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Abstract

Silver has been widely used in various medical products due to its antibacterial
properties. However, there is only limited information concerning silver-related
cytotoxicity. In this study we show that Ag* at low nanomolar concentrations (<
10 nM) strongly inhibits the activity of BK channels (Slol), a widely expressed
and physiologically important potassium channel. The Ag" inhibition is caused by
irreversible modification on cytosolically accessible parts of the BK channel. At
least four intracellular cysteines are involved in this process. In addition, at least
one of these key cysteines is not accessible to the bulkier thiolate-active reagent
MTSET. One of the cys-less construct generated in this study shows gating
properties similar to wild type BK channel, but with much lower Ag” sensitivity, in
which the Ag* modification rate was decreased by about 20-fold. The results from
the present study suggest a possible contribution of BK channel inhibition to the

cytotoxicity of Ag” in humans and other species.
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Introduction

The bactericidal properties of free Ag” have been recognized for more than
3000 years (Russell and Hugo, 1994) and continue to be exploited in a variety of
medical applications (Chopra, 2007). However, the potential cytotoxicity of Ag”
has not been adequately understood even though there have been a number of
reports on Ag’-related cytotoxicity and neuropathy (Bayston et al., 2007). For
example, a medical emergency resulting from acute intoxication with a large
dose of Ag" was characterized by symptoms such as diarrhea, cardiovascular
collapse, convulsions and coma (Dreisbach, 1974). Neuropathy has also been
reported from excessive use of silver sulphadiazine or silver absorption from
bone cement (Payne et al., 1992;Vik et al., 1985). In addition, experiments in rats
have demonstrated that Ag” causes functional impairment and axonal loss in the
sciatic nerve (Wachter et al., 2002) and decreases the volume of the pyramidal
cell layer in the developing hippocampus (Rungby et al., 1987). Therefore it is
particularly important to understand the mechanism and molecular targets of Ag”
cytotoxicity.

There is evidence that Ag* can accumulate in nervous system structures and
other excitable cells (Stoltenberg et al., 1994;Danscher, 1981;Rungby, 1990).
However, the low solubility of AgCl will keep Ag® at nanomolar levels on both
sides of the cell membrane even under the most toxic conditions. Although a
variety of cytosolic proteins have been reported to be sensitive to Ag* (Wagner et
al., 1975;Hultberg et al., 1997), it is not clear whether Ag® at low nanomolar

concentrations would induce cytotoxicity by modifying these proteins.
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For ion channel biophysicists, given the strong activity of Ag® on thiolate
groups and similarity in atomic size between Ag® and K*, Ag* has been exploited
as a tool in conjunction with cysteine substitution to dissect information regarding
accessibility of cysteine-substituted residues in narrow portions of ion channels.
Typically, such accessibility studies require either that the wild type channel be
resistant to any effects of Ag” application, such as P2X2 and CNG channels
(Contreras et al., 2008;Li et al., 2008), or that background mutations be made
such that Ag® sensitivity of the wild type construct is eliminated, such as Shaker
channels (del Camino and Yellen, 2001). In general, these cases suggest that, of
the ion channels that have been studied in this way, none would be vulnerable to
Ag" at nanomolar concentrations. However, ion channels differ considerably in
the constellation of residues that might be vulnerable to irreversible modification
of Ag®, such that perhaps some ion channels might be modified during Ag*
toxicity. Consistent with this possibility, here we report that cytosolic Ag® at
nanomolar concentrations irreversibly inhibits the large-conductance Ca*'-
activated BK-type channels. We further show that at least four cytosolic cysteines
are involved in Ag® inhibition. One of the cys-less BK constructs generated during
this study shows remarkably reduced Ag® sensitivity, which may be used as a
background construct for cysteine accessibility studies in BK channels when Ag*

is required as the probe.
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Material and Methods

Mutagenesis and Channel Expression

Mutations were induced into the wild-type mouse Slol gene (mSlol) (Butler et
al., 1993) with methods described before (Xia et al., 2002). cRNA for oocyte
injection was synthesized with SP6 RNA polymerase after DNA was linearized
with M1ul. 0.01 — 0.1 ng of cRNA was injected into stage IV Xenopus oocytes for

channel expression. Recording was performed 2-7 days after injection.

