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Summary—A powerful tool in the study of cloned ion channels is the combined use of site-directed
mutagenesis and chemical modification. Site-directed mutagenesis is used to introduce new cysteine residues at
specific positions in a channel protein, and chemical modification by thiol-specific reagents is then used to
assess the exposure of the introduced cysteines. This method has been used to assess secondary structure,
membrane topology and confirmational changes. We report that one commonly used, charged reagent
(MTSEA; aminoethyl methanethiosulfonate) can cross the membrane quite readily. We also find that other
reagents that are quite membrane-impermeant can cross the membrane when patches are electrically leaky.
Both of these undesired effects can be controlled by the use of a thiol scavenger. These findings argue for
caution in the use of modifying reagents to determine the membrane topology of channels and other membrane
proteins. Copyright O 1996 Elsevier Science Ltd

Keywords—Site-directed mutagenesis, chemical modification, thiol reagents, methane thiosulfonate,
membrane protein topology, potassium channels.

Chemical modification methods have long been used to
determine the topology of membrane proteins. Treatment
of membranes with membrane-impermeant reagents
from the extracellular or intracellular aspect can
determine whether particular membrane proteins are
exposed on one or both sides. With the recent advent of
cloned and expressed membrane proteins, the process of
fine-structure mapping and topology determination has
been made easier by the use of site-directed mutagenesis.
One strategy for such mapping is to substitute individual
cysteine residues at various positions in a membrane
protein, and then test the surface accessibility of these
cysteines using thiol-specific reagents (Roberts et al.,
1986; Falke et al., 1988).

For most membrane proteins, these tests of accessi-
bility require the measurement of specific incorporation
of a labeled thiol reagent. With ion channels, however,
the ability to make real-time functional measurements by
patch recording of an intact membrane allows a
functional measurement to be substituted for the
biochemical measurement. If modification of an intro-
duced cysteine produces a measurable change in the
function of the channel, it is possible to measure the time
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course, the state-dependence and the membrane-sided-
ness of the accessibility for that cysteine. Of course, when
this functional assay is used, negative results do not have
the same value that they do in the biochemical
experiments. Failure to see an effect may mean that the
cysteine is inaccessible to reaction, but this same result
could appear if the cysteine reacts but the modification
has no measurable functional effect.

This approach of cysteine mutagenesis and chemical
modification was vastly facilitated by the development of
thiol-specific reagents that react rapidly under the mild
conditions necessary for successful patch recording
experiments. Based on the earlier thiosulfonate reagent
developed by Kenyon and colleagues for chemical
modification (Smith et al., 1975), Karlin and colleagues
developed three charged reagents that react rapidly with
thiols under physiological conditions (Akabas et al.,
1992; Stauffer and Karlin, 1994). Because they added a
positive or negative charge at the position of a previously
neutral cysteine residue, they frequently gave a func-
tional change in a channel protein that can be measured
by electrical recording. The three reagents all contain a
methanethiosulfonate (MTS) moiety attached to various
charged groups: ethylamine (MTSEA), ethyltrimethyl-
ammonio (MTSET) or ethylsulfonate (MTSES). These
reagents have been exploited by many laboratories to
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assess various features of the structure of channel
proteins. Recently, they have been used to assess the
transmembrane topology of the pore-forming regions of
K+ channels (Pascual et al., 1995) and their relatives, the
cyclic nucleotide gated channels (Sun et al., 1996).

We were concerned to know whether the MTS reagents
are indeed membrane-impermeant, which is necessary
for the appropriate interpretation of membrane topology
experiments. We used two approaches. First, we did
some purely in-vitrotests of the membrane permeability,
using liposomes to encapsulate a thiol reporter com-
pound. Second, we did a ‘field test of the compounds on
excised patches containing cloned Shaker potassium
channels, with a well-characterized cysteine substitution
mutant as the target for modification.

