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Preface

The year 1992 marked the turning point of my life so far. Bewildered with

the occasional helplessness of modern clinical medicine for the patients

during my training as an obstetrician and gynecologist, I realized that an

understanding in depth of the logic of life work is essential and probably

cannot be achieved by merely more clinical practice. I started my graduate

study on this campus in that year.

In contrast with my beginning stage, naïve and unfamiliar with the

methodology and terminology about the modern sciences, I learned in these

years the differences between the real research work and what I had

expected at the moment of school application. It had been to me that science

was composed of the immutable laws which organized and presented

themselves as the facts we perceived and any conclusion drawn from science

had to be as stable as a rock. This was my misconception because I believed

that we have had all the natural laws and they were all totally explicit. I was

too much preoccupied with this belief to have good criticisms over the

literature, from where I could have been led astray. But only based upon the

previous human knowledge can I work. So, how careful should I be and what

should my judgment rely on? “Believing everything in books is worse than

reading no books,” the Chinese saying has it. I finally realize that I still need



to be skeptical both when I examine my hypothesis and when I admire the

great findings by other ingenious scientists. My study of IRK3 actually

reflects such a change of my attitude to sciences. It is perhaps best described

by a paragraph from George Polya's famous book “How to solve it?”

Trying to find the solution, we may repeatedly change our point of wiew, our

way of looking at the problem. We have to shift our position again and again. Our

conception of the problem is likely to be rather incomplete when we start the work;

our outlook is different when we have made some progress; it is again different

when we have almost obtained the solution.

In order to group conveniently the questions and suggestions of our list [to

solve the problem), we shall distinguish four phases of the work. First, we have to

understand the problem. ..Second, we have to see how the various items are

connected, how the unknown is linked to the data, in order to obtain the idea of

the solution, to make a plan. Third, we carry out our plan. Fourth, we look back at

the completed solution, we review and discuss it.

Each of these phases has its own importance. It may happen that a student hits

upon an exceptionally bright idea and jumping all preparations blurts out with the

solution. Such lucky ideas, of course, are most desirable, but something very

undesirable and unfortunate may result if the students leaves out any of the four

phases without having a good idea. The worst may happen if the student embarks

upon computations or constructions without having understood the problem. It is
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generally useless to carry out details without having seen the main connection, or

having made a sort of plan... Some of the best effects may be lost if the student

fail to reexamine and to reconsider the complete solution.

This is the more heuristic than deductive learning I benefited from my

graduate research. Of course the solution of IRK3 channel regulation is far

from complete, and perhaps my studies bring in more questions than they

intend to solve. By including the rationales of my experimental designs, I

hope this dissertation can leave enough personal touch to provide useful

information for anyone who wants to gain further insight in the regulation of

this channel.

■
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Regulation of IRK3 Inward Rectifier K+ Channel by ml

Acetylcholine Receptor and Intracellular Magnesium

Huai-hu Chuang

Abstracts

Inward rectifier K+ channels control the cell's membrane

potential; their regulation may affect neuronal excitability, heart

rate, and neurotransmitter or hormone release. I found that the

IRK3 inward rectifier K+ channel activity is inhibited by ml

muscarinic acetylcholine receptor via a diffusible second messenger.

This inhibition persists following treatment with peptide inhibitor

of PKC or chelation of intracellular Catº, and is not mimicked by

exposing channels to second messengers known to be activated by

the ml receptor. Nor can I attribute the ml modulation to channel

phosphorylation. The ml inhibition of IRK3 channels can be

mimicked by Mg++, which also accounts for the observed chronic

inhibition of IRK3 channels in cells without ml stimulation. The

IRK1 K+ channel is insensitive to ml inhibition as well as Mg++

inhibition, whereas two different IRK1 mutant channels bestowed

with sensitivity to ml inhibition have also acquired sensitivity to

Mg++ inhibition. My studies suggest that the resting Mg++ level

probably causes tonic inhibition of IRK3 channels, and ml receptor

viii



stimulation may lead to an increase of cytoplasmic Mg++

concentration and further channel inhibition, due to the ability of

Mg++ to lead these channels into a prolonged inactivated state.

/)/2
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A thermodynamic consideration of the cell and its membrane

Membrane defines the physical boundary of a cell. It serves as a barrier for

free diffusion of molecules and thus is important for maintenance of the

intracellular components that are crucial for the survival of cells. Because of

the compositional differences between the cell interior and its external

environments, energy must be dispensed to maintain the homeostasis of the

internal milieu. The presence of a cell membrane reduces such energy cost.

The energy required is supplied by metabolism, a process which involves

breakdown of fuel molecules and liberation of chemical energy, as well as the

production of metabolic wastes which are usually smaller molecules that

need to be disposed. The disposition of metabolic waste and also acquisition

of energy supply are unlikely to be problems if the membrane is sufficiently

permeable to these small molecules and no net electric charges are carried by

them. For ions, movement of single ion species results in charge separation

hence the development of a voltage drop across the membrane that limits

further movement of ions. If more than one species of ion can move across the

membrane, it will lead to a membrane potential that depends on the

permeability of individual ion species and their steady state concentrations.

And in the steady-state condition, there must be dynamic ionic fluxes for

permeable ions as long as the membrane potential is different from their

equilibrium potentials defined by the Nernst equation,

* ---------
* - - - - -
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E = RT/ny ln[X"]/[X"),

where n indicates the valence of the ion, R the ideal gas constant, T the

absolute temperature and j the Faraday constant.

Consequently, membrane proteins that transport ions - the transporters, or

membrane proteins that permeate ions, served to maintain ionic

homeostasis. To control ionic fluxes more effectively, various ways have been

exploited by the cells to regulate ion channels. These include both

intracellular and extracellular ligands, membrane potential, mechanical

stretch, etc.. Electrically excitable cells take advantage of the ability of ion

channels to conduct numerous ions rapidly to generate fast-propagating

electric signals. Regulation of ion channels can conceivably modify these

electric signals, which may subsequently lead to the production of chemical

signals for intracellular or intercellular communication. The success of an

excitable cell to make use of its membrane potential to transduce signals lies

in its ability to switch between the resting state and the activated state.

Regulation of the resting membrane potential allows the cells to space action

potentials, the all-or-nothing signals, in order to create recognizable patterns

of information.

The presence of impermeable macromolecules, mainly proteins, inside the

cells leaves the cells with several problems to solve. One of these is to

establish the electric neutrality and balance the osmotic pressure across the



membrane. The most abundant intracellular cations are K ions, which are

sufficient to meet the former demand. The requirement of isotonicity across

the membrane is basically solved by having a variety of ions on both sides of

the membrane. So now the cell has a disequilibrium of ion concentrations

across the membrane. The ions which can cross the membrane will start to

flow down their electrochemical gradient until they reach a steady state,

which defines the resting membrane potential. Thus, the resting membrane

potential is determined by the major ionic conductances which are active at

this potential. For most cell types, it is the potassium conductance that

influences the resting membrane potential, which is usually slightly above

the equilibrium potential of potassium (E.). Because of the abundance of

potassium ions inside the cell, any increase of potassium channel activity will

expedite the efflux of potassium ions and result in membrane

hyperpolarization. A great diversity of potassium channels have evolved.

With different sensitivity to various biological signals, each type of K’

channel modulates membrane potential in different ways, and comprise a

fine-tuning machinery for electric signaling. One class of the K channels, the

inward rectifier K channels, exerts a high level of activity near the resting

membrane potential and thus regulates the excitability of the cell.

The inward rectifier K channels



Inward rectifier K channels are a family of K channels possessing an

interesting property of their gates, the controlling elements that decide if the

channels will permit ion passage through their conducting pathways - the

pores. Most K channels have gates that responds to either membrane

potential or ligands such as cytoplasmic Ca” ions or cyclic nucleotides. In the

case of inward rectifier K channels, the gating machinery seems to be

controlled by the extracellular K ions. These channels pass large inward K’

current when the membrane potential is below EK. At membrane potentials

above Ek, they pass small amounts of outward K currents. This is the

phenomenon called anomalous rectification or inward rectification. This

rectification is considered an anomaly because for an ion permeating pore

that allows potassium fluxes driven by the electrochemical gradient for K’,

the much higher potassium concentration intracellularly is expected to cause

a K channel to pass outward current more readily than inward current. The

mechanism for this peculiar behavior of inward rectifier K channels is at

least partially explained by the ability of a variety of intracellular cations

including Mg” and polyamines to block outward currents through the ion

channel pores in a voltage dependent manner. The rectification behavior of

the inward rectifier potassium channels raise some questions about their

functions. In general, the resting membrane potential is above Ek and

therefore the current flow through this type of channels will be small. So,



why does nature select for a channel that only exerts partial function? The

answer lies in the voltage dependence of the rectification. When one inspects

more closely the channel activity near Ek under the physiological

extracellular potassium concentration (3.5-5.3 mM for a human cell), the

outward current is still quite significant (Figure 1). Any inward currents

occurring near the resting membrane potential will be effectively shunted by

the inward rectifier potassium conductance, resulting in less membrane

depolarization. However, this shunt has to be controlled so that it still allows

action potentials to be evoked. This is achieved by the intracellular ions

blocking inward rectifier K channel pores. As long as the inward currents

are large enough to surpass the shunt through inward rectifier potassium

channels, leading to sufficient membrane depolarization, the voltage

dependent block will operate as a positive feedback mechanism which causes

further block of the inward rectifiers and higher input resistance, allowing

the generation of an action potential (Hille, 1992). It is thus easy to infer that

regulation of inward rectifier K channel activity can affect membrane

excitability.

Regulation of inward rectifier K channels

In the central nervous system, many neurotransmitters activate receptors

coupled to G-proteins. The second messengers generated by receptor

stimulation then act upon effectors, including the inward rectifier K’
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Figure 1. At physiological extracellular K+ concentration, IRK1 channels pass

substantial amount of outward current.

A. IRK1 currents are recorded from a human embryonic kidney (HEK 293)

cell stably transfected with IRK1. The cell was bathed in a solution with

10 mM HEPES, 140 mM. NaCl, 5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 5

mM NaOH and pH 7.4. The pipette solution for whole cell recording

comprised 20 mM HEPES, 40 mM K2SO4, 20 mM KCl, 10 mM EDTA, 42 ~
mM KOH, 1 puM spermine, and pH 7.2. The cell was held at 0 mV, given a ---
series of 100-ms voltage steps from +40 to -100 mV with a 10 mV º
decrement, and follow by a second voltage step to -80 mV for 100 ms. º

Leak subtraction was performed by recording the same cell in a nominal

zero-K solution with the 5 mM KCl in the bath solution replaced with º
*** -

NaCl. The series resistance of this recording was 2 MQ, fully compensated --~

and had a feedback time lag of 1 pis. sº sº

B. The steady-state current-voltage relation of inward rectifier potassium

current from the same cell in (A). Note the negative slope region where

further increase of the membrane potential actually led to a decrease of

the K+ current. The symbols represent the mean steady state currents and

the error bars indicate standard errors of the mean.



channels. Modulation of these K channels can thus alter the membrane

potential, the frequency of action potentials generated by an excitable cell,

and temporal-spatial summation of impinging signals, leading to regulation

of heart rate, information processing, and secretion of hormones,

neurotransmitters, or enzymes (DiFrancesco et al., 1980; Dukes and

Philipson, 1996; Lebrun et al., 1992; Misler et al., 1992; Noble, 1984; Prenki,

1996; Sakmann et al., 1983; Soejima and Noma, 1984).