Electrophysiology and Data Analysis

Unless otherwise stated, potassium currents were recorded from excised
patches in the inside-out configuration (Hamill et al., 1981). The access
resistance of recording electrodes was in the range of 0.8 to 2 MQ after fire
polishing and filling with pipette solution (extracellular side for inside-out patches)
containing (in mM): 140 potassium methanesulfonate (KMSF), 20 KOH, 10
HEPES, 2 MgCl, (pH 7.0). Ca®* and reagents were applied onto patches
(intracellular side for inside-out patches) through bath solution using an SF-77B
fast perfusion stepper system (Warner Instruments, Hamden, CT). The standard
bath solution (cytosolic side of patch) contained (in mM): 140 KMSF, 20 KOH, 10
HEPES (pH 7.0). Solutions with various [Ca?] were prepared as described
before (Zhang et al., 2001). Solutions for Ag” modification were either fluoride-
based or nitrate-based, containing (in mM): 10 HEPES, 10 EDTA and 160 KF or
KNOgs, respectively (pH 7.0). AgF or AgNos; was added before recording to

achieve desired free [Ag’]. The required [Ag’] was calculated by a script written

6
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in Maple 7 (Waterloo Maple Inc., Waterloo, ON, Canada) with equilibrium
constants from the National Institute of Standards and Technology Database 46
Version 8.0 (NIST Standard Reference Data, Gaithersburg, MD). The values
calculated by this script agree with the results from previous studies (Contreras
et al., 2008;del Camino and Yellen, 2001). Before each experiment, the Ag*
stock solution was diluted into cytosolic media to result in a total of 52.5, 21, 5.25,
2.1, 0.52 uM AgF or AgNQs, yielding free [Ag’] of 520, 200, 52, 20, 5.2 nM,
respectively. Because EDTA also chelates with Ca?*, all Ag"® modification
experiments were performed in Ca**-free solution to avoid changes in free [Ag'].
For experiments using [2-(trimethylammonium)ethyl] methanethiosulfonate
bromide (MTSET), aliquots of stock solution were thawed and diluted to the
desired concentration in bath solution right before application.

Currents were recorded with an Axopatch 200B amplifier (Molecular Devices,
Union City, CA) and low-pass filtered at 10 kHz with its 4 pole Bessel filter. Signals
were digitized with Digidata 1322A data acquisition system (Molecular Devices) at
100 kHz. The recordings were controlled by the pClamp 9.2 software suite
(Molecular Devices). All experiments were performed at room temperature (21-24
°C).

Single channel data were analyzed with pClamp 9.2. Macroscopic currents
were pre-processed for series resistance correction and capacitive transient
subtraction using scripts written in Matlab R11 (MathWorks, Natick, MA) before
further analysis. The conductance-potential (G-V) relationship of BK currents was

constructed from isochronal tail current measured at 100 us after variable test
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steps. The G-V curve was fit with the Boltzmann function to determine the
potential for half-maximal activation (V) and apparent equivalent gating charge
(2):

Gmax
zr (Vh _V)) (1)
RT

G(V)=
1+exp(

Statistical analysis, graphing, and curve fitting were performed with OriginPro
7.5 (OriginLab Corporation, Northampton, MA). Nonlinear least squares fitting
was based on the Levenberg-Marquardt algorithm. Mean values are presented

as mean + S.E.M..

Chemicals

MTSET was obtained from Toronto Research Chemicals (North York, ON,

Canada), dissolved in water at 100 mM and stored at -20 °C.

Tetrabutylammonium nitrate (TBA) was obtained from Alfa Aesar (Ward Hill, MA).

IN KOH solution for pH adjustment was obtained from Fisher Scientific
(Pittsburgh, PA). All other chemicals were purchased from Sigma-Aldrich (St.

Louis, MO).
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Results

Ag” Inhibits BK Channel Activity At Nanomolar Concentrations

In an attempt to use Ag” as a thiolate-reactive reagent to study the pore region
of the mSlol BK channel, we found that Ag" effectively eliminated BK activity at
very low concentrations. As shown in Fig. 1A, 5 nM Ag" silenced an inside-out
patch containing hundreds of functional BK channels in less than 8 minutes.
Such current reduction is not reversible during the time of our recordings. There
was no hint of recovery even after the patch was washed in bath solution
containing 10 mM dithiothreitol (DTT) for up to 20 minutes (Supplementary Fig.
1).

To measure the rate constant of this reaction, the patch membrane was held
at —70 mV during reagent application. Macroscopic BK currents were evoked by
brief 200-mV test pulses applied every second to monitor the reaction process. In
Fig. 1B, the amplitudes of evoked BK currents (circles) are plotted against
application time to show the course of modification of BK channels by Ag”.
Usually there was a brief delay of 5-10 seconds before BK current began to
decrease. The modification time course after this delay could be well fit with a
single exponential function. For the patch shown in Fig. 1B, the exponential time
constant is 3.84 s for modification by 520 nM Ag®. The modification rate was very
sensitive to the solution exchange speed. Therefore, we routinely checked the

solution exchange speed by switching between bath solutions containing 0 and

10 uM Ca** before Ag* application (Fig. 1B, squares). For the patch shown in Fig.
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1B, BK current reached a stable level within 1 second following the [Ca?*] jump.
Data used in this study are all recorded from patches in which current reaches
new steady-state level within 2 seconds upon the [Ca®*] jump.

