the cis and trans chambers varied as 395 

described in the text. Typical solutions contained 300 mM NaF with 10 mM 3-396 

morpholinopropane-1-sulfonic acid (MOPS), pH 7. For MTSES and anion block experiments, 397 

the sodium salt of each anion was prepared as a concentrated solution in 300 mM NaF and 10 398 

mM MOPS pH 7 and added to the cis chamber to 1 mM with thorough manual mixing. For 399 

experiments in which the pH was varied, recording buffers additionally contained 10 mM 2-(N-400 

morpholino)ethanesulfonic acid (MES, for pH 5.5 experiments) or 10 mM glycine (for pH 9 401 

experiments). A pre-determined aliquot of dilute isethionic acid or NaOH was added to adjust 402 

the pH in the cis chamber, and the final pH value was confirmed after each experiment. Because 403 

HF has a pKa of 3.4, and is extremely hazardous, we avoided lowering the pH of fluoride 404 

solutions below 5.5. Macroscopic bilayer recordings shown are representative of 3-7 independent 405 
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bilayer experiments, and single channel experiments are from 9-17 independent channel fusions 406 

for each mutant. All constructs used for electrophysiology experiments were purified from at 407 

least two independent protein preparations, and no prep-to-prep variation was observed. 408 

Fluoride efflux from liposomes: 409 

Fluoride efflux from liposomes was monitored using a fluoride-selective electrode as described 410 

previously[36]. Intraliposomal solution contained 300 mM KF, 10 mM Na
+
 isethionate, 10 mM 411 

HEPES-KOH, pH 7. The external solution was exchanged by passing liposomes over a 412 

Sephadex G-50 spin column equilibrated in 300 mM K
+
 isethionate, 10 mM Na isethionate, 10 413 

mM HEPES-KOH, pH 7. Proteoliposomes were diluted 20-fold in matching buffer and fluoride 414 

efflux initiated by addition of 1M valinomycin. At the end of the experiment, remaining 415 

encapsulated fluoride was released from the liposomes by addition of 50 mM n-octyl--D-416 

glucoside. Fluoride efflux was normalized against total encapsulated fluoride. In most cases, the 417 

result of this assay is binary: either the mutant has no activity relative to background leak (<100 418 

ions/s) or the rate of fluoride efflux exceeds the response time of the electrode (>10
4
 ions/sec). 419 

Efflux experiments were performed 3-6 independent times, with replicates derived from at least 420 

two independent protein preparations. In all cases of a binary result (no activity or >10
4
 ions/sec) 421 

all replicates were in agreement (Table 5). Light scattering experiments (Figure 4-Figure 422 

Supplement 3) were performed as previously described[37]. Proteoliposomes containing 300 423 

mM KF, KCl, or KOCN and 10 mM HEPES pH 7 were diluted in assay buffer (300 mM K
+
 424 

isethionate, 10 HEPES pH 7). 90° light scattering was monitored at 550 nm upon addition of 425 

valinomycin (0.1 g/mL final concentration).  426 
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 450 

Figure 1. An anion binding site in the Fluc channel vestibule. A. Structure of Fluc-Ec2 with 451 

Br
-
. Monomers are shown in maize and blue, with fluoride ions as pink spheres, sodium as a gray 452 

sphere, and anomalous difference map shown as orange mesh, contoured at 5. Zoomed-in 453 

views depict Br
-
 as orange spheres, with aqueous vestibule indicated by blue mesh, and vestibule 454 

arginines shown as sticks. B. Comparison of vestibule anion binding site for Fluc-Ec2 (top) and 455 

Fluc-Bpe (bottom; PDB: 5NKQ). For Fluc-Ec2, the Br
-
 anomalous difference map is displayed 456 

as orange mesh and contoured at 5. For Fluc-Bpe, the Fo-Fc map is displayed as green and 457 

contoured at 3. 2Fo-Fc electron density is shown for sidechains and displayed as grey mesh, 458 

contoured at 2. C. Additional views of the Br
- 
binding site in Fluc-Ec2, with Ile48, Ser81, and 459 

Thr82 shown as sticks. D. Electrical recordings for multichannel bilayers of Fluc-Ec2 I48C and 460 