Receptor regulation of inward rectifier K channels may involve either

direct action of the G-protein subunits or other second messengers. In the

heart, binding of the parasympathetic transmitter acetylcholine to the m2

acetylcholine receptor (m2 AChR) in the sino-atrial node and atrial myocytes

causes rapid activation of the G-protein gated inward rectifier K channels,

and slowing of the heart rate (Kurachi et al., 1986; Reuveny et al., 1994;

Sakmann et al., 1983; Soejima and Noma, 1984; Wickman et al., 1994).

Similarly, inhibitory effects of neurotransmitters in central neurons may

involve activation of inward rectifier K channels by the m2 AChR and other

receptors coupled to pertussis toxin sensitive G-proteins (Egan and North,

1986; Inoue et al., 1988; North et al., 1987; Oh et al., 1995; Velimirovic et al.,

1995). In these situations, channel activation is fast, within tens of

milliseconds of transmitter action (Hille, 1992; Sodickson and Bean, 1996)

and is probably mediated by the direct action of the GBY subunit (Huang et

*** -º



al. 1995; Kofuji et al., 1995; Krapivinsky et al., 1996; Kunkel and Peralta,

1995; Yamada et al., 1994).

Whereas inhibitory transmitter actions often involve K channel activation,

excitatory neurotransmitters may cause suppression of inward rectifier K’

channel activities in central neurons (Nakajima et al., 1988; North and

Uchimura, 1989; Shen and North, 1992; Stanfield et al., 1985; Takano et al.,

1995; Velimirovic et al., 1995). For instance, in nucleus basalis neurons

substance P causes a slow excitation by inhibiting inward rectifier K channel

activities via pertussis toxin insensitive G-proteins (Takano et al., 1995).

Suppression of inward rectifier K channel activities in nucleus accumbens

neurons is mediated by serotonin and acetylcholine, likely through 5-HT,

receptors and m1 acetylcholine receptors respectively (North and Uchimura,

1989; Uchimura et al., 1989; Uchimura and North, 1990). Similar modulation

by ml receptors takes place in the rat sympathetic ganglia (Wang and

McKinnon, 1996). These transmitter actions usually entail a long latency,

ranging from tens of milliseconds to minutes, before the onset of channel

inhibition, which tends to last for minutes. This slow time course may be

indicative of the involvement of second messengers other than G-proteins.

Inhibition of inward rectifier K channels is often mediated by transmitter

receptors coupled to pertussis toxin insensitive G-proteins, probably Ga■ li,

which are known to activate phospholipase C (PLC) and downstream second

10



messengers such as diacylglycerol (DAG), inositol-trisphosphate (IP3), protein

kinase C (PKC) and arachidonic acid (AA) (Caulfield, 1993; Huang et al.,

1993; Peralta et al., 1988). The mechanism for channel inhibition, however, is

not always understood. In nucleus basalis neurons, a PKC inhibitor occludes

the modulatory action of substance P (Takano et al., 1995). In cardiac cells,

O.1 adrenergic receptor stimulation leads to suppression of inward rectifier K’

current. This O.1 inhibition persists in the presence of the general kinase

inhibitors H-7 and staurosporine, and cannot be abolished by downregulation

of PKC (Braun et al., 1992), however, direct application of PKC to the excised

membrane patches inhibits the K channels (Sato and Koumi, 1995). As for

other channels modulated by these transmitter receptors, transmitter action

in chicken dorsal root ganglion leads to activation of Go, PLC, DAG, and

PKC, and subsequent depression of Ca” current (Rane et al., 1989). In the

sympathetic ganglia, LHRH, substance P and muscarinic agonists inhibit the

M-type K channels (Caulfield et al., 1994; Jones et al., 1995; Robbins et al.,

1993). Cyclic AMP, cyclic GMP, PKC, and AA have been ruled out as the

messenger for this inhibition. It remains to be determined whether the

receptor inhibition of M-current is due to a direct effect of Ca” (Marrion,

1996; Selyanko and Brown, 1996).

Cloning of the K channel genes allows their molecular manipulation

and functional dissection of channel regulation

---

* -
ºr ---
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One of the technical difficulties in studying ion channel regulation is the

low abundance of channel proteins. A cell can carry a sizable ionic current of

nanoamperes, owing to the presence of only a few thousands of selective ion

permeable protein on the plasma membrane. To establish the biochemical

basis of channel regulation, it will be important either to isolate the channel

protein and analyze the biochemical modification or to purify ion channels for

reconstitution in a better defined system for electrophysiological studies.

These approaches are difficult for proteins that are not abundant. Cloning of

ion channel genes opens up the possibility of expressing them in a

heterologous system in order to obtain a large amount of proteins for

biochemical study. The power of molecular biology allows gene manipulation

to generate many mutants that do not exist in nature for mechanistic

dissection of regulation. The analysis of ionic current also benefits from

molecular cloning because currents can be recorded in a purer form, sparing

the effort of current separation in native tissue, which may sometimes be

formidable if not impossible. In addition, the identification of channel genes

may help to clarify the controversies concerning ion channel regulation when

biophysically similar ionic currents show distinct regulation, owing to a

minor difference in the structure of these channels.

Recently, several inward rectifier K channel genes have been cloned

(Bredt et al., 1995; Collins et al., 1996; Kubo et al., 1993; Morishige et al.,

12



1994; Perier et al., 1994; Takahashi et al., 1994), making possible the study

of receptor modulation of these inward rectifier K channels in heterologous

expression systems. In this study, I expressed IRK3 (Collins et al., 1996;

Morishige et al., 1994; Perier et al., 1994), one member of the inward rectifier

K’ channel family, in Xenopus oocytes. I found that IRK3 channels are

inhibited by ml muscarinic acetylcholine receptor stimulation, due to the

action of a novel diffusible cytoplasmic factor. I then looked at the other

members of the Kir2 subfamily with respect to this m1 modulation and found

that a closely related channel IRK1 (Kir2.1), though sharing quite a high

level of conservation in its amino acid sequence with IRK3, cannot be

inhibited by ml receptor in the same expression system. This provides the

basis for me to compare the difference between the two channels and design a

full spectrum of chimeric channels of IRK1 and IRK3. More strikingly this

mutagenesis approach, besides mapping out the domains in IRK3 that are

required for ml modulation, has by point mutations in IRK1 channels in the

regions outside the mapped domains also been found to cause similar ml

modulation. This indicates that the structure of the channels is more

important in determining in channel regulation than is its primary amino

acid sequence. I also discovered that the IRK3 channels are inhibited by

approximately one half in oocytes and in mammalian cells without m1

receptor stimulation. This tonic inhibition endows this channel with the

13



capability of adjusting the current level in either direction, and hence

bestows remarkable flexibility to influence membrane excitability. Tonic

inhibition of IRK3 is most likely accounted for by a voltage-independent form

of Mg” inhibition different from the Mg" block of the inward rectifier K’

channel pore. Having performed several tests on the possibility that this Mg”

inhibition also underlies the ml receptor-induced channel inhibition, I

conclude that Mg", or a factor that behaves like Mg” in these tests, mediates

this m1 modulation of inward rectifier K channels.

14



II

Regulation of IRK3 Inward Rectifier K Channels by
m1 Acetylcholine Receptor and Intracellular

Magnesium
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We learn by experience. According to Karl Popper, deduction is the method of the

empirical sciences. Theories can never be verified, but they can be falsified. The analysis

of different mechanisms of falsification employed by nature shows that deduction has a

quantitative aspect that is not taken into account when deduction is merely contrasted

with induction.

A zoology student had succeeded in training cockroaches, and he proudly

displayed the results of his long effort to his professor.

He had his cockroaches fall in, and he gave them the command:

“Forward march!" The cockroaches marched forward. "Column left!" the

student commanded, and all the cockroaches turned left.

The professor was about to congratulate the student on this remarkable

accomplishment, but the student interrupted him. “Wait" he said. “I still

have to show you the most important thing."

The student picked up a cockroach from the last row, pulled off its legs,

and put it back in its place. Once again he commanded: “Forward march!"

The cockroaches marched as before, except, of course, for the one

without legs. “Column left." Again, all the cockroaches turned on

command, except for the one that lay where it had been placed.

The professor looked inquiringly at his student.
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The student said proudly, “This experiment proves conclusively that

cockroaches hear with their legs.

The particular point of this story is:

Cockroaches, which belong to one of the oldest insect orders, are, like their close

relatives the grasshoppers and crickets, members of the orthoptera family. We know that

in at least of some of these insects, the auditory organs as indeed located in the shins of

their front legs.

(from chapter 17, The Art of Asking the Right Question in Laws of the Game by Eigen and Winkler)
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The variability with which I could record IRK3 currents forced me to confront how

these channels are regulated. In my earlier days of patch recording experiments, I

frequently encountered a puzzling phenomenon. From an oocyte expressing

large whole cell currents as measured by two electrode voltage clamp

recording, it was not uncommon that I was unable to record significant

currents by cell-attached patch clamp recording. As for the mammalian cell

patch clamp experiments, they had to be done in a solution without any

external perfusion. Once perfusion was started, even without changing the

solution composition, channel activity started to increase. Similar

phenomena have also been observed for calcium channels. Here it was

proposed that cellular ATP acts through its extracellular autoreceptor to

suppress calcium channel activity (Currie and Fox, 1996). Another unusual

behavior of IRK3 channel in mammalian expression systems is the following:

it loses activity more easily in whole cell configuration than in excised inside

out patches, just the reverse of what has been frequently observed for other

channels.

The problem of rundown posed problems for the study of IRK3 in the

excised patches but was partially alleviated by using MgATP. One of the

powers of the patch clamp technique is the ability of the experimenter to

excise the patch from a living cell and apply desired components through

solution exchange to the cytoplasmic face of the patch. This standard

18



approach is feasible only when the current remains stable after patch

excision. Hence, to be able to examine the effects of different candidate

second messengers on inward rectifier channels in this configuration, one has

to overcome the problem of channel run down, which is probably a general

phenomenon for ion channels. I tried a variety of phosphatase inhibitors or

kinase inhibitors without much success in the earliest trials. The first

experimenters to overcome the problems of run down in IRK3 channels were

trying to examine Mg++ block of this channel. To effectively remove all

intracellular Mg++, they included EDTA in the bath solution and accidentally

found that IRK1 channel activity was very stable under such circumstance.