The time constants of Ag” modification were measured at 5 concentrations
spanning 5.2 to 520 nM (Fig. 1C). It should be noted that 5.2 nM Ag*, which was
the lowest concentration we examined, is much lower than the proper buffering
range of EDTA for Ag". This might be the reason that the modification time
constants with 5.2 nM Ag* show much larger deviation than those measured at
higher concentrations, even though 5.2 nM Ag® readily eliminates BK channel
activity. Assuming an irreversible bimolecular reaction mechanism for Ag*
modification, the reaction rate constant can be calculated from the reciprocal of
the exponential time constant. In Fig. 1D, the averaged Ag" blocking rates at the
highest four Ag" concentrations (20, 52, 200, 520 nM) exhibit an approximate
linear dependence on [Ag’]. These four values were fit with a linear function to
determine the second-order rate constant k, which is the slope of the fitted line.
For [Ag'] from 20 to 520 nM, the average rate constant is 6.1 x10°> M*s™, which
is orders of magnitude faster than the modification rate constants of
methanethiosulfonate (MTS) reagents on cysteine residues on the C-terminus of
the BK channel (Zhang and Horrigan, 2005), while also orders slower than the
modification rate constant of Ag" on residues exposed in aquatic environment,
such as those lining the ion permeation pathway of CNG channels (Contreras et

al., 2008;Flynn and Zagotta, 2001).

10
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Ag® Inhibits BK Channel Activity By Modifying Cytosolically

Accessible Residues

Next we examined whether Ag® could also modify BK channels from the
extracellular side. To do this we applied Ag* on outside-out patches containing
wild type BK channels. As shown in Fig. 2, there is no significant change of BK
activity on an outside-out patch perfused in 520 nM Ag* for 80 s. The amplitude
of current only decreased by about 10% during the recording (Fig. 2B), which
was indistinguishable from the spontaneous rundown of potassium current, which
is often observed on excised patches in the absence of Ag®. Fig. 2C shows that
normalized G-V curves are almost identical before (square) and after (circle) Ag*
application. Thus, key residue(s) for Ag® modification must exist on the
intracellular side of BK channel.

In the above experiments, Ag” was applied to BK channels mainly in closed
states (0 Ca*, -70 mV). If the ion permeation gate of the BK channel is located at
the intracellular end of ion permeation pathway, as suggested by the crystal
structures of several potassium channels (Jiang et al., 2003;Long et al., 2005),
then it might seem reasonable to assume that the target for Ag* modification lies
outside the ion permeation pathway. Two facts require further validation of this
assumption. First, there is very limited information on the structure of the BK
channels, including the location of BK channel ion permeation gate. Second, Ag*
readily diffuses through apertures with diameter of less than 5 A (Flynn and
Zagotta, 2001). Thus we performed several experiments to further assess the

potential sites of Ag” modification.

11
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First we examined BK single channel activity in the presence of intracellular
Ag" at single channel level. In Fig. 3A, two traces of single channel currents
recorded before (gray) and during (black) the application of 52 nM Ag" are
superimposed by their baselines. The activity of single BK channel is easily
identified by the signature large single channel conductance of above 200 pS
(Fig. 3B). It is clear that the single channel conductance was almost unchanged,
though opening duration was dramatically reduced by Ag® modification. This
result indicates that the ion permeation pathway of BK channels is intact during
the modification by Ag™.

To further confirm that Ag* does not modify residues lining the ion permeation
pathway of BK channels, we examined the effect of a cytosolic BK channel
blocker on Ag® modification. The hypothesis is that, if Ag™ attacked a residue
lining the ion permeation pathway (including selectivity filter and central cavity),
then a fast channel blocker should be able to hinder the access of Ag” to its
target and thus slow down the modification. We chose TBA for this experiment
because it is a well confirmed BK channel blocker with fast blocking kinetics (Li
and Aldrich, 2004). Also, this blocker is commercially available in the form of
nitrate and thus can co-exist with Ag® in nitrate-based solutions. During the
experiment, the patch was first switched from control solution to solution
containing 600 uM TBA for 10 s and then switched to solution containing both
600 uM TBA and 520 nM Ag" for modification (Fig. 4A). Upon switching to TBA
solution, the BK channel current immediately dropped by about 50%, which

agrees with a previous result that the 1Cso of TBA is around 500 uM (Li and

12
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Aldrich, 2004). However, the presence of TBA does not slow down the
subsequent modification by Ag®. As shown in Fig. 4B, the mean time constant of
modification in the presence of 600 uM TBA was almost identical to that without
channel blocker.

The results from the above two experiments indicate that Ag” either does not
modify residues lining the BK ion permeation pathway or the modification on
these residues does not inhibit BK channel activity. However, these results do
not exclude the possibility that Ag® inhibits BK channel activity by modifying
residues in other regions of BK transmembrane segments. Thus we examined
Ag" modification at a positive potential. We reasoned that, if the target of Ag”
modification involves protein segments spanning the cell membrane, then the
positively charged Ag® should sense transmembrane potential when accessing
its target. Thus, positive membrane potential should accelerate the access of Ag*
to its target and in turn increase its modification rate. However, we observed that
Ag" modification rate is almost independent of membrane holding potential, as
the modification time constant measured at 70 mV is almost identical to the one
obtained at —=70 mV (Fig. 5). This result suggests that the target for Ag"
modification is not located in the transmembrane potential field.