WT Fluc-Ec2. Dashed line indicates zero current level. Saturating MTSES was added at the 461 

indicated time. Regions of the recording with electrical noise from mixing are colored light gray 462 

to assist with figure interpretation. Traces are representative of data collected from five 463 

independent bilayers. Right panel, normalized current after MTSES addition. Replicates from 464 

two independent preps are shown in black or white. Average current change for Ec2 I48C upon 465 

MTSES addition (mean ± SEM from 5 bilayers): 56 ± 3% decrease. Current change for Ec2 WT 466 

upon MTSES addition (mean ± SEM from 5 bilayers): 0.7 ± 1.7% increase. 467 

Figure 1-Source Data 1. Measurements of current decrease upon MTSES addition.  468 

Figure 1-Source Data 2. Fluoride efflux measurements for Bpe-I50W. 469 
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 470 

 471 

Figure 2. Mutagenesis of vestibule anion binding site. A. Fluoride efflux from liposomes 472 

monitored with a fluoride-selective electrode: WT Fluc-Ec2 (grey), S81A (green), S81A/T82A 473 

(blue), S81T (red), and S81C (purple). Efflux initiated by the addition of valinomycin (black 474 

triangle). After reaching steady state, remaining encapsulated fluoride was released by detergent 475 

addition (open triangles). Each trace is normalized against total encapsulated fluoride. Traces are 476 

representative of results from at least two independent biochemical purifications. Results from 477 

all replicates are tabulated in Table 5. B. Representative single channel recording of S81A in the 478 
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presence of blocking monobody to identify the zero-current level (dashed line). C. Bromine 479 

anomalous difference maps for S81A, S81A/T82A, S81T, and S81C contoured at 5 The frame 480 

around each panel is colored as in panel A. D. Comparison of the position of the Br
-
 density in 481 

S81C (orange sphere) and WT Ec2 (dashed orange circle). E. Left panels, fluoride currents 482 

mediated by Ec2-S81C, WT Ec2, and Bpe-S83C channels. pH was adjusted during the 483 

experiment as indicated. Regions of the recording with electrical noise from mixing are colored 484 

light gray to assist with figure interpretation. Traces are representative of recordings from 3-6 485 

independent bilayers. Additional replicate traces can be found in Figure 2-Figure Supplement 1. 486 

F. Summary of all replicates of experiments shown in panel E. Values are normalized against the 487 

maximum steady state current (5 second average) measured at pH 5.5 for that trace. Black and 488 

white points indicate different protein preparations. 489 

Figure 2-Source Data 1. Fluoride efflux data. 490 

Figure 2-Source Data 2. Single channel measurements of S81A. 491 

Figure 2-Source Data 3. Normalized currents for Ec2-S81C, Ec2, and Bpe-S83C as a 492 

function of pH.  493 

Figure 2-Source Data 4. Electrophysiological recordings of Ec2-S81C, Ec2, and Bpe-S83C 494 

as a function of pH. 495 

Figure 2-Source Data 5. Chloride efflux data. 496 

  497 
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 498 

Figure 3. Identification and characterization of triad residues. A. Sequence alignment of 499 

Fluc-Bpe with N- and C-terminal domains or representative eukaryotic fluoride channels. 500 

Invariant pore-lining residues are shown in yellow. Pore-lining residues that are conserved in 501 

only one pore of the eukaryotic FEX channels are highlighted in blue. Residue numbering from 502 

Fluc-Bpe is shown (note that S83 in Fluc-Bpe is equivalent to S81 in Fluc-Ec2). B. Structure of 503 

Fluc-Bpe (PDB: 5NKQ) with triad residues indicated as sticks, aqueous vestibule as mesh, and 504 

fluoride ions as pink spheres. C. Single channel currents for WT Fluc-Bpe and indicated mutants 505 

measured at a holding voltage of 200 mV. Error bars represent the mean and SEM. Black and 506 

white points indicate different protein preparations. D. Representative single channel 507 

electrophysiological recordings for WT Fluc-Bpe, Bpe T39S, and Bpe-Y104F.  508 

Figure 3-Source Data 1. Single channel current measurements. 509 

Figure 3-Source Data 2. Single channel recordings of Bpe-WT, Bpe-T39S, and Bpe-Y104F. 510 

