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ABSTRACT:  26 

CLC secondary active transporters exchange Cl- for H+. Crystal structures have suggested that 27 

the conformational change from occluded to outward-facing states is unusually simple, involving only 28 

the rotation of a conserved glutamate (Gluex) upon its protonation. Using 19F NMR, we show that as [H+] 29 

is increased to protonate Gluex and enrich the outward-facing state, a residue ~20 Å away from Gluex, 30 

near the subunit interface, moves from buried to solvent-exposed. Consistent with functional relevance 31 

of this motion, constriction via inter-subunit cross-linking reduces transport. Molecular dynamics 32 

simulations indicate that the cross-link dampens extracellular gate-opening motions. In support of this 33 

model, mutations that decrease steric contact between Helix N (part of the extracellular gate) and Helix 34 

P (at the subunit interface) remove the inhibitory effect of the cross-link. Together, these results 35 

demonstrate the formation of a previously uncharacterized “outward-facing open” state, and highlight 36 

the relevance of global structural changes in CLC function.  37 

  38 
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INTRODUCTION: 39 

CLC transporters catalyze the exchange of Cl- for H+ across cellular membranes (Dutzler, 2007; 40 

Matulef and Maduke, 2007; Zifarelli and Pusch, 2007; Jentsch, 2008; Accardi and Picollo, 2010; Miller, 41 

2014; Accardi, 2015; Jentsch, 2015). In humans, they are critical to a wide variety of physiological 42 

processes and constitute therapeutic targets for treating diseases (Jentsch, 2008; Zhao et al., 2009; 43 

Stauber et al., 2012; Stolting et al., 2014; Devuyst and Luciani, 2015; Pusch and Zifarelli, 2015; Zifarelli, 44 

2015). In bacteria and yeast, CLCs are virulence factors and therefore could serve as drug targets to 45 

protect against food poisoning and fungal infections (Iyer et al., 2002; Zhu and Williamson, 2003; 46 

Canero and Roncero, 2008).  47 

From bacteria to humans, Cl-/H+ exchange by CLC transporters occurs with a strict 48 

stoichiometry of 2 Cl- for every H+ (Accardi and Miller, 2004; Picollo and Pusch, 2005; Scheel et al., 49 

2005; Jayaram et al., 2011; Leisle et al., 2011). To achieve this stoichiometric exchange, CLCs must 50 

follow an alternating access mechanism, in which bound substrate ions access either side of the 51 

membrane alternately, i.e., they cannot access both sides simultaneously (Patlak, 1957; Jardetzky, 52 

1966; Shilton, 2015). The alternating access mechanism can only be realized by coupling of ion 53 

binding, translocation, and unbinding events to conformational changes in the transporter protein. 54 

Specifically, movement of ions between solution and the ion-binding sites of the transporter, as well as 55 

ion movement between binding sites, needs to be coupled to conformational changes between 56 

“outward-facing” (in which the external, but not internal, solution is accessible to ions), “occluded” (in 57 

which neither solution is accessible), and “inward-facing” (in which the internal, but not external, 58 

solution is accessible) states (Forrest et al., 2011; Rudnick, 2013).  59 

In all other active transporters that have been structurally (or biophysically) characterized, the 60 

conformational changes governing the interconversion between these major functional states involve 61 

significant protein motions, including reorientation of helices or even entire domains (Shi, 2013; Paulino 62 

et al., 2014). For the CLC transporters, in contrast, it has been proposed that the transport mechanism 63 

may be fundamentally different and involve only localized side chain motions (Feng et al., 2010; Feng 64 



4 

 

et al., 2012). However, this proposed mechanism is based largely upon the observation that no large-65 

scale CLC conformational change could be detected crystallographically. Given the strong constraining 66 

forces in a crystal environment, which often prevent the protein from populating all naturally accessible, 67 

functionally relevant conformational states (Elvington and Maduke, 2008; Gonzalez-Gutierrez et al., 68 

2012; Gonzalez-Gutierrez et al., 2013; Kumar et al., 2014), alternative approaches for detecting CLC 69 

conformational change during its function are strongly motivated.  70 

CLC transporters are homodimers in which each subunit independently catalyzes Cl-/H+ antiport 71 

(exchange) (Robertson et al., 2010). There are two key Cl--binding sites within the protein lumen, 72 

known as Scen and Sext. The central anion-binding site (Scen) is stabilized by a positive electrostatic 73 

potential created by the N-termini of Helices F and N as well as by interactions with conserved Ser and 74 

Tyr residues, which physically occlude the anion from the intracellular side (Figure 1A). Using cross-75 

linking as an alternative approach to crystallography, Basilio et al. demonstrated that the conserved Tyr 76 

contributes to an intracellular “gate” that opens to generate an inward-facing state (Basilio et al., 2014). 77 

While this inward-facing state has not yet been structurally characterized in detail, the elegantly 78 

designed cross-linking studies demonstrated that movement of neighboring Helix O (Figure 1B) is 79 

required in conjunction with movement of the Tyr-gate residue.  80 

At the extracellular side, a highly conserved glutamate residue, “Gluex”, sits above the anion at 81 

Scen and blocks it from the extracellular solution (Figure 1C, left panel). Localized side-chain motions of 82 

this residue represent the sole differences distinguished in crystallographic studies of CLC transporters 83 

(Dutzler et al., 2003; Feng et al., 2010). In the structure of a mutant in which Gln is used as a proxy for 84 

the protonated Gluex, the side chain swings upwards and the site previously occupied by the side chain 85 

is occupied by an anion (Figure 1C, right panel). Thus, the structure of this mutant has been thought to 86 

represent an outward-facing (OF) CLC conformational state. However, in this structure the pathway to 87 

the extracellular solution is very narrow – too narrow to accommodate Cl- or other permeant ions 88 

(Miloshevsky et al., 2010; Krivobokova et al., 2012) – suggesting that additional conformational 89 

changes are required for the formation of the OF state in order for external anions to access the 90 
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external anion-binding site (Sext). We therefore hypothesize that the state identified in the E148Q crystal 91 

structure is an “outward-facing occluded” state and that a distinct “outward-facing open” state may exist 92 

to permit access of external Cl- to the Gluex-vacated Sext site (Figure 1D). Addressing this hypothesis is 93 

crucial to understanding the CLC transport mechanism and how it relates to those of canonical 94 

transporters.  95 

Various experimental approaches have been used to evaluate whether CLC conformational 96 

changes beyond Gluex are involved in the transition to an OF open state. Since the pKa of Gluex is ~6 97 

(Picollo et al., 2012), a change in pH from 7.5 to 5.0 will cause Gluex to transition from mostly 98 

deprotonated to mostly protonated, and therefore from its position occupying Sext outward towards the 99 

extracellular solution. Such pH manipulations can therefore be used to enrich the OF state and probe 100 

for changes in protein conformation. Although crystallization at pH 4.6 failed to reveal any 101 

conformational change (Figure 1 – figure supplement 1) (Dutzler et al., 2003), spectroscopic 102 

approaches have shown that H+-dependent changes do occur outside the restraints of crystallization. 103 

Using environmentally sensitive fluorescent labels, Mindell and coworkers showed that Helix R, which 104 

lines the intracellular vestibule to the Cl--permeation pathway (Figure 1B), undergoes H+-dependent 105 

conformational change during the transport cycle (Bell et al., 2006). Using site-specific NMR labeling 106 

schemes, our lab has identified H+-dependent structural change at Helix R and also at the linker 107 

connecting Helices P and Q (P/Q linker) (Figure 1B) – a region ~20 Å distant from the Cl--permeation 108 

pathway (Elvington et al., 2009; Abraham et al., 2015). Clearly, CLCs undergo H+-dependent 109 

conformational changes beyond those revealed by crystallography. The question remains whether and 110 

how these conformational changes are involved in regulating ion binding and translocation during Cl-/H+ 111 

transport. 112 

Here, we study the conformational change in Helix P and the P/Q linker region (Figure 1B) in 113 

ClC-ec1, a well-studied prokaryotic CLC, using a combination of 19F NMR, chemical cross-linking, 114 

crystallography, molecular dynamics (MD) simulations, and analysis of cross-linking in mutant 115 

transporters. Our results show that rearrangement of Helices N and P occurs to widen the extracellular 116 
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vestibule and generate a previously uncharacterized “outward-facing open” CLC conformational state, 117 

thus establishing the involvement of structural changes beyond the rotation of Gluex.  118 

119 
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RESULTS:  120 

Sensitivity of 19F spectra to the paramagnetic probe TEMPOL  121 

The 19F NMR nucleus is an advantageous reporter of conformational change because of its 122 

sensitivity to chemical environment, its small (non-perturbing) size, and the lack of endogenous 19F in 123 

proteins (Gerig, 1994; Danielson and Falke, 1996; Kitevski-LeBlanc and Prosser, 2012). Using ClC-ec1, 124 

a prokaryotic CLC homolog that has served as a paradigm for the family (Chen, 2005; Dutzler, 2007; 125 

Matulef and Maduke, 2007; Accardi, 2015), we previously showed that we could replace native Tyr 126 

residues with 19F-Tyr and observe conformational changes reported by changes in 19F chemical shift 127 

(Elvington et al., 2009). Our strategy to enrich the OF conformational state of ClC-ec1 involved lowering 128 

the pH of the solution from 7.5 to 4.5-5.0, as described above. Of the five buried Tyr residues in ClC-129 

ec1, two reported [H+]-dependent changes in chemical environment. The first, as expected, was at 130 

Y445, which is within 6 Å of Gluex; the second, strikingly, was in a region ~20 Å away, at Y419 near the 131 

dimer interface (Figure 2A).  132 

To better understand this conformational change, we performed an accessibility experiment, 133 

reasoning that global protein conformational changes often result in solvent exposure of previously 134 

buried regions. For this experiment, we exploited the sensitivity of 19F relaxation rates (and hence 135 

spectral line widths) to the water-soluble paramagnetic probe TEMPOL (Bernini et al., 2006; Venditti et 136 

al., 2008). In this experimental setup, movement of a 19F-labeled residue from a buried to a solvent 137 

accessible location would be detected by line-broadening and peak attenuation. We first examined 138 

whether any of the five buried tyrosine residues in ClC-ec1 exhibits sensitivity to TEMPOL. In 139 

“BuriedOnly” ClC-ec1, a mutant in which all five buried Tyr residues have been labeled with 19F (Figure 140 

2A) effects of TEMPOL were observed at both low and high [H+], with apparently greater sensitivity at 141 

high [H+] (Figure 2B); however, because the 19F resonances are overlapping, we were unable to 142 

unambiguously assign the observed changes specifically to effects on chemical shift or line-broadening 143 

of a particular resonance. Therefore, to clearly identify the residue(s) sensitive to TEMPOL, we 144 

generated ClC-ec1 constructs containing only one 19F-Tyr label per subunit (either Y445 or Y419, 145 
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Figure 2A), replacing all other Tyr residues with Phe. Although the “Y445only” mutant was unstable 146 

and could not be further examined, the “Y419only” mutant (Figure 3A) was stable and showed robust, 147 

fully coupled Cl-/H+ exchange activity (Figure 3 – figure supplement 1). The functionality of the 148 

Y419only mutant may seem startling, given that it involves mutating the highly conserved Cl--149 

coordinating Tyr445 (Figure 1C) to Phe, but it is consistent with previous structural and functional 150 

studies demonstrating wild-type behavior of the Y445F mutant (Accardi et al., 2006; Walden et al., 151 

2007).  152 

 153 

H+-dependent accessibility of Y419  154 

Prior to investigating the effect of [H+] on solvent accessibility of Y419 using TEMPOL, we 155 

acquired 19F spectra for Y419only as a function of pH. The 19F NMR spectrum of Y419only at pH 7.5 156 

shows a single 19F peak centered at 60 ppm (Figure 3B). This peak shifts upfield and splits into two 157 

peaks when [H+] is increased, indicating that the 19F nucleus has experienced a change in chemical 158 

environment. This result is consistent with our previous findings (Elvington et al., 2009) further 159 

supporting the notion that conformational changes occur in the vicinity of Y419 as increasing [H+] 160 

promotes occupancy of the OF state in which Gluex is protonated. The appearance of two peaks, at -61 161 

and -63 ppm, indicates that the 19F label on Y419 is experiencing two different environments. This could 162 

arise from two conformational states of ClC-ec1 or from a tyrosine ring flip that occurs slowly on the 163 

NMR timescale (<<1000 s-1) (Weininger et al., 2014). While this information is useful in identifying Y419 164 

as being in a region involved in H+-dependent conformational change, the lack of comprehensive theory 165 

for interpreting 19F chemical shifts in terms of structure motivates additional studies to provide more 166 

details on the nature of the conformational change. To evaluate whether there might be a change in 167 

solvent accessibility of Y419, we examined the effect of TEMPOL on the 19F spectra of Y419only. 168 

Because of the steep distance dependence of nuclear relaxation enhancements mediated by 169 

paramagnets like TEMPOL, significant line-broadening requires the paramagnetic center to approach 170 

the target nucleus within less than ~10 Å (Teng and Bryant, 2006). At pH 7.5, there is little sensitivity of 171 
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the 19F-Y419 signal to 100 mM TEMPOL (Figure 3C) which is consistent with the largely buried 172 

position of Y419 in the crystallographically captured state of ClC-ec1, i.e., 12-13 Å from the protein 173 

surface (Figure 3A). In contrast, at pH 4.5, significant line-broadening is observed (Figure 3C), 174 

indicating exposure of Y419 to the bulk solution allowing a close approach, or direct contact, of the 175 

TEMPOL probe with the fluorine atom (Esposito et al., 1992; Niccolai et al., 2001). This H+-dependent 176 

change in accessibility is reversible, as demonstrated by the reappearance of the Y419 signal when pH 177 

is returned to 7.5 from 4.5 in the presence of 100 mM TEMPOL (Figure 3D). The reproducibility of 178 

these experiments is shown in Figure 3 – figure supplement 2.  179 

 180 

H+-independent accessibility of Y419 in channel-like ClC-ec1 181 

The outer- and inner-gate residues of ClC-ec1 (Gluex and Y445 respectively, Figure 1) can be 182 

replaced by smaller residues Ala, Ser, or Gly, to yield “channel-like” ClC-ec1 variants (Jayaram et al., 183 

2008). This excavation of the gates yields a narrow water-filled conduit through the transmembrane 184 

domain, which allows rapid Cl- throughput and abolishes H+ coupling. Thus, it appears that the 185 

mechanism of Cl- flux through these variants involves channel-like diffusion that is independent of 186 

substrate-dependent conformational change. Consistent with this picture, our previous 19F NMR data 187 

showed that E148A/Y445S ClC-ec1 (exhibiting the highest Cl- permeability among the channel-like 188 

variants) does not undergo the substrate-dependent spectral changes observed in the coupled ClC-ec1 189 

transporters (Elvington et al., 2009). In this channel-like background, Y419only exhibits a single NMR 190 

peak at ~-61 ppm, and this signal is sensitive to line-broadening by TEMPOL at both pH 4.5 and 7.5 191 