Based on above observations, we conclude that the target for Ag* modification
is a cytosolically accessible residue in the C-terminus or the intracellular linkers
connecting transmembrane segments, but not those embedded in the cell

membrane.

13
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Ag* Modifies Cysteines That Are Not Accessible To MTSET

Ag’, as a soft Lewis acid, forms a strong covalent bond with a soft Lewis base
such as a thiolate group (Dance, 1986). Thus the 27 cysteines scattered on the
intracellular side of the BK channels are the most promising candidates for Ag*
modification (Fig. 7A). Histidine is another possible target because a study on
Shaker potassium channels showed that Cd®*, which is also a soft Lewis acid,
coordinates with not only cysteine but also histidine (Holmgren et al., 1998).
However, we found that Ag" modification was not effected by pretreating BK
channels with diethyl pyrocarbonate (DEPC), a reagent that modifies histidine
residues (result not shown) (Means and Feeney, 1971). Since the hydrophilic
histidine is unlikely to be buried deep inside the cytosolic structure of BK channel,
we excluded histidines from further study and focused on cytosolic cysteines.

It has been reported that several MTS compounds, the most commonly used
cysteine-modifying reagents, modify a common set of intracellular cysteines and
change the gating behavior of BK channel (Zhang and Horrigan, 2005). Unlike
Ag’, the effects of MTS reagents on BK gating are relatively weak as none of
these reagents reduces the activity of BK channels completely. Some reagents,
such as MTSET, even increase the activity of BK channels by negatively shifting
the BK G-V relationship. We wondered whether residues modified by MTS
reagents might overlap with those modified by Ag”.

We started with an MTSET protection experiment. In this experiment, we
perfused inside-out patches in 200 uM MTSET for 3 minutes to completely

modify BK channels (Zhang and Horrigan, 2005) before Ag® application. As
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shown in Fig. 6A, the G-V curve in 100 uM [Ca®*];, is negatively shifted by more
than 30 mV after MTSET treatment, which indicates that BK channels have been
successfully modified. We then perfused the patch in 520 nM Ag* to see whether
the MTSET pretreatment would protect the channels from being modified by Ag™.
As shown in Fig. 6B and D, Ag" still effectively eliminated the activity of MTSET-
modified BK channels at a rate comparable to that of control group. This result
indicates that Ag” modifies at least one particular residue that is not accessible to
MTSET, presumably because MTSET is bulkier than Ag".

A previous study indicates that MTS reagents, including MTSET, sodium (2-
sulfanatoethyl) methanethiosulfonate (MTSES) and N-ethylmaleimide (NEM),
modify a shared set of cytosolic cysteine residues (Zhang and Horrigan, 2005). In
addition, the modification by MTSES and NEM mainly inhibits the activity of BK
channels. Thus we did not directly examine the protection of Ag™ modification by
these two reagents. To further confirm that the key residue of Ag” modification is
different from those involved in MTS modification, we measured the modification
rate of Ag® on the mSlol mutant C430S. Cys430 is a critical residue for the
effects of MTS reagents on BK channels. When this cysteine is replaced by
serine, the gating behavior of the resulting mutant is not altered by the treatment
of MTS reagents (Zhang and Horrigan, 2005). However, as shown in Fig. 6 C
and D, Ag® reduced the current of C430S at a rate identical to that of the wild
type channels. This confirms that at least one key cysteine for Ag” modification is

not available to MTSET and maybe other MTS reagents.
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Multiple Critical Cysteines Are Involved In Ag” Modification

As an attempt to identify the target of Ag” modification on BK channels, we
generated a series of cys-less constructs in which multiple cysteines were
replaced by serines. Because some of the cytosolic cysteines are critical for the
normal function of BK channel (Zhang and Horrigan, 2005;Tang et al., 2004),
many of these constructs do not result in sufficient current for us to measure Ag*
modification in a Ca*" free environment. However, one of these constructs,
named mSlo1Cys6C, was robustly expressed in oocytes. In this construct, 1
extracellular cysteine in the N-terminus and 16 intracellular cysteines, including
all 3 cysteines in S0-S1 linker and 13 out of 24 cysteines in the C-terminal tail are
replaced by serines (Fig. 7A). The time course of modification of mSlo1Cys6C
channels by 520 nM Ag" is shown in Fig. 7B (inset, open squares). It is clear that
the Ag* modification of mSlo1Cys6C is much slower than of wild type channels
(filled circles). The modification time constant averaged from 9 patches shows
that the Ag* modification rate is reduced by almost 20 times in this construct (Fig.
7B). This suggests that there are at least two key cysteines for Ag* modification,
one in the 16 intracellular cysteines that are mutated in Cys6C (group a: C2-4,
C8-10, C20-25, C27-30), the other in the 11 intracellular cysteines that are still
intact in Cys6C (group b: C7, C11-19, C26). Because mutations in group b
usually result in non-functional or non-expressing channels, we did not attempt
further identification of key residue in this group. Instead, we focused on the set