With the inclusion of magnesium ATP, the channel however ran down. From

this observation it was proposed that Mg++ precipitated the run down of IRK1

channel. I was puzzled about how these inward rectifier K+ channels

remained active on the plasma membrane, since they must encounter Mg+*

ions all the time. At the same time, I observed consistently that Mg++ caused

suppression of IRK3 channel activity. I too had attributed this channel

suppression to “run down” until one day when I measured the affinity of Mg+*

for IRK3 channels as an open channel blocker. Attempting to slow down this

“run down” process of IRK3, I found that EDTA restored a substantial

fraction of the lost IRK3 channel activity, which I had attributed to “run

down” for a long time. This reversibility is remarkable and different from the
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nonspecific and irreversible loss of channel activity, the true run down. Since

then I had faced the “pull-off-the-legs” paradox. How could I study an

inhibitory regulation by Mg+* if the same ion would cause nonspecific loss of

channel activity from time to time. This concern was later partially solved by

Fakler et al.'s study in 1994. When they recorded IRK1 in higher MgATP,

IRK1 activity was relatively stable. Through a few trials, I finally managed

to record stable IRK1 current for as long as 20 minutes in excised inside out

patches and even to one hour in whole cell recording. For IRK3, the channel

attrition rate was reduced by more than ten fold, making possible the

subsequent patch perfusion experiments.
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IRK3 is modulated by mlAChR

Inward rectifier K+ currents were recorded via two electrode voltage clamp

from Xenopus oocytes injected with in vitro transcribed cFNAs for IRK3 and

m1 AChR. A substantial amount of outward current was detectable in either

high K+ (90 mM) or low Kt (30 mM) solutions (Figure 2). Application of 3 puM

carbachol (an agonist of ml AChR) to these oocytes not only inhibited the

IRK3 K+ channels but also activated the endogenous outwardly rectifying

Catt-activated chloride channels, even in the presence of 50 puM DIDS, a

chloride channel blocker. This endogenous chloride current did not present a

problem in my study of IRK3 channel inhibition, because it decayed in two to

three minutes (Figure 3, 4), before the IRK3 K+ channels became maximally

inhibited (at time point b in Figure 4). The extent of IRK3 inhibition ranged

from 20 to 70 % with an average of 42.5+3.1% (n = 25). After carbachol was

washed out, the IRK3 current slowly recovered in 15-40 minutes (Figure 4).

The recovery remained slow even when I perfused the oocytes with a solution

containing 5 puM atropine, a cholinergic antagonist that should abolish ml

AChR stimulation. The carbachol induced inhibition of the IRK3 current was

not observed in oocytes expressing IRK3 alone, indicating that the inhibitory

effect was m1 receptor dependent. Different levels of ml receptor expression

led to qualitatively similar ml modulation of IRK3; stronger and faster

modulation was observed when the receptor was expressed at a high level.
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Figure 2. IRK3 current expressed in Xenopus oocytes.

A. IRK3 current from the same Xenopus oocyte (day 7 after injection of

cRNA) in two different bath solutions with 90 mM or 30 mM K+. The

membrane potential was held at -80 mV, and subjected to 250 ms voltage

pulses ranging from +100 mV to -130 mV with 10 mV decrements.

B. The current-voltage relationship of IRK3 in 90 mM K+ and 30 mM K+

solutions are superimposed, showing prominent outward current above

EK.
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Figure 3. Induction of calcium activated chloride current by m1 AChR

activated with 3 pil■ carbachol. This oocyte was incubated in bath solution

with 30 mM K*. The duration of carbachol application is indicated by the bar

above the current trace. Membrane was held at +40 mV and the current was

sampled continuously. Even in the presence of 50 puM DIDS which inhibited

about 80% of the calcium activated chloride current, m1 AChR stimulation by

3 HM carbachol in the bath still evoked the calcium activated Cl- current.

This chloride current had a small enough amplitude and decayed rapidly in

2-3 minutes, so that it did not interfere with the measurement of IRK3

***

inward current.

* * *
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Figure 4. IRK3 current is inhibited by ml AChR stimulation.

A. m.1 AChR stimulation caused slow inhibition of IRK3 currents, followed

by slow recovery after carbachol was washed out. The small black bar at

the upper left corner indicates a two-minute application of 3 pul■

carbachol. The current was recorded by two electrode voltage clamp and

the oocyte was held at membrane potential of -80 mV and given a 2-sec

ramp pulse from -120 to +80 mV every 10 seconds. The calcium activated

chloride current (see Figure 3) gave rise to the upward deflections in this

panel. As obviated from the traces, this Cl- current subsided in 3 minutes.

After we started to wash out carbachol, the IRK3 current continued to

decrease for about 2-3 minutes, and reached the maximal inhibition level

at the time point marked as b, about 4 minutes since the start of

carbachol application. The channels later recovered from this inhibition

slowly. The same inhibition of IRK3 current by ml receptor was observed

for all three IRK3 clones from different species: mouse (mb-IRK3),

hamster (IRK3-HIT) and human (HIR).

Top, the voltage ramp protocol. Bottom, three ramp traces from the

oocyte shown in (A) were superimposed to demonstrate the ml modulation

of IRK3. The small letters represent the time points in (A). Note that trace

b at the maximal inhibition was from 2-3 minutes after we began to wash
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Figure 5. IRK3 but not IRK1 is inhibited by ml AChR stimulation.

A. By running a pulse protocol as illustrated in Figure 4, IRK3 current (at -

120 mV) is inhibited by stimulating m1AChR with 3 HM carbachol.

B. In comparison, IRK1 current (at -80 mV) is not affected even with

prolonged ml AChR stimulation.
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Figure 6. M1 modulation of IRK3 is mediated by a cytoplasmic diffusible

second messenger.

A. (Upper panel) Cartoon showing that bath application of carbachol

modulates IRK3 in a cell-attached membrane patch. (Lower Panel)

Superimposition of IRK3 currents before receptor stimulation, during

maximal inhibition by receptor activation, and following recovery from

modulation. These current traces were obtained by recording from a cell- **
-

attached membrane patch which was subjected to a voltage ramp from

+60 mV to -80 mV.

B. The circles for the upper trace, above the zero current level shown as a

thin line marked 0 pA, representing the scaled leak current at +80 mV.

The time course of IRK3 modulation (inward current at -80 mV, lower .
trace) is similar to that recorded by whole oocyte two-electrode voltage as -- * *

clamp method (see Figure 4, 5). 3 puM carbachol was used to activate the

receptor, and 5 pul■ atropine was washed in later to prompt the recovery

from inhibitory modulation. In this experiment, the bath solution

contained 5 mM HEPES, 145 mM KCl, 1.0 mM MgCl2, 1.0 mM CaCl2, pH

7.4 with KOH. The pipette solution contained 100 puM DIDS. We held the

patch at 0 mV, and gave a 100 ms voltage ramp from +60 to -80 mV every

4 seconds.
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For the Kir2.0 subfamily which includes IRK3 (Kir2.3), mb-IRK2 (Kir2.2)

was also inhibited by ml AChR, albeit to a lesser extent (data not shown). By

contrast, IRK1 (Kir2.1) was not sensitive to ml modulation (Figure 5).

M1 inhibition of IRK3 requires a novel diffusible second messenger

The IRK3 current recorded from a cell-attached membrane patch was

gradually suppressed when carbachol was applied to the bath outside the

patch electrode (n=4) (Figure 6). The inhibition and recovery had a time

course similar to that from whole oocyte recording (Figure 5, 6), and the

extent of inhibition of currents from the cell-attached patches was as

variable. These studies indicate that an intracellular diffusible factor

mediates the ml modulation.

M1 receptor stimulation is known to activate Gail and subsequently

phospholipase C-3 (PLC-3). The activated PLC-3 hydrolyzes phosphatidyl

inositol-bis-phosphate (PIP2) to produce inositol-trisphosphate (IP3) and

diacylglycerol (DAG). The former releases Catt from internal store and the

latter activates protein kinase C (PKC) (Caulfield, 1993; Peralta et al., 1988).

In oocytes, activation of PKC can further lead to increased tyrosine kinase

activity (Huang et al., 1993; Lev et al., 1995). To begin the characterization of

the second messenger that causes IRK3 channel inhibition, I carried out

several tests to examine the possible involvement of PKC. First, I examined

the effects of phorbol ester, which activates PKC, and found that treatment of

seasºn-a-

re-arrassº
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oocytes with 100 nM 4-3 phorbol ester (PMA) inhibited IRK3 current

irreversibly. However, the inactive isomer 4-0 PMA which does not activate

PKC also showed some inhibitory effect. I then injected oocytes with the

peptide inhibitor of PKC, PKC 19-36. This treatment attenuated the ml

modulation of Kv1.2 channels (Huang et al., 1993) but not the ml modulation

of IRK3 channels (Figure 7A). Moreover, I detected no effects when the

catalytic subunits of PKC were applied to the excised inside-out patches

containing IRK3 channels (n=5). The activation of PKC by itself may still

influence IRK3 channel activity via indirect pathways, though it does not

appear to be absolutely essential for the IRK3 channel inhibition by ml

AChR. Applying catalytic subunits of PKC via a patch electrode could have

provided some information if it were not compromised by the intractable run

down problem in whole cell recording.

Next, I tested for the possible involvement of Catt by injecting EGTA into

oocytes. This treatment prevented ml AChR from inducing the Catt

activated Cl current (Figure 8), indicating that EGTA had chelated Ca++

released into cytosol, but did not abolish ml modulation of IRK3 current

(Figure 7B). Application of 5 pum■ A23187, a Catº ionophore, for 15 minutes in

a bath solution containing 2 mM Catt increased the intracellular free Catt

level and induced the Catt-activated chloride current, but it did not cause

any reduction of IRK3 current (Figure 9). Finally, application of 100 puM Catt
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to IRK3 channels in inside-out membrane patches did not cause significant

channel inhibition (Figure 7B). These studies indicate that Catt does not

mediate IRK3 channel inhibition by ml AChR.

I also applied other second messenger candidates to IRK3 channels to

inside-out membrane patches, and found no significant channel inhibition by

10 HM IP3 and/or 10 puM IP4, up to 200 puM diacylglycerol(1-stearoyl-2-

linoleoyl-sn-glycerol or 1-stearoyl-2-arachidonoyl-sn-glycerol), PI-specific

phospholipase C (up to 0.5 U/ml), or phospholipase C (up to 2 U/ml). I have

thus found no evidence implicating any of the known second messengers in

the ml receptor-mediated IRK3 channel inhibition.

The ml modulation of IRK3 channels cannot be accounted for by

channel phosphorylation

Three lines of evidence indicate that ml modulation of inward rectifier K+

channels is not due to channel phosphorylation. First, IRK3 mutations

designed to remove various potential phosphorylation sites for PKC or

tyrosine kinase did not abolish ml modulation of IRK3 channels (Figure 10).

Second, no potential phosphorylation sites are created or removed by a

double mutation that transformed the wildtype IRK1 K+ channel insensitive

to ml modulation (Figure 5) into a mutant channel sensitive to ml inhibition

(Figure 10). Finally, as detailed below, a chimera that corresponds to a

truncated IRK1 with 23 point mutations also acquired sensitivity to ml
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Figure 7.

A. Protein kinase C inhibitor or EGTA injection did not preclude m1 receptor

mediated modulation of IRK3. The black bars indicate the residual IRK3

current (normalized against the current before application of agonist) at

maximal inhibition within 5 minutes after application of 3 puM carbachol.

The striped bars show the normalized current 10 minutes after washing
… --

out carbachol and are used as an index for recovery from inhibitory :-
modulation. The treatment and the number of experiments are labeled º
under the bar graph. All oocytes used for this experiment were from the º

same batch. The recording bath solution contained 80 mM K*, pH 7.4 to º

maximize the inward current. Oocytes with leak currents larger than 400 *...*-*

nA at +80 mV are not used in data analysis. 50 puM DIDS was added to all º *:

solutions to suppress the endogenous chloride currents except for the º
EGTA injection experiments. Ramp protocol as in Figure 4 was used and º
the average slope conductances between -120 and -100 mV were used and

normalized to give the “% current”.