METHODS

Preparation of reduced Elkan’s reagent (5-thio-2-
nitrobenzoic acid)

Ellman’s reagent (5,5 ’-dithio bis(2-nitrobenzoic acid);
DTNB; Aldrich) was reduced by mixing with a
substoichiometric amount of dithiothreitol. The saline
contained (at the start) 150 mM NaCl, 10 mM KCI, 3 mM
CaC12, 1 mM MgC12 10 mM HEPES, 12 mM DTNB and
10 mM DTT. The pH of the solution was adjusted to 7.4
with NaOH. This should give 20 mM free 5-thio-2-
nitrobenzoate (TNB).

Preparation of vesicles with trapped TNB

Asolectin (Associated Concentrates, New York) was
added at 2 mg/ml to the above solution containing 20 mM
TNB. The solution was sonicated with a Branson Sonifier
equipped with a bath transducer, for 10 min at power
level 2, until the solution was almost clear. This vesicle
suspension was frozen at –80C’C, thawed at room
temperature and then sonicated for an additional 10 sec.

The vesicles with trapped TNB were separated from
the outside TNB on a Sephadex G50 spin column
(Boehringer). The column (0.8 ml bed volume) was
equilibrated with the above saline (without TNB) and
dried by centrifuging for 15 sec at 1000 g. A sample of
vesicles (100 PI) was pipetted onto the top of the column
and allowed to soak in. The vesicles were then collected
by another centrifugation step; free TNB stayed on the
column. These vesicles were then diluted 1: 10 for use in
the assays.

Transection and electrophysiology

Transection and electrophysiology experiments were
performed as previously described (Tomaselli et al.,
1991; Liu et al., 1996). HEK293 cells (American Type
Culture Collection) were transected by electroporation.
After 20–72 hr, they were decorated with antibody-
coated beads (Jurman et al., 1994) and used for patch
recordings. MTS reagents were obtained from Toronto
Research Chemicals (Downsview, Ontario). The Shaker
391C mutant used in this work was on the following

genetic background: Shaker B, C301S, C308S, T449V.
The two intracellular cysteines at 301 and 308 were
removed to eliminate effects of thiol reagents at these
positions; the T449V mutant reduces C-type inactivation
(Holrngren et al., 1996). For this ‘wild-type’ channel,
there was no effect (i.e. less than 10%J)of MTS treatment
on the current (Holmgren et al., 1996).

RESULTS

Measurement of reagent permeability through liposome
membranes

To assess whether the MTS reagents were membrane-
permeant, we loaded the inside of artificial liposomes
with a thiol compound and then added the MTS reagents
to the outside. We used thionitrobenzoate (TNB; reduced
Ellman’s reagent) as the detector thiol, since it has a
substantial absorbance at 412 nm that is reduced when
the thiol group is modified (Bloxham and Cooper, 1982;
Stauffer and Karlin, 1994). Soy lipid Iiposomes were
prepared in the presence of 20 mM TNB, and the
liposomes with trapped TNB were separated from the
untrapped TNB on a gel filtration column. These
liposomes were diluted in a cuvette containing saline
buffer, and the absorbance was monitored as reagents
were added and mixed by pipetting.

Trimethylaminoethyl methanethiosulfonate (MTSET)
is a quaternary ammonium ion and is expected to be quite
membrane-impermeant. Consistent with this expectation,
addition of this compound (1 mM final) to the liposome
suspension produced no change in absorbance [Fig.
l(A)]. [If the liposomes were allowed to sit for hours at
room temperature after separation from untrapped TNB,
the MTSET produced a small (w5Yo) reduction in
absorbance, indicating some escape of the TNB to the
outside of the vesicles.]

We used N-ethylmaleimide (NEM) as a positive
control for membrane-permeability. NEM is a thiol-
alkylating reagent with no charged or polar group and
thus substantial membrane permeability. NEM (1 mM)
added to the TNB-filled Iiposomes eliminated most of the
absorbance quickly [Fig. l(A)], with a time constant of
N 70 sec (and the absorbance remaining was mainly from
light scattering by the liposomes).