of intracellular cysteines that have been substituted in Cys6C.
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We further generated additional cys-less constructs in which a subset of
cysteines in group a were replaced by serines. Only one of these constructs C20-
25/27-30, in which the last 10 cysteines (C20-25, C27-30) were mutated into
serines, shows reduced Ag® sensitivity. The Ag® modification rate on this
construct is reduced by about 10 times when compared with that of wild type
channels, but still two-fold faster than that of Cys6C (Fig. 7B). This suggests that
there should be at least two key residues in group a, with one in the first 6
cysteines (group al: C2-4, C8-10) and the other in the last 10 cysteines (group
a2: C20-25, C27-30). Interestingly, the Ag" modification rate on construct C1-10,
in which all 6 group al cysteines are replaced by serines, is identical to that wild
type channels (Fig. 7B). This suggests that the modification effect of at least one
C1-10 key residue can be compensated by the modification of another key
residue outside the group.

For the 10 cysteines mutated in C20-25/27-30, we divided them into several
subsets and generated corresponding cys-less constructs (C24/25/28/29, C26-29,
C20, C21, C22, C23, C30). As shown in Fig. 7B, none of these constructs shows
any significant reduction on Ag® sensitivity. We conclude that there are at least
two key cysteines in group a2 that have at least partially identical effects on BK
channel activity after being modified by Ag".

As a summary, the results from above mutagenesis study suggest that there
are at least four key cysteines (one in group al, two in group a2 and one in group
b) for Ag® modification on the intracellular side of BK channels. In addition, the

effects of Ag* modification on some of these residues overlap with each other.
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mSlol1Cys6C As A Potential Background For Studies of Ag’-

accessibility

The fact that there are multiple key cysteines for Ag® modification and the
effects of Ag" modification on these residues overlap with each other make it
difficult to identify individual residues for Ag*™ modification. However, in the course
of this study we generated a cys-less construct Cys6C, in which the Ag®
modification rate is reduced by about 20-fold. In addition, as shown in Table 1
and Fig. 8 A and B, the G-V relationship of this construct is only moderately right-
shifted in the presence of Ca* and is virtually identical to that of wild type
channels in 0 Ca®*. Moreover, the activation and deactivation kinetics of this
construct are also comparable to that of wild type channels (Fig. 8C, top traces).
Furthermore, the construct still permits some Ca®*- and voltage-sensitive activity
after Ag® modification (Fig. 8D). Thus, Cys6C is a construct with reduced Ag*
sensitivity while retaining the normal gating behavior of BK channels. These
properties, together with the fact that this construct exhibits robust expression in
oocytes, suggest that Cys6C could be a valuable construct to probe Ag’

accessibility within the narrow regions of the BK channel pore.
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Discussion

One of the most striking consequences of Ag” modification on wild type BK
channels is that the modified channels seem almost completely inhibited, in
contrast to the partial inhibition caused by some MTS reagents, such as MTSES
and NEM (Zhang and Horrigan, 2005). The inhibitory effect of MTSES and NEM
is mainly caused by a 5-fold decrease in the C-O equilibrium constant L of
modified BK channels (Zhang and Horrigan, 2005). For Ag® modification, this
essentially complete inhibition makes it difficult to assign the Ag® effect to a
particular part of the BK channel activation mechanism. However, the data from
mSlo1Cys6C provide clear evidence that at least part of the modification effect is
to change the C-O equilibrium. As shown in Fig. 8C, there is still a considerable
amount of residual current at the end of Ag™ application to a patch expressing
mSlo1Cys6C channels. The activation kinetics of this residual activity is much
slower than that before Ag® treatment (Fig. 8E1). When fit with a single
exponential function, the time constant of Cys6C activation before Ag*
modification is 0.14 ms, which is comparable to that of the wild type channels.
After Ag” modification, the activation time constant was increased by about 10
times to 1.4 ms. On the other hand, deactivation kinetics is relatively unaffected
by Ag" modification (Fig. 8E2). The time constants of deactivation at —120 mV
before and after Ag* modification are 0.23 ms and 0.26 ms respectively, both of
which are close to that of wild type channels. This observation suggests that Ag*
modification in mSIlolCys6C slows the rate-limiting forward transitions of

activation without altering the reverse transition of deactivation. Since voltage
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sensor movements during activation are much faster than channel opening
conformational steps (Horrigan and Aldrich, 1999), these effects on gating
kinetics in 0 Ca** are consistent with the idea that Ag" modification reduces L of
mSlo1Cys6C by about 10-fold, which is twice as much as that caused by MTS
reagent modification (Zhang and Horrigan, 2005).

