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ABSTRACT

Potassium channels allow selective flow of K’ ions across impermeable
membranes. They switch between closed and open states in response to stimulus. The
closed state of KcsA, a potassium channel from the bacteria streptomyces lividans, has
been crystallized and studied. However, attempts to obtain a structural description of
gating transition of the channel have been hampered because the open state is transiently
occupied. In this study, we investigated changes in gating functions of KcsA caused by
variations in environmental parameters such as pH, voltage and also mutation in KcsA
using planar bilaysr and patch clamp channel recording techniques to improve our

understanding on tt e functional aspect of gate activation of KcsA.
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CHAPTER 1

GENERAL INTRODUCTION AND OBJECTIVE

Potassium channels are found in almost every organism. They are integral
membrane proteins that allow K ion to flow across membranes in response to signals,
such as pH changes, membrane voltage changes and the presence of ligands with
exquisite selectivity and high efficiency. The functional behavior of ion channels can be
described as two fundamental processes: permeation (how ions flow selectively and
effectively through the pore) and gating (how the pore gate, or open, in response to
appropriate stimulus).

The knowledge of ion channel structure and function has advanced dramatically
since the discovery of KcsA, a small potassium channel from the bacteria streptomyces
lividans.

The KcsA crystal structure from residue 23 to 119, which formed the pore of the
channel, was determined in 1998 (Doyle et al, 1998). This finding has led to an
improvement of ou: understanding of the ion permeation and selectivity mechanism on a
physical basis (Figure 1) (Doyle et al., 1998; Jiang and MacKinnon, 2000).

However, aitempts to obtain a structural description of the gating mechanism of
the channel have been hampered because the open state is transiently occupied and so far
only crystals of closed-state KcsA have been obtained. Furthermore, the C-terminal of

KcsA, which is thought to be involved in the gating process, has not been resolved in any
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Figure 1: KcsA structure. The transmembrane portion (inner helix, green, residue 86-118;
outer helix, red, residue 24-51) and pore helix (gray, residue 61-73) of the KcsA channel
are shown with an ellipse diagram. The selectivity filter (residue 75-79) is shown with
ball-and-stick diagram (MacKinnon et al., 1998; Stacey et al., 2002). The C-terminal and
N-terminal structure are still not available. The N-terminal domain is suggested to act as
an anchor at the membrane-water interface (Cortes et al., 2001). The figure was generated
from PDB file KcsA using ZMM-mvm modeling program (Zhorov et al., 2004)



of the previous x-ray structures of KcsA. There are two fundamental questions
concerning gating in ion channels: 1) The location of the gate and pH sensor, 2) The
physical mechanism for pH-dependent opening and closing of KcsA (Cuello et al., 1998;
Perozo et al., 1999)

Recent studies have led to a model for channels undergoing conformational
change during gating (Figure 2) (Stacey et al., 2002). This gating model was derived
from comparison between the crystal structures of KcsA and MthK. MthK, a potassium
channel from the bacteria Methanobacterium thermoautotrophicum, has a membrane
topology similar to that of KcsA. The KcsA and MthK structures are thought to reflect
the closed and open states, respectively, of potassium channels. A conserved Glycine
residue on the 2™ transmembrane helix has been proposed to be critical for the gating
transition acting as a hinge for gating opening and closing. The Mthk-derived opening
model suggests that an outward hinge-bending movement of the inner helices is the main
conformational change during gating event. The conformational change is restricted to
the intracellular half of the membrane-spanning region, leaving the extracellular half
basically unchanged.

KcsA lacks a voltage sensor like the other two-transmembrane helices K
channels (Heginbotham et al., 1999). One of the reliable ways to open the KcsA channel
is by lowering the pH (Cuello et al., 1998; Perozo et al., 1998) on the intracellular side
(Heginbotham et al., 1999). Functional analysis of C-terminal deletion mutants suggests

that the C-terminal domain exerts a modulator role in the pH-dependent gating



Figure 2: The hinge-bending model. a. Mthk crystal structure. Open form state. b. KcsA
crystal structure. Closed form state. c¢. The hinge-bending model. Cartoon of KcsA
depicts two of the four subunits. The inner helices are shown in green, the outer helices
are shown in red and the selectivity filter are shown in gray. In this model, the inner
helix splays outward with a hinge (circles) near the middle of the membrane. This model
does not perturb the structure near the selectivity filter. (Ref: Brent et al., 2003)



mechanism (Perozc et al., 1999; Cortes et al., 2001). Cortes et al. suggested that the
charge cluster (e.g. Glu, His, Lys & Arg) in the cytoplasmic domain was a prime
candidate for the pH sensor. Our lab further suggests a hypothesis: At pH 7, the positive
charges on the side chains of lysines and arginines in the cluster are neutralized by the
negative charges of the glutamates, thus stabilizing the closed form. The charges on the
histidine residues however may change the balance of charges in the cluster at different
pHs. The net charge in the cluster is likely to be close to zero at pH 7. As pH decreases
to 6, half of the histidine residues become positively charged. The net charge in this
region becomes positive and the C-terminals repel each other, destabilizing the closed
form and favoring transition to the open form.

For the gating mechanism of KcsA, although several gating models have been
proposed by comparing the structures of different potassium channels, obtaining a further
structural description of the gating mechanism is still a difficult task due to the lack of C-
terminal domain structure and open state structure. However, previous planar bilayer
single channel stud.es on KcsA demonstrated a pH dependent current change (Figure 3)
and the sensor domain of KcsA have been proposed by Rb" flux studies (Heginbotham et
al., 1999; Perozo et al., 1999; Cortes et al.,, 2001). These suggest that functional
description may offer another opportunity to further investigate the mechanism of gating
and sensor-gate coupling/interactions. In the present study, we set up the planar bilayer
and patch clamp channel recording system in order to obtain more information on the

gating of KcsA. To facilitate such studies, we have tested the system with wild type
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Figure 3: Current through single KcsA channel. a. pH dependence of KcsA. Currents
were recorded at 200 mV in symmetrical 100 mM K solutions, with pH variation on cis
and trans sides. Channels were first recorded with pH 4 on both sides. The cis chamber
was brought to pH 7, and more records were collected. After perfusion to pH 7 trans,
where no openings were observed, the trans chamber was returned to pH 4 to confirm
reversibility. b. Representative channel openings at different voltages. (Taken from:
Heginbotham et al., 1999)



KcsA to reproduce the published results. Then we compared the wild type KcsA with
mutant of KcsA at different environmental parameters such as pH and voltage to
determine how mutation affects the gating of KcsA. The final results may improve our

understanding on thz gating of KcsA.



CHAPTER 2

EXPERIEMTNTAL MEASURMENT PRACTICE WITH WILD TYPE KecsA

2.1 Introduction of two electrical single channel recording methods

Ionic channels are integral membrane proteins that, upon activation, allow passive
flow of specific ions down chemical and electrical gradients established between both
sides of the membrane. Thus, assessing the functionality of isolated molecular
components comprising these channels requires their reconstitution into model
membranes in which translocation of ions may be measured (Miller et al., 1983, 1984).
However, monitoriag ionic channels responses is difficult since channels activation
promotes very rap:d changes in the permeability of the membrane to certain ions.
Previously, ion fluxes were mostly monitored by using radioactive ion trace assays with
poor time resolutio. Electrical methods, having higher sensitivity and time resolution,
are better alternatives to quantify flow of ions. Thus, two basic systems have been
developed to combine membrane reconstitution of ionic channels and electrical
monitoring of ion flow: planar bilayer and patch clamping liposomes (Miller et al.,
1984).