Using this assay, we found that MTSEA passed easily
and quickly through the liposome membranes [Fig. l(B)].
When added at a concentration of 1 mM, the thiol
absorbance fell immediately (less than 10 see). NEM had
no further effect, indicating that all of the thiol had been
reacted. This was almost certainly not due to a surfactant
effect of the reagent, since a much lower concentration
(5011M) gave a similar effect [Fig. l(C)] and the rate
varied roughly linearly with reagent concentration at
lower concentrations (data not shown). The fact that
MTSEA worked much more quickly than NEM probably
has nothing to do with their relative membrane
permeabilities (which are both high), but can be
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Fig. 1. TNB-filled liposomes as an assay for the membrane permeability of thiol reagents. TNB-filled liposomes
were prepared as in Methods, and the absorbance of a dilute suspension (0.2 mg/mI) was monitored at 412 nm, as a
measure of the unreacted thiol concentration. Thiol reagents were added at the times and concentrations indicated.
(A) MTSET had no effect, but NEM permeated and reacted with a time constant of about 70 sec. (B) MTSEA
(1 mM) gave complete reaction in less than 10 see, and NEM had no further effect. (C) MTSET and MTSES were
impermeant, but MTSEA (50 /~M) gave complete reaction with a time constant of 10 sec. All absorbance values
were adjusted for the dilution that occurred with each addition. The absorbance remaining at the end of each

experiment was due primarily to light scattering by the liposomes.
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Fig. 2. Effects of intracellular and extmcellular treatment of the Shaker 391C mutant with MTS reagents. (A)
Effect of intracellular treatment with MTSET. The control current, before treatment, in response to a voltage step
from –80 to OmV. Another trace is shown after brief treatment with 100 pM MTSET. Inside-out patch: Similar
results were obtained in 11 patches. For the traces shown, the time constant of inactivation before modification was
roughly 2.7 msec, and after modification, it WJS 7.1 msec. (B) Time course of extracellular effects. The final
steady-state current for voltage steps (as in A) is plotted for a series of pulses applied at l-see intervals. Treatment
periods with extracellular MTSET (1 mM) and MTSEA (100 PM) are indicated by the bars. Outside-out patch:
Similar results were obtained in five patches. (C) Effect of extracellular treatment with MTSEA. Two traces are
shown, before and after modification, from the times indicated by the arrows in (B). Time constants of inactivation
were roughly 3.() msec (before) and 6.5 msec (after). All currents are from HEK293 cells transected with the

Shaker 391C mutant.

explained by the much slower reaction rate of NEM with
thiols.

Another MTS reagent, the negatively charged MTSES,
was not noticeably membrane-permeant by this assay
[Fig. l(C) and data not shown].

Modification Of cysteine-substituted K+ channels in
excised patches

The liposome experiments confirm that the perma-
nently charged reagents MTSET and MTSES are
membrane-impermeant. They also show that MTSEA is
relatively quite membrane-permeant, but they do not
address the question ot’ whether, in a ‘real-world’
chemical modification experiment, enough MTSEA

would cross the membrane to produce a reaction on the
opposite (tram) side from where it was applied. To
answer this question, we used a mutant of the Shaker K+
channel with a cysteine substituted at an intracellular site,
in or near the receptor site for the N-type inactivation
particle (Isacoff et al., 1991; Holmgren et al., 1996).

We used a Shaker mutant with a cysteine substituted at
position 391, in the loop between S4 and S5 (the mutant
also has other substitutions; see Methods). A substantial
body of evidence supports the idea that this segment is
intracellular (Isacoff et al., 1991; Kirsch et al., 1993;
Holmgren et al., 1996). Although the neighboring S4
segment may move toward the extracellular side during
activation gating (Mannuzzu et al., 1996), there is no
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evidence that the S4–S5 loop ever moves from the
intracellular side. When modified from the intracellular
side by MTSET, the 391C mutant current becomes
bigger, because the affinity for the N-type inactivation
particle is reduced [Holmgren et al., 1996; Fig. 2(A)].
Inactivation also becomes slower and less complete.
Intracellular application of MTSEA has the same effect.