B. An excised inside out patch containing IRK3 channels was perfused with a

solution containing 100 puM free Catt for more than one minute, as

indicated by the black bar. This led to a small increase in inward

rectification but not any change in the amplitude of inward current. To

separate the Catt activated chloride current from the K+ current,
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solutions used in this experiments contained no Cl-. The oocyte was

incubated in the bath solution containing 10 mM HEPES, 10 mM

K2EDTA, 20 mM KOH, 105 mM K-gluconate, 5 mM KH2PO4, 0.5 mM KF

and pH 7.2. The pipette solution was similar to that used in Figure 6

except that the only anions in the solution were gluconate. The 100 pul■

Catt perfusate was generated by adding calcium gluconate to the bath

solution and adjusting the final pH with NaOH to 7.2 (calculated by the -
computer program Bound and Determined (Storey, 1992)). Similar results º
were obtained with a different perfusion solution containing MgATP. º
Current was recorded by holding the membrane at -40 mV and running a *

º
400 ms upward ramp from -60 to +60 mV every 4 seconds. ºs-ºr

---
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Figure 8. Endogenous calcium activated chloride current in Xenopus oocyte is

abolished by intracellular injection of EGTA.

A. A ramp trace with holding potential of 0 mV, stepped to -80 mV for 1

second and then subjected to a 2-second upward ramp from -120 mV to

+80mV was applied to an oocyte expressing ml AChR and IRK3, injected

with 50 nl water, sitting in the bath solution with 50 puM DIDS and

carbachol.

B. The same ramp trace of the oocyte in (A) after application of 3 pul■

carbachol for 10 seconds in a bath solution with DIDS.

C. The trace in (B) was subtracted from the trace in (A). Due to the slow onset

of ml inhibition on IRK3 channels, this subtracted trace mainly showed

the calcium activated chloride currents in 50 puM DIDS.

D. The trace in (C) was blown up to demonstrate the outwardly rectifying

nature of this Cl- current.

E. Analysis similar to what performed in (A) through (C) was done on oocytes

injected with 50 nl of 50 mM EGTA (pH with KOH to 7.4) and perfused

with bath solutions without DIDS. Bar diagram indicates that even in the

absence of any Cl- channel blocker, oocytes injected with EGTA had

almost no Cl- current compared with their water injected counterparts.
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Figure 9. Calcium ionophore A23187 application cannot mimic the ml

inhibition of IRK3 channels.

A. The perfusion of 5 puM of A23.187 in conjunction with 2 mM of CaCl2 in the

extracellular solution evoked the calcium activated chloride currents that

was comparable in its amplitude and duration with the same current

activated by ml AChR in another oocyte from the same batch.

B. The IRK3 currents before application of calcium ionophore, during A23187

treatments or after washing in EGTA had similar amplitudes. This

experiment was designed to start the recording in a bath solution with no

calcium but 10 mM EGTA, then switch to the solution with A23187 and

external calcium to facilitate calcium entry. Because of the high

hydrophobicity of A23187, it was difficult to remove it from membrane.

We perfused in 10 mM EGTA again to reduce the Catt concentration near

the membrane.
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Figure 10. Sensitivity of IRK3, IRK1 and their mutants to ml modulation.

The number of experiments for each channel type was indicated in the

parentheses. Open bars represent IRK3 and IRK3 mutants, and filled

bars represent IRK1 and IRK1 mutants. The bath contained 30 mM K*.

Quantitation of current inhibition was the same as described in Figure 7.
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receptor-mediated channel inhibition without acquiring any new potential

phosphorylation sites.

Chimeras were made between the IRK3 channel that is sensitive to ml

modulation and the IRK1 channel that is not inhibited by ml AChR, in order

to identify regions of the IRK3 channel important for ml modulation (Table 1

& 2). I began by testing the involvement of regions unique to IRK3, such as

the VGAP region (a.a. 91-110) within the extracellular loop (Perier et al.,

1994) and a proline-rich segment (a.a. 361-366) followed by an array rich in

acidic amino acid residues (a.a. 385-403) in the C-terminus. Deletion of these

regions, however, did not abolish ml modulation (Table 1). We then

generated chimeras between IRK1 and IRK3. All the chimeras we generated

gave rise to K+ currents with strong inward rectification, with a voltage

dependence that shifted with EK as external K+ concentrations were varied.

Thus the chimeras resembled the parent channels in their biophysical

properties.

I found that neither the C-terminus nor the N-terminus of IRK3, when

transplanted alone to IRK1, was sufficient to confer ml modulation (Table 2,

K13-C1, K31-NMCO, K31 NM, and K31-N1). Strong and rapid ml modulation

was restored only when both the C- and N-termini were grafted into IRK1

(Table 2, K313-N1C1). The smallest IRK3 segments that are sufficient to

confer sensitivity to m1 modulation include 14 amino acids (a.a.14-27,
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CONSTRUCT lmin/lo(%) Modulation n Fragment deleted
|RK3VGAPA 60.2 + 2.5 Y 4 90-110

|RK3Pro5A 60.2 + 9.9 Y 3 361-366

IRK3Apala 67.5 + 5.6 Y 6 385-403

Table 1. Inhibitory effects of ml AChR on IRK3 deletion mutants.
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Constructlmm/lo(%)modula-
n

fragment(s)transferred
tion

|RK199.5+0.5N9 |RK357.5+3.1Y25 mb-IRK294.2+3.5N5
Chimeras K13-NMC74.0+0.8Y7

1-444 K13-NoMC74.6+3.5Y8
14-444 K13-C,96.4+0.8N27222-444 K13-C,97.3+1.1N6

272-444 K13-C,95.4+2.5N5
342–444 K13-C,97.4+0.9N8

425-444 K31-NMC,93.7+1.2N8
1-221 K31-NM96.2+1.4N6

1-112 K31-N,96.0+0.9N51-43
5
K31-N,98.5+0.7N71-39

K31-N,98.6+0.8N41-31 K313-N,C,67.3+4.2Y41-43,222-444 K313-N,C,97.8+1.5N61-43,425-444 K313-N,Ca97.8+1.1N121-43,342-444 K313-N,C,t63.5+6.7Y61-39,222-444 K313-N,C,f52.1+7.1Y101-31,222-444 K131-N,94.9+3.1N414-31 K313-N,C,71.2+2.0Y61-31,272-444 K1313-N,C,t62.2+3.9Y1014-31,272-444 K1313-N.C..t76.4+4.6Y1214-27,272-444 K13131-N.Cs86.8+2.7Y13
14-27,272-342* K13131-NACs99.3+1.2N7

14-27,272-281
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Table 2. Inhibitory effects of ml AChR stimulation on wild type and mutant

IRK channels.

Chimeras generated between IRK3 and IRK1, listed in the first column,

are depicted schematically in the last column (black bars represent IRK3

sequences and open bars indicate IRK1 sequences). Chimeras between

IRK3 and IRK1 are generated by ligation of appropriate restriction

fragments with in vitro synthesized oligonucleotides or PCR fragments.

Potential phosphorylation sites for PKC or PKA (S36, S39, S348, S437,

and S442) are marked with asterisks(*); two of them (S348 and S442) are

conserved between IRK1 and IRK3 (marked under the IRK1 open bar).

Chimeras K13131-N5C5 and N5C6 are derived from K1313-N5C2 by

deleting the last 100 amino acids. Sensitivity to ml modulation was

determined in bath solutions containing 60 mM Tris/Tris-HCl, 30 mM

KCl, 2 mM CaCl2 and 50 puM DIDS, pH 7.40. Whether a chimera is (Y) or

is not (N) sensitive to ml modulation is indicated in the third column. A

chimera was regarded as insensitive if there was less than 10% inhibition

of current after applying 3 pum■ carbachol for 5 minutes. The percentage of

inhibition (mean + s.e.m., expressed as residual current percentage), and

the number of experiments are given in the second and the fourth

columns. ** K13131-N5C5 has two extra amino acid residues V and I at
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position 343 and 344. t For some clones with lower expression levels, Tris

was replaced with KCl to increase the final K+ concentration to 75 mM.
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fragment N5) in the N-terminus and a conserved 71-amino-acid segment (a.a.

272-342, fragment C5) in the C-terminus (Table 2, K13131-N5Cs). The N5

fragment contains no serine, threonine, or tyrosine residues. Nine out of the

16 residues that are different between IRK3 and IRK1 in the C5 fragment are

included in the C6 fragment of the chimera K13131-N5C6, which is not

modulated by ml receptor stimulation. The remaining 7 amino acid

substitutions in the C5 fragment do not introduce any new phosphorylation

sites to K13131-N5C5 (Figure 11). Thus, both hydrophilic domains of IRK3

contain sequences necessary for ml modulation, which does not appear to be

mediated by phosphorylation of the channel.

Tonic inhibition of IRK3 channels in the absence of ml receptor

stimulation

In experiments designed to examine the inhibitory effects of the diffusible

factor for ml modulation, I excised membrane patches from oocytes

expressing IRK3 alone or together with ml AChR (Figure 12, 13). Not only

did I observe inhibition of IRK3 channels in the oocytes that also expressed

m1 AChR, but I found that IRK3 channels were also inhibited in the oocytes

expressing IRK3 alone. The extent of this tonic inhibition in the absence of

m1 AChR stimulation was smaller than the extent of channel inhibition in

the oocytes which expressed IRK3 as well as the ml receptors and were

exposed to 50 puM carbachol (Figure 12, 13).
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N5fragmentsequence IRK1
TRQQCRSRFVKKDGH

IRK3
RRKR-RNRFVKKNGQ

C5
fragmentsequence IRK1

DLSKQDIDNADFEIVVILEGMVEATAMTTQCRSSYLANEILWGHRYEPVLFEEKHYYKVDYSRFHKTYEVP
IRK3

GMGKEELESEDFEIVVILEGMVEATAMTTQARSSYLASEILWGHRFEPVVFEEKSHYKVDYSRFHKTYEVA
Figure11.Sequencealignment
oftheN5andC5
fragmentsbetweenIRK1andIRK3channels.Theshadows indicatetheresiduesthatarenotconserved.
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Figure 12. IRK3 is tonically inhibited in oocytes in the absence of ml AChR

stimulation. Excision of a membrane patch from the oocyte causes inward

IRK3 current to increase by about 100%, as well as an increase of outward

current. The oocyte was bathed in a solution containing 50 puM carbachol.

The currents shown here are the slope conductances between -60 and -50

mV normalized to those recorded from the cell-attached membrane patch.

The boxes mark four episodes of cramming the patch deeply into the same

oocyte (see cartoon above), resulting in different extents of current

inhibition. The bath solution was similar to that in Figure 8B legends

except all anions were chloride.
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Excision of a membrane patch from an oocyte injected with only IRK3

cRNA caused the current to double in size within two minutes (Figure 12).

Cramming the excised patch back into the oocyte caused a rapid re

establishment of inhibition. The extent of this inhibition was roughly similar

to the extent of the tonic inhibition prior to excision of the membrane patch,

but varied from trial to trial (Figure 12). The IRK3 current was nearly tripled

in amplitude when a membrane patch was excised from an oocyte expressing

IRK3 as well as m1 AChR, which was stimulated by carbachol (Figure 13),

indicating that the ml receptor-mediated channel inhibition is superimposed

on the tonic inhibition of IRK3 channels. Unlike IRK3, the IRK1 current

showed little increase upon excision of the membrane patch from the oocyte

(Figure 13), indicating that IRK1 channels were scarcely inhibited by

cytoplasmic factors inside the oocyte.

Given that IRK3 but not IRK1 channels are sensitive to ml modulation as

well as tonic inhibition by a cytoplasmic factor, I wondered whether the

factor mediating tonic inhibition is also responsible for channel inhibition by

m1 receptor. In this scenario, the inhibitory factor is present in the

unstimulated oocyte and causes tonic inhibition; m1 receptor stimulation

simply raises the concentration of the inhibitory factor and causes further

suppression of current.

