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ABSTRACT: CLC channels and transporters conduct or 
transport various kinds of anions, with the exception of 
fluoride that acts as an effective inhibitor. Here, we per-
formed sub-ns DFT-based QM/MM simulations of the E. 

coli anion/proton exchanger ClC-ec1 and observed that 
fluoride binds incoming protons within the selectivity fil-
ter, with excess protons shared with the gating glutamate 
E148. Depending on E148 conformation, the competition 
for the proton can involve either a direct F /E148 inter-
action or the modulation of water molecules bridging the 
two anions. The direct interaction locks E148 in a confor-
mation that does not allow for proton transport, and 
thus inhibits protein function. 

The CLC family encompasses anion channels and an-
ion/proton exchangers across the three kingdoms of life 
1-6  and fulfills various cell functions. Human CLC channels 
and transporters contribute to the regulation of cellular 
excitability, epithelial ion transport or Cl  and pH home-
ostasis in intracellular organelles.7-9 Mutations in genes 
encoding these proteins cause a variety of diseases, in-
cluding muscle overexcitability, deafness, epilepsy, intel-
lectual disability, nephrolithiasis and osteopetrosis. 10-11 
The significant physiological importance as well as the in-
triguing co-existence of voltage-gated anion channels 
and anion/proton transporters in one gene family makes 

the CLC family a highly interesting topic for studying the 
chemical basis of transmembrane ion transport.  

The Cl /H+ antiporter ClC-ec1 was the first member of the 
CLC family that was studied by X-ray crystallography.12-13 
The protein mediates the transmembrane exchange of 
Cl  for H+ with a 2:1 stoichiometry.14 Anion/proton ex-
change occurs in a permeation pathway limited by two 
glutamates, one pointing towards the intracellular side 
(E203, the so-called proton glutamate)12, 15 and the other 
toward the extracellular side (E148, the so-called gating 
glutamate).12, 14, 16-17 Protons from the cytosol bind the 
carboxyl group of E203 and subsequently reach E148 via 
a water wire18-21 between these two residues. After pro-
tonation, E148 rotates outward and thus exposes itself to 
the external side of the channel (from a down to an up 
conformation), to release the proton to the extracellular 
side and to open a permeation pathway that allows for 
chloride transit.12, 22-23 CLC anion channels and transport-
ers allow for the transport of various anions, with signif-
icant permeability not only for Cl , but also for larger and 
polyatomic anions, such as Br , I , NO3  and SCN . 24-28  

Transport of F  anion, which is smaller than Cl  ,29 has not 
been extensively studied across the CLC proteins. Intri-
guingly, it is negligibly permeant through CLC-1 and CLC-
225, 30 and it  inhibits anion/proton exchange in ClC-ec1.25, 
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was invoked already as the key structural determinant for 
the inhibition mechanism,33 our findings point to a much 
more complex scenario than a simple H-bond interac-
tion: the H-F distance ranges between 1 Å (HF-E148) and 
2 Å (F- HE148, Fig. 2B).   

Bringing the proton from its complex with E148 and F  to 
the bulk requires the down  up transition of the proto-
nated E148. The estimated free energy barrier of this 
transition (~15 kcal/mol, Fig. 2C) is much higher than the 
corresponding one for chloride (5 kcal/mol).22 The in-
verse (up  down) process is basically barrier-less (Fig. 
2C), leading to the rather stable48 F-H-E148 triad struc-
ture (Fig. 2B).  

These considerations lead us to suggest the following 
mechanism of inhibitions: protons coming from the ex-
tracellular side will migrate spontaneously to the protein 
cavity and there will be trapped there by E148 (in down 
conformation) and F  (Fig. 2B). This explanation is con-
sistent with the available experimental data on CLC-ec1, 
from the formation of a fluoride-Gln H-bond in the 
E148Q mutant to the fact that the E148A variant allows 
for F  transport.33  

In conclusion, we here identify the high affinity of both 
F and E148 for protons as the basis of the transport in-
hibition of the CLC anion/proton exchangers from E.coli. 
Our hypothesis predicts impaired fluoride inhibition of 
CLC channels that lack a glutamate at this position, like 
the renal CLC-K,49 and restored block in mutant channels 
with re-inserted glutamate.50 The comparative analysis 
of fluoride inhibition in multiple CLC channels and trans-
porters, some of which differ in binding affinity and se-
lectivity of binding sites within the anion transport path-
way,51 may identify additional determinants of fluoride 
block across this important anion channel/transporter 
family.  
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