Two recently published crystal structures of the human BK channel
intracellular gating ring (Wu et al., 2010;Yuan et al., 2010) may point to future
approaches to the problem of BK channel inhibition caused by Ag*-modification.
As shown in supplementary Fig. 2, the cytosolic domain of a single BK subunit
contains two RCK sub domains, which interlock with each other at a flexible
interface to form a bilobed dimer structure. Four such dimers then contact at the
assembly interfaces (colored in cyan) to form the gating ring. The 23 cysteines in
the cytosolic domain are colored in yellow. It can be seen that there are 9
cysteines, the sulfur of which is 10 A within either of these two types of important
interfaces. For example, C7, C8, C9, and C10 are close to the assembly
interface in the RCK1 sub domain (Supplementary Fig. 2A); C19, C21 and C22
are close to the assembly interface in the RCK2 sub domain (Supplementary Fig.
2B); while C11 and C23 are close to the RCK1 helix-turn-helix structure that
forms the flexible interface within a subunit (Supplementary Fig. 2B). Conceivably,
modification of these residues by Ag* may disrupt these interfaces and cause the
gating ring to collapse. Since the gating ring connects directly to the BK ion
permeation pore, the collapse of the gating ring may lock the BK pore in a closed

conformation, perhaps somewhat different from normal closed conformations in
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that Ag” modified closed channels cannot be opened by either depolarization or
elevated [Ca?']i,. It should be noted that 6 of these 9 cysteines are replaced by
alanines in mSlo1Cys6C and thus do not account for Ag*-mediated inhibition in
this construct. However, 3 of them (C7, C11 and C19) resulted in non-functional
or non-expressing channels once mutated and thus were intact in mSlo1Cys6C.
It is interesting to consider that Ag™ attack of these residues may produce BK
channel inhibition in a fashion similar to mutations of these same residues.

The strong inhibition of Ag* on BK channels raises the question whether such
inhibition could contribute to silver cytotoxicity. As a widely distributed element,
silver compounds can be absorbed in humans from a variety of sources,
including air, drinking water, and silver-based medical supplies such as
arthroplasty cement and topical wound agents (Chopra, 2007;Vik et al., 1985).
Once absorbed, silver accumulations are found in myocardium, mucous
membrane, kidney, liver, and many areas of the brain (Iwasaki et al., 1997;Dietl
et al., 1984). It has been revealed by an autometallographic (AMG) silver method
that Ag" may penetrate through cell membranes and accumulate inside cells,
even forming deposits in neurons behind the blood-brain barrier (Stoltenberg et
al., 1994;Rungby, 1990;Pelkonen et al., 2003). Given the similar size between
Ag" and physiological cations such as Na" and K", there are several possible
routes for Ag® entry into cell membrane. First, Ag® might permeate through cell
membranes via various ion channels (Bury and Wood, 1999). It has been
reported that Ag” is able to enter the branchial apical membrane of rainbow trout

via the proton-coupled Na* channel (Bury and Wood, 1999). Second, Ag® may
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also be taken up by transporters such as the copper transporter Ctrl (Petris et al.,
2003). In any case, the extracellular [Ag'] is likely to be very low because of
relatively high extracellular [CI] (100 mM (Hille, 2001)) and low AgCI solubility
(solubility product: 1.6 x 10™° M? (Brady and Senese, 2007)). However, for the
case of permeation through ion channels, it only requires 0.3 nM extracellular
[Ag’] to obtain 5 nM intracellular [Ag’] at a negative resting potential of =75 mV.
The existence of active transport mechanisms may further facilitate the cytosolic
accumulation of Ag".

Since BK channels are widely distributed in excitatory and non-excitatory cells
and participate in many important physiology processes, irreversible modification
of BK channels by Ag® could be an important cellular event underlying silver
toxicity. Several published results suggest that this is not an unreasonable
hypothesis. First, silver is found to accumulate in BK-expressing organs and
tissues, such as vascular smooth muscle, kidney, and cerebellum (Ghatta et al.,
2006;Pelkonen et al., 2003). Second, symptoms resulted from acute intoxication
with large doses of Ag® include diarrhea, cardiovascular collapse and
convulsions (Dreisbach, 1974), conditions which might be expected to arise from
BK channel inhibition (Hagen et al., 2003;Sheehan et al., 2009). Finally, both Ag”
treatment and BK channel gene knockout induce neuron degeneration (Wachter
et al., 2002;Ruttiger et al., 2004). Though more work will be required before a
clear connection between silver toxicity and irreversible modification of BK
channels by Ag® can be made, our results, together with these previous findings,

suggest that more attention be paid to the potential cytotoxicity of Ag™.
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In summary, our study shows that intracellular Ag® at nanomolar

concentrations irreversibly blocks the activation of wild type BK channels. The

modification of at least four cytosolic cysteines by Ag” is involved in this inhibition.