Figure 3-Source Data 3. Fluoride efflux data. 511 

Figure 3-Source Data 4. pH dependence of WT and E88Q (oriented channels) 512 

Figure 3-Source Data 5. Monobody block of T39S and Y104F. 513 



 22 

 514 

Figure 4. Inhibition of Fluc-Bpe and Fluc-Bpe E88Q currents by halides and 515 
pseudohalides. A. Fraction of blocked current as a function of anion addition. The solid lines 516 

represent fits to a 2-site binding isotherm, constrained so that the maximum PB for each site is 517 

0.5. In this model, anions bind to single sites that are located on opposite sides of the dual 518 

topology pores. Ki values for fits are reported in Table 2. Data collected from three independent 519 

bilayers. Where present, error bars represent SEM of independent replicates. B. Cartoon of 520 

strategy for orienting Bpe channels for anion block experiments. Gray area indicates aqueous 521 

vestibules. Sidechains E88 and S83C are shown as sticks. C. Representative electrical recording 522 

showing OCN
-
 addition to fluoride currents mediated by oriented Bpe S83C channels. The zero-523 

current level is indicated with a dashed line. Cyanate additions are indicated by the arrows. 524 

Regions of the recording with electrical noise from cyanate addition and mixing are colored light 525 

gray to assist with figure interpretation. D. Lineweaver-Burke analysis of OCN
-
 block as a 526 

function of F
-
 concentration. Dashed lines represent linear fits to the data. All measurements 527 
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performed in triplicate from independent bilayers; where not visible, error bars are smaller than 528 

the diameter of the point. E-F. Fraction of blocked current in S83C (E) or S83C/E88Q (F) 529 

oriented channels as a function of anion addition. Points and error bars represent the mean and 530 

SEM from three independent bilayers. Where not visible, error bars are smaller than the diameter 531 

of the point. Solid lines represent fits to single-site binding isotherm with PB,max = 1. Ki values 532 

from fits reported in Table 2. Comparison of replicate measurements from independent preps are 533 

shown in Figure 4-Figure Supplement 3. 534 

Figure 4-Source Data 1. Current block by anion addition (dual topology channels). 535 

Figure 4-Source Data 2. Current block by anion addition (oriented channels). 536 

Figure 4-Source Data 3. Current blocked by OCN
-
 addition as a function of F

- 
537 

concentration.  538 

Figure 4-Source Data 4. Chloride efflux traces for triad mutants.  539 

Figure 4-Source Data 5. Light scattering traces. 540 

Figure 4-Source Data 6. SCN
-
 block of dual topology channels 541 

 542 

 543 
  544 
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 545 

546 
Figure 5. Proposed multi-ion permeation mechanism for Fluc-Bpe. For clarity, only one pore 547 

is shown. Cartoon structure is shown in transparent gray, aqueous vestibules are shown as pale 548 

cyan surfaces, and residues that have been shown to contribute to the pore (this work, and 549 

references [6,7,11,12]) are shown as yellow sticks. The five pore-lining residues identified in this 550 

work are labelled. Asterisks indicate that the rotamer shown is hypothetical and has not been 551 

observed crystallographically. Occupied fluoride ion sites are shown in pink, unoccupied 552 

fluoride binding sites are shown as dashed circles, and the proposed movement of ions between 553 

binding sites is indicated with arrows. 554 
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Table 1. Crystallography data collection and refinement statistics. 555 
 556 

 557 
Statistics for the highest-resolution shell are shown in parenthesis. r.m.s, root-mean-square 558 

 559 
 560 

 Ec2-WT Ec2-S81A Ec2-S81C Ec2-S81A/T82A Ec2-S81T 

Data Collection      

Space group P41 P41 P41 P41 P41 

Cell dimensions      

a, b, c (Å) 87.6, 87.6, 144 87.4, 87.4, 141.9 87.2, 87.2, 142.7 87.5, 87.5, 147.4 87.1, 87.1, 145.2 

 (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 

Resolution (Å) 34.4-3.11 (3.3-3.11) 39.1-2.5 (2.6-2.5) 46.7-2.9 (3.0-2.9) 41.9-3.1 (3.3-3.1) 28.4-2.7 (2.8-2.7) 

Rmerge 0.491 (2.31) 0.140 (1.846) 0.363 (3.437) 0.723 (6.147) 0.217 (2.104) 

Rpim 0.203 (0.938) 0.057 (0.742) 0.156 (1.434) 0.290 (2.446) 0.088 (0.833) 