(Figure 3E). The accessibility at pH 7.5 is surprising given that the crystal structure of channel-like ClC-192 

ec1 variant E148A/Y445A superposes closely with WT (RMSD 0.52 Å) and indicates a buried position 193 

for Y419 (Jayaram et al., 2008) (Figure 3 – figure supplement 3). While in these studies we used 194 

variant E148A/Y445S, which has not been crystallized, the two variants are functionally similar 195 

(Jayaram et al., 2008). In channel-like E148A/Y445S, the accessibility of Y419 to TEMPOL indicates 196 



10 

 

that the channel-like ClC-ec1 variant adopts a conformation in solution different from that observed in 197 

the crystal structure and similar to the conformation adopted by WT at low pH.  198 

Cross-linking at Helix P slows transport 199 

We investigated the functional relevance of the conformational change detected at Y419 by 200 

introducing cysteines into this region and examining the effects of inter-subunit cross-linking. We 201 

reasoned that this cross-linking would restrict the conformational changes responsible for the increased 202 

solvent accessibility of Y419 at low pH, and, if these conformational changes are functionally important, 203 

cross-linking should also reduce the efficiency of Cl-/H+ transport. In the X-ray crystal structure, the Cα-204 

Cα distance between the two Y419 residues (one in each subunit) is 8.8 Å, within striking range for 205 

potential disulfide bond formation. We found that Y419C forms spontaneous inter-subunit cross-links 206 

and, to our surprise, that these cross-links have no detectable effect on function (Figure 4 – figure 207 

supplement 1). Since Y419 lies in the middle of a loop (the P/Q linker), we reasoned that loop flexibility 208 

may thwart the intended restriction of motion by the disulfide cross-link. To test this possibility, we 209 

examined cross-linking at D417, the residue immediately following Helix P, which also has an inter-210 

subunit Cα-Cα distance of 8.8 Å (Figure 4A, B). Like Y419C, D417C forms spontaneous inter-subunit 211 

disulfide cross-links, with ~50% of the protein migrating as a dimer on non-reducing SDS-PAGE 212 

(Figure 4C, top panel). To determine the effect of the cross-link on function, we purified D417C 213 

transporters under reducing conditions, thereby obtaining a sample in which the majority (>90%) of the 214 

protein was not cross-linked, and then induced varying amounts of cross-link by titrating with copper-215 

phenanthroline (CuP) (Figure 4C, bottom panel). We assessed the functional effect of cross-linking 216 

using a Cl- efflux assay (Walden et al., 2007). These assays show that cross-linking at 417C correlates 217 

directly with a decrease in transport activity (Figure 4D), with Cl- and H+ transport inhibited in parallel 218 

(Figure 4 – figure supplement 2). Controls showing the lack of effect of CuP on WT and cysteine-less 219 

transporters are shown in Figure 4 – figure supplement 3. Linear extrapolation to 100% cross-linking 220 

is summarized for all D417C variants in Table 1.  221 

Since our NMR results indicated that the Helix P-Q region of channel-like ClC-ec1 adopts a 222 
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conformation similar to that of WT at low pH (Figure 3), we hypothesized that the conformational 223 

changes underlying the increased solvent accessibility of Y419 may also move the two D417 side 224 

chains out of the range for inter-subunit cross-linking. To test this hypothesis, we generated the D417C 225 

mutant in the channel-like background and evaluated its sensitivity to cross-linking. Consistent with our 226 

hypothesis, D417C in channel-like background does not form spontaneous cross-links and is only 227 

minimally cross-linked even when treated with up to 100 µM CuP (Figure 4E, top panel). Because this 228 

limited cross-linking of D417C/channel-like ClC-ec1 could be due to non-availability of the cysteines 229 

(due to oxidation) rather than lack of structural proximity of the two cysteine residues, we used a 230 

spectrophotometric assay to quantify the free thiols. Immediately after purification and before CuP 231 

treatment, essentially all of the 417C residues are available as free thiols (Figure 4E, bottom panel). 232 

Therefore, the deficiency in cross-linking of 417C in the channel-like background compared to 417C in 233 

the WT background is not due to unavailability of the free thiols but rather because of a change in 234 

proximity of the two cysteines. After treatment with 100 µM CuP, 40% of the cysteines are available as 235 

free thiols (Figure 4E). Since only ~25% had been cross-linked, this result indicates that ~35% became 236 

oxidized to other (non-disulfide) species. Thus, oxidation to non-disulfide species competes with 237 

disulfide bond formation and therefore thwarts any attempt to increase the extent of cross-linking 238 

beyond ~25% with longer CuP treatments. To rule out the possibility that the crosslinking might be due 239 

to inter-dimer (rather than inter-subunit) disulfide bond formation, we examined D417C proteins on a 240 

Superdex 200 gel filtration column both before and after treatment with CuP and found that they ran as 241 

dimers (and not tetramers, as would occur in the case of inter-dimer cross-linking) (Figure 4 – figure 242 

supplement 4). To the degree it can be cross-linked, D417C in channel-like ClC-ec1 is inhibited 243 

similarly to D417C in WT (Figure 4F). Thus, movement of Helix P away from the position observed in 244 

the crystal structures is necessary for maximal activity in both transporter and channel-like ClC-ec1.  245 

To evaluate whether this movement of D417C/Helix P is H+-dependent (as is the movement 246 

detected by 19F NMR, Figure 3), we labeled D417C ClC-ec1 with the nitroxide spin label MTSSL (1-247 

Oxyl-2,2,5,5,-tetramethylpyrroline-3-methyl methanethio-sulfonate) and used double electron-electron 248 
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resonance (DEER) spectroscopy (Jeschke, 2012) to deduce distance changes as a function of pH. At 249 

pH 7.5, the distribution is dominated by a single peak at a distance shorter than 20 Å (Figure 4G). 250 

Lowering the pH to 4.5 induces a shift to a peak at 20 Å (Figure 4G). The channel-like D417C-MTSSL 251 

exhibits an altered distance distribution profile compared to the WT background (Figure 4H), 252 

suggesting that the protein adopts a different conformation. Notably, the D417C-D417C distance in 253 

channel-like is increased relative to that observed in the WT background at pH 7.5 (Figure 4I), 254 

consistent with the resistance of the channel-like protein to cross-linking (Figure 4E).  A decrease in pH 255 

does not shift the distance distribution as observed in the WT background, consistent with the loss of 256 

pH dependence in 19F NMR experiments on channel-like ClC-ec1 (Figure 3E, (Elvington et al., 2009)). 257 

Together, these results link the conformational changes observed via NMR to those prevented by the 258 

cross-link. 259 

Crystallization of cross-linked D417C (WT background) confirms that the cross-link has trapped 260 

the conformation seen in the crystal structures and not some other (non-native) conformation. Our 261 

crystal structure, determined at 3.15 Å resolution, reveals a backbone that superimposes on WT ClC-262 

ec1 with a Cα RMSD of 0.57 Å (Figure 5A, Table 2). Extra density connecting the 417C residues 263 

confirms the formation of an inter-subunit disulfide bridge (Figure 5B). The regions around both the Cl- 264 

and the H+ permeation pathways are intact and not notably distinguishable from WT (Figure 5C). To 265 

confirm the integrity of the Cl--permeation pathway in cross-linked D417C ClC-ec1, we directly 266 

measured Cl--binding affinity using isothermal titration calorimetry (ITC) (Picollo et al., 2009). Both in 267 

the absence and presence of cross-link, D417C binds Cl- robustly, with an affinity somewhat stronger 268 

than observed with WT (Kd ~0.1-0.2 mM vs 0.6 mM) (Figure 5D, E).  269 

 270 

Helix P cross-link specifically affects the Cl--permeation pathway  271 

The inhibition of channel-like ClC-ec1 activity by the D417C cross-link suggests that inhibition 272 

occurs via an effect on the Cl--permeation pathway, given that channel-like ClC-ec1 transports only Cl- 273 

and not H+. But since this conclusion is based on experiments with the atypical channel-like ClC-ec1 – 274 
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with high transport rate and a continuous water passageway connecting the two sides of the membrane 275 

– we sought to strengthen the conclusion by examining uncoupled transporters that display typical 276 

transport rates and lack a continuous passageway: (1) E148A, which lacks the critical Gluex residue that 277 

acts both as an extracellular gate for Cl- and as a transfer-point for H+ permeation (Figure 1), and (2) 278 

Y445S, which is mutated at the intracellular gate (Basilio et al., 2014) (Figures 1, 2). The E148A (Gluex) 279 

mutant is similar to channel-like ClC-ec1 in that it transports only Cl-; however, it has a much lower 280 

turnover rate, comparable to WT (Accardi and Miller, 2004; Jayaram et al., 2008). This slow turnover 281 

suggests that despite being uncoupled E148A still depends on conformational changes to catalyze 282 

transport, a view supported by both 19F NMR and fluorescence-based experiments, which detect H+-283 

dependent conformational change in this mutant (Bell et al., 2006; Elvington et al., 2009). In contrast to 284 

D417C/channel-like ClC-ec1, we found that D417C in the E148A mutant background is readily cross-285 

linked by CuP (Figure 6A). Therefore, uncoupling through E148A alone does not alter the protein 286 

conformations sampled in solution as substantially as observed with channel-like (E148A/Y445S). The 287 

turnover rate of un-crosslinked D417C/E148A is quite low – as low, in fact, as the extrapolated value for 288 

the turnover of fully cross-linked D417C (Table 1). Nevertheless, cross-linking of D417C/E148A is 289 

associated with significant inhibition of activity (Figure 6B, Table 1). This result is consistent with the 290 

conclusion that inhibition occurs via an effect on the Cl--permeation pathway.  291 

The second uncoupled transporter examined, the inner-gate mutant Y445S, differs from the 292 

Gluex mutant in that it is only partially uncoupled, with a Cl-/H+ stoichiometry of ~39:1 instead of the 2:1 293 

stoichiometry observed with WT transporters (Walden et al., 2007). The double mutant D417C/Y445S 294 

transports Cl- at ~850 s-1 (Figure 6C) and H+ at ~20 s-1 (Figure 6 – figure supplement 1) yielding a Cl-295 

/H+ stoichiometry of ~43, similar to that of the Y445S single mutant (Walden et al., 2007). Cross-linking 296 

of D417C/Y445S proceeds to ~70% and inhibits Cl- transport by ~60% (Figure 6D), with extrapolation 297 

to 100% cross-linking yielding a turnover of ~0 (± 100 s-1) (Table 1). For H+ turnover, it is difficult to 298 

judge whether there is a significant effect of the cross-link (Figure 6 – figure supplement 1). Given the 299 

uncertainty in measuring such low H+ fluxes (~20 s-1), it may be that H+ is inhibited to the same extent 300 
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as Cl-, to a lesser degree, or not at all. In the latter cases, the cross-link would in effect “rescue” ClC-301 

ec1 coupling; such rescue could arise from an increase in Cl- occupancy at Scen, which is known to 302 

facilitate H+ coupling (Accardi et al., 2006; Nguitragool and Miller, 2006; Han et al., 2014). However, we 303 

cannot distinguish these possibilities within the uncertainty of our measurements.   304 

The results with channel-like and uncoupled transporters (Figures 4, 6) support the conclusion 305 

that the D417C cross-link inhibits the Cl- branch of the Cl-/H+ transport mechanism but do not rule out 306 

an effect on H+ transport. As an approach to examine the effect of the cross-link on H+ transport, we 307 

used MD simulations to examine water entry into the hydrophobic region between Gluin and Gluex, 308 

which is essential to connect these two major H+-binding sites and thus support H+ transport (Kuang et 309 

al., 2007; Wang and Voth, 2009; Cheng and Coalson, 2012; Lim et al., 2012; Han et al., 2014). Water 310 

entry occurs via a narrow portal on the cytoplasmic side of the protein, lined by Gluin together with E202 311 

and A404 (Lim et al., 2012; Han et al., 2014). Previously, we showed that constricting this portal by 312 

introducing large side chains at position 404 inhibits water entry detected computationally and H+ 313 

transport detected experimentally (Han et al., 2014). Since A404 is on the intracellular end of Helix P 314 

(Figure 7A), restricting movement of this helix via the D417C cross-link might restrict water entry. To 315 

determine whether the D417C cross-link affects water entry, we compared the number of water 316 

molecules entering the central hydrophobic region during the simulation of cross-linked D417C 317 

compared to WT. In contrast to the A404L mutation, which greatly reduces water permeation through 318 

the portal (Han et al., 2014), the D417C cross-link has no effect on water entry (Figure 7B). This result 319 

suggests that the cross-link reduces ClC-ec1 transport predominantly via an effect on the Cl--320 

permeation pathway rather than on the H+-permeation pathway. 321 

 322 

Potential gate-opening motions in WT and cross-linked ClC-ec1 323 

Our experimental results suggest that there could be functionally important motions of ClC-ec1 324 

that open the Cl--transport pathway and are impeded by the D417C cross-link. To investigate the 325 

molecular basis of such motions, extensive MD simulations were conducted either in the absence or in 326 
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the presence of the D417C cross-link. Note that even the hundreds of nanoseconds of simulations 327 

performed here can probe mainly conformational fluctuations of ClC-ec1 near its reference 328 

conformation (in this case, the crystal structure), which did not permit direct observation of the opening 329 

of the gates. Nevertheless, the sampled dynamics and fluctuations can provide information that can be 330 

used to derive collective motions, which are often functionally relevant (Bahar et al., 2010). Collective 331 

motions are defined as those involving concerted movements of a large number of atoms distributed 332 

throughout the protein, and are therefore distinguished from localized conformational changes. A series 333 

of collective motions of a protein can be obtained in general by decomposing the fluctuations of a 334 

protein sampled through MD simulations, e.g., through principal component analysis, or by analyzing 335 

normal modes of the protein that underlie protein motions (Bahar et al., 2010; Gur et al., 2013). 336 

Collective motions can further be used to probe how larger-magnitude conformational change along the 337 

identified displacement vectors (modes) might involve crucial, functionally-relevant protein motions, 338 

such as opening-closing movements of enzymatic active sites, and ligand-binding sites on receptors 339 

and channel pores (Tai et al., 2001; Lou and Cukier, 2006; Shrivastava and Bahar, 2006; Liu et al., 340 

2008; Jiang et al., 2011; Isin et al., 2012; Peters and de Groot, 2012; Fan et al., 2013; Yao et al., 2013). 341 

For example, collective motions obtained from normal mode analysis (NMA) were used to project 342 

opening movements of potassium-channel pores (Shrivastava and Bahar, 2006), and these predicted 343 

movements are consistent with those seen in single-molecule and X-ray crystallographic experiments 344 

