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Abstract

Chloride permeation through the cystic fibrosis transmembrane conductance regulator (CFTR) CI~ channel is inhibited by a broad
range of intracellular organic anions. Here it is shown, using patch clamp recording from CFTR-transfected mammalian cell lines, that the
fatty acids butyrate and 4-phenylbutyrate cause a voltage-dependent block of CFTR CI ™~ currents when applied to the cytoplasmic face of
membrane patches, with apparent Ks (at 0 mV) of 29.6 mM for butyrate and 6.6 mM for 4-phenylbutyrate. At the single channel level,
both these fatty acids caused an apparent reduction in CFTR current amplitude, suggesting a kinetically fast blocking mechanism. The
concentration-dependence of block suggests that CFTR-mediated Cl ~ currents in vivo may be affected by both 4-phenylbutyrate used in
the treatment of various diseases, including cystic fibrosis, and by butyrate produced endogenously within the colonic lumen. © 2001

Elsevier Science B.V. All rights reserved.
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1. Introduction

Cystic fibrosis is caused by mutations in a single gene,
that encoding the cystic fibrosis transmembrane conduc-
tance regulator (CFTR). The primary function of CFTR is
as a phosphorylation- and nucleotide-dependent Cl~ chan-
nel in the apical membrane of a number of different
epithelial cells (Sheppard and Welsh, 1999). Over 900
different genetic mutations which cause CFTR channels to
be missing or defective have been shown to be associated
with cystic fibrosis (see http: / /www.genet.sickkids.on.
ca/cftr /). However, a single alele, AF508, accounts for
amost 70% of cystic fibrosis chromosomes, with over
90% of cystic fibrosis patients having at least one AF508
dlele (Kerem et a., 1989; Kopito, 1999). The AF508
mutation causes aberrant biosynthetic processing of CFTR
in the endoplasmic reticulum, with the result that the
CFTR protein fails to reach the plasma membrane (Cheng
et al., 1990; Kopito, 1999). AF508-CFTR function can be
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partially restored by culturing cells at reduced tempera
tures (Denning et a., 1992), by chemical chaperones such
as glycerol (Brown et al., 1996; Sato et al., 1996), by
disrupting arginine-framed tripeptide motifs which act as
signals for endoplasmic reticulum retention (Chang et al.,
1999) and by upregulating CFTR expression using sodium
butyrate (Cheng et al., 1995) or its orally active analog,
sodium 4-phenylbutyrate (Rubenstein et a., 1997). A pilot
clinical trial showed that 4-phenylbutyrate altered nasa
potential difference in cystic fibrosis patients homozygous
for AF508-CFTR, in a manner consistent with increased
apical membrane CFTR function (Rubenstein and Zeitlin,
1998).

Less is known concerning the effects of butyrate and
4-phenylbutyrate on CFTR function. It has recently been
shown that both butyrate and 4-phenylbutyrate increase the
expression of wild type CFTR but, paradoxically, reduce
Cl~ secretion in renal and airway epithelial cells (Loffing
et al., 1999; Moyer et al., 1999). Here it is shown that both
butyrate and 4-phenylbutyrate cause a voltage-dependent
block of wild type CFTR Cl~ channels when applied to
the cytoplasmic face of the membrane. These results sug-
gest that these short chain fatty acids directly inhibit Cl™
permeation through CFTR by blocking the channel pore.
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2. Materials and methods