Mn I/I 7.2 (2.0) 11.9 (1.7) 9.8 (2.5) 8.5 (2.1) 10. 3 (2.0) 

CC1/2 .996 (0.61) .998 (0.61) 0.98 (0.59) .998 (0.73) .998 (0.71) 

Completeness (%) 99.85 (100) 99.5 (100) 99.83 (100) 99.85 (99.95) 99.8 (100) 

Multiplicity 

 

13.3 (13.9) 13.7 (14.1) 12.5 (13.0) 13.6 (14.0) 13.8 (14.4) 

Refinement      

Resolution 33.3-3.11 37.68-2.5 46.65-2.9 39.11-3.1 28.28-2.7 

No. of reflections 19,500 36,591 23,580 20,055 29,192 

Rwork/Rfree 23.7/27.6 24.0/25.2 22.3/25.8 23.0/25.2 21.9/25.6 

Ramachandran favored 93.3 96.5 95.9 94.7 96.1 

Ramachandran outliers 0.23 0.46 0.23 0.23 0.46 

r.m.s deviations      

Bond length (Å) 0.005 0.002 0.002 0.008 0.008 

Bond angle (°) 0.653 0.532 0.489 0.782 0.934 

PDB Code 7KKR 7KKA 7KKB 7KK9 7KK8 
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Table 2. Fit parameters for anion block experiments. 561 

 562 
 Dual topology channels Oriented channels 

 WT/OCN- WT/SCN- WT/NO3
- WT/Cl- WT/OCN- WT/Cl- E88Q/OCN- E88Q/Cl- 

Ki,1 6.8 mM 9.0 mM 45 mM 137 mM 7.9 mM 480 mM 48.9 mM 213 mM 

Bmax1 0.5 0.5 0.5 0.5 1.0 1.0 1.0 1.0 

Ki,2 100 mM 190 mM 530 mM 1.1 M -- -- -- -- 

Bmax2 0.5 0.5 0.5 0.5 -- -- -- -- 

 563 
 Dual topology channels 

 E88Q/SCN- E88Q/Cl-  

Ki,1 398 mM 542 mM 

Bmax1 0.5 0.5 

Ki,2 1.2 M 5.8 M 

Bmax2 0.5 0.5 

 564 

  565 
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Table 3. Fluc-Bpe inhibition and physical properties of halides and pseudohalides. 566 

 567 
 Ki,1 

(mM) 

Ki,2 

(mM) 

Ki (oriented 

system, mM) 

Radius 

(Å) 

pKa Ghyd 

(kcal/mol) 

GBorn 

(kcal/mol) 

log KCl-X
* 

F- -- -- -- 1.33 3.2 -112 -114 -1.5 

Cl- 137 1100 480 1.81 

 

-7 -83 -86 

 

0 

NO3
- 45 530 -- 1.99 -1.3 -73 -72 1.9 

SCN- 9.0 190 -- 2.49 1 -69 -63 3.23 

OCN- 6.8 107 7.9 2.16 3.7 -89 -72 0.82 

 568 
*Relative anion partition coefficient between water and PVC membrane, a measurement that reflects the 569 
lyotropic (Hofmeister series), described in [38]. 570 
 571 

  572 
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Table 4. Compiled results of anion transport experiments for Fluc-Bpe and Fluc-Ec2. 573 

Results from Fluc-Ec2 are shown in italics, with numbering according to Fluc-Bpe for reference 574 

to the structure in Figure 5-Figure Supplement 1. 575 

 576 
Reference Mutant (no F

-
 permeation) Mutant (F

-
 permeation retained, no Cl

- 
permeation) 

[6]  F82I, F85I, N43D 

[7] F82I, F85I  

[12] F82Y, F82S, F82A, F82L, F82I, 

F82T, F85Y, F85S, F85A 

S112A, T116V, T116I, S83A, F82M 

[11]  N43S, R22K 

This work S83T, S83C, T39A, T39V, 

T39C, T39N, E88K, Y104S, 

Y014H, Y104W, Y104I 

S83A, S83A/S84A, Y104F, T39S, E88Q, E88D, E88A 

 577 

  578 
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Table 5. Liposome efflux experiments: compiled results from all replicates. 579 
 580 