At least one of these key cysteines is not accessible to the bulkier thiolate
reagent MTSET, and thus may not be exposed on the surface of the BK protein.
A partial cys-less construct generated in this study shows reduced Ag® sensitivity
and normal gating behavior and thus could be used as a background channel
when Ag" is required to probe the structure of BK channel. Though more work
will be required to establish a firm relationship between Ag’-inhibition of BK
channels and Ag’ related cytotoxicity, our results point to BK channels as a
potential contributing factor in silver cytotoxicity. More importantly, our results

suggest caution in regards to the medical use of silver compounds.
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Legends for Figures

Fig. 1. Ag" irreversibly eliminates the activity of BK channels at nanomolar
concentrations. A, BK currents evoked by 200 mV test pulses in 0-Ca** solution
before (gray) and after (black) 8-min perfusion in 5.2 nM Ag®. The upper trace
shows the test protocol. The transient capacitive currents increased during Ag*
treatment because the recording pipette was increasingly submerged in bath
during perfusion. B, The time course of Ag® modification on BK channels. The
solution exchange speed was measured before Ag* modification by switching the
patch between 0-Ca?* and 10 uM Ca®". To monitor the change of BK open
probability, membrane potential was briefly (3-ms) stepped to 200 mV from
holding potential of 70 mV at a frequency of 1 Hz. Each square on the plot is the
mean value of the last 50 sampling points of current evoked by each test pulse. It

is clear that new [Ca*']i, was reached within 1 s on this patch (squares). The time

course of Ag* modification (circles) was determined by the same voltage protocol.

Ag" application started at t = 13 s and ended at t = 46 s. The solid line is the
single-exponential fit to the modification time course. All time course plots of Ag*
modification in this paper were constructed in a similar way. The inset on the
right shows sample currents before (5th), at the beginning (14th), in the middle
(18th), and near the end (40th) of modification. C, The time constants of Ag”
modification are plotted against free Ag” concentration. The lines connecting the
data points have no physical meaning. (D) The reciprocals of modification time
constants are plotted against free Ag® concentration. The values at the highest

four concentrations (filled circles) were linearly fit to determine the rate constant
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of Ag* modification, which is the slope of the solid line. The value at 5.2 nM Ag*
(open circle) is not included in this fit. It is worth mentioning that the fitting gives a
slightly increased k of 8.5 x 10°> M™'s™ with Pearson's correlation coefficient of
0.96 when all five values are included, which suggests that the modification by 5

nM Ag" is not derived from the postulated linear relationship.

Fig. 2. Extracellular Ag® does not modify BK channels. A, Macroscopic BK
currents before (bottom left) and after (right) the application of 520 nM Ag” were
recorded from an outside-out patch. The voltage protocol is shown in the top of
left panel. Pipette solution (intracellular side) contained 1 uM Ca?®*. B, Time
course of Ag® modification. The patch was perfused in 520 nM Ag® for 80
seconds. The slight decrease of current was probably caused by rundown. C,
The G-V profiles of macroscopic BK currents before (square) and after (circle)
Ag’ treatment are shown. The lines are the fit of the Boltzmann function. The
results are: before Ag® perfusion, Vi, = 146 mV, z = 0.87 (gray trace), after Ag"

perfusion, Vy = 143 mV, z = 0.85 (black trace).

Fig. 3. Ag" modification does not change BK single channel conductance. A,
Sample traces of BK single channel activity before (gray, dotted) and during

(black, solid) the application of 52 nM Ag®. The patch was held at —70 mV. A 50-

ms depolarizing pulse to 140 mV was given each second to activate BK channels.

Closed and open levels of BK activity are marked by dashed lines. The two brief

openings during Ag® modification are circled by dotted lines. B, The single
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channel conductance of BK channel was plotted against time. Each point is the
mean single channel conductance of opening events evoked by a 140 mV test
pulse. The single channel conductance averaged from 20 traces before Ag”
application is 240 + 2.2 pS, the single channel conductance averaged from 19
traces during Ag" modification is 236 + 2.2 pS. The gray line shows the time

course of macroscopic modification by 52 nM Ag”.

Fig. 4. The modification rate by Ag" on BK current is not altered in the
presence of channel blocker. A, Time course of BK modification by 520 nM Ag”
in the presence of 600 uM TBA. The patch was first perfused in 600 uM TBA for
10 seconds and then switched to a solution containing both TBA and 520 nM Ag*
for modification. B, The histogram of mean modification time constants by 520

nM Ag® with 0 (3.5+ 0.8 s, n = 6) or 600 uM (3.01 + 1.05 s, n = 6) TBA,

Fig. 5. The modification of BK channels by Ag® at positive potential. A,
Macroscopic currents evoked by 200 mV test pulses in 0-Ca®* solution before
(gray) and after (black) perfusion in 200 nM Ag®. The holding potential was 70
mV. B, Time course of Ag" modification of BK channels at 70 mV. The Ag*
concentration was 200 nM. The modification started at the 17" second and
ended at 90™ second. C, The histogram of mean modification time constants by