The planar bilayer channel recoding technique, in which ion channels are
incorporated into an artificial planar lipid bilayer by fusion of vesicles containing
channels with the bilayer, provides an unique approach for studying single ion channels,
enabling experimertal design that are impractical or impossible using standard patch-

clamp methods (Figure 4). For example, the effects of membrane composition on channel
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Figure 4: Experimental design of the horizontal planar channel recording. The chamber
was separated by film with hole. The planar bilayer bedded with channel were formed on
the hole.



function can be rigorously studied; changes in solution compositions on either side of the
membrane can be made easily (Wonderlin et al., 1990; Wonderlin et al., 1991). The
utility of the planar bilayer method for studying single ion channel, however, is often
limited by a low r:cording bandwidth, primarily due to the high background current
noise, and poor resolution of voltage activation step applied to the bilayer (The Axon
Guide, 1993). However, with several modifications on the equipment and technique that
partially overcome these limitations and improve the quality of planar recordings,
recording of single channel activity with low background noise (<0.35 pA rms at 5 kHz)
and rapid resolution (<<Ims) of currents after a voltage step can be done. For more
detailed discussion of the equipment and methods, please see Ref. The Axon guide.

The single-channel patch clamp is a special case of the voltage-clamp technique.
This technique permits the direct measurement of the dynamic activity of individual
membrane-bound channel proteins (Figure 5). Like the whole-cell patch technique, a
blunt pipette is sealed onto a patch of membrane. If single-channel recordings are
intended, the membrane at the tip of the pipette is preserved. The current recorded is then
simply the current that flows through the membrane at the tip of the pipette. Since this
membrane area is very small, there is a good chance that just one or a few ion channels
are located in the patched membrane. Individual ion-channel currents can thus be

recorded.
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PULL EXPOSURE
—_—
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recording patch patch

Figure 5: Schematic representation of the procedures that lead to recording
configurations. The four recording configurations are “cell-attached”, “whole-cell
recording”, “outside-out patch”, and “inside-out patch”. The upper most frames is the
configuration of a pipette in simple mechanical contact with a cell, upon slight suction
the seal between membrane and pipette increases in resistance, forming what we call a
“cell--attached patch”. With the manipulations to isolate membrane patches which lead to
two different cell-free recording configurations (the “outside-out patch” and “inside-out
patch”. Alternatively, voltage clamp currents from whole cells can be recorded after
disruption of the patch membrane. The manipulations include withdrawal of the pipette
from the cell, pull, short exposure of the pipette tip to air and short pulses of suction or
voltage applied to the pipette interior while cell attached (Taken from: Bert and Erwin,
1995).
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2.2 Planar bilayer channel recoding

Single channel measurement using planar bilayer generally involves four steps: 1)
Forming the artificial bilayer in the measurement chamber. 2) Reconstituting detergent-
solubilized and purified channels into liposomes. 3) Fusing or incorporating liposomes
containing channels of interest into the planar bilayer. 4) Measuring the activity of

channels under desired conditions.

2.2.1 Methods and materials
2.2.1.1 Micelle solution preparation

Phospholipids (7.5mg/ml POPE, 2.5 mg/ml POPG) was hydrated with 34 mM
CHAPS in reconstitution buffer (450 mM KCl, 10 mM HEPES, 4 mM N-
methylgucamine, pH 7.0) (Heginbotham et al., 1998).
2.2.1.2 KcsA mutagenesis and expression

The following KcsA constructs were used in the present study: 1) wild type
KcsA; (2) mutants with His to Ala mutation on C-terminal. They have been made and
supplied by Victor Pau (Department of Biochemistry, McMaster University).
2.2.1.3 KcsA purification and reconstitution

KcsA wild type and mutant H124A were purified by Victor Pau according to
previous described procedures (Heginbotham et al., 1997; MacKinnon et al., 1998).
Purified KecsA tetramers were added to lipid micelle solution with different
concentrations, according to the number of channels per liposome desired. After 30

minutes incubation, the mixture was dialyzed overnight.
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2.2.1.4 Preparation of liposomes with N/E channel

Protein-free liposomes containing N/E (nystatin /ergosterol) channel were formed
from 10 mg lipid in 1 ml chloroform: methanol (2:1 v/v) to which 10 pl of nystatin stock
solution (5mg/ml) had been added. The final nystatin concentration was 50 pg/ml. Lipid
composition was (mol percent): 60, POPE; 20, POPG; 20, ergosterol. After evaporating
the solvent under a stream of nitrogen, reconstitution buffer was added. The mixture was
vortexed for ~5 min and sonicated in a bath-type sonicator at room temperature for ~2
min. The mixture was cloudy after vortexing and then became translucent after
sonication. Liposomes were frozen at —80°C.

For liposomzs containing both N/E channel and KcsA channel, the freeze-thaw-
sonication (FTS) reconstitution procedure was used. Liposomes carrying KcsA channel
from dialysis were mixed with protein-free liposomes containing N/E channel at
appropriate ratio. After two cycles of FTS, the KcsA would disperse into the liposomes
containing N/E channel.
2.2.1.5 Liposome fusion and single channel recording in lipid bilayers

Single channel recordings were performed in a horizontal planar lipid bilayer
setup (Heginbotham et al., 1999). Briefly, partition, made from overhead transparency
film with a hole of roughly 90 um in diameter by the melt-and-shave method (Wonderlin
et al., 1990), was pretreated by application of 0.5 pul of lipid solution (15mg/ml POPE, 5
mg/ml POPG in decane) to the hole, followed by 30 min of drying in air. The cis
chamber (liposomes application side) was then filled with 100K7 (100mM KCl, pH 7)

solution and the trans chamber, 20K4 (20mM KClI, pH 4) solution. Bilayer was then
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formed by painting the film with a glass rod dipped in the lipid solution. After 5-30
minutes, 1 pl liposome solution (containing channels embedded in liposomes) was added
to the cis chamber using pipette. These steps were monitored optically and electrically.
The system was e¢lectrically connected to the recording system through Ag/AgCl
electrodes and agar bridges filled with 200mM KCIl. Fusion events were detected as
sudden jumps in bilayer conductance. A holding voltage of 100 mV was used to measure
the corresponding current. Upon appearance of single KcsA channel current, solutions in
both chambers were changed to experimental solutions and excess liposomes were
removed. For analysis, currents were measured with holding voltages ranging from -
100 mV to +100 mV. The current was sampled at 2 kHz with Dagon 8100 single
electrode system (Dagan corporation, USA) or Model 2400 patch clamp amplifier (A-M
systems, Inc, USA) and data were acquired with a Labjack Ul2 device (Labjack
corporation, USA) and analyzed using Clampfit 9.0 software (Axon instrument, Inc) on a

PC.

2.2.2 Results and discussion
2.2.2.1 Measurement system

Since the currents we were measuring were in the magnitude of picoamperes,
reducing noise in measurement was a challenge in our measurement. The majority of
background system noise in a planar bilayer recording was a result of “voltage clamp”
across the bilayer capacitor (Wonderlin et al., 1990). For the purpose of making small,

low capacitance bilayer, we have adapted the melt-and-shave method (Wonderlin et al.,
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1990) with slight modifications. Briefly, a tiny pin was warmed and pressed against one
surface of an overhead transparency film. After the pin removal, the surface on the other
side was shaved away by a razor blade with rapid rotation of the film. With this method,
a film with a 95 um diameter hole was obtained.

Other noises came from the access resistance, which was the sum of several
resistances in series, including the electrode/electrolyte, the salt bridges and the recording
solution (Wonderlir et al., 1990). Salt bridges were essential for isolating the Ag/AgCl
electrodes from the bath solution and providing a constant, optimal environment for the
electrode/electrolyte interface, minimizing the junction potential. We constructed
Ag/AgCl electrode with salt bridges (2% agar, 200mM KCl) and the access resistance
with different solut.ons was tested. In our system, the access resistance was in always
below 500 kQ (Figure 6).