Experiments were performed on baby hamster kidney
(BHK) and Chinese hamster ovary (CHO) cell lines stably
expressing human CFTR (Hanrahan et al., 1998). BHK
cells were used for macroscopic current recordings and
CHO cdlls for single channel recordings (Linsdell and
Hanrahan, 1998). Both macroscopic and single channel
current recordings were made using the excised, inside—out
configuration of the patch clamp technique, as described
previously (Linsdell and Hanrahan, 1996a, 1998; Linsdell
et al., 1997; Hanrahan et a., 1998). Briefly, channels were
activated following patch excision by exposure of the
cytoplasmic face of the patch to 30—180 nM protein kinase
A catalytic subunit (prepared in the laboratory of Dr. M.P.
Walsh, University of Calgary, Alberta, Canada, as de-
scribed previously; Tabcharani et al., 1991; Hanrahan et
a., 1998) plus 1 mM MQATP. Solutions contained (in
mM): 150 NaCl, 2 MgCl ,, 10 TES, and the pH is adjusted
to 7.4 with NaOH. Sodium butyrate and sodium 4-phenyl-
butyrate were added from freshly prepared stock solutions,
made up in this 150 mM NaCl buffer and readjusted to pH
7.4, as required. All chemicals were from Sigma (Oakville,
Ontario, Canada) except sodium 4-phenylbutyrate (Al-
drich, Milwaukee, WI, USA).
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Fig. 1. Block of macroscopic CFTR CI~ currents by interna butyrate (A)
and 4-phenylbutyrate (B). Example CFTR |-V relationships recorded
before and immediately following addition of 10 mM butyrate (A) or 10
mM 4-phenylbutyrate (B). Background (leak) currents have been sub-
tracted as described in Section 2.
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Fig. 2. Concentration- and voltage-dependence of block. (A, B) Mean
fraction of control current remaining (1/1,) following addition of differ-
ent concentrations of butyrate or 4-phenylbutyrate, at a membrane poten-
tid of —100 mV (@), —50 mV (O), or +50 mV (m). The data have
been fitted by Eq. (1), as described in the text. (C) Voltage-dependence of
Kg, calculated at each voltage from Eq. (1) for both butyrate (@) and
4-phenylbutyrate (O). Mean of data from three to five patches.

Macroscopic current—voltage (1-V) relationships were
constructed using depolarizing voltage ramp protocoals,
with a rate of change of voltage of 100 mV s ! (see
Linsdell and Hanrahan, 1996a, 1998). All |-V relation-
ships shown have had the background (leak) current
recorded before addition of protein kinase A catalytic
subunit subtracted digitally as described previously (Lin-
sdell and Hanrahan, 1996a, 1998). Under these conditions,
the leak-subtracted current is carried exclusively by CFTR
channels (Linsdell and Hanrahan, 1996a, 1998, 1999; Lins-
dell et al., 1998, 2000; Linsdell, 2000). Current traces were
filtered at 100 Hz (for macroscopic currents, |) or 50 Hz
(for single channel currents, i) using an eight-pole Bessel
filter, and digitized at 250 Hz. Macroscopic currents were
analysed using pCLAMP6 computer software (Axon In-
struments, Foster City, CA, USA) while single channel
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currents were analysed using custom-written, pCLAMP-
compatible DRSCAN software (Hanrahan et al., 1998).

The effects of butyrate and 4-phenylbutyrate on macro-
scopic CFTR currents were examined by applying these
substances to the intracellular solution, once the protein
kinase A catalytic subunit-activated current had reached a
stable amplitude. A single concentration of butyrate or
4-phenylbutyrate was tested on each patch. The effects of
these substances were analysed according to the Woodhull
(1973) mode! of voltage dependent block:

1/1o=Ka(V)/(Kq(V) +[B]), (1)

where | is the amplitude of the current remaining in the
presence of blocker B, 1, is the control, unblocked current
amplitude, and K,(V) is the voltage-dependent dissocia-
tion constant at voltage V; the voltage-dependence of
which is given by:
Ka(V) = Kq(0)exp( —ZVF/RT), (2)
where 7 is the apparent valence of the blocking ion, that
is, its real valence (assumed to be —1 for both butyrate
and 4-phenylbutyrate) multiplied by the fraction of the
transmembrane electric field it experiences, and F, R and
T have their normal thermodynamic meanings.
Experiments were carried out at room temperature,
20-24°C. Mean values are presented as mean + SE.M.
For graphical presentation of mean values, error bars rep-
resent + S.E.M., where this is larger than the size of the
symbol.
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3. Resaults

The effects of butyrate and 4-phenylbutyrate on macro-
scopic CFTR Cl~ currents were examined using inside—out
membrane patches excised from BHK cells stably express-
ing CFTR (see Section 2). As shown in Fig. 1, addition of
butyrate (10 mM) or 4-phenylbutyrate (10 mM) to the
intracellular solution caused a marked reduction in CFTR
Cl~ current. In both cases, the block was clearly voltage-
dependent, with the reduction in current amplitude being
greatest at negative voltages, as would be expected for
block of the channel pore within the transmembrane elec-
tric field by a negatively charged molecule acting from the
inside. Block occurred immediately on application of ei-
ther butyrate or 4-phenylbutyrate, and in both cases, was
readily reversible on washing.