(Shimizu et al., 2008; Alam and Jiang, 2009). In this study, we identified collective motions in ClC-ec1 345 

using principal component analysis (PCA) of the equilibrium MD simulations (see Methods), which in 346 

general identifies similar collective motions to those derived from NMA (Leo-Macias et al., 2005; Yang 347 

et al., 2008; Skjaerven et al., 2011). We then introduced deformations in the reference protein structure 348 

along each of the top 20 collective motions identified in our analysis (~75% of the motions observed in 349 

the equilibrium MD simulation). We then examined whether increasing the amplitude of these collective 350 

motions (which overcome timescale limitations of the simulation) confer conformational change to the 351 

Cl--transport pathway. We specifically examined regions around the extracellular and intracellular gates 352 
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to the Cl--transport pathway, where motions may lead to opening of either gate (which are both closed 353 

in the reference protein structure).  354 

 The extracellular gate is formed by the juxtaposition of Helix F (which contains Gluex) and Helix 355 

N (Figure 1B). To scrutinize opening of this gate, we examined Cα distance changes (Δr) between 356 

several residue pairs on these helices: I356-G149, F357-E148, and A358-R147 (Figure 8A, B). A 357 

search over the 20 dominant collective motions obtained through the PCA of the entire WT MD 358 

simulation revealed that deformations along some of the collective motions increase the distances 359 

between these pairs by >1.5 Å and thus are coupled to gate opening. To conduct a statistical analysis 360 

of these motions, we divided the entire simulation trajectory into six blocks and determined the number 361 

of times such collective motions occur in each block (Figure 8C, blue bars). An identical analysis 362 

performed on the MD simulation trajectory obtained from the cross-linked D417C mutant revealed that 363 

the motions that open the extracellular gate are dampened due to the cross-linking (P=0.002 – 0.008) 364 

(Figure 8C, orange bars). The intracellular gate is formed by two key residues S107 and Y445 (Walden 365 

et al., 2007; Accardi and Picollo, 2010; Basilio et al., 2014) (Figure 2A). To scrutinize opening of this 366 

intracellular gate, we examined distance changes between these two residues as a result of collective 367 

motions. As with the extracellular gate, we observed some collective motions that lead to distance 368 

changes (Δr) of > 1.5 Å. Unlike the extracellular gate, however, the cross-link at residue 417 does not 369 

significantly dampen the distance changes around the intracellular gate (P=0.338) (Figure 8D).  370 

 371 

Collective motions in channel-like ClC-ec1 372 

The comparison of dominant gate-opening motions between WT and cross-linked forms 373 

described above suggests that the cross-link at residue 417 likely cripples the opening of the 374 

extracellular gate, thereby slowing Cl- transport. However, along this line of reasoning, one must 375 

reconcile why the E148A mutants, in which the extracellular gate has ostensibly been removed, are 376 

inhibited when the cross-link is introduced. To address this question, we first investigated the bottleneck 377 

for Cl- transport in ClC-ec1 based on the crystal structures. The radius profile of the ClC-ec1 Cl- 378 
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transport tunnel, calculated using the program HOLE (Smart et al., 1996), shows an extracellular 379 

bottleneck with a minimum radius of ~0.2 Å (Figure 9). Interestingly, the calculated radius profile for 380 

both the E148A mutant (lacking Gluex) and the channel-like variant E148A/Y445A also reveal 381 

extracellular bottlenecks. (E148A/Y445A was evaluated rather than the E148A/Y445S construct used 382 

here because this is the only channel-like variant for which there is a crystal structure.) With minimum 383 

radii of ~0.9 Å (Figure 9) these bottlenecks are still too narrow to allow Cl- permeation (r(Cl-) ≈ 1.81 Å) 384 

(Shannon, 1976). Thus, additional opening motions in the gate region are needed for Cl- transport. 385 

To test the idea that additional gate-opening motions occur in the absence of Gluex, the 386 

computational analysis discussed above was applied to characterize and analyze the collective motions 387 

of channel-like ClC-ec1. The analysis revealed that there are fewer collective motions that can open the 388 

extracellular gate after the cross-link is introduced to the channel-like mutant (P=0.001-0.070) (Figure 389 

10A), whereas the intracellular gate was not significantly affected (P=0.354) (Figure 10B). This result is 390 

consistent with that obtained in the WT background. Taken together, our MD results suggest that the 391 

cross-link at residue 417 hinders the opening of the extracellular gate – beyond the Gluex motions – in 392 

both the WT and channel-like ClC-ec1. 393 

 394 

Helix N connects Helix P to the extracellular gate 395 

How are motions at Helix P transmitted to the extracellular gate? Visual inspection reveals an 396 

obvious potential transduction pathway: Helix N, which forms part of the extracellular gate (Figure 1B, 397 

Figure 8A), makes direct contacts to Helix P through side-chain packing of conserved residues in each 398 

Helix (Figure 11A, B). We hypothesized that disrupting these contacts would disrupt transduction of 399 

Helix-P motions to the extracellular gate, thereby abolishing the inhibitory effect of the Helix-P cross-link. 400 

To test this hypothesis, we generated Helix-N mutants F357A and L361A, in which the inter-helical 401 

coupling of motion is expected to be weakened by removing bulky side chains contributing to the 402 

contact area. The mutant transporters are slow compared to WT but retain the ability to couple Cl-/H+ 403 

exchange (Figure 3 – figure supplement 1). Strikingly, the D417C cross-link only weakly inhibits 404 
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L361A activity and completely fails to inhibit F357A (Figure 11C, D). The sluggish turnover of the 405 

F357A mutant suggests that it might be insensitive to the D417C cross-link because it is already 406 

maximally inhibited. To evaluate this possibility, we examined another slow mutant, A404L. A404 lines 407 

an intracellular “portal” for water (and hence H+) entry into the transporter (Han et al., 2014)). This 408 

residue is located at the N-terminal end of Helix P (Figures 7A, 11A), which does not contact Helix N. 409 

We found that the activity of the A404L mutant, despite being similarly sluggish to F357A, is reduced 410 

further yet by the D417C cross-link (Figure 11E, F). Thus, the lack of sensitivity of F357A to the D417C 411 

cross-link appears due to the weakened interaction with Helix P and not to its already-low turnover. 412 

These results provide strong support for the hypothesis that Helix-P motions are transmitted to the 413 

extracellular gate via side-chain contacts to Helix N.  414 

 415 

 416 

  417 
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DISCUSSION 418 

Our results describe a previously unidentified protein conformational state and suggest a new 419 

framework for understanding the CLC transport mechanism, introducing two key concepts. First, the 420 

structure of the E148Q mutant, with the side chain rotated away from Sext (Figure 1C) represents an 421 

“outward-facing occluded” (OFoccluded) state (Stein and Litman, 2014), in which bound Cl- does not have 422 

full access to the extracellular solution. Second, H+ binding promotes an “outward-facing open” (OFopen) 423 

state, involving conformational rearrangement of Helices N and P (Figure 11A), that widens the 424 

extracellular ion-permeation pathway in comparison to the known crystal structures.  425 

The first clue to conformational change at Helix P came from our NMR studies of Y419, on the 426 

short P/Q linker, where unambiguous changes in both chemical shift and solvent accessibility of 19F-427 

labeled Y419 are observed when the pH is lowered from 7.5 to 4.5 (Figure 3B-D). At pH 7.5, the lack of 428 

accessibility is consistent with the crystal structure of the occluded conformational state, which depicts 429 

Y419 in a buried position. At pH 4.5, the increased accessibility of Y419 indicates a conformational 430 

state different from that captured in crystal structures. This state (with Y419 exposed to solution) is 431 

observed in channel-like ClC-ec1 at both pH 7.5 and 4.5 (Figure 3E). This shift in equilibrium 432 

distribution of conformational states for channel-like ClC-ec1 is useful because it enables comparison of 433 

the disulfide cross-linking of the two states, which must be done at a pH that is amenable to disulfide 434 

bond formation (7.5 rather than 4.5). In the WT background, cross-links near Y419, at D417C, form 435 

readily (Figure 4C), as expected based on the crystal structure of the occluded conformational state 436 

(Figure 5A-C). In contrast, in the channel-like E148A/Y445S background, D417C is resistant to cross-437 

linking (Figure 4E). These results suggest that the pH-dependent conformational change detected by 438 

NMR involves a change in inter-subunit proximity of D417 residues in addition to the change in solvent 439 

accessibility of Y419. DEER/EPR experiments confirm such pH-dependent change at D417 (Figure 440 

4G). 441 

Inter-subunit cross-linking of D417C restricts the conformational transition to the OFopen state 442 

and inhibits activity. The inhibition occurs not only in the WT background but also in uncoupled E148A, 443 
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Y445S, and E148A/Y445S (channel-like) backgrounds (Figures 4 and 6). Therefore, the 444 

conformational change being restricted is something other than the localized movements of side-chain 445 

gates, as these gates (E148 and Y445) are missing altogether in the uncoupled transporters. To gain 446 

insight into how conformational change near the subunit interface affects activity, we performed MD 447 

simulations on WT and channel-like ClC-ec1, with and without the D417C crosslink. We found that the 448 

major motions of both WT and channel-like involve opening of the extracellular vestibule and that these 449 

opening motions are dampened by the crosslink at D417 (Figures 8, 10). Further, our mutagenesis 450 

experiments show that removing side-chain interactions between Helices N and P eliminates the effect 451 

of the cross-link on Cl- transport (Figure 11). Therefore, we conclude that rearrangement of these 452 

helices facilitates a widening of the extracellular ion-permeation pathway.  453 

The residual activity remaining with maximal cross-linking at D417 (ranging from 0 – 300 s-1, 454 

Table 1) suggests that the OFoccluded state may allow some minimal level of Cl- flux. However, an 455 

alternative interpretation is that the OFoccluded is completely impermeant to Cl- and that the residual 456 

transport observed with the cross-link is either (1) not distinguishable from zero (due to compounding 457 

uncertainties in the various steps involved in the experimental measurement, including quantification of 458 

the fraction cross-linked) or (2) occurs because the cross-link does not completely prevent movement 459 

of Helix N and opening of the extracellular vestibule to the OF state. We favor the alternative 460 

interpretation as it is in keeping with the general principles of transporter function, in which protein 461 

conformational change plays a key role in sustaining coupling stoichiometry. In support of this idea, we 462 

note that Helix N motions have been strongly implicated not only in ClC-ec1 (the results presented here) 463 

but also in the mammalian antiporter CLC-4 (Osteen and Mindell, 2008). Experiments on this homolog 464 

identified an inhibitory Zn2+-binding site at the top of Helix N that appears to transmit conformational 465 

change to the Cl--permeation pathway at the other end of Helix N (Osteen and Mindell, 2008).  466 

While it is clear that rearrangement of Helices N and P is required for opening the extracellular 467 

vestibule, the precise molecular details of this rearrangement remain to be determined. Nevertheless, 468 

several pieces of information suggest that the overall motions, though long-range in effect, may involve 469 
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rearrangements/reorientations of only a few Angstroms in magnitude. First, the cross-linking of Y419C, 470 

just 5 Å away from D417C, does not inhibit function (Figure 4 – figure supplement 1). Second, any 471 

large movement of Helix P would likely have a major effect on water entry via the narrow portal that is 472 

the rate-limiting barrier for formation of water wires and H+ transport (Lim et al., 2012; Han et al., 2014). 473 

Since our computational analysis indicates that cross-linking does not significantly affect water entry 474 

(Figure 7), Helix-P motion may involve only a small tilt or rotation that exerts a “lever-arm” effect on 475 

Helix N and the Cl--entryway. Third, previous inter-subunit cross-linking studies targeting Helices I and 476 

Q, and the H-I and I-J loops showed that simultaneously cross-linking these regions had no significant 477 

effect on function (Nguitragool and Miller, 2007) and therefore argue against a major restructuring of 478 

the inter-subunit interface. Together, these results suggest that the rearrangements at Helices N and P 479 

are likely small in magnitude and do not involve the entire inter-subunit interface. This conclusion is in 480 

line with computational studies using normal-mode and functional-mode analysis, which showed the 481 

subunit interface remaining largely intact even as other regions of ClC-ec1 underwent global 482 

conformational changes to alternately expose Cl-- and H+-binding sites during the exchange process 483 

(Miloshevsky et al., 2010; Krivobokova et al., 2012). One of the mobile helices identified in these 484 

computational studies was Helix R, which has also been pinpointed in experimental studies of H+-485 

dependent conformational change (Bell et al., 2006; Abraham et al., 2015). Since Helix R extends from 486 

the center of the protein (where Y445 coordinates Cl-, Figure 1A) out to the cytoplasmic solution 487 

(Figure 1B), the H+-dependent conformational change characterized here, while not large in magnitude, 488 

may extend well beyond the immediate region around Helices P and N.  489 

To integrate the OFopen state into a model of the CLC transport cycle, we build on the model of 490 

Basilio et al. (Basilio et al., 2014). Starting with the OFoccluded state (State 1 in Figure 12A, reflecting the 491 

state captured in the E148Q crystal structure, Figure 1B, C), a conformational change generates the 492 

OFopen state (State 2). This conformational change is pH dependent (Figures 3, 4) but need not be 493 

promoted solely by the protonation of Gluex, as suggested by previous observations of H+-dependent 494 

conformational changes in Gluex mutants (Bell et al., 2006; Elvington et al., 2009). The conformational 495 
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change allows 2 Cl- ions to exit to the extracellular side (State 3). Entry of the protonated Gluex into the 496 

vacated permeation pathway (State 4) facilitates transfer of one H+ to the intracellular side, via water 497 

wires and the internal H+-transfer site Gluin (Figure 1A) (Accardi et al., 2005; Lim and Miller, 2009; Lim 498 

et al., 2012; Han et al., 2014). Upon unbinding of H+, the protein adopts the apo occluded conformation 499 

(State 5) which can then undergo conformational change to the inward-facing state (State 6, (Basilio et 500 

al., 2014)). Binding of 2 Cl- from the intracellular side knocks Gluex out of the Sext-binding site (State 7), 501 

which then allows H+ binding from the extracellular side (back to State 1). This revised model is 502 

completely consistent with previous experimental observations, and the addition of new conformational 503 

states adds potentially key control points to the mechanism. First, the extracellular occlusion in State 7 504 

assures no extra Cl- slips through during the step in which Cl- binds from the intracellular side. Second, 505 

we hypothesize that the OFopen state lowers Cl- affinity and promotes Cl- release, as suggested by the 506 

increase in Cl--binding affinity observed when formation of the OFopen state is inhibited by the D417C 507 

cross-link (Figure 5D, E).  508 

Our revised model also sheds light on the mechanism of channel-like ClC-ec1. Previously, it 509 

was recognized that the narrow pathway depicted by the crystal structures of channel-like ClC-ec1 is 510 

not sufficiently wide to allow rapid ion conduction and that protein dynamics (either breathing or 511 

conformational change) must play an important part in the mechanism of ion conduction (Jayaram et al., 512 