A chamber ‘was custom built for this study and shown in.Figure 7. The whole
system with this chamber was tested using model cell to determine the noise level and
used as a test bed for all the noise reduction modifications. Plots of Currents vs. Voltages
were used to determine resistance of the system. Our result showed that the noise level
was in the range of' 1 pA and therefore was acceptable for our measurement purposes
(Figure 8).
2.2.2.2 Bilayer formation

The formation of bilayer was examined optically and electrically. It was visually

examined under microscope. Before sample application, the hole on an overhead
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transparency film for bilayer mounting was empty and transparent. After it was pretreated
with ~0.5 pl of phospholipid solution (15mg/m! POPE, Smg/ml POPG in n-decane) and
was allowed to be air-dried for about 30 minutes, the edge of the hole was covered by a
dried layer of POPE/POPG in decane. This pretreatment facilitated bilayer formation by
reducing the surface tension and providing a good foundation or attachment site for later
single bilayer formation. When the bilayer forming solution, POPE/POPG in decane, was
subsequently painted to the pretreated hole, the solution spreaded across the hole to form
a layer of POPE/POPG aggregate. It became transparent when it was allowed to stay at
room temperature for a few minutes, or when decane was painted again. Observation of
the transparent layer indicated the formation of lipid single bilayer (Figure 9).

The bilayer formation was also analysed by electrial method by measuring the
resistance and capacitance of the bilayer. When 50mV voltage was applied across an
solution-filled chamber with an empty hole, a 50 nA current was detected. On the other
hand, an observable decrease in current was measured when the hole was filled with the
bilayer (Figure 10a). When the holding voltage was varied from —100 mV to 100 mV, the
measured currents ‘were always within 1 pA range (Figure 10b). Since the sensitivity
level of our system was also about 1 pA, these data indicated that the bilayer resistance
was at least 100 GQ, which suggested that the bilayer was of good quality.

Single bilayer could be further verified by measuring its capacitance (Figure 11).
The capacitance of the membrane was determined by applying an alternating voltage

across the membranz and measuring the current generated due to the capacitance. The

19



Figure 9: Bilayer formation observation under microscope. a. The empty hole. b. The
hole was pretreated with ~0.5 pl of phospholipid solution (15mg/ml POPE, 5 mg/ml
POPG in n-decane) and air-dried ~30 minutes. c. The trans chamber was filled with 20K4
solution and the cis with 200K7 solution. Then bilayer was spread on the hole with a
pipette wetted with phospholipid solution kept at room temperature. Shows POPE/POPG
aggregate. d. After using decane paint on the bilayer.
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alternating voltage ‘was obtained by using the internal signal a low frequency (60 Hz),
low amplitude (10mV peak to peak) square wave from the patch-clamp device. Before
the capacitance of the bilayer was measured, a model cell with a known resistance and
capacitance of 10 GQ and 3.3 pF, respectively, was used as a positive control. When the
applying voltage was constant, the resulting current was close to zero since the resistance
of the model cell was high. During the voltage alternation, a sharp transient peak could be
observed. The frequency of the clamping signal was in sync with that of the transient
peak. The height of the peak was dependent upon the rise time of the square wave and the
capacitance of the membrane (The Axon guide, 1993). The capacitance of the bilayer or
model cell was equel to the area under the peak (Idt) divided by the value of the applied
voltage. From our measured data, the capacitance of the model cell was around 3.9 pF,
which was very close to the value given by manufacturer. After this method had been
demonstrated to be able to measure the capacitance of a model system, it was applied to
the formed bilayer. We observed that the thickness of the bilayer was inversely
proportional to its capacitance. The capacitance and the diameter of a painted bilayer
were about 39 pF and 90 um, respectively. It had been suggested that capacitance per
area between 0.4~0.8 pf/cm” was optimal for single channel measurement (Alan, 1994).
The capacitance per area of our bilayer was 0.48 uf/cmz, which was in the range of the
suggested value.
2.2.2.3Protein reconstitution into liposome

As mentioned before, detergent-solubilized KcsA had to be first reconstituted into

liposomes before any measurement took place. In the reconstitution process, two issues
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had to be addressed 1) Verifying the identity of the protein of interested. 2) Confirming
the reconstitution event.

The KcsA was purified and was reconstituted into liposomes. Liposomes were
obtained by dialys:ng detergent-solubilized KcsA and lipid micelle overnight. The
dialysed sample was centrifuged at 10,000 g for 1 minute. After centrifugation, two
phases, supernatant and pellet were observed. The pellet corresponded to liposomes while
the supernatant corresponded to detergent-solubilized lipid and KcsA that were not
incorporated into liposomes (Figurel2 a).

The identity and folding after reconstitution of KcsA could be verified by boiling
test (Figure 12b). Unlike other water-soluble proteins, KcsA tetramer was very stable in
harsh detergent such as SDS without extensive boiling. It was denatured and dissociated
irreversibly into monomers after boiling for 5 minutes in the present of SDS. This
observation was used as the basis to analyse the folding of KcsA on SDS PAGE (Cortes
et al., 1997). In our experiment, KcsA remained as tetramer when it was analysed on SDS
PAGE without boiling step. It was dissociated into monomer after boiling. The sizes of
the monomer and tetramer were consistent with the expected value. This observation
implied that the folding of reconstituted KcsA was correct.

Reconstitution of KcsA into liposomes was further confirmed by trypsin
digestion. It had been demonstrated that KcsA inserted into liposomes were protected and
were not digested by trypsin. In our experiment, reconstituted KcsA and detergent-
solubilized KcsA were subjected to trypsin digestion for 0.5h, 1h, and 2 h at room

temperature. The samples were analysed on 15% SDS PAGE afterward without boiling
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treatment (Figure 12c). The apparent size of detergent-solubilized KcsA decreased over
time after trypsin digestion and a few bands with the size of around 45kDa were
observed. The reconstituted KcsA remained intact after 2h of incubation with trypsin.
These results strongly indicated that KcsA was successfully incorporated into liposomes.
2.2.2.4 Incorporation of ion channels into planar phospholipid bilayers

Following tie formation of bilayer and the reconstitution of protein into
liposomes, the channel-containing liposomes were fused into the pre-formed planar lipid
bilayers. Fusion was preceded first by the development of a pre-fusion state in which
liposomes became closely associated with, or bound to, the planar bilayer. Since we used
the planar bilayer and liposomes that contained negatively charged phospholipids
(POPG), the occurrence of the pre-fusion state was encouraged by the addition of
millimolar concentrations of divalent cations such as Ca** (Gregor, 1987). In experiment,
we were also suggested by Dr Miller to add 1M KCl into the cis chamber just above the
liposomes. This resulted in a high local salt concentration, which caused dehydration of
liposomes and bilayer (Gregor, 1987) and hence encouraged the occurrence of the pre-
fusion state.

Liposomes in pre-fusion state associated with a planar bilayer would fuse with the
bilayer only if they were induced to swell. Osmotic gradients with salt solutions would
induce hydrostatic pressure if the liposome contained channel permeable to one or both
of the ions. In experiment, the osmotic pressure of the solution in the chamber to which

liposomes were added (cis) was greater than that of the solution on the other side of the
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Figure 12: Determination of the correct fold KcsA inserted into the liposome. a. After
centrifugation, two phases, supernatant and pellet were observed. b. Boiling test to further
verify the correct folding of reconstituted KcsA(~64kDa). # Shows monomer of KcsA
(~21kDa). c. Time course of trypsin proteolysis for solubilized and reconstituted KcsA.
Shown are KcsA (1mg/ml) incubated with trypsin (5 pg/ml) at 0.5-, 1-, 2h at room
temperature. The reaction was stopped by addition of protease inhibitors (PMSF, 0.7
mg/ml). The filled arrow points to the intact KcsA (~64 kDa); the open arrow to the main
cleavage product (~45kDa).
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bilayer (trans). And the osmotic pressure of the solution in liposomes is greater than that
in cis side. Due to the hydrostatic pressure, some of the water will flow from the trans
chamber to cis chamber; some of this water will enter liposomes bound to the bilayer in
the pre-fusion state. These liposomes would swell and some would burst, leading to

fusion with the bilayer (Figure 13). The causal chain was thus:

Osmotic gradient
Hydrostatic pressutg liposomes swelled — liposome fused
was generated with water entering into planer bilayer

Weak permeability
to solutes

In summary, liposomes should fuse into bilayer in the presence of an osmotic
gradient if they contained a permeability pathway for solutes (Alan, 1994). However,
when liposomes with closed KcsA channel were used, we still observed fusions
(confirmed by later single channel current data) at a very low rate. This might be due to
leakages in liposomes. A possible reason for leaky bilayer in liposomes was that
detergents were not completely removed by dialysis. It was very likely that there were
residual detergent remained in the liposome after dialysis. In our study, two kinds of
detergents were used: 1) CHAPS from lipid-CHAPS micelle and 2) LADAO from
protein-LADAO micelle.

