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SUMMARY
The effects ofthe proteolytic enzyme trypsin upon ATP-sensitive
potassium (KAW) channel activity were examined in the CRI-Gi
insulin-secreting cell line. Trypsin activated channels only when
applied to the intracellular surface of the cell membrane. The
activation could be prevented by the concomitant application of
trypsin inhibitor or by heat inactivation of the enzyme. The
trypsin-induced change in channel activity was accompanied by
a reduction in the rate of channel rundown. However, trypsin did
not affect the mean single channel conductance (55.2 pS), the
ionic selectivity, or rectification of the KATP channel. Concentra-
tion response curves for various KAIP channel inhibitors were
constructed in the presence and absence of intracellular trypsin.
The EC� for tolbutamide was shifted from 30.0 ± 4.5 �M, with
100 zg/ml heat-inactivated trypsin present to 9.7 ± 1 .0 m� with

active trypsin in the intracellular solution. Treatment of the cells’
external surface with 1 mg/mI trypsin did not alter the potency
of tolbutamide. Intracellular trypsin also produced a significant
fall in the potency of glibenclamide, meglitinide, and phentolamine
but did not alter the effectiveness of thiopentone. Radioligand
binding studies demonstrated a total loss of 3H-Iabeled gliben-
clamide binding when the intracellular surface of the cells was
exposed to trypsin. In contrast, 3H-labeled glibenclamide binding
was not affected when the enzyme was applied to the external
surface. Trypsin treatment, therefore, alters a number of char-
actenstics of KAW channel pharmacology, and we suggest that
this is due to action at possibly more than one site but includes
the functional cleavage of the sulfonylurea receptor from the
KATP channel.

The KATP channel is present in a wide variety of tissues (for

review, see Ref. 1) and appears to represent a novel class of

ionic channels linked by their sensitivity to intracellular fluc-

tuations in the concentrations of various nucleotides. In addi-
tion to this regulation, various pharmacological agents can also
modulate KATP channel activity. For example, potassium chan-

nel openers such as diazoxide can potentiate channel activity
(2), and numerous agents can act to reduce channel activity.

These agents include the sulfonylureas (3), barbiturates (4), a

adrenoceptor antagonists (5), and phenothiazines (6).

Of the agents known to inhibit KATP channel activity, the

sulfonylureas appear most specific. Binding sites for these

agents have been shown to have a very similar tissue distribu-
tion to the KATP channel itself, and this has fueled speculation

that the sulfonylurea receptor is an integral part ofthis channel.

Recent studies using various insulin-secreting cell lines have
provided evidence both for and against this hypothesis (7, 8).

The site of action of the sulfonylureas is also presently a

source of controversy. Initial studies suggest that these agents

act from the external surface (9), although, more recently, an
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internal site of action has been proposed (10). These funds-
mental questions, like many of the uncertainties surrounding

the properties of other ion channel proteins, awaits the eluci-

dation of KATP channel structure before an answer can be

obtained. However, enzymatic and chemical techniques have

previously proven useful in aiding the molecular determination

of channel structure and function. A good example of this

approach has been the use of proteolytic enzymes to remove

the inactivation of sodium, calcium, and potassium channels
(11-13). These observations paved the way for the development

of a “ball and chain hypothesis” for channel inactivation, which

has subsequently been vindicated using molecular techniques

(14).

Trypsin, which cleaves specifically at lysine and arginine

residues (15), is capable of activating the KATP channel and
reversing channel rundown when applied intracellularly to both

cardiac and pancreatic fl-cell membranes (16, 17). Coupled with

this change in KATP channel activity is an apparent loss of

sensitivity to diazoxide (19) and the sulfonylureas (20). Because

we have recently shown that critical lysine and arginine resi-

dues are involved in the interaction between sulfonylureas and

the KATP channel (18), the present study was undertaken in

order to characterize the pharmacology of the trypsin-modified
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KATP channel and associated sulfonylurea receptor in greater

detail.

Materials and Methods

Cell culture

Cells of the rat pancreatic islet cell line CRI-G1 were cultured and

passaged at 2-5-day intervals as previously described (21). Cells used
for patch-clamp experiments were plated onto 3.5-cm petri dishes
(Falcon 3001) at a density of approximately 1.5 x 10� cells/dish. The
cells were used 2-4 days (inclusive) after plating.