 581 
  582 

Construct Anion Figure Rate (ions/s): Prep 1 Rate (ions/s): Prep 2 Mean ± SEM
 

Ec2 WT F- 1-S1 >104, >104 >104, >104 >104 

Ec2 C74A F- 1-S1 >104, >104 >104, >104 >104 

Ec2 WT F- 2a >104, >104 >104, >104 >104 

Ec2 S81A F- 2a >104, >104, >104 >104, >104, >104 >104 

Ec2 S81T F- 2a <100, <100 <100, <100 <100 

Ec2 S81C F- 2a <100, <100 <100, <100 <100 

Ec2 S81A/S82A F- 2a 8860, 6400 9640, 7840, 8860 8320±560 ions/sec 

Ec2 S81A/S82A Cl- 2-S2 <50, <50 <50, <50 <50 

Bpe S83A/T84A Cl- 2-S2 <50, <50 <50, <50 <50 

Bpe T39V F- 3-S1 <100, <100 <100, <100 <100 

Bpe T39S F- 3-S1 >104, >104, >104 >104, >104 >104 

Bpe T39C F- 3-S1 <100, <100, <100 <100, <100 <100 

Bpe T39A F- 3-S1 <100, <100 <100, <100 <100 

Bpe T39N F- 3-S1 <100 <100, <100 <100 

Bpe E88A F- 3-S1 >104, >104 >104, >104, >104 >104 

Bpe E88Q F- 3-S1 >104, >104 >104, >104, >104 >104 

Bpe E88D F- 3-S1 >104, >104 >104, >104, >104 >104 

Bpe E88K F- 3-S1 <100 <100, <100 <100 

Bpe Y104F F- 3-S1 >104, >104, >104 >104, >104 >104 

Bpe Y104S F- 3-S1 <100, <100, <100 <100, <100 <100 

Bpe Y104H F- 3-S1 <100, <100 <100, <100 <100  

Bpe Y104I F- 3-S1 <100, <100 <100 <100 

Bpe I50W F- 1-S1 600, 720, 960 650, 550, 720 700 ±60 ions/sec 

Bpe Y104F Cl- 4-S1 <50, <50 <50, <50 <50 

Bpe T39S Cl- 4-S1 <50, <50 <50, <50 <50 

Bpe E88Q Cl- 4-S1 <50, <50 <50, <50 <50 

Bpe E88A Cl- 4-S1 <50, <50 <50, <50 <50 
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Figure 1-Figure Supplement 1. Fluoride efflux from Fluc-Ec2 C74A (blue and green traces) 583 
or WT Fluc-Ec2 channels (black trace) proteoliposomes. Traces are representative of results 584 

obtained from four replicates, derived from protein from two independent preps. Valinomycin 585 

and detergent addition are indicated by the triangles. Results from all replicates are tabulated in 586 

Table 5. 587 

 588 

  589 
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Figure 1-Figure Supplement 2. Fluoride efflux from Fluc-Bpe I50W (blue trace) or WT 590 
Fluc-Bpe channels (black trace) proteoliposomes. The unitary fluoride transport rate 591 

determined from five independent replicates is 700 ± 60 ions/s. Results from all replicates are 592 

tabulated in Table 5. 593 

 594 

 595 
  596 



 32 

Figure 2- Figure Supplement 1. Additional replicate traces for experiment in Figure 2E.  597 

 598 

  599 
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Figure 2-Figure Supplement 2. Chloride efflux experiments with fluoride-transporting 600 

Fluc-Ec2 S81A/T82A and the homologous Fluc-Bpe S83A/T84A (blue traces). 601 
Representative traces from two independent protein preparations are shown. The background rate 602 

of chloride leak from empty liposomes is ~40 s
-1

 (yellow traces). Results from all replicates are 603 

tabulated in Table 5. 604 

 605 

 606 

 607 
  608 

  609 
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Figure 3-Figure Supplement 1. Fluoride efflux traces with indicated Fluc-Bpe mutants. 610 
Fluoride dump is normalized against total fluoride in liposomes. In all traces, WT trace is shown 611 

in black, active mutants in blue, and inactive mutants in orange. Valinomycin addition indicated 612 

with the closed triangle and detergent addition with open triangles. Traces are representative of 613 

results from two independent protein preparations. Results from all replicates are tabulated in 614 