Tonic inhibition of IRK3 is mediated by intracellular Mg++
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Figure 13. The current increases upon excision of the membrane patch from

oocytes expressing IRK1 (n=11), IRK3 (n=9), or IRK3 plus m1AChR

(n=15). The bath contained 50 puM carbachol. The increase of current upon

patch excision reveals channel inhibition in oocytes expressing IRK3

alone, and greater inhibition in oocytes expressing IRK3 with ml AChR

stimulation. Very little inhibition of the IRK1 channel was found. To

obtain the normalized currents (% of cell-attached current) after patch

excision, we took the largest conductance obtained following patch

excision and before channel rundown, and normalized it against the

conductance for the same membrane patch before excision, during cell

attached patch recording.
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Tonic inhibition of IRK3 was observed not only in Xenopus oocytes but also

in mammalian expression systems such as CHO (Chinese hamster ovary)

cells and HEK (human embryonic kidney) 293 cells transfected with IRK3. As

shown in the diagram in Figure 14, after a tight seal was formed between the

patch electrode and a 293 cell, the membrane patch was broken off to expose

the cytosol to the pipette solution. The IRK3 current recorded in this whole

cell configuration gradually increased with time (Figure 14), revealing

channel inhibition by a cytoplasmic factor that may be slowly lost into the

pipette solution. Inclusion of protein phosphatase inhibitors such as 1 puM

okadaic acid , 10 mM orthovanadate, or 40 pul■ of the tyrosine kinase

inhibitor genestein both in the bath and in the pipette solution did not

prevent the IRK3 current from increasing during whole-cell recording,

indicating that the tonic inhibition was not due to channel phosphorylation.

A similar conclusion was also obtained for tonic inhibition in the oocyte,

when I applied these phosphatase inhibitors to IRK3 channels in inside-out

membrane patches. Inclusion of 10 mM ATP, 10 mM AMPPNP, 10 mM

AMPPCP, or 2 mM ADP in the pipette solution also did not prevent the IRK3

current from increasing during whole-cell recording, indicating that the tonic

inhibition could not be due to channel inhibition by ATP.

Whether the IRK3 current increased in amplitude during whole-cell

recording depended on the type of chelators present in the pipette solution
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Figure 14. IRK3 is also tonically inhibited in mammalian cells in the absence

of ml AChR stimulation. Current from HEK 293 cells transfected with

IRK3 slowly increased after the membrane under the patch electrode was

broken off (arrow), presumably due to dialysis of the cytosol via the

pipette solution during whole cell recording (see cartoon).
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Figure 15. The gradual enhancement of current was observed when the

primary chelator in the pipette solution was EDTA (n=11) or CDTA

(n=15), but not when EGTA (n=15) was used instead. The “normalized

whole cell current” achieved after prolonged exposure of the cytosol to the

pipette solution is determined by measuring the slope conductance

between -90 and -70 mV and normalizing it against that within the first

minute of whole cell recording.
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(Figure 15). The increase of IRK3 current was observed when the cytosol

came in contact with pipette solution containing either EDTA or CDTA, but

not when the cytosol was exposed to pipette solution containing EGTA

(Figure 15). The major difference between EDTA and EGTA is the ability of

the former but not the latter to chelate Mg++. This led me to investigate

whether Mg++ exerts any inhibitory effect on IRK3 channels as well as the

chimeras and IRK1 mutants that are sensitive to ml modulation.

Mg” applied to inside-out patches from Xenopus oocytes had a

concentration dependent inhibitory effect on IRK3, K13131-N5C5 and IRK1

D172NE224G, but not on IRK1 (Figure 16). Of the three channels tested,

K13131-N5C5 was most sensitive to Mg++ but had a relatively flat

concentration dependence curve, whereas IRK3 and IRK1 D172NE224G had

steeper dose-response curves (Figure 17). By contrast, IRK1 was essentially

not inhibited by up to 2 mM Mg++ (Figure 16, 17). Mg++ inhibition of both

inward and outward current had a slow time course and was independent of

membrane potential (Figure 18). This inhibitory effect of Mg++ is therefore

clearly distinguishable from the rapid and voltage-dependent action of Mg++

as a pore blocker (Figure 19A) (Fakler et al., 1995; Ficker et al., 1994;

Kurachi et al., 1986; Latorre, 1989; Lopatin et al., 1994; Matsuda, 1991;

Matsuda et al., 1987; Stanfield et al., 1994a; Stanfield et al., 1994b;

Vandenberg, 1987).

62



Figure 16

2 mM Mg"
IRK3 ATP(+)

100
- - - - - - - - -

*•
* * * - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . . . . . . . . . . . . . .

* ,--50 \ 30 s
O

|RK3 no ATP

100

50

l*— 30 s

100

50

100

50

60 s

ºf .

63



Figure 16. Mg++ inhibition of inward currents. Like IRK3, IRK1 chimera or

mutant that became sensitive to ml modulation was also inhibited by 2

mM Mg++ applied to the cytoplasmic side of the excised patch (application

marked by the thick lines). By contrast, IRK1 was not inhibited by 2 mM

Mg++. Except for (B), experiments were performed in the presence of 4 mM

MgATP. B shows a patch with IRK3 channels inhibited by 2 mM free

Mg++ in the absence of any nucleotides. The dash line (100%) refers to

the maximal channel activities in the absence of any inhibition by

cytoplasmic factors, and no correction for rundown was made. The

perfusates that have different free Mg++ levels were generated by adding

Na2ATP and MgCl2 to a solution with 10 mM HEPES, 5 mM K2EGTA, 5

mM KOH, 135 mM KCl to achieve a MgATP concentration of 4 mM and

Mg++ concentrations 2.0 mM, according to the computer program Bound

And Determined (Storey, 1992). NaCl or NaOH was added to adjust the

sodium concentration of all solutions to within 5 mM of each other. For

experiment in (B), ATP was omitted and 5 mM KH2PO4 and 0.5 mM KF

were included in both bath solution and the perfusate containing 2 mM

Mg++.
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Figure 17. Mg++ inhibition of the three channels that are sensitive to m1

modulation.

A. Dose response curves of Mg++ inhibition on channels. Rundown of currents

in excised patch was corrected by periodically switching the perfusion

solution to a solution containing 10 mM EDTA, and fitting the slow

decrease (rundown) of current with a monoexponential function. The

numbers beside the channels are the best-fit values for the mathematical

relation: % inhibition =100/[1+(EC50/[Mg++])n ) (The concentrations stand

for EC50 and the numbers in parentheses stand for n.)

B. Bar diagram showing that, unlike IRK1, all three inward rectifier K*

channels that are sensitive to m1 modulation are also sensitive to

inhibition by 0.6 mM Mg++.
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Figure 18. Mg++ inhibition of IRK channels is different from inward

rectification caused by Mg++ blocking the channel pore.

A. Inward rectification caused by Mg++ blocking the channel pore (open

circles, the current at +60 mV divided by the current at -60 mV) is

immediate, whereas the inhibitory effect of Mg+* (filled circles, shown as

the inward current at -40 mV during exposure to 1 mM Mg++ normalized

against the inward current at -40 mV in the absence of Mg++) takes about

one minute to reach maximal effect.

B. The inhibition of IRK3 by Mg++ is voltage independent, as shown by the

dashed trace (dash line, peak Mg++ effect) from the same patch as in (A).

By contrast, the pore-blocking effect of Mg++ is voltage-dependent,

reducing primarily the outward current (dotted line, 4 s after Mg++).

68



T5

50

25
|

O

Figure 19

C |RKl

K13131-N.C.
|RK3

B& |RK1 D172NE224G

69



Figure 19. Sensitivity to Mg++ as a pore blocker and the kinetics of block.

A. 1 mM free Mg++ causes almost instantaneous block of the open channel as

the voltage is stepped to +60 mV. The unblock is also immediate, when

the membrane is brought to -80 mV.

B. 300 puM Mg++ blocked a larger fraction of the outward current of IRK1 and

K13131-N5C5, as compared to IRK3 and IRK1 D172NE224G.
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A long inactivated state accounts for the tonic inhibition of IRK3

Having found that IRK3 channels are tonically inhibited by Mg++ inside

the cell, I did single channel recording to determine the mechanism that

contributes to this tonic inhibition. I found that in the cell-attached

configuration, the IRK3 channels in the membrane patch tend to enter a

prolonged inactivated state (lasting for 1-5 minutes for channels that I

observed subsequent openings). Usually two to three such long inactivating

events took place within 10 minutes of continuous recording. Occasionally I

observed that all the channels of a patch entered the long inactivated state,

resulting in brief quiescence without any channel activity. Figure 20 is an

example of such a patch with at least 5 channels, though for most of the time

there were at most two channels active simultaneously. After the membrane

patch was excised from the cell, the IRK3 channels no longer entered the

inactivated state readily, leading to almost full activation of every channel

within the patch. This is illustrated in the histogram in Figure 21 for

recordings from an oocyte membrane patch containing at least 4 channels.

Like IRK3, the chimera K13131-N5C5 also entered a long inactivated state

quite frequently. In contrast, IRK1 rarely entered a long inactivated state,

the longest duration for IRK1 channel to enter the inactivated state from 3

different patches was less than 30 seconds. Thus, IRK3 but not IRK1

channels are susceptible to m1 modulation and tonic inhibition, which could
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Figure 20. Tonic inhibition of IRK3 channels as revealed by continuous

recording from a cell-attached patch of an HEK 293 cell stably transfected

with IRK3. The patch membrane was held at -100 mV. It contained at

least 5 channels. The dash lines indicate the expected current amplitudes

for 0-5 channels being active simultaneously. In the cell attached

configuration, most often we saw two channels active simultaneously. The

solution bathing HEK cells was modified from that in Figure 14 by

replacing 120 mM Tris/Tris-HCl with 120 mM KCl to make the total

extracellular K* 150 mM. For display, data were filtered at 0.5 kHz.
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Figure 21. All-point amplitude histogram of currents from a patch of an

oocyte expressing IRK3. This patch contained at least four channels

(illustrated as the four vertical dash lines). During 30 minutes of

recording in the cell-attached configuration, we never observed all four

channels being active simultaneously. On average, only one or two

channels were active. Excision of the patch into the bath with 10 mM

EDTA and no Mg++ revealed four active channels. The oocyte was

incubated in the bath solution used in Figure 16B. Membrane potential

was held at -100 mV. The amplitude histogram analysis for the excised

patch configuration was performed from 60 s to 300 s after patch excision,

prior to channel rundown. To determine the probability density for a

particular patch current amplitude (with a bin width of 0.0244 pa for cell

attached recording and 0.0488 pa for excised patch recording), we take

the ratio of the amount of time over which that current amplitude is

observed and the total duration of continuous recording, and divide this

ratio by the bin width. The relative frequencies P(n) of individual peaks

with n active channels in the histogram are obtained by fitting the

histograms with the sums of multiple gaussian distributions and the

values are as follows, at cell attached configuration P(0)=0.028,

P(1)=0.333, P(2)=0.445, and P(3)=0.194; after patch excision P(2)=0.02,

P(3)=0.198, P(4)=0.800. For analysis, data were filtered at 0.5kHz.
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be accounted for by the ability of Mg++ to promote the long lasting

inactivation.