We tested the effect of treating this mutant from the
trans (extracellular) side. MTSET, which was judged to
be membrane-impermeant in the liposome experiments,
produced no effect on 391C from the extracellular side
[Fig. 2(B)]. By contrast, MTSEA, at a modest concentra-
tion of 100 ,uM, produced quite rapid modification, with
the same result as intracellular modification: increased
peak and steady-state current, and slower N-type
inactivation [Fig. 2(B,C)].

It thus appeared that MTSEA could cross the
membrane to produce modification on the trans side.
Modification occurred even when channels were kept in
the closed state, so this cannot be a result of MTSEA
movement through the open pore of the K+ channel. To
determine the effective concentration of MTSEA on the
trans side of the membrane, we measured the rate of
channel modification for both intracellular (direct) and
extracellular (trams) application. An extracellular con-
centration of 100 ,uM MTSEA gave approximately the

same reaction rate as an intracellular concentration of
3PM [Fig. 3(A,B)].

If extracellularly applied MTSEA modifies the channel
by crossing the membrane and acting from the inside, it
should be possible to prevent the reaction using a soluble
thiol compound to scavenge the reagent on the intracel-
lular side. Cysteine (20 mM) acted as an effective
intracellular scavenger: in its presence, extracellular
MTSEA (1 mM) had no effect (Fig. 4). Intracellular
cysteine could reverse modification from the intracellular
side after it occurred, but only very slowly [~ = 2 min
with 20 mM cysteine (data not shown), compared with a
r < 5 sec for modification by 1 mM MTSEA], so it was
most likely to be acting as a scavenger.

When modification experiments are performed on
intact Xenopus oocytes, using a two-microelectrode
voltage clamp, it seems as though the natural scavengers
inside the oocyte (e.g. glutathione) should be adequate to
inhibit trans modification by extracellular MTSEA.
Experiments on intact oocytes, however, showed that
this protection is not complete, and that trans modifica-
tion can still be produced by a sufficient treatment with
MTSEA (Fig. 5). The 391C mutant was expressed by
cRNA injection into oocytes. Treatment with 2 mM
extracellular MTSEA produced the characteristic effect
of modification, slowing of inactivation, within 10 min

A
Direct 3 UM MTSEA

1001

~

zI~-----””*&--
.

.e.#
. . . * . .* ●“ ●*- . “ ●

. .“ .“ “.. - ..+ ● ●
. .,

● . .
. . . . .. -*-* “..+ *4”.-*, .-. ●“%’. - ““. “ “. “ “ “

@“ “ “ .
60 .

s .
g ..
L # ~= 29 ~ 2

%..-..- .
s

20 .

B Trans 100 PM MTSEA

401

I ~ ‘*”-““-”’
“. . . .$9 . . . . . . . . .

. . . “ . . ..”- . ● . . . .. . . . - . .
% . . . . ● .“.- .%.. .. . , .-. . . .. . ● “ . .. . . . ● .. . .. . . . “. “. .. . .e.. . .. .. . .

. “. . .
. e..

... ”.%
.

~ ❑ 38&3
●. -+.

“-.O”.*-””~””.*

o 50 100 150 200

Time (s)

Fig. 3. Time course of intracellular (direct) and extracellular (truns) treatment with MTSEA. (A) Time course of
modification of Shaker 391C by intracellular MTSEA (3 pM). Inside-out patch; data are presented as in Fig. 2(B).
Similar results were obtained in three patches. (B) Time course of modification by extracellular MTSEA (100 MM).

Outside-out patch: similar results were obtained in five patches.
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o— After 1 mM MTSEA

‘“”’Ar
Fig. 4.The use of cysteine as a scavenger to prevent trans modification. Shaker 391C current was recorded from an
outside-out patch with 20 mM cysteine in the pipette (i.e. on the intracellular side), before and after exposure to

MTSEA (1 mM for 24 see).