The concentration-dependence of block by both bu-
tyrate and 4-phenylbutyrate is shown in Fig. 2A,B. At each
concentration of butyrate (A) or 4-phenylbutyrate (B) stud-
ied, the mean fraction of control current remaining follow-
ing the development of block (1/1,) was calculated from
three to five patchesat — 100, —50 and +50 mV. At each
potential, the data have been fitted by Eq. (1) (see Section
2). The fits shown in Fig. 2A suggest that a single butyrate
molecule blocks CI~ permeation with a K of 8.3 mM at
—100 mV, 142 mM a —50 mV, and 58.3 mM at +50
mV, while the fits to Fig. 2B suggest block by a single
4-phenylbutyrate molecule with a K, of 0.9 mM at — 100
mV, 27 mM a —50 mV and 185 mM a +50 mV.
Similar analyses at other potentials allowed estimation of
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Fig. 3. Block of unitary CFTR CI~ currents by internal butyrate and 4-phenylbutyrate. (A) Example currents recorded at —50 mV under control
conditions, and after addition of 5 mM butyrate or 1 mM 4-phenylbutyrate to the intracellular solution. Both channels closed is indicated by the line to the
left in each case. (B, C, D) Mean single channel i—V relationships, under control conditions (O) or in the presence of 5 mM butyrate in the intracellular
solution (@, B), 1 mM 4-phenylbutyrate (PBA) in the intracellular solution (@, C), or 5 mM butyrate (m) or 1 mM 4-phenylbutyrate (PBA; v) in the
extracellular solution (D). Mean of data from three to nine patches in each case.
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the voltage-dependence of block by these two fatty acids
(Fig. 2C). The fitted straight lines give K, s at 0 mV of
29.6 mM for butyrate and 6.6 mM for 4-phenylbutyrate,
while the slopes of these lines give apparent valencies, Z,
of —0.36 for butyrate and —0.53 for 4-phenylbutyrate,
according to Eq. (2) (see Section 2).

The effects of butyrate and 4-phenylbutyrate on CFTR
single channel currents were examined using inside—out
membrane patches excised from CHO cells stably express-
ing CFTR (see Section 2). Addition of 5 mM butyrate or 1
mM 4-phenylbutyrate to the intracellular solution caused a
voltage-dependent reduction in single channel current am-
plitude (Fig. 3A—C), suggesting that both these substances
block the channel by a relatively fast mechanism, with
individual blocking and unblocking events occurring too
rapidly to resolve in the filtered current record at the time
resolution used. The reduction in unitary current amplitude
was similar to the reduction in macroscopic current ampli-
tude predicted for these concentrations of butyrate and
4-phenylbutyrate (see Fig. 2A,B), suggesting that the fast
block observed at the single channel level is sufficient to
account for the macroscopic effects of intracellular bu-
tyrate and 4-phenylbutyrate. In contrast, inclusion of 5 mM
butyrate or 1 mM 4-phenylbutyrate in the pipette (ex-
tracellular) solution had no effect on unitary current ampli-
tude (Fig. 3D), suggesting that these substances block the
CFTR channel preferentially from its intracellular end.

4. Discussion

The CFTR ClI~ channel pore is blocked in a voltage-de-
pendent manner by a broad range of different anionic
compounds (Hwang and Sheppard, 1999; Schultz et 4.,
1999), including sulfonylureas (Sheppard and Robinson,
1997), arylaminobenzoates (McCarty et al., 1993), disul-
fonic stilbenes (Linsdell and Hanrahan, 1996a), conjugated
steroids and bile salts (Linsdell and Hanrahan, 1999) and
simple organic anions (Linsdell and Hanrahan, 1996b). All
of these pore blockers act preferentially from the intra-
cellular solution, perhaps due to their ability to bind within
alarge, cytoplasmically accessible vestibule of the channel
pore (Linsdell and Hanrahan, 1996a; Hwang and Shep-
pard, 1999). The present results are consistent with the
inhibition of CFTR by the short chain fatty acids butyrate
and 4-phenylbutyrate, acting by a similar mechanism. Al-
though the affinity of block is relatively low, it is higher
than for other simple organic anions such as gluconate and
glutamate (Linsdell and Hanrahan, 1996b; Linsdell et 4.,
1997) and potentially within a physiologically and thera-
peutically relevant range (see below). The voltage-depen-
dence of block by both butyrate and 4-phenylbutyrate is
similar to that observed for a number of other intracellular
anionic blockers that do bind within the pore of CFTR
(McCarty et al., 1993; Linsdell and Hanrahan, 1996b,