To improve the fusion efficiency, we incorporated nystatin into liposomes in the
presence of the ergosterol (Dixon et al., 1990). Nystatin-ergosterol channel (N/E channel)

provided a weakly icn permeability pathway so that liposomes would readily fuse in the

27



-%Q
]
(@]
hR

Iz

Trans =2 s Trans éﬁ Cis Trans g Cis
- .
CE e, SNPS,

E:A;‘%m“ 7% P sr
e 2 il 2 |
%%&‘ - S e
LEE) & SEORRI ot
%?: "rﬁ’*”»’a c-’a‘%ﬁ@ .§§¥W %gf"”w q’«x"f"éj? v
g2 il G5 i
= a2
.:gé ég
a b c

Figure 13: Fusion of a liposome with planar bilayer. a. The pre-fusion state. b. c.
Establishment of an osmotic gradient across the bilayer induces the liposome to swell,
burst and incorporated. (Taken from Alan, 1994)
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presence of a salt gradient. N/E channel consists of about 10 nystatin monomers held
together by egrosterol (Dixon et al., 1999). With this method, the probability of the fusion
events increased to £0% in our experiment.

Studies of channel gating kinetics required the presence of a single channel in the
bilayer and so it was important that fusion rate was controlled and stopped at an
appropriate point. Ir practice, this could be achieved by changing both the cis and trans
solutions with the same KCI concentration and thus dissipating the osmotic gradient to
stop further fusion event. This method had an additional advantage that non-fused
liposomes were removed from the solutions.
2.2.2.5 Current analysis

Current recordings at various clamped-voltage (-150mV~150mV) were measured
for different cases: |) KcsA single channel recording, 2) N/E channel recording and 3)
KcsA mixed with N/E channel recording.

KcsA single channe! recording

Although liposomes with closed KcsA had very low fusion efficiency, we were
able to make about 10 recordings of the KcsA single channel (protein to lipid (v/v) ratio
was equal to 1:4 in liposomes). Figure 14 shows that KcsA was a proton-activated
channel. As described by Cuello et al., 1998, the channel opened significantly in planar
bilayer at pH 4. We also compared KcsA channel activity at opposite voltage polarities.
At high positive voltage (100mV), channel activity was marked by frequent openings

throughout the duration of the recording. And the direction of the current was changed
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Figure 14: KcsA planar bilayer single channel recording. a. cis 100k7 trans 100k4
holding voltage 150mV. b. cis 100k7 trans 100k4 holding voltage -150mV. c. cis 100k7
trans 100k7 holding voltage 150mV . d. cis 100k7 trans 100k4 holding voltage 150mV,
add 5 pl 1M Ba®" in cis chamber.
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when the voltage was reversed in polarity. We also found that Ba®* inhibited KcsA
conductance. Ba** has been viewed as a “divalent analogue” of dehydrated K that
prevents K conduction by binding tightly within the pore (Heginbotham et al., 1998).
N/E channel recording

To develop conditions under which liposomes could be induced to fuse reliably
and finally build an N/E-KcsA liposome system, which could be easily fused into planar
bilayer, N/E channel recording was carried out. Figure 15a shows the effect on bilayer
conductance of adding nystatin to the aqueous solution bathing an ergosterol-containing
planar bilayer. With addition of nystatin to the aqueous phase, the conductance steadily
increased, which suggested that N/E was spontaneously inserted. Control trace showed
that the conductance of an ergosterol-free planar bilayer remained unaffected by nystatin
(Figure 15b), even at 5-fold higher concentration of nystatin.

Figure 16a stiows a N/E channel —induced fusion of liposomes into planar bilayer.
Here, both liposomes and planar bilayer contained 20-mol % ergosterol, so that N/E
channel could be formed in liposomes and in planar bilayer. With a transbilayer osmotic
gradient, addition of N/E—containing liposomes resulted in discrete step increases of the
bilayer conductance. The appearance of these steps was a result of independent fusion
events (Dixon et al., 1990). In Figure16b, liposomes were made with N/E channel, but in
this case the planar bilayer was ergosterol-free. Under this condition, the N/E channel
raised bilayer conductance at the moment of a fusion event, but the conductance returned

to baseline within tens of seconds. The spike amplitudes were similar to the step-sizes
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Figure 15: Ergosterol-dependence of nystatin-induced conductance. a. The effect on
bilayer conductance of adding nystatin to the aqueous solution bathing an ergosterol-
containing planar bilayer. 100k7 in cis 20k4 in trans, 0 mV holding voltage. bilayer form
with 20 mol% ergosterol, nystatin with final concentration 50yg/ml was added in cis
chamber. b. The effect on bilayer conductance of adding nystatin to the aqueous solution
bathing an ergosterol-free planar bilayer. Other conditions were the same as (a).
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Figure 16: Fusion into bilayers of N/E containing liposome. a. Planar bilayer containing
20-mol% ergosterol separated solution with cis 100k7, trans 20k4. Just before the trace, 2
pl liposomes containing N/E (50 pg/ml nystatin, 20 mol % ergosterol) channels were
added to the cis side. 100mV holding voltage. b. Fusion spikes in ergosterol-free planar
bilayer. Other conditions were the same as (a). Fusion events are marked by stars. Other
spikes indicated environment noise.
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seen in ergosterol-ccontaining bilayer (compare with Figure 15a). The appearance of these
“spikes” could be explained as follow: as soon as the ergosterol-rich liposomes fused into
the ergosterol-free b layer, the nystatin-associated ergosterol dissociated from the channel
complex and diffused away into the planar bilayer (Dixon et al., 1990), and, as a result,
the channel fell apar: and ceased to conduct ions.
KcsA mixed with N/E channel recording

The above results suggested a practical way to transfer reconstituted KcsA into
planar bilayer. Despite diligent efforts over the past year, reconstituted KcsA showed
very low rate of insertion into planar bilayer. Possibly, this failure was a consequence of
a lack of permeabi ity pathway to both anions and cations, which was required for
liposome-bilayer fusion. Thus, N/E channel-containing liposomes carrying KcsA
channels may offer a key to solve the fusion problem.

N/E channel-containing liposomes carrying KcsA channels (N/E-KcsA channel)
were prepared by the freeze-thaw-sonication (FTS) reconstitution procedure. N/E
channel-containing liposomes and KcsA-containing liposomes (protein to lipid (v/v) ratio
was equal to 1:4) were mixed. During freeze-thaw, individual liposome ruptured and
fused together to form large liposomes. Sonication created vibration oscillates within the
solution that broke up large liposomes (Dixon, 1999). Sonicating in a bath-type sonicator
for ~ 20 s yields mostly unilamellar liposomes ~ 250 nm in diameter (Dixon, 1999). After
at least two cycles of FTS, N/E channel-containing liposomes carrying KcsA channels

were obtained.
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In Figure 17a, when N/E-KcsA liposomes were added to an ergosterol —free
planar bilayer in the presence of an osmotic gradient, spikes were observed, indicating
fusion events. And these spikes were similar to those seen when KcsA-free liposomes
were used (Figurel6b). However, apparent noise was observed after these spikes (Figure
17a). These “noise” actually represented KcsA channel activities, because KcsA channel
had been inserted along with N/E-KcsA liposome fusions. After solutions in cis and trans
chambers were changed to solutions with same KCI concentration, fusions stopped and
only KcsA activity was monitored under the voltage clamp condition (Figure 17b).