2008). Our results clarify the issue by showing that channel-like ClC-ec1 populates a conformation 513 

different from that seen in the crystal structure and exhibiting similarities to the new OFopen state 514 

characterized in these studies. In this state, the region of the narrowest constriction – just above Sext – 515 

is significantly widened (Figure 12B). The population of this state explains why channel-like ClC-ec1 516 

can conduct Cl- rapidly at pH 7.5.  517 

The long-range conformational change described here improves our understanding of CLC 518 

mechanisms by providing a first glimpse of an “outward-facing open” CLC conformational state and its 519 

mechanistic implications. In future studies, it will be important to investigate the transition between the 520 

OFopen, OFoccluded and inward-facing conformational state(s). Using a cross-linking strategy, Basilio et al. 521 
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showed that transition to the inward-facing state involves motion of the intracellular half of Helix O. This 522 

motion is thought to be limited in scope, as it is relayed directly to the intracellular gate via a steric 523 

interaction between intracellular-gate residue Y445 (Figure 2A) and Helix O residue I402 (Basilio et al., 524 

2014). Nevertheless, since Helix O also makes direct contacts to Helices N and P (studied here), it 525 

seems likely that intracellular and extracellular gate-opening motions will be linked through the 526 

interaction of these three helices. Understanding these interactions will be critical to providing a 527 

molecularly detailed view of the CLC transport mechanism.  528 

 529 

 530 

 531 
 532 
 533 

 534 
 535 
  536 
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MATERIALS AND METHODS  537 

Expression, purification, reconstitution and flux assays 538 

Expression and purification of unlabeled ClC-ec1 WT and mutant proteins was performed as 539 

documented in detail (Accardi and Miller, 2004) except that the final purification step was by size 540 

exclusion chromatography on a Superdex gel filtration column (Walden et al., 2007) rather than ion-541 

exchange chromatography. Point mutations introduced by conventional PCR methods were confirmed 542 

by sequencing. D417C constructs were made in a previously characterized cysteine-less background 543 

C85A/C302A/C347S (Nguitragool and Miller, 2007), which here is referred to as the “WT background”. 544 

For preparing ClC-ec1 under reducing conditions, 20 mM β-mercaptoethanol (β-ME) and 1 mM 545 

dithiothreitol (DTT) (Fisher Scientific, Pittsburgh, PA) were added to cell pellets during resuspension, 546 

and 1 mM DTT was included in subsequent purification steps. DTT was removed in the final purification 547 

step over a Superdex 200 size exclusion column.  548 

To measure turnover rates in flux assays, ClC-ec1 variants were reconstituted into liposomes by 549 

dialysis (Walden et al., 2007) into buffer R (300 mM KCl, 40 mM Na-citrate, pH 4.5) using 0.2 – 5 μg 550 

protein per mg of E. coli polar lipids (Avanti Polar Lipids, Alabaster, AL). For the high-turnover channel-551 

like variant, the lower end of this range (0.2 µg protein per mg lipids) was used. For experiments to 552 

determine stoichiometry, protein to lipid ratio was 0.4 - 10 μg protein per mg lipid (with higher ratios 553 

used for low-turnover mutants). Reconstituted liposomes were subjected to 4 freeze-thaw cycles and 554 

were extruded through 400-nm filters 15 times using an Avanti Mini-Extruder. Liposomes were buffer-555 

exchanged through Sephadex G-50 spin columns (Basilio and Accardi, 2015) into flux-assay buffer 556 

(300 mM K-isethionate, 50 µM KCl, buffered with 2 or 40 mM Na-citrate pH 4.5). (The 2 mM Na-citrate 557 

buffer was used in experiments in which Cl- and H+ transport were measured in parallel; the 40 mM Na-558 

citrate buffer was used in experiments in which only Cl- transport was measured.) Transport was 559 

initiated by addition of 2 µg/mL valinomycin (for dual Cl-/H+-transport measurements) or 3 µg/mL CCCP 560 

+ 7 µg/mL valinomycin (for Cl--transport measurements) (Han et al., 2014). At the end of each flux-561 

assay experiment, total liposomal Cl- was determined by disrupting the liposomes with Triton X-100 562 
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(0.01%; from a 10% stock solution); flux-assay traces shown in Figures 4, 6, and 11 show 563 

normalization to this value. Transport turnover rates were calculated by measuring the initial velocity of 564 

the Cl- and/or H+ transport (Walden et al., 2007). Stoichiometry was determined from the ratio of the Cl- 565 

to the H+ turnover rate. Flux assays were performed in sets of 20-40 samples; within each set, an assay 566 

was discarded if the total liposomal [Cl-] (a measure of the yield of reconstituted liposomes, which 567 

affects the accuracy of the unitary-turnover calculation) was >30% outside of the mean. Flux-assay 568 

measurements were performed on at least 4 samples for each condition. This sample size and 569 

selection method is based on previous experience with flux-assay measurements (Howery et al., 2012; 570 

Han et al., 2014).  571 

 572 

19F NMR 573 

19F-Tyr labeling was performed as described (Elvington et al., 2009). Labeled ClC-ec1 was 574 

purified into Buffer A (150 mM NaCl, 10 mM HEPES (Fisher Scientific, Pittsburgh, PA), pH 7.5 and 5 575 

mM n-decyl β-D maltopyranoside (DM) (Anatrace, Maumee, OH), then concentrated to approximately 576 

50 µM. E. coli polar lipids were added in a 1:80 lipid:detergent molar ratio to the BuriedOnly construct to 577 

enhance stability (Elvington et al., 2009). The Y419Only construct was more stable without the addition 578 

of lipids. 10% D2O was added prior to NMR experiments. Samples (~300 µL starting volumes) were 579 

placed in the outer tube of Shigemi symmetrical microtubes in order to reduce the volume of sample 580 

required for data acquisition. The Shigemi tube insert was not used so as to avoid generating froth from 581 

adjusting the plunger in the detergent containing sample. Data were collected using a 5 mm H/F probe 582 

on a Bruker Avance 500 MHz spectrometer running Topspin version 1.3 with variable temperature 583 

control. Data represent acquisition of 30 – 50k transients at 470 MHz; 12 kHz spectral width; 45° pulse; 584 

0.17s acquisition time; 1.8 – 2.8s relay cycle; 20°C; 15 Hz linebroadening; referenced to TFA. The pH 585 

of the samples was lowered to 4.5 using a 1 M citric acid solution (EMD Millipore, Billerica, MA) and 586 

raised to 7.5 using a 1M Tris-acetate pH 9.0 solution. TEMPOL (4-Hydroxy-2,2,6,6-587 

tetramethylpiperidine 1-oxyl, Fluka Analytical, Ronkonkoma, NY) was added to the sample by carefully 588 
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weighing out and adding the solid reagent required to attain a final concentration of 100 mM in the NMR 589 

sample.  590 

 591 

Cysteine cross-linking 592 

All procedures were carried out at room temperature (21-23ºC). Stock solutions of CuP at 10x 593 

were made from 1:3 mixtures of CuSO4 (aqueous) (MCB Reagents, Cincinnati, OH) and 1,10-594 

phenanthroline (in ethanol) (Sigma-Aldrich, St. Louis, MO). ClC-ec1 eluted from the Superdex 200 595 

column in Buffer A was diluted to 0.2 mg/mL (1.9 μM homodimer; 3.8 µM Cys-containing subunits) 596 

before addition of CuP. After an hour of incubation, 1 mM Na-EDTA (Fisher Scientific, Pittsburgh, PA) 597 

was added to terminate the cross-linking reaction. Cross-linking was visualized using SDS/PAGE (4-15% 598 

gradient gels) and staining with Coomassie brilliant blue (TCI America, Portland, OR). Cross-linking 599 

was documented using an Odyssey Infrared Imaging System (LI-COR Biosciences) using the 700 nm 600 

channel. ClC-ec1 band intensities were quantified using NIH ImageJ software. Un-cross-linked ClC-ec1 601 

runs as a monomer (apparent molecular weight ~36 kD) and cross-linked mutant as a dimer (apparent 602 

molecular weight ~64 kD). The fraction cross-linked was calculated based on the relative intensities of 603 

the dimer and monomer bands. For channel-like ClC-ec1, which exhibited a low efficiency of cross-604 

linking, free thiols were quantified colorimetrically (Life Technologies Thiol and Sulfide quantification kit, 605 

T6060). During reconstitution into liposomes, most CuP-treated samples were dialyzed in buffer 606 

containing 1 mM DTT in order to avoid additional cross-linking during the dialysis step; this level of DTT 607 

was sufficiently low that it did not reduce D417C disulfide bonds that had already been formed. Mutant 608 

proteins D417C/F357A and D417C/L361A were reconstituted in the absence of DTT when crosslinked 609 

with 100 µM CuP, as an extra precaution to avoid disulfide-bond reduction in these samples.  610 

 611 

DEER/EPR 612 

For preparing D417C ClC-ec1 (WT and channel-like backgrounds) for DEER experiments, 20 613 

mM β-ME was added to cell pellets during resuspension. β-ME was removed during washing and 614 
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elution from the cobalt column. Proteins eluted from the cobalt column were incubated with 50x molar 615 

excess of the paramagnetic spin label MTSSL (Enzo Life Sciences, Farmingdale, NY) that was 616 

dissolved in small volume of dimenthylformamide (DMF) (Fisher Scientific, Pittsburgh, PA) such that the 617 

final DMF concentration was < 0.1%. The protein solution was sealed under argon and mixed by slow 618 

rotation (~ 20 rpm) for 2 hours at room temperature. The remaining steps of the purification were 619 

identical to our usual ClC-ec1 purifications. Thus, the 6-His tag was then removed by a one-hour 620 

incubation with endoprotease Lys-C (Roche Diagnostics, Indianapolis, IN). The ClC-ec1 samples were 621 

then purified from the cleaved 6-His tag and excess MTSSL by size exclusion chromatography on a 622 

Superdex 200 column. Glycerol (23% v/v) was added to the protein solution as cryoprotectant. This 623 

was achieved by adding an 80% (v/v) glycerol stock solution (prepared in buffer A) to the purified 624 

protein. The samples were then concentrated to a final concentration of 50-100 µM, and E. coli polar 625 

lipids were added at 1:80 lipid:detergent molar ratio. A stock solution of 25 mM citrate was used to 626 

adjust the sample at pH 7.5 to pH 4.5. Functional assays were performed on EPR samples that had 627 

been exposed to pH 4.5 for one hour before reconstitution. CW-spectra were collected on a Bruker 628 

EMX at 10 mW power with a modulation amplitude of 1.6G. Spectra were normalized to the double 629 

integral. DEER experiments were carried out using a standard four-pulse protocol (Jeschke, 2002). 630 

Samples were maintained at 83K. DEER distributions were obtained from fitting the DEER decays to a 631 

sum of Gaussian distributions (Brandon et al., 2012; Mishra et al., 2014; Stein et al., 2015).  632 

 633 

Structure determination 634 

For crystallization, the D417C mutant was put into a deletion construct (ΔNC) lacking N-terminal 635 

residues 2-16 and C-terminal residues 461-464 (Lim et al., 2012). Purified ΔNC-D417C was cross-636 

linked with 100 µM CuP for 1 h, incubated with excess Fab fragment (Dutzler et al., 2003) for 30 min, 637 

then purified by size exclusion chromatography (Superdex 200) into buffer containing 100 mM NaCl, 5 638 

mM DM, 10 mM Tris (Fisher Scientific, Pittsburgh, PA), pH 7.5. The complex was concentrated to 10-639 

12 mg/mL and mixed with 30% PEG 400 (Hampton Research, Aliso Viejo, CA), 0.075 M K/Na-tartrate 640 
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(Fluka Analytical, Ronkonkoma, NY), 0.1 M Tris HCl (MP Biomedicals, Santa Ana, CA) (pH 9.0). 641 

Crystals were grown by the sitting drop method for 2-4 weeks at 20oC and were directly harvested from 642 

the reservoir, flash frozen and stored in liquid N2. Diffraction data were collected to 0.9795 Å at the 643 

BL12-2 beamline (SLAC) and processed using XDS (Kabsch, 2010). Phases were obtained by 644 

molecular replacement with the WT protein in complex with Fab (PDB 1OTS) using the MOLREP 645 

program (Vagin and Teplyakov, 2010). Refinement was done using the refmac program (Murshudov et 646 

al., 1997).  Atomic coordinate and structure factors are deposited in the Protein Data Bank under 647 

accession code 5HD8. 648 

 649 

Isothermal titration calorimetry  650 

ITC was carried out using a MicroCal VP-ITC instrument. Chloride binding to WT and mutants 651 

were carried out as described previously (Picollo et al., 2009; Howery et al., 2012). Briefly, ClC-ec1 652 

(WT or D417C or D417 cross-linked using 100 µM CuP) was purified over a Superdex 200 size 653 

exclusion column pre-equilibrated with Buffer B (100 mM K+-Na+-tartrate, 20 mM HEPES, 5 mM DM, 654 

pH 7.5) and then concentrated to 25-50 µM. Percent cross-link following treatment with 100 μM CuP 655 

was 92.0 ± 0.6% (n=2). The injection syringe was filled with Buffer B containing 20 mM KCl. Each 656 

experiment consisted of 30 10-µL injections of the Cl--containing solution at 5 min intervals, to achieve 657 

a final molar ratio of 50-160. The chamber was kept at 25oC with constant stirring at 350 rpm. All 658 

solutions were filtered and degassed before use. ITC data were fit to a single-site isotherm as 659 

described with Origin 7 MicroCal program.  660 

 661 

Molecular dynamics (MD) simulations 662 

The ClC-ec1 crystal structure at 2.51 Å (PDB ID: 1OTS) (Dutzler et al., 2003) was used to 663 

prepare for the MD simulations of all the systems studied in the present work – WT, D417C, channel-664 

like (E148A/Y445S), and D417C/channel-like. The system setup for the WT ClC-ec1 is detailed in our 665 

previous work (Han et al., 2014). In short, to have the protein hydrated properly, all the crystallographic 666 
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water molecules were maintained and 49 additional water molecules were added using DOWSER 667 

(Zhang and Hermans, 1996). One additional water molecule was placed between Gluex (E148) and the 668 

Cl- ion bound to the central ion-binding site of ClC-ec1 (Figure 1) in order to stabilize the two closely 669 

(within ~4 Å) positioned negative charges, as suggested in previous simulation studies (Bostick and 670 

Berkowitz, 2004; Cohen and Schulten, 2004; Wang and Voth, 2009). Gluex (E148) and Gluin (E203) 671 

were both deprotonated, while E113 was modeled in its protonated form according to previous Poison-672 

Boltzmann electrostatic calculations (Faraldo-Gomez and Roux, 2004). The protein was embedded into 673 

a POPE lipid bilayer, fully equilibrated TIP3P water (Jorgensen et al., 1983) and buffered in 150 mM 674 