Susceptibility to ml modulation correlates with the sensitivity to

Mg++ inhibition but not the sensitivity to Mg++ block of the channel

pore

Close examination of IRK3 modulation by ml AChR revealed that the

outward current was reduced to a greater extent than the inward current. An

example is given in the right panel of Figure 22 where the ramp trace of the

IRK3 current at maximal inhibition (solid line) is scaled so that the inward

current is superimposed with that of the trace after complete recovery from

m1 modulation (dash line). Similar observation was made for IRK1

D172NE224G (Figure 22). Thus, m1 receptor stimulation not only reduced

the current amplitude but also increased the extent of inward rectification,

which is expected to be due to a block of the channel pore by polyamines and

Mg++. There is, however, rather poor correlation between the susceptibility to

m1 receptor-mediated channel inhibition and the sensitivity to Mg++ and

polyamines as channel blockers. In fact, K13131-N5C5 approached IRK1 in its

strong susceptibility to pore block by polyamines and Mg+* (Figure 19B), and

yet it is sensitive to ml modulation (Table 2) whereas IRK1 is not (Figure

22).
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Figure 22. IRK3, but not IRK1, is inhibited by mlAChR stimulation, which

also enhanced inward rectification by causing a greater reduction of

outward currents. Recording was done in solutions containing 30 mM

external K* with the same voltage protocol as in Figure 2. Current traces

of IRK3 (A, left panel) at maximal ml modulation (solid line) and recovery

after washing out carbachol for 15 minutes (dashed line) were shown.

Right panels of A: The current at -80 mV in the presence of carbachol -
(solid line) was scaled up to match the current after washout of carbachol --

to demonstrate an increase in inward rectification. B. By contrast, IRK1 º

currents before and after m1 receptor activation were superimposable. -** =

º
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By contrast, there is good correlation between ml modulation and the

voltage-independent Mg++ inhibition; unlike IRK1, IRK3 and the two IRK1

mutants that have acquired sensitivity to ml modulation are all subjected to

tonic inhibition as well as Mg++ inhibition. I therefore examined the

hypothesis that ml receptor stimulation causes an increase in free Mg+*

concentration and that Mg++ inhibition underlies both tonic inhibition and

m1 receptor-induced inhibition of these inward rectifier K+ channels.

First, we assumed that the observed tonic inhibition of IRK3 (Figure 13)

was due to Mg++ inhibition, and used the dose response curve for Mg++

inhibition of IRK3 current (Figure 17) to predict the free Mg++ concentration

inside an oocyte (about 0.45 mM). We then used the Mg++ dose response

curves for the two IRK1 mutants (Figure 17) to predict the extent of their

tonic inhibition. These predicted values agreed with the measured levels of

tonic inhibition (63% vs. 62% for K13131-N5C5 and 28% vs. 31% for IRK1

D172NE224G).

Second, we assumed that the greater extent of IRK3 channel inhibition in

oocytes with ml AChR stimulation (Figure 13), as revealed by excising the

membrane patch, was also due to Mg++ inhibition. We then used the dose

response curve (Figure 17) to predict the free Mg++ concentration (about 0.7

mM) in oocytes with ml AChR stimulation. We further predicted the extent

of ml AChR-mediated inhibition of currents measured by two electrode

79



voltage clamp. Again the predicted current inhibition approximates the

measurements (28.3 + 7.1% vs. 25.0 + 2.4% for IRK3 and 13.5 + 7.6% vs. 13.2

+ 2.7% for K13131-N5C5). All of the oocytes used in the above two tests were

from the same batch, so as to reduce variability in the Mg++ concentration

among different batches of oocytes due to differences in the physiological and

metabolic state of the frog.

In another test for the hypothesis that Mg++ inhibition underlies m1

modulation, I used two electrode voltage clamp to measure the extent of ml

receptor-induced current inhibition for IRK3 (42.5 + 3.1%) and IRK1

D172NE224G (34.6 + 3.1%) expressed in a different batch of oocytes. We then

relied on the fact that the dose response curves for Mg++ inhibition of these

two channel types are roughly parallel to each other (Figure 17), and used

the measured inhibition of IRK3 current and to predict the extent of

inhibition of IRK1 D172NE224G (31.1 + 6.9%). Once again, the agreement

between the predicted and observed inhibition was reasonable, suggesting

that ml modulation of these channels is likely to be mediated by Mg++ ions.

Discussion

I have found that a novel second messenger is responsible for ml receptor

inhibition of an inward rectifier K+ channel expressed in the Xenopus oocytes.

As discussed below, a strong candidate for this novel second messenger is the

Mg++ ion.
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A novel second messenger for ml modulation of IRK3

The ml modulation is mediated by a cytoplasmic diffusible second

messenger (Figure 6). Several lines of evidence indicate that PKC activity

and channel phosphorylation are not required for ml AChR-mediated

channel inhibition. First, the ml modulation was not blocked by injecting the

peptide inhibitor of PKC, PKC 19-36, into the oocyte (Figure 7A). Second, the

point mutations of IRK3 designed to eliminate potential PKC

phosphorylation sites did not abolish ml modulation. Third, of the two

fragments of IRK3 which confer the minichimera K13131-N5C5 with the

susceptibility to m1 modulation, no residues in the N5 region could be

phosphorylated. And the C5 region is 80% identical to its counterpart in IRK1

and does not contain additional potential sites for PKC phosphorylation.

Fourth, the double mutation D172NE224G of IRK1 rendered the mutant

channel sensitive to ml inhibition without creating any new sites for PKC

phosphorylation. In parallel with my studies, Cohen et al. (1996) failed to

find further radioactive phosphate incorporation into IRK3 (BIRK2) proteins

expressed in HEK 293 cells in their metabolic labeling experiment with

phorbol ester application, which presumably activates protein kinase C. This

suggests that IRK3 probably is not phosphorylated by activation of PKC or

its downstream kinases in HEK 293 cells. Finally, direct application of PKC

to the cytoplasmic side of excised membrane patches did not inhibit IRK3

* ----
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channel activity. It thus appears that ml inhibition of IRK3 channel activity

cannot be attributed to phosphorylation of IRK3 channels by PKC.

Other second messengers of the Gail pathway include PLC, IP3, IP4,

diacylglycerol, and Cat”. Direct application of these potential second

messengers to the excised patches containing IRK3 channels had no

inhibitory effect, neither did the use of Catt ionophore A23187 that elevated

the intracellular free Catt concentration. Injecting the oocyte with EGTA to

chelate Catt also failed to eliminate the ml modulation. Taken together,

these results suggest that ml modulation of IRK3 channels involves a novel

second messenger.

Mg++ as a physiological messenger for IRK3 modulation

I have shown that, in the absence of ml AChR stimulation, about half of

the IRK3 channels are inhibited in both Xenopus oocytes and mammalian

cells. This observation implied that there might exist a ubiquitous

mechanism among different cell types which leads to channel inhibition. It

also made more difficult the possibility of isolating some inhibitory

messenger from cytoplasm extract of mlAChR activated cells, since the tonic

inhibitory component was more prominent than the receptor-activated

component. Under the assumption that some inhibitory activity might be lost

into the recording pipette during the whole cell recording, potential

candidates for this inhibitory substance were included in the pipettes in order
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to eliminate this enhancement of current during whole cell recording. Among

those, polyamines that block inward rectifier channel pore such as spermine

and spermidine, kinase and phosphatase inhibitors, ATP, ADP or their non

hydrolyzable analogues were all tested and found to be ineffective. On the

other hand, reducing agents such as dithiothreitol (DTT), glutathione (GSH),

NADH, and NADPH or sphingosine causes variable inhibition in mammalian

cells expressing either IRK3 or IRK1. Therefore, these cannot be regarded as

IRK3-specific channel inhibitors. However, this tonic inhibition was relieved

by EDTA and CDTA but not EGTA (Figure 14, 15), implicating cytoplasmic

Mg++ as the mediator of inhibition. Indeed, IRK3 channels in the inside-out

membrane patch were inhibited by Mg+* even in the absence of ATP,

indicating that channel inhibition is due to free Mg++ ions (Figure 16B). Half

inhibition was achieved at ~0.45 mM Mg++, consistent with the idea that at

the physiological concentration (ranging from 0.2 to 2 mM) (Gupta et al.,

1984), Mg++ can account for the approximately 50% tonic inhibition of IRK3

channels (Figure 13-17, 20). Further evidence for Mg++-mediated tonic

inhibition derives from the comparison of the extents of tonic inhibition

observed for K13131-N5C5 (~63%) and IRK1 D172NE224G (~28%) with the

predicted tonic inhibition based on their dose response curve for Mg”

inhibition and an assumed Mg++ concentration of 0.45 mM (~62% for K13131

NBC5 and ~31% for IRK1 D172NE224G). In addition to IRK3, other ion

:
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channels and enzymes have been found to be regulated by free Mg++ in the

physiologically relevant concentration range (Agus et al., 1989; Agus and

Morad, 1991; Cech et al., 1980; Hartzell and White, 1989; Latorre, 1989;

Rijkers and Griffioen, 1993; Rijkers et al., 1993; White and Hartzell, 1988;

White and Hartzell, 1989).

Mg++ hypothesis for ml inhibition of IRK3

Is it possible that Mg++ also mediates m1 inhibition of IRK3 channels? To

answer this question, an important criterion must be fulfilled for Mg++ to be

the bona fide second messenger. Namely, Mg++ concentration has to rise

within the time period that I saw ml inhibition of channels and the change of

free Mg++ concentration has to match the extent of this inhibition. I have

hence attempted to use the fluorescent dye mag-fura-2 to detect changes of

Mg++ concentration due to carbachol stimulation in several mammalian cell

lines that express m1 AChR. Given the relatively low sensitivity and poor

specificity of this dye (Kä for Mg++: 1.5 mM, Kd for Catt: 17 p.m.), I failed to

detect any reliable signals in my imaging experiment, even if I was able to

detect the calcium transient by fura-2. It is clear from the concentration

response curve of Mg+* on IRK3 channels that they are more sensitive to

Mg++ concentration change than the fluorescent dye in the physiologically

relevant range. Besides, the stable mammalian cell lines expressing ml AChR

do not exactly resemble the oocyte counterparts. The induction of Catt
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transient in these mammalian cells had a latency of ~ 1 minute. This was

significantly slower than the induction of Catt activated chloride current in

Xenopus oocytes, which typically took only 5-10 seconds or less. This

distinction is not due to differences in the sensitivity of the methods to detect

the Catt transient, because the fura-2 dye I used is capable of detecting a free

Catt rise above 200 nM in less than a few seconds whereas the Catt activated

chloride channels will not be activated until the free Catt level is above 200

nM. A likely explanation is that this latency varies with the receptor density

on the plasma membrane. In fact, when the expression level of ml receptors

in oocytes was reduced by diluting the injected cFNAs of mlAChR, the

induction of Catt-activated chloride currents also slowed down, but in such

oocytes, the ml inhibition of IRK3 channels were also much reduced (~10%

inhibition or even less). Therefore, for mlAChR to give decent modulation on

IRK3 channels, the receptor expression level is critical. This also raises an

interesting possibility that in native neurons, localization and distribution of

receptors may affect the signaling process in a density dependent fashion.

However, it remains possible that mlAChR signaling is different when

receptors are expressed in different systems, which might make it impossible

for me to detect the Mg++ signal in the mammalian cells.