1999; Linsdell et al., 1997; Sheppard and Robinson, 1997).
However, based on the present results, a different mecha
nism of inhibition by butyrate and 4-phenylbutyrate cannot
be ruled out. For example, longer chain fatty acids, includ-
ing arachidonic acid, have been shown to inhibit CFTR
Cl~ currents with a much higher affinity than that esti-
mated for butyrate and 4-phenylbutyrate, but by a mecha
nism which may involve open channel block and/or alter-
ation of channel gating (Linsdell, 2000).

Sodium 4-phenylbutyrate has been suggested as a treat-
ment in urea cycle enzyme deficiencies (Maestri et al.,
1996), sickle cell disease and thalassemia (Collins et al.,
1995), cancer (Carducci et al., 1996) and cystic fibrosis
(Rubenstein et al., 1997; Rubenstein and Zeitlin, 1998;
Andersson and Roomans, 2000). Therapeutic plasma con-
centrations of up to 2 mM have been suggested (Ruben-
stein and Zeitlin, 1998). However, it has previously been
shown that, although chronic 4-phenylbutyrate treatment
upregulates CFTR expression in epithelia cells, it inhibits
Cl~ secretion (Loffing et al., 1999). The present results
demonstrate that, in addition to these chronic effects on
CFTR expression, 4-phenylbutyrate exerts acute effects on
channel function by directly inhibiting Cl~ permeation.
These acute blocking effects of 4-phenylbutyrate accumu-
lated in the cytoplasm most likely contribute to the para-
doxical effects of chronic 4-phenylbutyrate treatment on
CFTR-mediated epithelial Cl~ secretion (Loffing et 4.,
1999). Although Cl~ secretion in Calu-3 airway epithelial
cells is inhibited by chronic exposure to high (5 mM)
concentrations of 4-phenylbutyrate, it was not affected by
lower (therapeutic) concentrations (0.05—-2 mM) or by
acute exposure (Loffing et al., 1999). Both of these effects
are consistent with limited 4-phenylbutyrate accumulation
in the cytoplasm of these cells.

Butyrate is present in the colonic lumen in millimolar
concentrations (Cummings, 1981; Bugaut, 1987) and is the
principal energy source for the colonic epithelium
(Roediger, 1980). Butyrate inhibits cCAMP-mediated Cl~
secretion in colonic (Dagher et al., 1986) and renal epithe-
lia(Moyer et al., 1999), in spite of its ability to upregulate
CFTR expression (Cheng et al., 1995; Moyer et a., 1999).
Again, the present results suggest that acute, direct block
of CFTR by cytoplasmic butyrate contributes to its chronic
effect on CI~ secretion. It has often been suggested that
CFTR currents in vivo may be affected by block by
cytoplasmic anions (Tabcharani et al., 1991; Haws et al.,
1992; Linsdell and Hanrahan, 1996b, 1999; Linsdell, 2000);
butyrate might be one such endogenous CFTR channel
blocker, particularly in colonic epithelia cells. Butyrate is
known to be readily absorbed by colonic epithelial cells
from the colonic lumen (Roediger, 1980).

The identification of short chain fatty acids as blockers
of the CFTR CI~ channel pore increases the range of
known modulators of this important channel. Such modula
tors are of clearly defined experimental and therapeutic
importance (Hwang and Sheppard, 1999; Schultz et al.,
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1999). The diversity of anions, which have now been
shown to inhibit CFTR by a common mechanism, namely
by blocking the channel pore from its cytoplasmic end,
suggests that entry of large organic anions into the pore
from the cytoplasm is a process which shows little speci-
ficity.
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