NaCl, resulting in a 105 × 105 × 110 Å3 box with ~110,000 atoms.  675 

The mutant systems were constructed on the basis of that of the WT. For each mutant, residue 676 

substitutions were done using the MUTATOR plugin of VMD (Humphrey et al., 1996). Disulfide bonds 677 

were constructed by introducing geometric restraints on two cysteine residues, including a distance 678 

restraint between the sulfur atoms and angular restraints involving Cβ atom of either cysteine and the 679 

two sulfur atoms. To avoid structural disruption of the protein due to sudden introduction of restraints, 680 

the disulfide restraints were turned on gradually over 20-ns simulations. Note that the systems prepared 681 

as such are not significantly different from the cross-linked D417C crystal structure. In fact, during the 682 

equilibrium simulation of the mutant containing the disulfide bond (see below), the RMSD of the protein 683 

to the D417C crystal structure is on average ~1.6 Å, even smaller than its RMSD (~1.9 Å) to the WT 684 

crystal structure that the simulation started from.  685 

All MD simulations were carried out with NAMD 2.9 (Phillips et al., 2005) using the CHARMM-686 

CMAP (Mackerell et al., 2004) and CHARMM36 force fields (Klauda et al., 2010) to model the proteins 687 

and lipids, respectively. The particle mesh Ewald (PME) (Darden et al., 1993) method was used to 688 

calculate long-range electrostatic forces without truncation. All simulation systems were subjected to 689 

Langevin dynamics and the Nosé-Hoover Langevin piston barostat (Nose, 1984; Hoover, 1985) for 690 

constant pressure (P = 1 atm) and temperature (T = 310 K) (NPT). Each system was energy-minimized 691 

for 5,000 steps, followed by a 1-ns MD run with positions of all protein atoms and oxygen atoms of the 692 
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crystallographic water molecules restrained. Each system was simulated without any restraints for ~300 693 

ns.  694 

 695 

Analysis of collective motions of protein 696 

The collective motions of the protein were analyzed through principal component analysis (PCA) 697 

of the equilibrium MD trajectories (Amadei et al., 1993). Specifically, we first constructed the covariance 698 

matrix C of Cα atoms of select parts of the proteins for each subunit based on equilibrium MD 699 

trajectories. The covariance matrix C was calculated as cij = <(xin - <xin>)(xjn - <xjn>)>, where Xn={xin} are 700 

the coordinates of Cα atoms of select parts of protein in the nth sampled structure and the brackets <> 701 

denote the averages over all the sampled structures. The first 50 ns of each MD trajectory were 702 

discarded to remove any initial bias. Only the transmembrane helical regions were selected for this 703 

analysis as they define the overall architecture of the protein and most relevant to the functionally 704 

relevant global motions. We then derived orthonormal eigenvectors R={Rk} of the covariance matrix C. 705 

Each eigenvector Rk={rik} defines relative movement (rik) of each select atom in a collective motion of 706 

the protein represented by the eigenvector. The 20 eigenvectors with the largest eigenvalues were 707 

chosen for further analysis. These eigenvectors correspond to the collective motions that account for 708 

>75% of protein motion observed in the simulations.  709 

Following the approach by Bahar and co-workers (Isin et al., 2008), conformational deformation 710 

driven by a given collective motion can be calculated according to the associated eigenvector Rk as 711 

follows: 712 

X’ = X0 ± A Rk [1], 713 

where X0 and X’ denote the coordinates of the reference structure and the structure of the protein 714 

deformed by the collective motion, and A is an arbitrary scaling factor determining the extent of 715 

structural deformation to be examined. The value of A is related to the RMSD between the reference 716 

and the deformed structures through the relationship RMSD = A/M1/2, where M is the number of atoms 717 

selected to calculate RMSD (here M=538, the number of Cα atoms located in the transmembrane 718 
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helical region of the protein). To make a meaningful comparison of all collective motions investigated, 719 

the value of A was chosen such that the structure of the protein is altered by each motion to the same 720 

extent, targeting always a total RMSD of 3.5 Å with respect to the original structure. Thus, the distance 721 

change (Δr) between two sites (xi and xj) of interest (Figure 8B) can be calculated according to Δr = ||xi’ 722 

– xj’|| - ||xi - xj||.  Finally, we quantified the protein’s ability of opening its gates via collective motions by 723 

counting the dominant collective motions that involved an increase in the distance between residues 724 

lining the gates by Δr > 1.5 Å. To achieve a statistical estimate of such counts, each ~300-ns simulation 725 

trajectory of the homodimer was divided evenly into three time blocks (Rapaport, 2004), each being 726 

analyzed through the procedure described above, providing a dataset of six segments (three time 727 

blocks for each subunit x 2 subunits). Statistical comparisons between datasets were made using the 728 

Wilcoxon-Mann-Whitney test (Mann and Whitney, 1947). 729 

 730 

 731 

 732 

  733 



32 

 

ACKNOWLEDGMENTS 734 

We thank Martin Prieto for comments on the manuscript. We thank Hyun-Ho Lim, Carole Williams and 735 

Chris Miller for the hybridoma producing the antibody used for crystallization and for the cDNA 736 

encoding ΔNC ClC-ec1. We thank Rudi Nunlist and Dr. Christian Canlas, College of Chemistry NMR 737 

facility, University of California at Berkeley, for use of the H/F NMR probe. We thank Chris Garcia and 738 

Michael Birnbaum for use of the MicroCal ITC instrument. All simulations have been performed using 739 

XSEDE resources (grant number MCA06N060). Use of the Stanford Synchrotron Radiation Lightsource, 740 

SLAC National Accelerator Laboratory, is supported by the U.S. Department of Energy, Office of 741 

Science, Office of Basic Energy Sciences under Contract No. DE-AC02-76SF00515. The SSRL 742 

Structural Molecular Biology Program is supported by the DOE Office of Biological and Environmental 743 

Research, and by the National Institutes of Health, National Institute of General Medical Sciences. We 744 

are grateful to Stanford’s Chemical Biology Institute for birdseed funding to produce antibody used in 745 

this study. 746 

 747 

 748 

749 



33 

 

REFERENCES 750 

Abraham, S.J., R.C. Cheng, T.A. Chew, C.M. Khantwal, C.W. Liu, S. Gong, R.K. Nakamoto, and M. 751 
Maduke. 2015. 13C NMR detects conformational change in the 100-kD membrane transporter 752 
ClC-ec1. J. Biomol. NMR. 61:209-226 doi:10.1007/s10858-015-9898-7. 753 

Accardi, A. 2015. Structure and gating of CLC channels and exchangers. J. Physiol. 593:4129-4138 754 
doi:10.1113/JP270575. 755 

Accardi, A., S. Lobet, C. Williams, C. Miller, and R. Dutzler. 2006. Synergism between halide binding 756 
and proton transport in a CLC-type exchanger. J. Mol. Biol. 362:691-699 757 
doi:10.1016/j.jmb.2006.07.081. 758 

Accardi, A., and C. Miller. 2004. Secondary active transport mediated by a prokaryotic homologue of 759 
ClC Cl- channels. Nature. 427:803-807 doi:10.1038/nature02314. 760 

Accardi, A., and A. Picollo. 2010. CLC channels and transporters: proteins with borderline personalities. 761 
Biochim. Biophys. Acta. 1798:1457-1464 doi:10.1016/j.bbamem.2010.02.022. 762 

Accardi, A., M. Walden, W. Nguitragool, H. Jayaram, C. Williams, and C. Miller. 2005. Separate ion 763 
pathways in a Cl-/H+ exchanger. J. Gen. Physiol. 126:563-570 doi:10.1085/jgp.200509417. 764 

Alam, A., and Y. Jiang. 2009. Structural analysis of ion selectivity in the NaK channel. Nat. Struct. Mol. 765 
Biol. 16:35-41 doi:10.1038/nsmb.1537. 766 

Amadei, A., A.B. Linssen, and H.J. Berendsen. 1993. Essential dynamics of proteins. Proteins. 17:412-767 
425 doi:10.1002/prot.340170408. 768 

Bahar, I., T.R. Lezon, A. Bakan, and I.H. Shrivastava. 2010. Normal mode analysis of biomolecular 769 
structures: functional mechanisms of membrane proteins. Chem. Rev. 110:1463-1497 770 
doi:10.1021/cr900095e. 771 

Basilio, D., and A. Accardi. 2015. A Proteoliposome-Based Efflux Assay to Determine Single-molecule 772 
Properties of Cl- Channels and Transporters. J. Vis. Exp.  doi:10.3791/52369. 773 

Basilio, D., K. Noack, A. Picollo, and A. Accardi. 2014. Conformational changes required for H(+)/Cl(-) 774 
exchange mediated by a CLC transporter. Nat. Struct. Mol. Biol. 21:456-463 775 
doi:10.1038/nsmb.2814. 776 

Bell, S.P., P.K. Curran, S. Choi, and J.A. Mindell. 2006. Site-directed fluorescence studies of a 777 
prokaryotic ClC antiporter. Biochemistry (Mosc.). 45:6773-6782 doi:10.1021/bi0523815. 778 

Bernini, A., O. Spiga, V. Venditti, F. Prischi, L. Bracci, A.P. Tong, W.T. Wong, and N. Niccolai. 2006. 779 
NMR studies of lysozyme surface accessibility by using different paramagnetic relaxation 780 
probes. J. Am. Chem. Soc. 128:9290-9291 doi:10.1021/ja062109y. 781 

Bostick, D.L., and M.L. Berkowitz. 2004. Exterior site occupancy infers chloride-induced proton gating 782 
in a prokaryotic homolog of the ClC chloride channel. Biophys. J. 87:1686-1696 783 
doi:10.1529/biophysj.104.042465. 784 

Brandon, S., A.H. Beth, and E.J. Hustedt. 2012. The global analysis of DEER data. J. Magn. Reson. 785 
218:93-104 doi:10.1016/j.jmr.2012.03.006. 786 

Canero, D.C., and M.I. Roncero. 2008. Influence of the chloride channel of Fusarium oxysporum on 787 
extracellular laccase activity and virulence on tomato plants. Microbiology. 154:1474-1481 788 
doi:10.1099/mic.0.2007/015388-0. 789 

Chen, T.Y. 2005. Structure and function of clc channels. Annu. Rev. Physiol. 67:809-839  790 
Cheng, M.H., and R.D. Coalson. 2012. Molecular dynamics investigation of Cl- and water transport 791 

through a eukaryotic CLC transporter. Biophys. J. 102:1363-1371 doi:10.1016/j.bpj.2012.01.056. 792 
Cohen, J., and K. Schulten. 2004. Mechanism of anionic conduction across ClC. Biophys. J. 86:836-793 

845 doi:10.1016/S0006-3495(04)74159-4. 794 
Danielson, M.A., and J.J. Falke. 1996. Use of 19F NMR to probe protein structure and conformational 795 

changes. Annu. Rev. Biophys. Biomol. Struct. 25:163-195 796 
doi:10.1146/annurev.bb.25.060196.001115. 797 

Darden, R., D. York, and L. Pedersen. 1993. Particle mesh Ewald: An N=log(N) method for Ewald 798 
sums in large systems. . J. Chem. Phys. 98:10089-10092  799 



34 

 

Devuyst, O., and A. Luciani. 2015. Chloride transporters and receptor-mediated endocytosis in the 800 
renal proximal tubule. J. Physiol.  doi:10.1113/JP270087. 801 

Dutzler, R. 2007. A structural perspective on ClC channel and transporter function. FEBS Lett. 802 
581:2839-2844 doi:S0014-5793(07)00400-0 [pii] 803 

10.1016/j.febslet.2007.04.016. 804 
Dutzler, R., E.B. Campbell, and R. MacKinnon. 2003. Gating the selectivity filter in ClC chloride 805 

channels. Science. 300:108-112 doi:10.1126/science.1082708. 806 
Elvington, S.M., C.W. Liu, and M.C. Maduke. 2009. Substrate-driven conformational changes in ClC-807 

ec1 observed by fluorine NMR. EMBO J. 28:3090-3102 doi:10.1038/emboj.2009.259. 808 
Elvington, S.M., and M. Maduke. 2008. Thinking outside the crystal: complementary approaches for 809 

examining transporter conformational change. Channels. 2:373-379  810 
Esposito, G., A.M. Lesk, H. Molinari, A. Motta, N. Niccolai, and A. Pastore. 1992. Probing protein 811 

structure by solvent perturbation of nuclear magnetic resonance spectra. Nuclear magnetic 812 
resonance spectral editing and topological mapping in proteins by paramagnetic relaxation 813 
filtering. J. Mol. Biol. 224:659-670  814 

Fan, Y., A. Cembran, S. Ma, and J. Gao. 2013. Connecting protein conformational dynamics with 815 
catalytic function as illustrated in dihydrofolate reductase. Biochemistry (Mosc.). 52:2036-2049 816 
doi:10.1021/bi301559q. 817 

Faraldo-Gomez, J.D., and B. Roux. 2004. Electrostatics of ion stabilization in a ClC chloride channel 818 
homologue from Escherichia coli. J. Mol. Biol. 339:981-1000 doi:10.1016/j.jmb.2004.04.023. 819 

Feng, L., E.B. Campbell, Y. Hsiung, and R. MacKinnon. 2010. Structure of a eukaryotic CLC 820 
transporter defines an intermediate state in the transport cycle. Science. 330:635-641 821 
doi:10.1126/science.1195230. 822 

Feng, L., E.B. Campbell, and R. MacKinnon. 2012. Molecular mechanism of proton transport in CLC Cl-823 
/H+ exchange transporters. Proc. Natl. Acad. Sci. U. S. A. 109:11699-11704 824 
doi:10.1073/pnas.1205764109. 825 

Forrest, L.R., R. Kramer, and C. Ziegler. 2011. The structural basis of secondary active transport 826 
mechanisms. Biochim. Biophys. Acta. 1807:167-188 doi:10.1016/j.bbabio.2010.10.014. 827 

Gerig, J.T. 1994. Fluorine NMR of proteins. Prog. Nucl. Magn. Reson. Spectrosc. 26:293-370  828 
Gonzalez-Gutierrez, G., L.G. Cuello, S.K. Nair, and C. Grosman. 2013. Gating of the proton-gated ion 829 

channel from Gloeobacter violaceus at pH 4 as revealed by X-ray crystallography. Proc. Natl. 830 
Acad. Sci. U. S. A. 110:18716-18721 doi:10.1073/pnas.1313156110. 831 

Gonzalez-Gutierrez, G., T. Lukk, V. Agarwal, D. Papke, S.K. Nair, and C. Grosman. 2012. Mutations 832 
that stabilize the open state of the Erwinia chrisanthemi ligand-gated ion channel fail to change 833 
the conformation of the pore domain in crystals. Proc. Natl. Acad. Sci. U. S. A. 109:6331-6336 834 
doi:10.1073/pnas.1119268109. 835 