Although I was unable to detect the changes in Mg++ signals, other

approaches are available to examine the Mg++ hypothesis. First, the
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susceptibility of IRK3 but not IRK1 to ml inhibition is paralleled by tonic

inhibition and Mg++ inhibition of the former but not the latter (Fig 5, 13, 16,

20). Second, mutations of IRK1 that bestow the mutant and chimeric

channels with the ability to respond to ml modulation also confer sensitivity

to Mg++ inhibition. Third, by assuming that Mg++ is responsible for both tonic

inhibition (~50% inhibition of IRK3 channels) and ml inhibition (~63% total

inhibition of IRK3 channels) (Figure 13), we have estimated the Mg++

concentration to be ~0.5 mM at rest and ~0.7 mM following ml AChR

stimulation. Using these estimates, we predict the extents of ml inhibition of

IRK3 (28.3+7.1%) and K13131-NBC5 (13.5+7.6%) based on the dose response

curves for their inhibition by Mg++ (Figure 17A). These predictions agree with

the observed ml inhibition of IRK3 (25.0+2.4%) and K13131-N5C5

(13.2+2.7%). Since these quantitative estimates are based on the assumption

that free Mg++ is the major determinant of IRK3 channel activity and this

Mg++ sensitivity is the same in the intact cells as that in the excised inside

out patch condition, one might still argue that Mg++ simply mimics rather

than is the genuine second messenger. Nonetheless, the ability of Mg+*

chelators to relieve tonic inhibition, the simultaneous acquisition of

sensitivity to both ml inhibition and Mg++ inhibition by K13131-N5C5 and

IRK1 D172NE224G, and the quantitative prediction of the extent of both

tonic inhibition and ml inhibition are all consistent with the hypothesis that
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Mg++ is the messenger that mediates channel modulation by ml AChR. Of

course, I cannot exclude the possibility that an as yet unidentified messenger

which can behave in a similar fashion as Mg++ is the authentic mediator of

m1 modulation nor can I discount the possibility that ml receptor activation

can lead to some channel modification that changes the sensitivity of these

channels to the inhibitory action of Mg++. The constraints on either of these

two alternative possibilities are the requirement to account for the

differential sensitivities of IRK3, IRK1D172NE224G, and K13131-N5C5

channels to ml modulation, a requirement that can be fulfilled by assuming

that Mg++ mediates the ml modulation of these channels.

Free Mg++ - a potential regulator of cellular processes

Mg++ is the third most abundant cation inside the cell. Most of the Mg++

ions inside the cell are either sequestered in internal organelles or bound by

cytosolic proteins. The rest is mostly complexed with small organic molecules

such as nucleotides, and metabolic intermediates including citric acid.

Consequently, free Mg++ represents only 2-3% of the total cellular Mg++.

Epinephrine and phorbol ester have been found to regulate Mg++ influx and

hence alter free Mg++ level (Elliott and Rizack, 1974; Erdos and Maguire,

1983; Grubbs et al., 1984; Grubbs and Maguire, 1986). However, since ml

AChR-mediated inhibition of IRK3 channel activities persisted in the absence

of external Mg++, it seems unlikely that ml AChR alters intracellular Mg++
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concentration by regulating Mg++ influx, thereby modulating IRK3 channel

activity. Therefore, the free Mg++ concentration change sensed by the

channels must be from at least one of the following sources: the intracellular

organelles that store Mg++, the cytoplasmic buffers or binding proteins that

sequester Mg++, or the functional compartments that hinder free diffusion of

Mg++. All three hypotheses mentioned above involve a conceptually similar

element, namely, the redistribution of Mg++ ions inside the cells.

How will redistribution of Mg++ ions occur after ml receptor stimulation?

One of the possible mechanisms will be the involvement of release of Catt

ions from their intracellular stores, the competition-displacement model.

Upon ml AChR stimulation, the inositol-trisphosphate (IP3) released from

hydrolysis of phophatidyl-inositol-bis-phosphate (PIP2) by phospholipase-C-3

will bind to IP3 receptor and cause initial Catt release from endoplasmic

reticulum, followed by further release mechanism termed Catt-induced Ca++

release. The release of Catt from the intracellular stores is translated into a

well-regulated free Catt signal by cytoplasmic calcium binding proteins and

spatial organization of the cellular organelles that can release Catº. Since

Catt and Mg++ both belong to the same alkaline earth metal element family,

they probably share similar binding proteins in the cell but may exhibit

different affinities. Thus the release of Catt from intracellular stores

potentially will displace Mg++ from its cytoplasmic binding sites so as to

º

:

º
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increase the free Mg++ concentrations. However, the abundant intracellular

small molecules such as nucleotides and metabolic intermediates must also

participate in the determination of the final free Mg++ concentrations. By

virtue of the presence of multiple buffering / chelating activities for Mg++, the

change of Mg++ concentration in a physiological context is usually small and

probably slow. Therefore, for a reasonable rise of free Mg++ in this scenario to

exert its effect on IRK3, the total calcium liberated from the stores has to be

stoichiometrically matched with the liberation of free Mg++. This perhaps

explains the observation that it required a high level of receptor expression to

obtain a decent modulation of IRK3 channels. In contrast, m1 AChR

modulation of Kv1.2 via a protein kinase C dependent pathway could operate

at a much lower level of receptor expression. The chelator experiments raise

another paradox, that is, if the Mg++ rise is attributable to this competition

displacement model, why did ml modulation of IRK3 still persist in the

EGTA injected oocytes? The possible reason for this is that although EGTA

chelated the Catt ions in global terms, it did not prevent the release of Catt

from the intracellular stores. It may well be that such Catt release is the real

signal for a change of Mg++ concentration. But a simpler idea will be that the

chelator binds Catt at the expense of releasing protons. The titration of

protons for the maintenance of pH homeostasis by cytoplasmic buffer or

binding proteins usually involves charge neutralization, which can lower the
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buffering capacities for Mg++ and result in its liberation. Another possible

explanation for this paradox is the accessibility of chelator in different

functional compartments in the cytoplasm. One might imagine that inside

the cell there exists distinct functional compartments for different ions,

biochemical molecules, and any exogenous compounds. These compartments

may not necessarily overlap in their physical appearance. Hence, a chelator

inaccessible compartment might permit exchange of Catt and Mg++ and cause

an increase of free Mg++ that later diffuse into the compartment accessible to

the ion channels. In fact, in the mammalian whole cell recording, the

enhancement of IRK3 current by EDTA was more pronounced than that by

CDTA in spite of the similar affinities for Mg++ of both chelators, which might

reflect the minor differences in the accessibility or activity of these two

chelators in the intracellular compartments. In summary, the buffering

capacity for Mg+* may be altered by changes in metabolic state or signaling

processes, such as local release of Catt from the internal stores or transient

change of intracellular pH, thereby altering the free Mg++ concentration

either globally or locally (Flatman, 1991; Murphy et al., 1991).

A small and slow change in free Mg+* is better suited for setting the gain of

a system, which is usually achieved through continual adjustment of the

system to its various inputs over a relatively long period. For Mg++ to serve as

a messenger, the response element has to be able to sense a small change in
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Mg++ concentration. The IRK3 channels actually meet these requirements by

showing a remarkable sensitivity to free Mg+* concentration change within a

few minutes in the excised patches. Thus, free Mg++ can potentially integrate

the signals from hormone, cellular metabolism, organismal ion homeostasis

and affect the activities of ion channels and other effectors.

Mg++ regulates IRK3 channels via a mechanism different from pore

block

What is the mechanism that allows Mg++ to inhibit IRK3 channels in the

absence of ATP2 Mg++ can block the open channel pore of the inward rectifier

K+ channels and contribute to the inward rectification gating (Matsuda et al.,

1987; Vandenberg, 1987; Yamashita et al., 1996). However, the inhibitory

action of Mg++ that underlies the tonic inhibition and possibly the m1

modulation of IRK3 channels differs from this pore block effect in many

aspects. The on and off rates for Mg++ to block the pore and reduce primarily

the outward currents are both very fast (within milliseconds), whereas the

inhibition of both inward and outward currents by Mg++ is much slower in

onset and recovery (almost one minute) (Figure 18). The concentration of free

Mg++ required for inward rectification gating is at least ten-fold lower than

that for channel inhibition. The voltage dependence of these two effects also

differ; whereas the pore blocking effect is voltage-dependent (Figure 19), the

inhibitory action is almost insensitive to membrane potential (Figure 18).
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This voltage independent inhibition allows Mg++ to affect channel activity

near the resting potential. Mg++ inhibition probably arises from the channel

entering a prolonged inactivated state and is likely to involve the two small

regions of IRK3 which can transfer tonic inhibition and ml modulation to the

chimera K13131-N5C5. m.1 AChR modulation and Mg++ inhibition of inward

rectifier K+ channels involve common structural elements in the channels. At

present we do not know the structural basis for the Mg++ effect. From the

mutagenesis study, which demonstrated that the mutations which endow

Mg++ sensitivity to the IRK1 channel have the removal of two negative

charges, a direct binding of Mg+* to the channel seems less likely. One might

speculate that the mutations or chimeric constructs contain structural

rearrangements which allow Mg++ inhibition to take place. Another question

is why Catt fails to inhibit IRK3. Although Catt bears the same number of

charges, Mg+* differs from Catt in having a more bulky and tightly associated

hydrated shell. It may be this difference in size and hydration energy that

underlies Mg++ inhibition. It is important to keep in mind that free

intracellular Mg++ is more abundant than Catt. It is also likely that Mg++

exerts its action via other membrane-associated molecules. In this view, Mg+*

is actually a co-factor that titrates the activity of a membrane-associated

functional complex for signaling.

Physiological relevance of a slow modulation
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The inward rectifier K+ channels are active near the resting membrane

potential and contribute to the membrane input resistance. The ml AChR

mediated inhibition of IRK3 channel activities persists for a few minutes

after application and subsequent removal of agonists, and is much slower

than the activation of the G-protein gated inward rectifier K+ channels by m2

AChR (in the range of milliseconds to seconds). The former allows the fine

tuning of membrane resistance on minute-to-minute or even slower basis,

while the latter is suitable for rapid regulation of events such as heart beat.

For tonic neurons in the sympathetic ganglia and many central neurons, fast

synaptic inputs produce only small, subthreshold EPSPs that have to

summate in order to fire an action potential (Crowcroft et al., 1971;

McLachlan and Meckler, 1989). Integration of synaptic inputs may be more

effectively regulated by a slow but persistent inhibition of inward rectifier K*

channels as observed in this study.

93



Experimental procedures

Preparation of Xenopus oocytes

Stage V-VI oocytes were prepared from Xenopus laevis according to a

method described by Goldin et al., 1992. In vitro transcribed cFNA's (by

Ambion or Epicenter Technology transcription kits) of IRK3 (2.5 ng) and/or

m1AChR (25 ng) were injected into individual oocytes via an automatic

microinjector (Drummond). The oocytes were then distributed into 24-well

plates, 3-5 occytes per well, and incubated in OR-2 solutions containing

antibiotics. For two electrode voltage clamp experiments, the recording was

performed in days 1-3 after injection. The patch clamp experiments were

done in days 5-14.

Electrophysiology

- two-electrode voltage clamp

For the two electrode voltage clamp experiments, a CA-1 high performance

oocyte clamp (Dagan Instruments, Minneapolis, MN) was used for data

acquisition. The current was filtered at 1 kHz and digitized at 250 Hz for all

two electrode voltage clamp experiments.