When compared with data collected using KcsA liposomes, N/E-KcsA liposomes
method produced data with more fluctuations and very short channel activity life time
(KcsA channel activity stopped very soon). This might be due to effects of nystatin or
ergosterol on membrane or on KcsA channel itself. Further investigations are needed to

clarify the issue.
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Figure 17: Fusion of N/E channel-containing liposome carrying KcsA channel into
ergosterol-free planar bilayer. a. N/E channel-containing liposome carrying KcsA
channel prepared as method, liposome with N/E channel/ liposome with KcsA channel
ratio 2:1.Chamber separated solution with cis 100k7, trans 20k4. Just before the
experiment, 2 yl liposomes containing N/E (50 yg/ml nystatin, 20 mol % ergosterol)
channels were added to the cis side. 100mV holding voltage. The fusion events were
marked by star. b. High time resolution of the fusion of a KcsA channel containing
liposome. Recording begins after change the solution with 100k4 in cis and 100k7 in
trans side once the noisy fusion event appears. 100mV holding voltage.
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2.3 Patch clamp liposome channel recording
Single channel measurement using patch clamp generally involves 2 steps: 1)
Making giant liposomes containing reconstituted purified channel suitable for patch

clamp. 2) Measuring the activity of the channel under desired conditions.

2.3.1 Methods and materials

The two basic approaches, which involved the incorporation of either native or
purified channel proteins into small unilamellar liposomes and the transfonﬁation of
these liposomes intc structures suitable for conventional patch clamp analysis, were 1)
freeze-thaw and 2) dzhydration and rehydration.
2.3.1.1Formation of giant liposome
Freeze and thaw

The unilamellar liposome formation procedure was the same as discussed above
in the bilayer planar section, except that, after dialysis, the freeze-thaw procedure
(Kasahara et al., 1977) was carried out 5-6 times by immersing <0.5 mL of unilamellar
liposome suspensior: in a glass culture tube in liquid nitrogen for 2 min followed by
thawing at room temperature. The previously clear suspension then became highly turbid.
Dehydration and rehydration

The procedu-e used in these studies was modified from a method previously
described by Criado and Keller (1987), Anne (1989), Gloria (1990). Asolectin lipids were
suspended in 10 ml of distilled water to ~100mg/ml, followed by sonication until clarity.

Then, micelle solution containing 0.02mg/ml protein was added. The mixture was
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dialysed three times to remove detergent. 1ml of the dialysed mixture was centrifuged at
45000g for 1hr (TLA-100 ultracentrifuge rotor) at 4°C. The pellet was then resuspended
in 100 pl of 10 mM HEPES buffer (pH 7.4), containing 5% (v/v) ethylene glycol. 20 pl
of this suspension was then placed on a clean glass microscope slides. After dehydration
for 4h at 4°C in a desiccator containing CaCl,, the sample was rehydrated by placing
20ul of rehydration buffer (100mM KCl, 10 mM HEPES) on top of the sample overnight
at 4 °C inside a large petri dish containing a wet paper pad. Liposomes were used only on
the day they were prepared.
2.3.1.2 Patch clamp recording of ion channels

Aliquots (5 pl) of giant liposomes were deposited onto 3.5 cm petri dishes with
200-300 pl buffer (10 mM HEPES, 100mM KCIl, 0.1 mM CaCl,, pH 7.4) and incubated
for 20 min at room temperature. This treatment anchored the liposomes to the bottom of
the dish, thus allowing extensive washing with buffers of choice for electrical recording
(bath solution) while leaving a high number of liposomes remaining in the dish. Single
channel recordings were obtained by using patch-clamp techniques as described by
Hamill et al. (1981) and Cortes et al. (2001). Gigaseals (1-10G€2) were formed on giant
liposomes with regular patch pipette microelectrodes (10-20MQ resistance for the open
electrode) by apposiag the pipette tip to the exposed liposome surface with the help of a
micromanipulator. After the pipette was sealed, “cell attached” single channel could be
recorded. Careful withdrawal of the pipette from the liposome surface and, if necessary,
quickly passing the tip through the air-/water surface interface resulted in an excised

patch (“inside out”) configuration. In most experiments, both the patch pipette and bath
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solutions were identical containing 100 mM KCl, 0.1 mM CaCl,, but with different pH
values in bath. The patch pipette solutions were keep 3.0. The holding potential was
applied to the interior of the patch pipette, and the bath electrode was maintained at
virtual ground. All experiments were conducted at room temperature. The recordings
were filtered at 2 KHz and digitized by Clampit 9.0, at sampling interval ranging from
Ims to 1s. Routinely, for each holding potential, current amplitude values of channel
opening events were plotted to produce histogram (current vs. number of events) and
used to determine the mean amplitude values of open channel states and the open
probability of chanrnel opening under those conditions. Mean amplitude values at the
different holding po:entials were used to calculate the open- channel conductance from

the slope of current emplitude vs voltage plots.

2.3.2 Results and discussions
2.3.2.1 Formation of large/giant liposome

Reconstituted liposomes could be formed in bulk quantities and analyzed
biochemically (Miller et al., 1984). Nevertheless, even the largest reconstituted
liposomes, produced by the commonly employed detergent elimination procedures, were
too small to be used in electrical monitoring of incorporated ionic channels. The average
size was 200 nm in diameter (Philip, 1993). Alternatively, small liposomes could be
fused into large liposomes by freezing and thawing. And the formation of cell-sized,
giant liposomes using dehydration/rehydration procedure presenting active, reconstituted

ion channels had been reported (Criado & keller, 1987).
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Comparing these two methods, we observed that liposomes formed by
dehydration—rehydration method were larger than those formed by freeze-thaw method.
Using dehydration-rehydration procedure resulted in the formation of cell-sized,
reconstituted giant liposomes. These liposomes formed rapidly upon rehydration of the
dehydrated sample, and their appearance could be monitored under an inverted
microscope. Experimental variables such as lengths of dehydration and rehydration
periods did not seem to affect the formation of giant liposomes. In fact, we have obtained
giant liposomes by dehydrating samples from 2 to 5 h or rehydration from 4 to 24 h.
However, when POPE/POPG, instead of asolectin, was used, the sizes of the resulting
liposomes were greetly decreased. Giant liposome formation, therefore, was a complex
process that may be affected by many variables, each of which needs further
investigation. Nevertheless, when defined experimental conditions such as those
described under materials and methods were used, giant liposomes were easily and
reliably formed.

When liposcmes were prepared using the freeze-thaw method, the size of
liposomes usually raaged from 2 to 5 um and they are mostly unilamellar (checked under
inverted microscope) (Figure 18). On the other hand, when liposomes were prepared
using the dehydration-rehydration method, the size of liposomes ranged from 20 to 100
um and they were rnostly multilamellar. Since unilamellar liposomes were needed for
“cell-attached” patch clamp experiment, we used the freeze-thaw method for all our
subsequent preparations.

2.3.2.2 Protein reconstitution into liposomes
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Figure 18: Formation of large liposomes by freeze- thaw .Bar shows 10 pm.
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Same as bilayer planar channel recording, in the reconstitution process, two issues
had to be addressed: 1) Verification of the identity of the protein of interest 2)
Confirmation of the reconstitution event. These issues have been addressed above in the
planar bilayer section. However, there was another question: Was KcsA reconstituted
into liposomes vectorially?