Gur, M., E. Zomot, and I. Bahar. 2013. Global motions exhibited by proteins in micro- to milliseconds 836 
simulations concur with anisotropic network model predictions. J. Chem. Phys. 139:121912 837 
doi:10.1063/1.4816375. 838 

Han, W., R.C. Cheng, M.C. Maduke, and E. Tajkhorshid. 2014. Water access points and hydration 839 
pathways in CLC H+/Cl- transporters. Proc. Natl. Acad. Sci. U. S. A. 111:1819-1824 840 
doi:10.1073/pnas.1317890111. 841 

Hoover, W. 1985. Canonical Dynamics: Equilibrium phase-space distributions. Phys Rev A. 31:1695-842 
1697  843 

Howery, A.E., S. Elvington, S.J. Abraham, K.H. Choi, S. Dworschak-Simpson, S. Phillips, C.M. Ryan, 844 
R.L. Sanford, J. Almqvist, K. Tran, T.A. Chew, U. Zachariae, O.S. Andersen, J. Whitelegge, K. 845 
Matulef, J. Du Bois, and M.C. Maduke. 2012. A designed inhibitor of a CLC antiporter blocks 846 
function through a unique binding mode. Chem. Biol. 19:1460-1470 847 
doi:10.1016/j.chembiol.2012.09.017. 848 

Humphrey, W., A. Dalke, and K. Schulten. 1996. VMD: visual molecular dynamics. J. Mol. Graph. 849 
14:33-38, 27-38  850 



35 

 

Isin, B., K. Schulten, E. Tajkhorshid, and I. Bahar. 2008. Mechanism of signal propagation upon retinal 851 
isomerization: insights from molecular dynamics simulations of rhodopsin restrained by normal 852 
modes. Biophys. J. 95:789-803 doi:10.1529/biophysj.107.120691. 853 

Isin, B., K.C. Tirupula, Z.N. Oltvai, J. Klein-Seetharaman, and I. Bahar. 2012. Identification of motions in 854 
membrane proteins by elastic network models and their experimental validation. Methods Mol. 855 
Biol. 914:285-317 doi:10.1007/978-1-62703-023-6_17. 856 

Iyer, R., T.M. Iverson, A. Accardi, and C. Miller. 2002. A biological role for prokaryotic ClC chloride 857 
channels. Nature. 419:715-718 doi:10.1038/nature01000. 858 

Jardetzky, O. 1966. Simple allosteric model for membrane pumps. Nature. 211:969-970  859 
Jayaram, H., A. Accardi, F. Wu, C. Williams, and C. Miller. 2008. Ion permeation through a Cl--selective 860 

channel designed from a CLC Cl-/H+ exchanger. Proc. Natl. Acad. Sci. U. S. A. 105:11194-861 
11199 doi:10.1073/pnas.0804503105. 862 

Jayaram, H., J.L. Robertson, F. Wu, C. Williams, and C. Miller. 2011. Structure of a slow CLC Cl/H+ 863 
antiporter from a cyanobacterium. Biochemistry (Mosc.). 50:788-794 doi:10.1021/bi1019258. 864 

Jentsch, T.J. 2008. CLC chloride channels and transporters: from genes to protein structure, pathology 865 
and physiology. Crit. Rev. Biochem. Mol. Biol. 43:3-36 doi:10.1080/10409230701829110. 866 

Jentsch, T.J. 2015. Discovery of CLC transport proteins: cloning, structure, function and 867 
pathophysiology. J. Physiol.  doi:10.1113/jphysiol.2014.270043. 868 

Jeschke, G. 2012. DEER distance measurements on proteins. Annu. Rev. Phys. Chem. 63:419-446 869 
doi:10.1146/annurev-physchem-032511-143716. 870 

Jiang, J., I.H. Shrivastava, S.D. Watts, I. Bahar, and S.G. Amara. 2011. Large collective motions 871 
regulate the functional properties of glutamate transporter trimers. Proc. Natl. Acad. Sci. U. S. A. 872 
108:15141-15146 doi:10.1073/pnas.1112216108. 873 

Jorgensen, W., J. Chandrasekhar, J.D. Maudura, R.W. Impey, and M.L. Klein. 1983. Comparison of 874 
simple potential functions for simulating liquid water. J. Chem. Phys. 79:926-935  875 

Kabsch, W. 2010. Xds. Acta Crystallogr. D Biol. Crystallogr. 66:125-132 876 
doi:10.1107/S0907444909047337. 877 

Kitevski-LeBlanc, J.L., and R.S. Prosser. 2012. Current applications of 19F NMR to studies of protein 878 
structure and dynamics. Prog. Nucl. Magn. Reson. Spectrosc. 62:1-33 879 
doi:10.1016/j.pnmrs.2011.06.003. 880 

Klauda, J.B., R.M. Venable, J.A. Freites, J.W. O'Connor, D.J. Tobias, C. Mondragon-Ramirez, I. 881 
Vorobyov, A.D. MacKerell, Jr., and R.W. Pastor. 2010. Update of the CHARMM all-atom 882 
additive force field for lipids: validation on six lipid types. J. Phys. Chem. B. 114:7830-7843 883 
doi:10.1021/jp101759q. 884 

Krivobokova, T., R. Briones, J.S. Hub, A. Munk, and B.L. de Groot. 2012. Partial least-squares 885 
functional mode analysis: application to the membrane proteins AQP1, Aqy1, and CLC-ec1. 886 
Biophys. J. 103:786-796 doi:10.1016/j.bpj.2012.07.022. 887 

Kuang, Z., U. Mahankali, and T.L. Beck. 2007. Proton pathways and H+/Cl- stoichiometry in bacterial 888 
chloride transporters. Proteins. 68:26-33 doi:10.1002/prot.21441. 889 

Kumar, H., V. Kasho, I. Smirnova, J.S. Finer-Moore, H.R. Kaback, and R.M. Stroud. 2014. Structure of 890 
sugar-bound LacY. Proc. Natl. Acad. Sci. U. S. A. 111:1784-1788 891 
doi:10.1073/pnas.1324141111. 892 

Leisle, L., C.F. Ludwig, F.A. Wagner, T.J. Jentsch, and T. Stauber. 2011. ClC-7 is a slowly voltage-893 
gated 2Cl(-)/1H(+)-exchanger and requires Ostm1 for transport activity. EMBO J. 30:2140-2152 894 
doi:10.1038/emboj.2011.137. 895 

Leo-Macias, A., P. Lopez-Romero, D. Lupyan, D. Zerbino, and A.R. Ortiz. 2005. An analysis of core 896 
deformations in protein superfamilies. Biophys. J. 88:1291-1299 897 
doi:10.1529/biophysj.104.052449. 898 

Lim, H.H., and C. Miller. 2009. Intracellular proton-transfer mutants in a CLC Cl-/H+ exchanger. J. Gen. 899 
Physiol. 133:131-138 doi:10.1085/jgp.200810112. 900 

Lim, H.H., T. Shane, and C. Miller. 2012. Intracellular proton access in a Cl(-)/H(+) antiporter. PLoS Biol. 901 
10:e1001441 doi:10.1371/journal.pbio.1001441. 902 



36 

 

Liu, X., Y. Xu, H. Li, X. Wang, H. Jiang, and F.J. Barrantes. 2008. Mechanics of channel gating of the 903 
nicotinic acetylcholine receptor. PLoS Comput. Biol. 4:e19 doi:10.1371/journal.pcbi.0040019. 904 

Lou, H., and R.I. Cukier. 2006. Molecular dynamics of apo-adenylate kinase: a principal component 905 
analysis. J. Phys. Chem. B. 110:12796-12808 doi:10.1021/jp061976m. 906 

Mackerell, A.D., Jr., M. Feig, and C.L. Brooks, 3rd. 2004. Extending the treatment of backbone 907 
energetics in protein force fields: limitations of gas-phase quantum mechanics in reproducing 908 
protein conformational distributions in molecular dynamics simulations. J Comput Chem. 909 
25:1400-1415 doi:10.1002/jcc.20065. 910 

Mann, H.B., and D.R. Whitney. 1947. On a Test of Whether one of Two Random Variables is 911 
Stochastically Larger than the Other. The Annals of Mathematical Statistics. 18:50-60  912 

Matulef, K., and M. Maduke. 2007. The CLC 'chloride channel' family: revelations from prokaryotes. Mol. 913 
Membr. Biol. 24:342-350 doi:10.1080/09687680701413874. 914 

Miller, C. 2014. In the beginning: A personal reminiscence on the origin and legacy of ClC-0, the 915 
"Torpedo Cl- channel". J. Physiol.  doi:10.1113/jphysiol.2014.286260. 916 

Miloshevsky, G.V., A. Hassanein, and P.C. Jordan. 2010. Antiport mechanism for Cl(-)/H(+) in ClC-ec1 917 
from normal-mode analysis. Biophys. J. 98:999-1008 doi:10.1016/j.bpj.2009.11.035. 918 

Mishra, S., B. Verhalen, R.A. Stein, P.C. Wen, E. Tajkhorshid, and H.S. McHaourab. 2014. 919 
Conformational dynamics of the nucleotide binding domains and the power stroke of a 920 
heterodimeric ABC transporter. Elife. 3:e02740 doi:10.7554/eLife.02740. 921 

Murshudov, G.N., A.A. Vagin, and E.J. Dodson. 1997. Refinement of macromolecular structures by the 922 
maximum-likelihood method. Acta Crystallogr. D Biol. Crystallogr. 53:240-255 923 
doi:10.1107/S0907444996012255. 924 

Nguitragool, W., and C. Miller. 2006. Uncoupling of a CLC Cl-/H+ exchange transporter by polyatomic 925 
anions. J. Mol. Biol. 362:682-690  926 

Nguitragool, W., and C. Miller. 2007. CLC Cl /H+ transporters constrained by covalent cross-linking. 927 
Proc. Natl. Acad. Sci. U. S. A. 104:20659-20665 doi:10.1073/pnas.0708639104. 928 

Niccolai, N., A. Ciutti, O. Spiga, M. Scarselli, A. Bernini, L. Bracci, D. Di Maro, C. Dalvit, H. Molinari, G. 929 
Esposito, and P.A. Temussi. 2001. NMR studies of protein surface accessibility. J. Biol. Chem. 930 
276:42455-42461 doi:10.1074/jbc.M107387200. 931 

Nose, S. 1984. A unified formulation of constant temperature molecular dynamics methods. J. Chem. 932 
Phys. 81:511-519  933 

Osteen, J.D., and J.A. Mindell. 2008. Insights into the ClC-4 transport mechanism from studies of Zn2+ 934 
inhibition. Biophys. J. 95:4668-4675 doi:10.1529/biophysj.108.137158. 935 

Patlak, C.S. 1957. Contributions to the theory of active transport: II. The gate type non-carrier 936 
mechanism and generalizations concerning tracer flow, efficiency, and measurement of energy 937 
expenditure. . Bull. Math. Biophys. 19:209-235  938 

Paulino, C., D. Wohlert, E. Kapotova, O. Yildiz, and W. Kuhlbrandt. 2014. Structure and transport 939 
mechanism of the sodium/proton antiporter MjNhaP1. Elife. 3:e03583 doi:10.7554/eLife.03583. 940 

Peters, J.H., and B.L. de Groot. 2012. Ubiquitin dynamics in complexes reveal molecular recognition 941 
mechanisms beyond induced fit and conformational selection. PLoS Comput. Biol. 8:e1002704 942 
doi:10.1371/journal.pcbi.1002704. 943 

Phillips, J.C., R. Braun, W. Wang, J. Gumbart, E. Tajkhorshid, E. Villa, C. Chipot, R.D. Skeel, L. Kale, 944 
and K. Schulten. 2005. Scalable molecular dynamics with NAMD. J Comput Chem. 26:1781-945 
1802 doi:10.1002/jcc.20289. 946 

Picollo, A., M. Malvezzi, J.C. Houtman, and A. Accardi. 2009. Basis of substrate binding and 947 
conservation of selectivity in the CLC family of channels and transporters. Nat. Struct. Mol. Biol. 948 
16:1294-1301 doi:10.1038/nsmb.1704. 949 

Picollo, A., and M. Pusch. 2005. Chloride/proton antiporter activity of mammalian CLC proteins ClC-4 950 
and ClC-5. Nature. 436:420-423 doi:10.1038/nature03720. 951 

Picollo, A., Y. Xu, N. Johner, S. Berneche, and A. Accardi. 2012. Synergistic substrate binding 952 
determines the stoichiometry of transport of a prokaryotic H(+)/Cl(-) exchanger. Nat. Struct. Mol. 953 
Biol. 19:525-531, S521 doi:10.1038/nsmb.2277. 954 



37 

 

Pusch, M., and G. Zifarelli. 2015. ClC-5: Physiological role and biophysical mechanisms. Cell Calcium. 955 
58:57-66 doi:10.1016/j.ceca.2014.09.007. 956 

Rapaport, D.C. 2004. The Art of Molecular Dynamics Simulations. Cambridge University Press. 549 pp. 957 
Robertson, J.L., L. Kolmakova-Partensky, and C. Miller. 2010. Design, function and structure of a 958 

monomeric ClC transporter. Nature. 468:844-847 doi:10.1038/nature09556. 959 
Rudnick, G. 2013. How do transporters couple solute movements? Mol. Membr. Biol. 30:355-359 960 

doi:10.3109/09687688.2013.842658. 961 
Scheel, O., A.A. Zdebik, S. Lourdel, and T.J. Jentsch. 2005. Voltage-dependent electrogenic 962 

chloride/proton exchange by endosomal CLC proteins. Nature. 436:424-427 963 
doi:10.1038/nature03860. 964 

Shannon, R.D. 1976. Revised Effective Ionic Radii and Systematic Studies of Interatomic Distances in 965 
Halides and Chalcogenides. Acta Crystallogr. A32:751-767  966 

Shi, Y. 2013. Common folds and transport mechanisms of secondary active transporters. Annual 967 
review of biophysics. 42:51-72 doi:10.1146/annurev-biophys-083012-130429. 968 

Shilton, B.H. 2015. Active transporters as enzymes: an energetic framework applied to major facilitator 969 
superfamily and ABC importer systems. Biochem. J. 467:193-199 doi:10.1042/BJ20140675. 970 

Shimizu, H., M. Iwamoto, T. Konno, A. Nihei, Y.C. Sasaki, and S. Oiki. 2008. Global twisting motion of 971 
single molecular KcsA potassium channel upon gating. Cell. 132:67-78 972 
doi:10.1016/j.cell.2007.11.040. 973 

Shrivastava, I.H., and I. Bahar. 2006. Common mechanism of pore opening shared by five different 974 
potassium channels. Biophys. J. 90:3929-3940 doi:10.1529/biophysj.105.080093. 975 