Table 5. 615 

 616 

 617 
 618 

  619 
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Figure 3-Figure Supplement 2. pH dependence of Fluc-Bpe E88 and E88Q. Experiments 620 

were performed in the oriented system, S83C, with trans pH 5.5. The pH on the cis side was 621 

raised by stepwise replacement of pH 7 recording solution (buffered with MOPS) with recording 622 

solution buffered with glycine (pH 9). Currents are normalized against initial pH 7 currents for 623 

each individual bilayer.  Points and error bars represent the mean and SEM from three 624 

independent bilayers. Representative recordings shown in lower panels. 625 

  626 
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Figure 3-Figure Supplement 3. Monobody block of currents mediated by Fluc-Bpe mutants 627 
T39S and Y104F. A. Fraction of T39S current blocked as a function of monobody L3 addition. 628 

Points and error bars represent the mean and SEM of measurements from three independent 629 

bilayers. The solid line represents a hyperbolic fit with a Kd value of 510 nM. For comparison, 630 

WT Fluc-Bpe is blocked by monobody L3 with a Kd value of 100 nM[4,9]. B. Fraction of T39S 631 

current blocked as a function of monobody S7 addition. Points and error bars represent the mean 632 

and SEM of measurements from four independent bilayers. The solid line represents a hyperbolic 633 

fit with a Kd value of 510 nM (it is entirely coincidental that this fit parameter is the same as for 634 

the data in panel A). For comparison, WT Fluc-Bpe is blocked by monobody S7 with a Kd value 635 

of 370 nM. The partial current block is typical of monobody S7 [4,6]. 636 

 637 

 638 

  639 
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Figure 4-Figure Supplement 1. Chloride efflux experiments for fluoride-transporting Fluc-640 
Bpe mutants Y104F, T39S, E88Q, and E88A. Representative traces from two independent 641 

protein preparations are shown. The background rate of chloride leak from empty liposomes is 642 

~40 s
-1

 (yellow traces). Results from all replicates are tabulated in Table 5. 643 

 644 

  645 
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Figure 4-Figure Supplement 2. Halide and pseudohalide block of Fluc-Bpe. a. Kd1 for anion 646 

block, related to physical properties of the anions. Kpartition, Cl-X describes the relative anion 647 

partition coefficient between water and PVC membrane, a measurement that reflects the 648 

lyotropic (Hofmeister series), described in [38]. All values are also reported in Table 3. 649 

 650 

 651 
 652 
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Figure 4-Figure Supplement 3. Prep-to-prep comparison of Cl
-
 and OCN

-
 titrations to 654 

bilayers with E88Q and WT channels (S83C oriented system). Datapoints derived from the 655 

independent preps are shown in black and white, respectively. 656 

 657 

  658 
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 659 
Figure 4-Figure Supplement 4. Light scattering experiments to detect OCN

-
 permeation 660 

through Fluc-Bpe channels. For permeant ions, efflux from proteoliposomes upon valinomycin 661 

addition (black triangle) causes an increase in 90° light scatter[37]. Light scattering traces shown 662 

for empty liposomes (blue) and Fluc-Bpe liposomes (orange), reconstituted with internal KOCN 663 

(a), KF (b) or KCl (c).  664 

  665 
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Figure 4-Figure Supplement 5. Representative fluoride current recordings with OCN
-
 and 666 

Cl
-
 titration. Bilayers contain oriented S83C or S83C/E88Q channels. Zero current level is 667 

indicated by the dashed line.  668 

 669 

  670 
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Figure 4-Figure Supplement 6. Titration of SCN
-
 into WT and E88Q bilayers. These 671 

experiments were performed in the WT background rather than with oriented S83C channels. 672 

Solid line represents a fit to a two-site binding model, with the fractional inhibition of 0.5 at each 673 

site. The parameters of the fits are shown in Table 2. 674 

 675 

  676 
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Figure 5-Figure Supplement 1. Anion conduction by Fluc-Bpe and Fluc-Ec2 mutants. 677 
Image shows structure of Fluc-Bpe and uses Fluc-Bpe numbering. Sidechains colored in yellow 678 

line the permeation pathway. Fluc-Ec2 mutants are not shown if the sidechain is not conserved in 679 

Fluc-Bpe. See Table 4 for the phenotype of mutants to these residues.  680 

 681 
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