Results from Rb" uptake and planar bilayer experiments suggested that KcsA
reconstituted vectorially (Cuello et al., 1998, Heginbotham et al., 1999). Cuello et al.
tried to determine the orientation of the reconstituted KcsA by performing proteolysis
experiments on solubilized and reconstituted KcsA. They found that trypsination did not
digest reconstituted KcsA. Since majority of trypsin cleavage sites were located at C-
terminal (where the pH sensor is located) of the channel, they proposed that C- terminal
segment of KcsA were located within the liposome. On the contrary, By using the
conclusion from Heginbotham et al. in 1999, we deduce that majority of the pH sensor of
KcsA was facing outside of the liposome. They found that mutation of Y82, a residue
located on the external side of liposomes, resulted in changes in tetracthylammonium
(TEA) affinity exclusively from the cis side. and thus they reported the pH sensor was
facing cytoplasmic compartment. We think that Cuello group was misled by their
proteolysis-controlled experiment. C-terminal segment might be protected by the
liposome membrane from trypsin cleavage so that the proteolysis method could not be
used to determine the vectoriality of the KcsA channel. From these two groups’ research,
we conclude that KcsA was reconstituted vectorially after dialysis, with pH sensor facing

outward in unilamel ar liposomes.
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2.3.2.3 Gigaohm seul formation

When a heat-polished patch pipette is pressed against a cell membrane it may
adhere tightly. The nterior of the pipette is then isolated from the extracellular solution
by the seal that is formed. If the resistance of this seal is infinite, no current can leak
across it. High-resistance seals are often called “gigaseals”.

Current leakage through the seal resistance has a crucial bearing on the quality of
the patch current recording. Depending on the size of the seal resistance, a fraction of the
current passing through the membrane patch will leak out through the seal and will not be
measured. Thus, a high seal resistance is a prerequisite of low-noise recording.

In our experiment, upon submergence of pipette in solution, the current recorded
ranged from 5 to 10 nA (depending on the composition of solution) when the voltage was
held at 100mV. Th: corresponding resistance was thus between 10 to 20 MQ. After
formation of gigaseal, the base current was 1-10 pA, which indicated that the resistance
was 1-10 GQ. These features are consistent with the literature report.

The first dificulty in our experiment was to form stable and good quality
gigaseals effectively. We found that physical stability of the working station as well as
vigorous removal cf detergent using bio-beads greatly improved gigaseal formation
efficiency.

The second difficulty in our experiment was that when we tried to pull out the
membrane from liposome, the gigaseal was easily lost. And therefore “inside-out” and
“outside-out” patch clamp were not possible. We tried to make larger liposomes and

hoped that membrane would be pulled out more easily. However, in our hands, the
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successful rate in pulling membrane out from liposomes was still very low. This might be
due to inexperience or inherent efficiency limitation. Thus, most experiments in this
study utilized the “cell-attached” patching technique.
2.3.2.4 Patch clamp recording using “cell-attached” method

In our experiment, stable patches could be formed on KcsA-containing large
liposomes. With pH 3.0 buffer in both patch pipette and bath, ion channel activity could
be detected in 30% of trials. The main features of this ion channel were that it fluctuated
between close and open states, but with a different opening probability at different pH
values. As the pipette potential was made increasingly positive, the probability of channel
opening increased; and the opening probability decreased at negative voltage potential
(Figure 19). These features, including the characteristic pH gating, and high opening
probability at positively holding voltages were similar to those reported by Miller group
(Heginbotham et al., 1998) and Perozo group (Cortes et al., 1997, 2001; Cordero-Morales

et al., 2006).
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Figure 19: KcsA patch clamp liposome single channel recording. a. patch pipette 100k3
bath 100k3.8 holding voltage 150mV. b. patch pipette 100k3 bath 100k3.8 holding
voltage -150mV. c. patch pipette 100k3 bath 100k7 holding voltage 150mV
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2.4 CONCLUSION

Clearly, there are a number of methods available to researchers who wish to
investigate the properties of an ion channel in a reconstituted system. Before embarking
on a study using any of these approaches, it is worth spending some time considering
which is the most appropriate for the task. For our KcsA study, two factors were
considered:

Ease of use and reliability

Planar bilayers have been extensively used since they can be voltage-clamped and
provided easy access to both sides of the membrane. In our experience, painted bilayers
were the easiest to make and will provide a mechanically and electrically stable
environment for KcsA. However, this approach may not be suitable for our application.
Firstly, we had little control on the insertion of proteins into bilayer (Miller et al., 1983).
Secondly, when we employed N/E channel liposomes, the bilayers contained some
solvents, which might affect the channel performance.

A disadvantage of patch clamping giant liposomes when compared to using
planar bilayer was that, because of the limitations of the use of “inside-out” and “outside-
out” patch clamp, monitoring KcsA single channel activation with different pH was not
easy. For “cell attached” patch application, monitoring KcsA activation in large
unilamellar liposome: was complicated by desensitization caused by other channels in the
same liposome.

Resolution
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The usefulness of a particular system of ion channel reconstitution is limited by
the signal-to-noise ratio. For planar bilayer system, large membrane area was necessary
for high liposome fusion rate. However, large membrane area also led to large noise (The
Axon guide, 1993). On the other hand, patch clamping had a much higher signal-to-noise
ratio.

In conclusion, although each method has its own advantages and disadvantages,
we have decided tc use the patch clamp method for our subsequent study. This was
because it gave us a good signal-to-noise ratio, which allowed us to perform meaningful
statistical analysis. More importantly, the rate of liposome fusion in the planar bilayer
method was, despite: our effort for improvement, so low that our work progress would

have been greatly impeded.
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CHAPTER 3
FUNCTIONAL CHARACTERIZATION OF PROTON ACTIVATED

POTASSIUM CHANNEL-KcsA

3.1 Introduction

The activity of ion channels is governed by mechanisms that allow the selective
conduction of ions across the membrane (selection) and control the onset and duration of
the conductive state (gating) (Julio et al., 2006). Reported studies and our recent data on
wild type KcsA have shown a pH-dependent current change. We suggest that this
characteristic is due to histidine acting in concert with the sensor located in the inner
helix bundle. At the single channel level, gating is characterized by transitions between
conductive and nonconductive conformations via structural rearrangements along the
permeation path (Mackinnon, 2004). Quantitative analysis of measurable variables (e.g.
the channel open amplitude, the channel-open duration) and comparison of these
quantities with theoretical distributions could be performed in order to infer biological
mechanisms. Thus, by comparing wild type with Histidine mutant KcsA using single-
channel measuremerts, we can deal with the key issue regarding the molecular basis of
activation gating in K.csA channels: define the roles of histidine in gating and establishing
the structural basis that underlies gating.

The first part of this chapter will discuss some of the fitting and statistic method

for analysing channel opening event in “cell-attached” patching case. In the second part
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of this chapter, data were analysed and deduction on mechanisms on pH-dependent

opening of KcsA in the molecular level was attempted.
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3.2 Statistical analysis of single-channel recording
The analysis procedures we describe below involve: 1) Identification of channel
events. 2) Analysis of channel current amplitudes. 3) Analysis of channel open

probability.

3.2.1 Identification of channel events

The problem in identifying channel events in an experimental record is how to
distinguish real channel activity from noise. Electronic filter is often utilized for
identification. However, filtering might also result in loss or distortion of real channel
activities.

In order to find a suitable filter, we used a model developed by Bert et al. (1995).
In this model (Figure 20), the unfiltered current signal x(t) is represented as the sum of
real channel activity s(t), and noise n(t). y(t) is the output from filter, which is detected by
a threshold detector D. Therefore, a certain channel activity can be detected only if y(t) >

@ at time t.

n (t)

,I_ _H_I_ —|_ (23] Filter Threshold
» - —— P | Detector

s(® x () y(t) ®

Figure 20. Model of single-channel event detection.
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The following steps were used to identify a suitable filter: 1) Choose a filter value
that is as large as possible. 2) Choose a threshold level ® based on amplitudes of channel
activities. 3) Measure noise n(t) with a RMS voltmeter (Figure 21) and check if n(t) is
lower than ®@. 4) If not, decrease the filter value.

Throughout this section, we have assumed the base-line level to be zero. In
experimental records the base-line current level was nonzero and typically a slow drift
with time was observed. The most reliable correction technique was to fit the base line
manually (Figure 22).

In our study, a filter value of 2 kHz was chosen. With this filter, we could detect

current larger than 1 pA. An example of our recording is illustrated in Figure 23.

3.2.2 Analysis of channel current amplitudes
3.2.2.1 Characterization of current amplitudes

In theory, single-channel current events should appear as rectangular pulses of
fixed amplitude, except in the case of multiple conductance levels (Bert et al., 1995).
However, we did cbserve variation in current amplitude in our experiments. These
variations could aris¢ from two sources.