Skjaerven, L., A. Martinez, and N. Reuter. 2011. Principal component and normal mode analysis of 976 
proteins; a quantitative comparison using the GroEL subunit. Proteins. 79:232-243 977 
doi:10.1002/prot.22875. 978 

Smart, O.S., J.G. Neduvelil, X. Wang, B.A. Wallace, and M.S. Sansom. 1996. HOLE: a program for the 979 
analysis of the pore dimensions of ion channel structural models. J. Mol. Graph. 14:354-360, 980 
376  981 

Stauber, T., S. Weinert, and T.J. Jentsch. 2012. Cell Biology and Physiology of CLC Chloride Channels 982 
and Transporters. Compr Physiol. 2:1701-1744 doi:10.1002/cphy.c110038. 983 

Stein, R.A., A.H. Beth, and E.J. Hustedt. 2015. A Straightforward Approach to the Analysis of Double 984 
Electron-Electron Resonance Data. Methods Enzymol. 563:531-567 985 
doi:10.1016/bs.mie.2015.07.031. 986 

Stein, W.D., and T. Litman. 2014. Channels, Carriers, and Pumps: An Introduction to Membrane 987 
Transport. Elsevier. 422 pp. 988 

Stolting, G., M. Fischer, and C. Fahlke. 2014. CLC channel function and dysfunction in health and 989 
disease. Front Physiol. 5:378 doi:10.3389/fphys.2014.00378. 990 

Tai, K., T. Shen, U. Borjesson, M. Philippopoulos, and J.A. McCammon. 2001. Analysis of a 10-ns 991 
molecular dynamics simulation of mouse acetylcholinesterase. Biophys. J. 81:715-724 992 
doi:10.1016/S0006-3495(01)75736-0. 993 

Teng, C.L., and R.G. Bryant. 2006. Spin relaxation measurements of electrostatic bias in intermolecular 994 
exploration. J. Magn. Reson. 179:199-205 doi:10.1016/j.jmr.2005.12.001. 995 

Vagin, A., and A. Teplyakov. 2010. Molecular replacement with MOLREP. Acta Crystallogr. D Biol. 996 
Crystallogr. 66:22-25 doi:10.1107/S0907444909042589. 997 

Venditti, V., N. Niccolai, and S.E. Butcher. 2008. Measuring the dynamic surface accessibility of RNA 998 
with the small paramagnetic molecule TEMPOL. Nucleic Acids Res. 36:e20 999 
doi:10.1093/nar/gkm1062. 1000 

Walden, M., A. Accardi, F. Wu, C. Xu, C. Williams, and C. Miller. 2007. Uncoupling and turnover in a 1001 
Cl-/H+ exchange transporter. J. Gen. Physiol. 129:317-329 doi:10.1085/jgp.200709756. 1002 

Wang, D., and G.A. Voth. 2009. Proton transport pathway in the ClC Cl-/H+ antiporter. Biophys. J. 1003 
97:121-131 doi:10.1016/j.bpj.2009.04.038. 1004 



38 

 

Weininger, U., K. Modig, and M. Akke. 2014. Ring flips revisited: (13)C relaxation dispersion 1005 
measurements of aromatic side chain dynamics and activation barriers in basic pancreatic 1006 
trypsin inhibitor. Biochemistry (Mosc.). 53:4519-4525 doi:10.1021/bi500462k. 1007 

Yang, L., G. Song, A. Carriquiry, and R.L. Jernigan. 2008. Close correspondence between the motions 1008 
from principal component analysis of multiple HIV-1 protease structures and elastic network 1009 
modes. Structure. 16:321-330 doi:10.1016/j.str.2007.12.011. 1010 

Yao, Y., J. Belcher, A.J. Berger, M.L. Mayer, and A.Y. Lau. 2013. Conformational analysis of NMDA 1011 
receptor GluN1, GluN2, and GluN3 ligand-binding domains reveals subtype-specific 1012 
characteristics. Structure. 21:1788-1799 doi:10.1016/j.str.2013.07.011. 1013 

Zhang, L., and J. Hermans. 1996. Hydrophilicity of cavities in proteins. Proteins. 24:433-438 1014 
doi:10.1002/(SICI)1097-0134(199604)24:4<433::AID-PROT3>3.0.CO;2-F. 1015 

Zhao, Q., Q. Wei, A. He, R. Jia, and Y. Xiao. 2009. CLC-7: a potential therapeutic target for the 1016 
treatment of osteoporosis and neurodegeneration. Biochem. Biophys. Res. Commun. 384:277-1017 
279 doi:10.1016/j.bbrc.2009.04.088. 1018 

Zhu, X., and P.R. Williamson. 2003. A CLC-type chloride channel gene is required for laccase activity 1019 
and virulence in Cryptococcus neoformans. Mol. Microbiol. 50:1271-1281 doi:3752 [pii]. 1020 

Zifarelli, G. 2015. A tale of two CLCs: biophysical insights toward understanding ClC-5 and ClC-7 1021 
function in endosomes and lysosomes. J. Physiol.  doi:10.1113/JP270604. 1022 

Zifarelli, G., and M. Pusch. 2007. CLC chloride channels and transporters: a biophysical and 1023 
physiological perspective. Rev. Physiol. Biochem. Pharmacol. 158:23-76  1024 

 1025 

 1026 

  1027 



39 

 

FIGURE TITLES AND LEGENDS 1028 

Figure 1.  Structure of CLC transporters. (A) Structure of ClC-ec1 (pdb: 1OTS). The bound Cl- (one in 1029 

each identical subunit at site Scen) is coordinated by conserved Ser and Tyr residues (shown as 1030 

spacefilled). The N-termini of helices F and N (shown in purple and yellow respectively) point towards 1031 

this site and provide a positive electrostatic environment for the anion. The H+-permeation pathways 1032 

are delineated by two key residues, Gluex and Gluin. Gluex also acts as a “gate” that blocks the Cl--1033 

permeation pathway (green arrows) from the extracellular solution. (B) CLC structure highlighting 1034 

helices discussed: F (purple), N (yellow), O (pink), P (blue), Q (brown), and R (aquamarine). (C) Close-1035 

up of the Cl--binding region in WT (left) and E148Q (right) ClC-ec1, highlighting intracellular and 1036 

extracellular gate residues S107, Y445, and E148 (Gluex). In the E148Q mutant (pdb: 1OTU), the Gln 1037 

side chain, mimicking the protonated Gluex, swings away from the Cl--permeation pathway and is 1038 

replaced at Sext with a Cl- ion. The structure of this mutant is otherwise indistinguishable from the WT 1039 

structure. (D) Cartoon of the Cl--binding region, illustrating the hypothesis that the E148Q structure 1040 

represents an “outward-facing occluded” rather than an “outward-facing open” conformation.  1041 

The following figure supplement is available for Figure 1: 1042 

Figure 1-figure supplement 1. Comparison of CLC structures determined at high and low pH.   1043 

 1044 

Figure 2. H+-dependent solvent accessibility of Tyr residues in ClC-ec1, detected by 19F NMR. (A) 1045 

“BuriedOnly” ClC-ec1, a mutant in which the five buried Tyr residues (spacefilled in yellow) have 1046 

been labeled with 19F. The seven solvent-exposed Tyr residues have been mutated to Phe. 1047 

Residues Y445 (on Helix R, shown in aquamarine) and Y419 (linker between Helices P and Q, 1048 

blue and brown respectively) were previously identified as undergoing H+-dependent changes in 1049 

chemical shift (Elvington et al., 2009) (B) 19F NMR spectra of BuriedOnly ClC-ec1. Top data panel: 1050 

low pH was used to enrich the outward-facing conformational state. Changes in chemical shift 1051 

reflect changes in chemical environment experienced by the 19F nuclei. Middle data panel: spectral 1052 

changes in response to addition of TEMPOL (inset) at pH 7.5. Bottom data panel: spectral changes 1053 

in response to addition of TEMPOL at pH 5.0. 1054 

 1055 

Figure 3. 19F NMR detects H+-dependent solvent accessibility at Y419. (A) Y419only ClC-ec1. In this 1056 

variant, all native Tyr residues except for Y419 have been mutated to Phe, so that only Y419 will carry 1057 

a 19F label. Y419 is highlighted in the ClC-ec1 structure shown from the point of view of the membrane 1058 

(left) and from the extracellular side (right). The lower panels illustrate that Y419 lies in a buried position 1059 

(left: thin slice through the protein at Y419; right, surface representation viewed from the extracellular 1060 

side. (B) 19F NMR spectra of Y419only. The prominent peak centered at -60 ppm shifts upfield (-61 and 1061 
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-63 ppm) when the pH is shifted from 7.5 to 4.5 to enrich the OF state. (C) Y419 becomes substantially 1062 

more exposed to solvent at increased [H+], as indicated by susceptibility to line-broadening by the 1063 

water-soluble TEMPOL at pH 4.5 (bottom spectra, green vs black trace) compared to pH 7.5 (top 1064 

spectra, orange vs cyan trace). (D) The change in the Y419 exposure to solvent is reversible, as 1065 

revealed by return of the signal (to the expected chemical shift) when the pH is raised to 7.5 (bottom 1066 

trace, orange). (E) Y419 in the channel-like ClC-ec1 background is accessible to TEMPOL at both pH 1067 

7.5 and 4.5.  1068 

The following figure supplements are available for Figure 3: 1069 

Figure 3-figure supplement 1. Functional characterization of ClC-ec1 variants. 1070 

Figure 3-figure supplement 2. Reproducibility of TEMPOL-NMR experiments 1071 

Figure 3-figure supplement 3. Overlay of WT and channel-like ClC-ec1 structures. 1072 

 1073 

Figure 4. Cross-linking and H+-dependent conformational change at D417C. (A) ClC-ec1 with D417 1074 

side chain shown spacefilled, viewed from the membrane (left) and from the extracellular side (right). (B) 1075 

Close-up view showing D417 and Y419 side chains. (C) Detection of inter-subunit disulfide cross-links 1076 

by non-reducing SDS-PAGE. When the D417C transporters were purified under standard (non-1077 

reducing) conditions, inter-subunit cross-links formed spontaneously, with ~50% of the protein 1078 

migrating as a dimer (top gel, solid arrow) and ~50% as a monomer (open arrow). By purifying the 1079 

transporters under reducing conditions, the amount of cross-linking could be reduced to <10%, and 1080 

then titrated (up to ~95%) with addition of increasing amounts of CuP (bottom panel). (D) Effect of 1081 

cross-linking on D417C activity. Left: Representative data traces showing Cl--transport activity of 1082 

D417C. Right: Summary data showing Cl--transport activity as a function of disulfide cross-linking, 1083 

which was determined by quantifying the relative intensities in the monomer and dimer bands detected 1084 

by SDS-PAGE (as shown in panel C). Each data point represents one flux-assay measurement. Error 1085 

bars (most are smaller than the symbols) indicate the uncertainty in curve-fitting to the primary data 1086 

(transporter flux and background leak measured in control liposomes). Data are from three separate 1087 

D417C ClC-ec1 preparations, as depicted by three colors (purple, yellow, and blue). (E) 1088 

D417C/channel-like is resistant to CuP-induced cross-linking. The bottom panel shows results from 1089 

thiol quantification assays before and after treatment with 100 µM CuP. (F) Effect of cross-linking on 1090 

activity of D417C/channel-like ClC-ec1. Left: Representative data traces. Right: Summary data, as in 1091 

panel D. Yellow and purple indicate data from two separate D417C/channel-like ClC-ec1 preparations. 1092 

(G) DEER distance distributions reveal a pH-dependent increase in inter-subunit distance at D417C. (H) 1093 

D417C/channel-like does not exhibit the pH-dependent change observed with D417C/WT. (I) 1094 

Comparison of WT and channel-like D417C at pH 7.5. 1095 

The following figure supplements are available for Figure 4:  1096 
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Figure 4-figure supplement 1 – Cross-linking of Y419C ClC-ec1 1097 

Figure 4-figure supplement 2 – Cross-linking at D417C inhibits Cl- and H+ transport in parallel 1098 

Figure 4-figure supplement 3 – Control experiments on WT and cysless ClC-ec1 1099 

Figure 4-figure supplement 4 – CuP-treated D417C proteins run as dimers on size exclusion 1100 

chromatography 1101 

Figure 4-figure supplement 5 – Functional-, CW-EPR, and DEER data analysis for spin-labeled 1102 

D417C variants 1103 
 1104 
Figure 5 Structural integrity of cross-linked D417C (A) The cross-linked D417C backbone (PDB 5HD8, 1105 

green) superposes with WT (PDB 1OTS, blue) (RMSD 0.57 Å for 862 Cα atoms). (B) Extra density 1106 

between residues 417 on the two subunits was modeled as a disulfide bridge, shown in stereo. (C) 1107 

Close up stereo view of key residues around the Cl- (upper panel) and H+ (lower panel) permeation 1108 

pathways. In the upper panel, the residues shown (E148, S107, and Y445) are the same as those 1109 

depicted in Figure 1A. In the lower panel, also shown are E203, the internal H+-transfer site (Accardi et 1110 

al., 2005) and A404, a residue lining the portal for H+ entry from the intracellular solution (Han et al., 1111 

2014). Cl- modeled in the central binding site is depicted as green and blue spheres.  2F0-Fc maps are 1112 

contoured at 1σ. (D) ITC experiments show Cl- binding to WT, D417C, and D417C cross-linked with 1113 

100 µM CuP. Top panels: heat liberated when 20 mM KCl is titrated into the ITC cell containing 25-50 1114 

µM protein (WT, 25 µM; D417C, 50 µM; D417C+CuP, 30 µM). (E) Summary data for ITC experiments, 1115 

±SEM. WT, n=3 from two separate protein preparations; D417C, n=4 from four separate preparations; 1116 

cross-linked D417C n=4 from three separate protein preparations.  1117 

 1118 

Figure 6. Cross-linking D417C in uncoupled transporter backgrounds. (A) D417C/E148A – detection of 1119 

inter-subunit disulfide cross-links by non-reducing SDS-PAGE. (B) Effect of cross-linking on activity of 1120 

D417C/E148A. Left: Representative data traces showing Cl--transport activity. Right: Summary data 1121 

showing Cl--transport activity as a function of disulfide cross-linking. Each data point represents one 1122 

flux-assay measurement, with error bars indicating the uncertainty in curve-fitting to the primary data. 1123 

Purple, yellow, blue, and dark red each represent data from a separate protein preparation. (C) 1124 

D417C/Y445S – detection of inter-subunit disulfide cross-links. (D) Effect of cross-linking on activity of 1125 