200 nM Ag” at-70 (6.7+1.3s,n=6)or 70 mV (6.8 + 1.2 s, n = 4).
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Fig. 6. The targets for Ag" modification are different from those for MTS
reagents. A, The G-V profile of macroscopic BK currents in 100 uM [Ca®']i,
before (black square) and after (gray circle) perfused in 200 uM MTSET for 3
minutes. The Boltzmann fitting results are: V, = 27 mV, z = 1.14 (before); V,, = -8
mV, z = 1.22 (after). B, The time course of modification on BK channels by 520
nM Ag" after MTSET treatment. Modification started at t = 29 s and ended at t =
60 s. C, The time course of modification on mSlo1C430S by 520 nM Ag'.
Modification started at t = 20 s and ended at t = 70 s. D, The histogram of mean
modification time constants by 520 nM Ag® on BK currents (3.5 + 0.8 s, n = 6),
BK currents after MTSET application (2.92 + 0.3 s, n = 3), and mSlo1C430S

currents (3.7 £ 0.6 s, n =4).

Fig. 7. Ag" sensitivity of various cys-less constructs. A, The schema maps the
linear distribution of 30 cysteines on the BK channel. Upper row is the cysteines
on the extracellular side and in the transmembrane segments of BK channel.
Bottom row is the cysteines in the cytosolic domain. Three extracellular cysteines
are marked by bars above squares. The number in each square refers to the
sequential number of that cysteine. The numbers above squares are the actual
positions of cysteines in mSlol. In mSlo1lCys6C, 17 of these cysteines are
mutated into serines (shaded). B, The mean modification time constants of
various cys-less constructs by 520 nM Ag™: wild type (3.5 + 0.8 s, n = 6), Cys6C
(61+66s,n=09),Cl4(39+06s,n=5), Cl-10 (3.2 + 0.45 s, n = 6), C20-

25/27-30 (30.8 + 4.5 s, n = 8), C24/25/28/29 (2.7 + 0.2's, n = 6), C26-29 (2.7 +
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0.5s,n=4),C20 (2.3+0.45,n=5),C21 (2.1+0.2s,n=4), C22 (2.64 +0.28 s,
n=5),C23 (3.2+0.97s,n=4),C30 (2.2 +£0.3s, n=4). Only Cys6C and C20-
25/27-30 show significantly reduced Ag® sensitivity, as marked by *. Inset, The
time course of modification on mSlo1Cys6C (open square) by 520 nM Ag*
overlapped with that of wild type BK (filled circle) at the beginning of Ag®

application, as indicated by time 0.

Fig. 8. Gating behavior and Ag" sensitivity of mSlo1Cys6C. A, The G-V curves
of mSlo1Cys6C (filled symbols) in a wide range of [Ca*']i, overlap with those of
mSlol (open symbols) in various [Ca®'i, (in uM): O(square), 1(circle), 10(triangle),
100(diamond), 300(star). Each set of data is averaged from 5 patches. Lines are
Boltzmann fits. B, The Vs of mSlo1Cys6C and BK channels are plotted against
[Ca®]in (in log scale). The connecting lines have no physical meaning. C,
Macroscopic mSlo1Cys6C currents recorded in 100 uM [Ca?'];, before (top) and
after (bottom) 240-sec perfusion in 520 nM Ag®. The voltage protocol was similar
to the one used in the panel A of Fig. 2. Notice the time scales are different in
these two sets of recordings. D, The macroscopic G-V profiles of mSIo1Cys6C in
100 uM Ca** before Ag* modification (filled circle), and in 10 uM (open star) and
100 uM [Ca*]in (open circle) after Ag* modification. The Boltzmann fitting results
are: Vi, =30 mV, z = 1.02 (100 uM Ca** before Ag* treatment); V, = 150 mV, z =
0.88 (10 uM Ca*" after Ag* treatment); Vi, = 106 mV, z = 0.74 (100 uM Ca*" after

Ag’ treatment). E, Normalized activation (E1, 200 mV) and deactivation (E2, -120
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mV) time course of mSlo1Cys6C currents before (gray) and after (black) Ag”

modification.
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Table 1: Boltzmann fitting results of the G-V relationships of mSlo1Cys6C and

mSlol BK channels:

[Ca™in mSlol mSlo1Cys6C
Vh (MV) z Vh (MV) z
0 uM 206 + 6.3 0.9 £ 0.03 210 + 3.4 1.1 £0.02
1 uM 152 + 5.8 0.9 + 0.06 192 + 4.2 1.1+ 0.05
10 uM 58 + 4.1 1.2+0.13 72+7.0 1.2 £0.07
100 uM 2+33 1.4 +0.04 26 +6.1 1.4 +0.03
300 uM -15+£3.1 1.2 +£0.07 28+4.1 1.2 £0.07
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