The first source of the observed variation could be related to the filter bandwidth.
Each filter has a particular rise time T, which is inversely proportional to the filter
bandwidth. T is the time needed for the filter to give a full-amplitude response when a
square step is applied (Bert et al., 1995). Events that are shorter than T will never reach

full amplitude (Figure 24). In our experiments, a 2-kHz Bessel filter with a rise time of
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about 165 psec (Bert et al., 1995) was used, and thus events shorter than 165 psec would
appear shorter than their real amplitudes.

The second source of variation in amplitudes could be a result of the fact that we
were measuring the sum current of many individual channels on the liposome. “Cell-
attached” configuration was used in our experiments (Figure 25). The sum current I was
equal to:

I=v/[R1+1/(1/R2+1/R3...+1/Rn)]
where v = applied voltage,

R1 = resistance of channel within patch pipette,

R2, R3...Rn = resistances of other channels on liposome.
The number of opened channels varies over time because opening of channel is a
stochastic event. Therefore, the resistance of the liposome and thus the current amplitude
we measured also varied over time.
3.2.2.2 Amplitude distributions and fitting of KcsA and its mutant

In order to extract more information from the variation in the measured current
amplitude, we counted (using the software Clampfit 9.0) the number of event of each
measured amplitude and created histograms (Figure 26). From these histograms, we
observed normal distributions of current amplitudes.

The individual normal distributions were then fitted into a Gaussian function to

determine the mean conductance of the channel:
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attached configuration.
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For wild type KcsA, when the holding voltage was 100 mV, there was only one
single peak in the histogram at pH 7.0 and pH 6.2 (Figure 26). As the pH decreased,
another peak appeared (Figure 26). The number of peaks equalled to the number of
conducting states of the channels. Thus, there were 2 states in KcsA. The Gaussian means
and standard deviations of channel currents measured at different pHs and different
voltages were summarized in Table 1a. These results indicated that when pH was 6.2 or
above, majority of the channels were in closed state (state 1). More channels were in
open state (state 2) as the pH decreased to 5.2 or below.

For the H124A mutant of KcsA, normal distributions were also obtained.
However, one important difference was that only one peak was observed at pH 5.2 (Table
1b).

The significance of above results will be discussed in section 3.3.
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Table 1a. Current ariplitude of wild type in different pH bath buffer

pH=3.8 pH=4.7 pH=5.2 pH=6.2 pH=7.0
Statel | State2 | Statel | State2 | Statel | State2 | Statel | State2 | Statel | State2
150mV
- 031(+- | -4.43(4- N
100mv | 0.50) 0.15°
50mvV | -0.03(+-~ | ND. - . -
0.05)
Omv | -0.04(+- | ND. N
0.06)
S0mvV | 0.03(+- ND. - - - -
0.68)
100mV | -0.07(+/- | 4.65(+- | 0.07(+- | S33(+- | 001(+/- | 1.70(+- | 033(+- | ND. | -0.02(+- | ND.
0.23) 1.20) 0.81) 0.21) 0.03) 0.18) 0.01) 0.75)
150mV | -0.03(+/- | 9.18(+- N - . N N -
0.01) 0.55)

N.D. = Not Detectable

*All data recorded with pH 3.0 buffer in patch pipette. Number shown in the table
without and with blanket are corresponding to Gaussian mean current and its standard

deviation, respectively.
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Table 1b. Current araplitude of mutant type in different pH bath buffer

pH=3.8 pH=4.7 pH=5.2 pH=6.2 pH=7.0
Statel | State2 | Statel | State2 | Statel | State | State | State2 | Statel | State2
2 1
150mV ) ) ]
- 0.09(+- | -1.8(+- n
100mv | 001 0.21)
50mv | -0.06(+- NL.
0.01)
OmV 0.02(+- NL. . N
0.33)
50mvV_ | 0.15(+/0. NI, N - -
21)
100mV | 0.55(+/0. | 3.20(H- | 0.29(+- | 2.30(+- | 0.61(+- | ND. | 0.05+- | ND. 0.09(+- | ND.
01) 0.62) 0.02) 0.49) 0.73) 0.42) 0.03)
150mV | 0.47(+- | 6.30(-- N - - - - -
0.12) 0.41)

N.D. = Not Detectable
*All data recorded with pH 3.0 buffer in patch pipette. Number shown in the table
without and with blanket are corresponding to Gaussian mean current and its standard

deviation, respectively.
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3.2.3 Analysis of channel current open probability
3.2.3.1 Characterization of current open probablity

We used the concept of open probability to quantitatively analyse current open
durations. We observe that variation of open probability with different pH value in both
wild type KcsA and mutant (Figure 26). Since the measured current was the sum current
of many individual channels in “cell-attached” case, the open probability of measured
activity were reflections of the states (open or closed) of all channels on the liposome.

Throughout the whole experiment, pH of buffer in pipette remains constant as 3
and pH of the bath buffer were changed (from 3.8, 4.7, 5.2, 6.2 to 7). When the pH sensor
domain of channel was facing the pipette (see section 2.3.2.2), the open probability of
channel (within patch pipette) were expected to be constant if and only if the total of
other channels on the liposome [(N-1)p,] >=1,
where N=number of channels in the lipsome.

Po- individual channel open probability.

The concentration of KcsA and lipid were known, the number of channel inserted
into a liposome could be estimated, Up to 22 channels could be inserted into one
liposome after reconstitution (See Appendix for full calculation). However, since channel
might not be completely functional ((Dixon et al., 1999) and individual open probability
of KcsA was very low in high pH value buffer (Heginbotham et al., 1999). The (n-1)p,
might be less 1, which prevented us from observing the constant of patched channel open
probability.

3.2.3.2 Determination of open probability of KcsA and its mutant
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To determinz the total open probability NP, of channels on the liposome, the
following equation vvas used:
NP, = [To/(To+Te)] X 100%
where T, = total closed time,
T, = total open time.
Table 2 summarized NP, of channels measured at different pHs at 100 mV
holding voltage. It could be seen that NP, increased as the bath pH decreased. See the

discussion in section 3.3.
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Table 2. Open probability (NPo) of wild type and mutant KcsA in different pH bath

buffers.

PH=3.8 PH=4.7 PH=5.2 PH=6.2 PH=7.2
wild 35.15% 18.98% 9.46% 0% 0%
Mutant 28.36% 8.09% 0% 0% 0%
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3.3 Molecular basic analysis of pH sensitivity in KcsA

The small potassium channel KcsA has become a popular biochemical
preparation for studying structural aspects of ion channels. Currently, there is a
considerable amoun: of high-resolution structural information on its close conformation,
which facilitated a better understanding of ion permeation at the molecular level (Doyle
et al., 1998; Zhou et al., 2001). We now know that KcsA channel is activated by protons
(Cuello et al.,, 1998), proton seems to act at the intracellular side of the protein
(Heginbotham et al, 1999) and proton produce channel activation by controlling the
activating gate (Perozo et al., 1998, 1999). Although it is quite possible that this
protonation effect may not be KcsA primary gating mechanism, it might still play an
important modulator role (Heginbotham et al., 1999). In addition, these findings have
opened the possibility of using electrical single channel recording to probe the functional
behaviour of purifiec. KcsA under a wide range of conditions.