The standard bath solution for two electrode voltage clamp experiments

consisted of 60 mM Tris/Tris-HCl, 30 mM KCl, 2 mM CaCl2, and 50 puM 4,4'-

diisothiocyanato-stilbene-2,2'-disulfonic acid (DIDS), pH 7.4. Sometimes, in

order to enhance the inward current amplitude, Tris/Tris-HCl was replaced

.
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with KCl. Carbachol was prepared as 1 M stock and added to bath solutions

before the experiments. DIDS was prepared fresh daily before experiments

due to its sensitivity to light.

Low Kt (30 mM) solution was used for the standard two-electrode voltage

clamp experiment for two reasons. First, in the low K+ solution, the outward

current is relatively larger than in the high K+ solution, which enables us to

determine the degree of rectification easier. Also the smaller inward current

in low K* solution allows better performance of voltage clamp, and minimizes

the measurement error due to the clamp artifacts. Second, Tris-ion is an

organic cation that usually does not permeate ion channels and will not elicit

additional current to compromise current separation in the oocytes.

Empirically, it appears that oocytes tolerated well this ion replacement in the

long recording that frequently last more than 30 minutes. Tris has the pKa

value of 8.0 which can be easily titrated with HCl. Tris cations are also

superior to other monovalent cations such as Nat, Li+ and N-methyl-D-

glucamine because Tris does not block IRK3 channels from the extracellular

site, which is a critical issue since the membrane was often held at -80 mV

and all the other monovalent cations showed a slow time-dependent block of

channels which is hard to separate from slow inhibition of IRK channels by

m1 receptor stimulation. The most important reason for including Tris in the

bath solution is for a tight control of the extracellular pH value. IRK3
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channels expressed in Xenopus oocytes have been shown to be sensitive to the

extracellular pH (Coulter et al., 1995). Although within my limited

experience this pH sensitivity was not very remarkable, inclusion of large

amounts of acid-base buffer avoided this potential complication (routinely in

my experiment 60 mM Tris). HEPES is as good as Tris for this purpose. But

because of its low pKa value, to obtain a solution with the same pH and

osmolarity, at least 40 mM K* has to be used. However, to buffer the internal

solution that was applied to the cytoplasmic side of membrane patches, Tris

is not a good choice due to its voltage dependent block of the IRK channels.

- patch clamp on Xenopus oocytes

An EPC-7 amplifier was used for the patch clamp experiments. For

successful patch recording of IRK3 on oocytes, two technical tips are worth

mentioning. First, oocytes have to be defolliculated in isotonic solutions.

Either ND-96 or OR-2 worked well in my hands. It is also important to avoid

any physical damage of the plasma membrane. Second, coat the giant patch

pipette tip with a suspension of parafilm, mineral oil and O-tocopherol (

kindly provided by my lab colleague Anthony Collins) and try to form the seal

by mouth suction as gently as possible.

In the experiment demonstrating the requirement of a diffusible second

messenger for IRK3 modulation, patch pipettes with 3 pum tip diameter were

used. To have stable recording for as long as 20 minutes, very gentle suction
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was applied for a brief period (less than 5 seconds) to allow seal formation,

and the negative pressure within the tubing was rapidly released and

equilibrated with the atmospheric pressure. This is important because any

sustained negative suction in the tubing would have caused continual

invagination of the membrane patch into the electrode and hence increased

membrane surface area which would be reflected as an increase in current

amplitude. I checked the membrane capacitance after my experiments

routinely to make sure that it did not increase. The patch membrane was

held at 0 mV for this long-duration experiment with frequent voltage jumps,

while in all my other patch clamped experiments, membrane was generally

held at more negative potential.

To obtain sufficient currents for perfusion experiments, I adopted the giant

patch recording technique as described previously (Collins et al., 1992), with

the tip diameters of recording pipettes ranging from 30 to 60 pum.

Capacitance compensation was routinely used. Data were sampled at 10 kHz

and filtered at 5 kHz unless otherwise specified. For small patches (below 1

pum diameter) recording, currents were sampled at 10 kHz and filtered at

3kHz and stored onto videotapes or hard drive of an IBM-PC.

- patch clamp on cultured mammalian cells

For whole cell recording, HEK 293 cells were bathed in a solution

containing 130 mM Tris/Tris-HCl, 30 mM KCl, 1.8 mM CaCl2, 0.8 mM MgCl2,
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10 mM glucose, pH 7.4 without any perfusion. The pipette solutions

contained 20 mM HEPES, 22 mM KOH, 20 mM KCl, 40 mM K2SO4, 10 mM

K2-chelator (EGTA, CDTA, or EDTA), pH 7.2. Pipettes for whole cell

recording were fabricated from pyrex glass and fire polished to a tip diameter

giving 1.0-1.5 MQ resistance when filled with pipette solution. After breaking

into the cells, capacitance cancellation and series resistance compensation

were completed in less than 40 seconds, otherwise the recording was

discontinued. Only cells having series resistance less than 4 MQ,

compensation for more than 80% and no deterioration of gigaohm seals were

used in the analysis of tonic inhibition. Junctional potential was nulled

immediately before seal formation.

Microinjection of chelator or other bio-active compound into oocytes

For the microinjection experiments, 50 nl of water or aqueous solution of

individual chemical was injected into individual oocytes and the final

concentrations were calculated by assuming that the volume of an oocyte was

0.5-1.0 ml. Since microinjections in general increased the membrane leak

current due to physical trauma of oocytes, short-shank but fine-tip injection

electrodes were used. These injection electrodes were fabricated by a two

stage pulling process with a programmable puller (Flaming/Brown

Micropipette puller, Model P-87, Sutter Instrument, CA). After
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microinjection, oocytes were left in regular OR-2 solutions for 15-60 minutes

to facilitate the recovery of membrane integrity.

Mammalian cell culture and transfection

All mammalian cells are cultured with the DMEM/F12 supplemented with

2 mM glutamine, 10% fetal bovine serum, and antibiotics at 37° C and 5%

CO2. HEK 293 cells were transfected with plasmid (pCDNA3, Invitrogen)

encoding IRK3 cDNA by standard procedures using lipofectamine (GIBCO,

BRL) and then selected in 0.7 mg/ml G418 and cloned according to the

principle of limited dilution.

Materials

Peptide inhibitor of PKC (PKC 19-36), PI-specific phospholipase, and

catalytic subunits of PKC were from Calbiochem, CA. Phorbol 12-myristate

13-acetate (PMA), H8, lavendustin A, and cyclic AMP analogs were from RBI,

MA. 4-0 PMA, diacylglycerol, arachidonic acid, genestein were from Biomol,

PA. A23.187 was from Molecular Probe, OR. The other chemicals were from

SIGMA, MO.
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Analysis of electrophysiology data

- extent of ml AChR mediated modulation

Since ml inhibition of IRK3 and the mutants has a slow time course, a

ramp protocol was adopted to ascertain that the change of current amplitudes

during the entire experiments was due to a change of channel activity and

not to non-specific voltage shift and other potential electronic artifacts. In

general, the membrane was held at -80 mV and subjected to a 2-second

voltage ramp from -120 mV to +80 mV every 10 seconds. The ramp protocol

allowed me to inspect the zero current potential (equilibrium potential of

potassium when inward rectifier current is the major ionic conductance on

the membrane) continually to ensure the stability of the recording system.

Channel activity was measured as the slope conductance far from EK.

Because the current-voltage (I-V) relationship of inward rectifier potassium

channels are almost linear at membrane potentials below EK, the slope

conductance measurement reliably reflects the amount of current at various

membrane potentials. The linearity of this I-V relationship can be used to

monitor for possible contaminating current arising from other voltage

dependent ion channels, which may not be apparent by applying voltage

steps as usually performed in other modulation studies. The percentage of

inhibition is calculated as the 100 - 100 × ( remaining current at maximal

inhibition / current before application of agonist).
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- determining if a channel is modulated by mlAChR activation

Because of the variability of ml inhibition of IRK channels, I compared

multiple batches of Xenopus oocytes injected with the same amount of cFNAs

of IRK3 and mlAChR and determined the range of ml inhibition on IRK3

channels. Similar experiments were performed for IRK1 and ml AChR to

verify that IRK1 is not modulated by ml AChR stimulation in the oocyte

expression system. These experiments were more difficult to evaluate for the

mutants and chimeras, mainly due to the quantitative nature of ml

modulation. To address a question such as “ is a channel modulated by ml

receptor activation?”, the formal test is the paired t-test for a specific

construct comparing before and after agonist application. This paired t-test

allows me to find any possible modulation of a mutant channel. However, it

does not allow me to answer if the modulation of the mutant channel is

similar to the modulation of wild type IRK3 channel. Hence, for the purpose

of facilitating domain mapping for the minimal requirement in ml

modulation of inward rectifier K+ channels, I arbitrarily set 10% reduction as

the cutoff point. The second issue regarding the examination of mutants is

the kinetics of the modulation. Since ml modulation of IRK3 always began

within 20-60 seconds and peaked within 3-5 minutes, it is possible that the

time course of modulation of other mutant channels will differ and be missed

if the duration of agonist application is too short. Fortunately, most of the
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mutant channels that inherit ml inhibition had their modulation occur

within 5 minutes, thus avoiding this potential problem.

- the determination of intracellular Mg++ effect in patch clamp

recording

With the patch clamp recording techniques, one can examine ion channel

activity on a living cell during cell-attached configuration and with the

excised inside-out configuration one can perfuse the patch with the desired

recipe of internal solution. It is important to reiterate that the electric

parameters in these two configuration is not exactly exchangeable. This is

especially true for the membrane potential and the intracellular permeating

ion concentrations. Based on the first law of thermodynamics, one can record

in the cell-attached configuration with clamped potentials contaminated by

an offset potential from the rest of cell membrane that is not under voltage

clamp. This offset potential could cause a problem if it varies during the

course of recording. High K+ concentration bath solution will minimize this

error, in an oocyte expressing predominantly K+ current. In my experiment,

the bath solution always contained 150 mM K*.

The second problem arose from the excision of membrane patches. The

cytoplasmic side of the membrane now faces the bath solution. Due to the

difference of ionic composition between the bath solution and the cytosol, a

new junctional potential developes, which is large enough to cause a change
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in current amplitude at any voltage. Although empirically one can determine

the value of this junctional potential and correct it in data analysis, it would

be too troublesome to determine all the values of junctional potentials if

multiple solutions were used in the patch perfusion experiment. To avoid this

complication, I measured the activities of these inward rectifiers with their

slope conductance which is dependent only on the extracellular K*

concentration that was a constant throughout the experiments.

Another issue in analyzing the Mg++ inhibition of channels is the

separation of surface potential effect of Mg++ from its inhibitory action. The

slope conductance at membrane potentials sufficiently negative to EK,

therefore, is a better indicator of channel activity than the absolute current

amplitude (Figure 23).
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Figure 23. The surface potential effect from intracellular Mg++ on IRK1

channels. Three ramp traces showing excised inside-out patch recording

with three different solutions containing various concentration of free

Mg++. Note that increase of free Mg+* on the cytoplasmic side causes

change of the curvatures of these ramp traces at membrane potential close

to EK and a voltage shift toward a more negative potential. At membrane

potential of -60 mV, if absolute current amplitude were used as the

indicator of channel activity, one would perceive an “inhibition” from Mg++

ion. However, because the slopes of these traces are approximately equal,

it is more reasonable to attribute such a reduction of inward current to

surface potential effect of divalent ions. This surface potential effect may

also partially explain the increase of single channel conductance when we

excised the cell-attached patches into a solution containing large amount

of EDTA.
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