(Fig. 5). This effect is slower than seen in HEK293
patches without a scavenger, but the conditions used are
similar to those used in many oocyte modification
experiments. The modification did not reverse sponta-

MTSEA treated

reversal by DTT
\

10 msec
control

Fig. 5. Trams modification by extracellular MTSEA treatment
of an intact Xenopus oocyte. Shaker 391C current was recorded
by two-microelectrode voltage-clamp before and after super-
fusion with 2 mM MTSEA (for 10 rein). The third trace shows
the reversal of the effect by treatment with 5 mM DTT (6 rein).

Voltage steps from –90 to +40 mV.

neously within 5 rein, but it was reversed by extra-
cellularly applied DTT (Fig. 5). MTSET did not produce
any trans modification in the oocytes (data not shown).

Leaky patches

Although, as a rule, we saw no effect when we applied
MTSET on the extracellular side of patches containing
the. 391C mutant, we did occasionally see effects when
the patches were electrically leaky. Such leakiness is not
uncommon in patch recording experiments. It usually
heralds the end of an experiment, but sometimes the
leakiness is transient and resolves spontaneously. We
were surprised to find that transient leakiness (on the
order of 1 nS for tens of seconds) also permitted enough
leakage of MTSET to produce mans modification of the
391C mutant (Fig. 6). Trams modification in leaky
patches could apparently be suppressed by scavengers
(in three leaky patches with 20mM cysteine on the
intracellular side, no modification was seen).

DISCUSSION

MTSEA can cross membranes readily

Both the liposome experiments and the excised patch
experiments confirm that MTSET and MTSES are
membrane-impermeant, but give the somewhat surpris-
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Fig. 6. Trans modification by MTSET in an electrically leaky patch. (A) Time course of steady-state Shaker 391C
current during treatment by extracellular MTSET. Some time after MTSET perfusion was started, the patch
developed a small electrical leak (about – 100”pA at –80 mV). The inverted triangles give the leak current at
–80 mV immediately preceding each pulse. (B) The last five traces from the period preceding MTSET perfusion.
(C) The first eight traces following MTSET perfusion, showing the progressive slowing of inactivation that
characteristically occurs with modification. This slowing was never seen in leaky patches without MTS reagents.

ing result that MTSEA is significantly membrane-
permeant. This is probably due to a relatively low pKa
(possibly as low as 8.5) and a moderate lipid volubility of
the uncharged amine (Dr .Arthur Karlin, personal
communication). From the liposome experiments we
cannot assess its permeability quantitatively, because of
the unknown (but high) surface-to-volume ratio. Never-
theless, the observation that MTSEA can modify the
Shaker 391C residue from the ‘wrong side’, and that such
modification is prevented by a thiol scavenger on the side
trarrs to the reagent, indicates that the permeability of
MTSEA is large enough to be practically important. In
our experiments, we found only a 30-fold reduction in
effectiveness when MTSEA was applied trans.toits side
of action. The effectiveness with which MTSEA
produces trails modification will depend on patch
geometry and on the intrinsic reactivity of the cysteine
target.

[n patches that are eleclrica[(y leaky, even membrane-
impermeant reagents can cross the membrane in
significant amOunt.s

We were surprised and concerned by the tinding that
even MTSET could produce trans modification in

patches that showed a transient electrical leak. This
means that, even with membrane-impermeant reagents,
care and caution are required in deciding about the
sidedness of cysteine accessibility.

Thio[ scavengers can eliminate undesired trans modifica-
tion

The use of a thiol scavenger appears to substantially
reduce or eliminate trans modification, both in the case of
the permeant MTSEA reagent and in the case of
impermeant reagents with leaky patches. This would
appear to be a prudent control to use when the sidedness
of membrane accessibility is an issue. The thiol
scavenger we used, cysteine, should be quite mem-
brane-impermeant since it is zwitterionic. (In other
experiments, we have also used dimercaptopropanesul-
fonate, a dithiol compound with a very low pKa.) If an
effect of MTSEA disappears in the presence of a trams
scavenger, it is likely that the effect is due to the
movement of MTSEA across the membrane, though it is
also possible that for some targets the scavenger could
enter deeply enough into the pore or the protein to inhibit
modification.
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