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Formate-nitrite transporters: Monoacids ride the dielectric slide
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The discovery that the Escherichia coli focA gene prod-
uct facilitates the transmembrane exchange of for-
mate1 sparked research on proteins that turned out to
be functionally situated between classical transporters
and channels.2,3 The strictly microbial protein family
was named formate-nitrite transporters (FNT)
according to the physiologic substrates of the 2 ini-
tially characterized members. However, subsequently,
the substrate spectrum was extended and comprises
several weak monoacids up to the size of lactic acid.
On the cellular level, FNTs regulate the metabolic sub-
strate flow and fulfill vital functions, for instance the
Plasmodium falciparum PfFNT that we and others
identified as the malaria parasite’s long-sought lactic
acid transporter.3,4 Blockade of PfFNT by small drug-
like molecules kills the parasites rendering PfFNT a
novel antimalarial drug target.5,6 Their physiologic rel-
evance as well as structural peculiarities merit a deeper
look into the inner workings of the FNTs.

High resolution crystal data revealed a common
homopentameric structure.2 The protomers consist of
6 transmembrane spans with both termini at the cyto-
plasmic side. Surprisingly, FNTs almost perfectly
mimic the fold of the aquaporin water and solute
channels despite unrelated amino acid sequences. The
substrate path through each FNT protomer harbors 2
hydrophobic constrictions, which sandwich the imid-
azole sidechain of a highly-conserved histidine. The
transport mechanism, however, remained unclear
regarding to the question whether the substrate anion,
e.g. formate, is required to be neutralized by proton-
ation to pass the lipophilic constriction sites.

Initially, electrophysiology was used to determine
substrate selectivity and pH dependent transport of
FocA.2 These studies showed electrogenic, i.e. anion,
transport at neutral pH and very low, i.e., channel-
like, substrate affinity in the high millimolar range.
Further, a sudden loss of anion transport was observed
when the buffer pH was slightly shifted toward acidic
conditions suggesting a gating mechanism for which
different conformations of the N-terminal domain
were made responsible.2 Together, FocA seemed to
behave as a pH-gated anion channel.

Due to their weak acidity, e.g., pKa/formate 3.8 and
pKa/acetate 4.8, the FNT substrates interconvert between
the negatively charged anion and the protonated, neu-
tral acid in a chemical equilibrium. To detect not only
the electrogenic anion transport of FocA and PfFNT
but additionally capture the transport of the neutral
acid substrate species, we used radiolabeled substrates
in our assays.3,7 Strikingly and contrary to the electro-
physiology studies, we observed increasing transport
rates with increasing acidity of the assay media. Appar-
ently, neither FocA nor PfFNT exhibited closure or
gating. Further, the alkalization of the media during
transport indicated that protons are co-transported
with the substrate and disruption of the transmem-
brane proton gradient revealed that transport is driven
by a proton-motive force.7 Together, our data show
that FNTs act as non-gated anion/proton co-transport-
ers and the major portion of the substrate is trans-
ported as the protonated, neutral monoacid.

Where and how does the protonation occur? Ini-
tially, the central histidine was suggested to act as the
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proton transfer site.2 Yet, due to the lipophilic con-
strictions posing large energy barriers against ion pas-
sage this seems questionable. Instead, we identified a
lysine at the bottom of the periplasmic vestibule to be
indispensable for anion/proton co-transport as it elec-
trostatically attracts substrate anions into the vestibule
(Fig. 1). Positive amino acid residues at the opposite
cytoplasmic FNT entry suggest a similar transport
mechanism for the export direction. Toward the
lysine, the interior of the vestibule is becoming less
accessible for water and more hydrophobic. In fact, in
solvation simulations, water molecules from the bulk
never approached the lysine within hydrogen bond
distance. When a substrate anion is, thus, drawn
toward the lysine and faces an increasingly hydropho-
bic environment, its acidity will concomitantly drop.
From titration experiments, we determined shifts in
substrate acidity up to 3 pKa units, i.e., 1000fold, com-
pared with the substrate acidity in the aqueous sol-
vent. Determination of the corresponding dielectric
constant, e, i.e., 78 in water, yielded values in the range
of 20–30 for the vestibule. Even at these conditions,
the lysine is too strong a base to act as a proton donor.
Hence, we conclude that the proton is derived from

the bulk water and transfer occurs when the substrate
reaches a certain point at its way downwards the
dielectric slide.

This mechanism is complementary to that of
ammonium transporters, e.g., E. coli AmtB, which are
thought to abstract a proton from the ammonium cat-
ion, NH4

C, for neutralization and subsequent passage
of neutral ammonia, NH3, via a hydrophobic trans-
port path.8 Weak acid and base neutralizing transport-
ers, thus, make use of the same mechanistic principle.
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