D417C/Y445S, as in panel B. Data are from three separate protein preparations (indicated in purple, 1126 

yellow, and blue).  1127 

The following figure supplement is available for Figure 6:  1128 

Figure 6-figure supplement 1 - H+ turnover of D417C/Y445S 1129 

 1130 
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Figure 7. Computational analysis of water entry through the portal lined by A404 (Helix P). (A) ClC-ec1 1131 

structure highlighting the location of the A404L “portal” residue at Helix P. (B) The D417C cross-link 1132 

does not affect water entry into the pathway connecting Gluin and Gluex. The aggregate number of water 1133 

molecules entering the region between the two residues was determined as described previously (Han 1134 

et al., 2014) and compared for wild-type (WT) and cross-linked mutant (D417C) over the same 1135 

timescales.  1136 

 1137 

Figure 8. Coupling of extracellular and intracellular gating motions to collective motions in ClC-ec1 1138 

detected computationally. (A) Key inter-Cα distances were employed to detect functional motions. The 1139 

left panel shows the location of the Cl- gates (dashed box) and transport pathways (dashed green line) 1140 

in ClC-ec1. Right panel shows a close-up of the Cl- gates where key inter-Cα distances for both the 1141 

extracellular and intracellular gates are denoted by dashed double arrows. (B) Scheme for determining 1142 

distance change (Δr) caused by a collective motion. Following a collective motion, a native structure 1143 

(red helices) undergoes structural transition (peach helices). As a result, the distance between the 1144 

helices increases by Δr = r’ – r. (C) Opening motions of the extracellular gate. The number (N) of 1145 

collective motions that lead to distance changes (Δr > 1.5 Å) at each of the extracellular-gate residue 1146 

pairs was determined from analysis of MD simulations for WT and cross-linked (“x-link”) ClC-ec1, as 1147 

described in the text. The data are shown in a box-and-whisker plot where the whiskers denote 1148 

minimum and maximum of the data and the box denotes the range of 25th percentile to 75th percentile 1149 

of the data when sorted. The horizontal line in the box denotes the median of the data. (D) The number 1150 

(N) of collective motions that lead to distance changes (Δr > 1.5 Å) at the intracellular gate pair 107-445 1151 

is not significantly different between WT and cross-linked ClC-ec1.  1152 

 1153 

Figure 9. The extracellular gate remains narrow in the Gluex mutant (E148A) and in the channel-like 1154 

variant E148A/Y445A. The pore radius profiles of the ClC-ec1 Cl- transport tunnel for WT ClC-ec1 1155 

(blue), E148A (pink) and E148A/Y445A (green) along the z-axis (membrane normal). Shown are the 1156 

profiles for subunit 1. The results for subunit 2 are very similar and thus not shown. The z-position of 1157 

the central Cl--binding site is chosen as the origin of z-axis. The shaded region denotes the 1158 

extracellular-gate region; dashed arrows highlight the z-positions of the bottlenecks. 1159 

The following figure supplement is available for Figure 9:  1160 

Figure 9-figure supplement 1 – radius pore profile of 1KPL (CLC structure determined at pH 4.6) 1161 

 1162 

Figure 10. Cross-linking at 417 impedes opening of the extracellular but not the intracellular gate in 1163 

channel-like ClC-ec1, as detected by computational analysis. (A) Opening motions of the extracellular 1164 

gate. The number (N) of collective motions that lead to distance changes (Δr > 1.5 Å) at each of the 1165 
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extracellular-gate residue pairs was determined from analysis of MD simulations for WT and cross-1166 

linked (“x-link”) channel-like ClC-ec1, as described in the text. The data are shown in a box-and-whisker 1167 

plot where the whiskers denote minimum and maximum of the data and the box denotes the range of 1168 

25th percentile to 75th percentile of the data when sorted. The horizontal line in the box denotes the 1169 

median of the data. (B) The number (N) of collective motions that lead to distance changes (Δr > 1.5 Å) 1170 

at the intracellular gate pair 107-445 is not significantly different between WT and cross-linked ClC-ec1.  1171 

 1172 

Figure 11. Helix P is coupled to the extracellular gate via Helix N (A) Side view of ClC-ec1, in stereo. 1173 

Conserved residues L411 and M415 in Helix P (blue) make direct contact with conserved residues 1174 

F357 and L361 in Helix N (yellow). (B) Close-up of Helices P and N. (C) Detection of inter-subunit 1175 

disulfide cross-links by non-reducing SDS-PAGE in Helix-N mutants D417C/L361A (top) and 1176 

D417C/F357A (bottom). (D) Effect of cross-linking on activity. Left: Representative data traces showing 1177 

Cl--transport activity of D417C/L361A and D417C/F357A. Right: Summary data showing Cl--transport 1178 

activity as a function of disulfide cross-linking. Each data point represents individual data points as 1179 

described in Figure 4. Purple, yellow and blue each represent data obtained from a separate protein 1180 

preparation. (E) Detection of inter-subunit disulfide cross-links on D417C/A404L (F) Effect of cross-1181 

linking on activity of D417C/A404L. Purple, yellow and blue represent data obtained from separate 1182 

protein preparations. 1183 

 1184 

Figure 12. Revised model of the CLC transporter mechanism. (A) CLC transporter cycle. The OFoccluded 1185 

state (1) undergoes a conformational change to OFopen (2). This step is pH-dependent but may be 1186 

promoted by protonation of residues other than Gluex (see Discussion). Two Cl- ions leave (3) and then 1187 

entry of the protonated Gluex into the permeation pathway (4) facilitates H+-transfer to the inside (via 1188 

Gluin, Figure 1B) (5). Conformational change to the inward-facing state (6) allows 2 Cl- ions to enter 1189 

from the intracellular side, knocking Gluex out of the pathway (7). The cycle is reversible, with 1190 

protonation favoring conformational change to the OFopen state.  (B) Channel-like CLC states. The 1191 

crystal structure of channel-like ClC-ec1 reveals a narrow constriction at the extracellular-gate region, 1192 

depicted at left. However, results here demonstrate that the major conformation adopted in solution 1193 

more closely resembles the OFopen state (equilibrium shifted to right). This finding is consistent with the 1194 

high Cl- throughput observed in channel-like ClC-ec1.  1195 

 1196 

 1197 

 1198 
  1199 
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TABLES AND TITLES/LEGENDS 1200 

Table 1. D417C activity extrapolated to 0 and 100% cross-link 1201 
D417C  
variant 

Turnover at 0%  
cross-link (s-1) 

Turnover at 100% 
cross-link (s-1) 

WT 1440 ± 70    280 ± 70 
E148A/Y445S 
 (channel-like) 14400 ± 1300    520 ± 5400 

E148A 260 ± 20     76 ± 26 
Y445S 850 ± 70    -20 ± 105 
A404L 140 ± 20     54 ± 17 
L361A (Helix N) 360 ± 30    240 ± 30 
F357A (Helix N) 84 ± 9    119 ± 8 
Turnover at 0 and 100% D417C cross-link were extrapolated from fits 1202 
to data in Figures 4, 7, and 11. The uncertainties report the 95%  1203 
confidence interval in the extrapolated values.  1204 
 1205 

  1206 
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Table 2. Data collection and refinement statisticsa 1207 

 
Data Collection  

 Space group C121 
 Unit cell dimensions  
  a, b, c (Å) 231.7, 96.1, 170.0 
  α, β, γ (°) 90, 132, 90 
 
 Resolution range (Å) 

 
39.2–3.15 (3.23-3.15) 

 Completeness (%) 90.2(80.6) 
 Rmerge (%) 7.7 (70.9) 
 I/σ (I) 14.8 (1.7) 
  Redundancy                        
 3.6(2.1) 

Refinement Statistics  
 Resolution limit (Å) 39.2–3.15  
 No. of reflections 41,839  
  Rwork/Rfree (%) 20.5 / 25.7 
  
 Number of atoms  
  Protein 13,064 
  Ligand/ion 4 
 
B-factors 
    Protein 
    Ions                                       
 

 
69.8 

118.4 

 r.m.s deviations  
  Bond lengths (Å)  0.007 
  Bond angles (°) 1.139 

aValues in parentheses are for the highest-resolution shell. Data  1208 
  were collected from a single crystal. 1209 
 1210 
 1211 

 1212 
  1213 



46 

 

FIGURE SUPPLEMENTS 1214 

Figure 1 – figure supplement 1. Comparison of CLC structures determined at high and low pH. The 1215 

two homologs shared 80% sequence identity. (A) The Salmonella CLC backbone (PDB 1KPL, orange) 1216 

superposes with ClC-ec1 (PDB 1OTS, blue) (RMSD 1.5 Å; Cα RMSD 1.0 Å). (B) The side chains of key 1217 

residues studied here (Gluex (E148), F357, L361, L411, M415, D417, and Y419) are similarly positioned 1218 

in the two structures. These similarities motivate alternative approaches to crystallography (this work 1219 

and others), which highlight the fact that a conformation crystallized does not necessarily reflect the 1220 

ensemble of conformations outside the restraints of crystallization (Bell et al., 2006; Elvington and 1221 

Maduke, 2008; Elvington et al., 2009; Basilio et al., 2014; Abraham et al., 2015). 1222 

 1223 

Figure 3 – figure supplement 1. Functional characterization of ClC-ec1 variants. Top: Cl- turnover 1224 

rates for ClC-ec1 variants examined in this study, with the exception of D417C mutants which are 1225 

summarized in Table 1. Bottom: Stoichiometry of transport for WT ClC-ec1, Y419only (used in NMR 1226 

studies), D417C (used in cross-linking studies), and Helix-N mutants F357A and L361A (hypothesized 1227 

to transmit conformational change from D417C to the Cl--transport pathway). Data represent average ± 1228 

SEM (n=3-7).    1229 

 1230 

Figure 3 – figure supplement 2. Reproducibility of TEMPOL-NMR experiments. (A) Repeat of the 1231 

experiment demonstrating (1) TEMPOL causes line-broadening at pH 4.5 and (2) that this line-1232 

broadening is reversible by a change to pH 7.5 (cf Figure 3D). The signal is enhanced and returns to 1233 

the expected chemical shift when the pH is raised to 7.5 (bottom trace, orange). (B) Repeat of the 1234 

experiment demonstrating that Y419 in the channel-like ClC-ec1 background is accessible to TEMPOL 1235 

at both pH 7.5 and 4.5 (cf Figure 3E).   1236 

 1237 

Figure 3 – figure supplement 3. Overlay of WT ClC-ec1 (grey, 1OTS) and channel-like variant 1238 

E148A/Y445A (purple, 3DET), RMSD 0.52 Å. The left panel shows a view from within the membrane; 1239 

the middle and right panels shows views from the extracellular side, with the Y419 side chain depicted 1240 

in pink (channel-like) and grey (WT). The side chain is in an identical (overlapping) position in the two 1241 

structures.  1242 

 1243 

Figure 4 – figure supplement 1. Y419C forms spontaneous inter-subunit cross-links that have no 1244 

effect on function. (A) Y419C analyzed on non-reducing SDS-PAGE. Solid and open arrows indicate 1245 

positions of dimeric (cross-linked) and monomeric ClC-ec1 respectively. Y419C purified under non-1246 

reducing conditions (gel at left) forms spontaneous crosslinks. Y419C purified under reducing 1247 

conditions (gel at right) is largely uncross-linked but becomes cross-linked upon addition of 10 µM CuP. 1248 
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(B) Representative raw traces showing Cl- flux through Y419C-reconstituted proteoliposomes. (C) 1249 

Summary data show that the Y419C crosslink has no significant effect on activity (error bars show SEM 1250 

for n=4-6).  1251 

 1252 

Figure 4 – figure supplement 2. Cross-linking at D417C inhibits Cl- and H+ transport in parallel.  Data 1253 

represent average ± SEM (n=4).   1254 

 1255 

Figure 4 – figure supplement 3. Control experiments on WT and cysteine-less ClC-ec1. The WT ClC-1256 

ec1 background was used for Y419C and N-deletion (crystallization construct) mutants; the cysteine-1257 

less ClC-ec1 background was used with all other constructs in this study. (A) Control experiments on 1258 

WT ClC-ec1. Left: SDS-PAGE analysis of CuP-treated WT ClC-ec1. Arrows indicate migration position 1259 

for the cross-linked dimer (solid) or uncross-linked monomer (open). The presence of a prominent 1260 

monomer band indicates that CuP does not cross-link this template. Middle: Representative traces of 1261 

Cl--efflux mediated by WT or cysteine-less ClC-ec1. Right: Relative Cl- transport rates for WT and 1262 

cysteine-less ClC-ec1 (mean ± SEM, n=3-4). (B) Control experiments on cysteine-less ClC-ec1. Panels 1263 

as in (A).  1264 

 1265 

Figure 4 – figure supplement 4. Control: CuP-treated D417C proteins run as dimers on size exclusion 1266 

chromatography (Superdex 200). 1267 

 1268 

Figure 4 – figure supplement 5. Functional, CW-EPR, and DEER analysis for MTSSL-labeled ClC-1269 

ec1 variants. (A) MTSSL-labeled D417C retains Cl--transport function, mean ± SEM for n=3-4. Cl- 1270 

turnover of labeled samples was measured after the sample was exposed to pH 4.5 for 1 hour at room 1271 

temperature before adjusting back to pH 7.5 for reconstitution. (B) CW-EPR (left), baseline-corrected 1272 

DEER signals (middle) and fits corresponding to distance distributions (right) for D417C at pH 7.5 and 1273 

4.5. (C) MTSSL-labeled D417C/channel-like retains Cl--transport function, mean ± SEM for n=4. Cl- 1274 

turnover of labeled samples was measured after the sample was exposed to the pH 4.5 condition for 1 1275 

hour at room temperature before adjusting back to pH 7.5 for reconstitution.  (D)  CW-EPR (left), 1276 

baseline-corrected DEER signals (middle) and fits corresponding to distance distributions (right) for 1277 

D417C/channel-like at pH 7.5 and 4.5.  1278 

 1279 

Figure 6 – figure supplement 1: H+ turnover of D417C/Y445S. Left: Representative data traces 1280 

showing H+-transport activity. Right: Summary data showing H+-transport activity as a function of 1281 

disulfide cross-linking. Each data point represents one flux-assay measurement, with error bars 1282 
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indicating the uncertainty in curve-fitting to the primary data. Data are from three separate preparations, 1283 

with data from each preparation shown in a different color. 1284 

 1285 

Figure 9 – figure supplement 1: The extracellular gate is narrow in the Salmonella CLC (StCLC) 1286 

structure determined at pH 4.6. The pore radius profiles of the Cl- transport tunnel for ClC-ec1 (blue) 1287 

and StCLC (orange) along the z-axis (membrane normal). Shown are the profiles for subunit 1; the 1288 

results for subunit 2 are very similar and thus not shown. The z-position of the central Cl--binding site is 1289 

chosen as the origin of z-axis. The shaded region denotes the extracellular-gate region; dashed arrows 1290 

highlight the z-positions of the bottlenecks. StCLC exhibits an additional bottleneck towards the 1291 

extracellular side of the ion-permeation pathway See also Figure 1 – figure supplement 1 for a 1292 

comparison of these two structures. 1293 

 1294 

 1295 

 1296 


