Paradoxically although all these functional studies have been done, the molecular
basis of KcsA pH sensitivity has remained highly elusive. In addition, several scientific
reports have attributed KcsA pH-sensitivity to different factors, which include the
presence of negative lipids on the membrane (Heginbotham et al., 1998), and voltage-
dependent inactivation at the KcsA selective filter (Julio et al., 2006). However, the
central aim of the studies described in this chapter was to identify KcsA structural
elements responsible of pH sensitivity. In order to address this question, we attempted to

identify these elements based on published literature.
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KcsA can be divided into three regions: N-terminal helix, transmembrane domain
and C-terminal domain (Cortes et al., 2001). The N-terminal helix spans residue 1-20 and
is thought to be sitting along the membrane-cytosol boundary in a titled fashion (Cortes et
al., 2001). Although the N-terminal helix was intact when KcsA was crystallized, its
structure could not be resolved. The transmembrane domain, residue 23 —119, forms the
pore of the potassium channel and its structure was first reported in 1998 (Doyle et al.,
1998). The remaining residues, 120 to 160, are the c-terminal domains and the majority
of it was removed by protease before crystallization; therefore, the reported KcsA
structure only contains the region between residues 23 —125. The crystal structure of the
cytoplasmic domain (residues 126- 160) has yet to be determined (Zhou et al., 2001).

Previous studies showed that KcsA conducts potassium across the membrane
when the pH on the cytoplasmic side becomes acidic (Heginbotham et al., 1999). This
suggests that the sensors of KcsA are located in the structural elements (N-terminal helix
and C-terminal domain) facing cytoplasmic compartment. It has been demonstrated that
deletion of residue 120-160 changes the profile of pH-dependent opening of the channel
(Cortes et al., 2001). This observation suggests that residues 120-160 are involved in the
pH-dependent opening of KcsA. On the other hand, Deletion of N-terminal helix did not
change pH sensitiviy, hence ruling out its possible role as part of KcsA pH sensor
(Perozo et al., 1999, Cortes et al., 2001). From these results, pH sensor is likely to be
located on the C-terminal domain of the protein.

The KcsA C-terminal domain contains a high density of charged amino acids

(about 50% of the residues in this region are charged). At neutral pH, the theoretical
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charge in this region is slightly positive, about +2. This cluster of charged residues very
likely stabilizes the closed conformation of KcsA through electrostatic interaction. When
the pH in the cytorlasmic compartment becomes acidic, this region will become more
positively charged cue to protonation of the residues; and the repulsion of the positively
charged residue shift the closed-open equilibrium to the open conformation (Cortes et al.,
2001). This charged cluster is located at the end of the inner helices and right after the
convergence point of the internal helices or ‘gate’. Thus, this region is a good candidate
for the pH sensor.

In 2001, Cortes et al. demonstrated that the opening/closing transition (50% open
probability) pH of KcsA was around 6.5. The theoretical pKa of the side-chain of the
histidine is also close to this transition pH (Figure 27). There are three histidines (H124,
H128, H145) in the C-terminal domain and they may be the pH sensors. Since removal of
residue 140 —160 of the C-terminal domain did not affect the opening/closing transition
pH profile of the channel, H145 is very unlikely to be part of the pH sensor (Cortes et al.,
2001). Therefore, in the present study, we would like to determine if H124 is part of the
sensor. H124A, a full-length mutant of KcsA, was generated and its activity was
compared with the wild type at different pH.

Our wild type KcsA data showed that its current conductance and opening
probability were pH-dependent. The channel was in open state when the pH was between
3.8 and 5.2; however, both the current conductance and opening probability of the

channel decreased when the pH of the bath solution increased (Table1A and Table 2). For
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H124A mutant, its current conductance and opening probability were lower than that of
the wild type at the same pH. Indeed, wild type KcsA was still slightly opened at pH 5.2,
but H124A mutant vvas closed (Table 1B and Table 2).

It would be easier for us to determine the effect of H124A mutation on the
activity of the channel if we could directly compare the mean conductance and open
probability of the wild type with that of the mutant at various pHs. Since the number of
channels incorporated into liposomes in each experiment might be different,
normalization of the measured mean current amplitude and NP, had to be performed in
order to facilitate direct comparison between wild type KcsA and its mutant. The
measured mean current amplitude and NP, were normalized to the corresponding values
obtained at pH 3.8, because both channels were assumed to be fully opened at this pH
(Figure 28). It appeared that the mutation caused a reduction in transition pH. However,
the transition pH derived from using normalized amplitudes and that from normalized
NP, were different (compare Figure 28a and 28b). We think that transition pHs derived
from normalized amplitudes would be more accurate because measurement of amplitudes
included many individual channel events whereas calculation of NP, treated all channel
events as one single entity.

Our data showed that the opening/closing transition pH for wild type was around
5 (Figure 28a), which was different from the transition pH reported by Cortes et. al. in
2001. It 1s very likely that full protonation of histidines is not sufficient to cause channel

opening. The lower transition pH indicated that other charged residues besides histidines

69



-
£

-
N

-
1

©
@

g
o

Normalized amplitude
o
Ho
w
(6]

o
N

o

1.2 4

e ild type
= 4 = mutant type

0.8

0.6 -

04 3 35

Normalized NPo

0.2 -
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might be involved in the opening event. In the C-terminal domain, there are also seven
glutamates whose side chain has a theoretical pKa of 4.25 (David L. Nelson et al., 2000) .
When the pH of the cytoplasmic compartment is lower than 5, the glutamates start to be
protonated and the C-terminal domain becomes more positively charged leading to
channel opening. When the H124 was mutated to alanine, there was one less positive
charge on the mutart than wild type at pH 5. Thus, the repulsive force in the C-terminal
domain of the mutant was not sufficient to open the channel. To compensate for the loss
of positive charge die to H124A mutation, more glutamates have to be protonated. As a

result, the opening/closing transition pH of the H124A mutant was lower than wild type.
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3.4. Conclusion

In the beginning of our study, we proposed that the C-terminal domain is the pH
sensor of KcsA and that histidines in this region are the key residues responsible for the
pH-dependent chanael opening. Complete protonation of these histidine residues was
proposed to be sufficient to cause channel opening. From our results, the opening/ closing
transition pH of wild type KcsA was § instead of 6.5 reported by Costes et al. in 2001.
Our finding is consistent with values reported by other single channel measurements in
membrane bilayer studies (Stacey et al., 2002). Since the transition pH is lower than the
theoretical pKa of Listidine, other residues such as glutamates may also be involved in
the channel opening process. It is very likely that full protonation of the histidine
residues in the C-terminal domain is not sufficient to induce channel opening. The
negative charges on some of the glutamates have to be neutralized by protonation leading
to a more positively charged C-terminal domain in order to open the channel. This
hypothesis was further justified in the H124A mutant. When the positive charge was
removed from the C-terminal domain, more glutamates had to be protonated to cause
channel opening anc. we observed a lower opening/ closing transition pH in the mutant.
To sum up, pH-dependent opening of KcsA is based on the charge balance in the C-
terminal domain. Protonation of both histidine and glutamate residues in this region is
responsible for such svent.

Since the dara used in our analysis was collected by using the “cell-attached”
patching method, and we only had one complete set of data due to time constrain,

accuracy in determining the open probability of KcsA was very limited. Other techniques
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such as “inside-out” and “outside-out” patch clamp may give us more accuracy in the
patched channel’s oaen probability and they should be utilized in future studies.

In spite of these limitations, however, our proposed model offers a first glimpse of
the pH-dependent opening mechanism of KcsA. We expect that future studies will further

improve our understanding of channel gating activity.
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Appendix

Calculation the number of channels in liposome

50 pl 0.2 mg/ml Protein-detergent micelle solution reconstitution into 200 ul 10 mg/ml

lipid micelle solution.

Suppose phospholipids/vesicles is 4.19%10° ((Philip 1. Yeagle, 1993).

Phosoholipid liposome molecular weight (POPE 718.01g/mol. POPG 770.99g/mol):

4.19%10°/liposome*(1/3*718.01g/mol+2/3*770.99g/mol)=3.15*10*g/mol

[liposome] origin=10%102/10"/3.15%10° =3.15*10"*M
[protein]origin=0.2*10"/10"/64000=3.125*10° M
[liposome] raix=3.15*10*200/250 =2.52*10"*M
[protein]mix=3.125*10°*50/250=6.25*10" M

So the protein/liposome ratio is 6.25*107/2.52%10%=24.80

If there are only 90% protein reconstituted into liposome, then the ratio is

24.80*90%-=22.32
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