Electrical recording and analysis
This study employed both the cell-free and whole cell configurations

of the patch-clamp recording technique, as described by Hamill et aL

(22). Recordingelectrodes were pulled from borosilicate glass capillaries

and, when filled with electrolyte, had resistances of 8-12 MO for
isolated patch experiments, and 2-5 MO for whole cell recording. Single

channelevents were detected using a List EPC-7 or Axopatch 2D patch
clamp amplifier and were stored on digital audio tape or magnetic tape
(Racal 4DS). Records used for illustrative purposes were replayed into
a chart recorder (Gould 2200), which filtered the data at 140 Hz. The
potential across the membrane is described following the usual sign
convention for membrane potential (i.e., inside negative). Outward
current (defmed as the current flowing from the intra- to the extracel-
lular side of the membrane) is shown as upward deflections on all

traces. The single channel current analysis was determined off-line
using a program that incorporated a 50% threshold-crossing parameter
to detect events (23) and run on an Apricot XEN-i286/45 microcom-
puter. Data segments between 30- and 90-s duration were replayed at
the recorded speed and filtered at 1.0 kHz using an 8-pole Bessel filter
and digitized at 5.0 kHz using a Data Translation 2801A interface. The
average channel activity (Ne. P0) where Nf is the number of functional

channels in the patch and P0 is the open state probability, was deter-
mined by measuring the total time spent at each unitary current level
and expressed as a proportion of the total time recorded (24). Changes
in N�.P0 as a result of drug effects are expressed as a percentage of
control. In order to determine statistically how channel modification

by trypsin affected the inhibitory effectiveness of various agents, the

percentage inhibition produced before and after trypsin application
was assessed for significant differences using one-way analysis of
variance (ANOVA). To obtain whole cell currents, the cell was voltage

clamped at a holding potential of -70 mV, and alternate ±10-mV
pulses of 200-ms duration were elicited at 2-s intervals as described
previously (24, 25). Drug effects were quantified by measuring the
amplitudes of the current responses (I) during drug exposure and
comparing them with those observed under control conditions (Ia).
Values for the controls were obtained by calculating the mean ampli-
tude before and after the application of drug, which enabled the slow
process of rundown to be taken into account as the experiment pro-

gressed. The concentration-inhibition curves were fitted by nonlinear
regression to the following equation:

I/Ic = 1/(1 + (a/b)”) (Eq. 1)

where a = drug concentration, b = half-maximal inhibitory concentra-
tion, and n = Hill coefficient.

To quantify the extent of KATP channel rundown in the whole cell

recording configuration, currents were recorded onto chart paper and

the amplitudes measured by hand. The amplitudes of the current
responses were measured at constant time intervals (Ii) after peak

current was attained (4), and any change expressed as the natural

logarithm of the normalized ratio (I’) was as follows.

I, = 1n(L/I� x 100)

By plotting I’ against time, the rate constants for current rundown can
be determined. The effect of trypsin upon the maximum current

amplitude attained (taking cell size into account) was determined by

measuring the peak current observed in response to the depolarizing
pulses (taking into account the voltage error after series resistance

compensation) and dividing by the measured capacitance of the cell.

The resultant values in pA/pF represent the current densities/100 ��m2

(26).

Solutions

Before use, the cells were washed thoroughly with solution A, which
consisted of (mM): NaCl (135.0), KC1 (5.0), CaCl2 (1.0), MgCl2 (1.0),

HEPES (10.0) with pH adjusted to 7.4 with NaOH. For whole cell
voltage clamp studies, the cells were bathed in solution A, and the
pipette contained (mM); KC1 (140.0), MgCl2 (1.0), CaCl2 (2.0), K2EGTA
(10.0), HEPES (10.0) with pH adjusted to 7.2 with KOH, which resulted
in free Ca2� and � concentrations of 20 nM and 0.65 mM, respee-
tively (solution B). In experiments using the inside-out configuration,
the pipette contained solution A or (mM) KC1 (140.0), MgCl2 (1.0),

CaCl2 (1.0), HEPES (10.0) with pH adjusted to 7.2 with KOH (solution

C), and the bath solution was solution B. In experiments on outside-

out patches, the bath solution was solution C, and the pipette solution
was solution B. The concentrations of free divalent cations were
determined by using a program for calculating metal ion/ligand binding
“METLIG” (P. England and R Denton, University of Bristol).

Tolbutamide and thiopentone were each made up as 500 mM stock

solutions in either 1 M KOH or 1 M NaOH. Meglitinide (HB699) and
phentolamine were made up as 100 mM stock solutions in dimethyl
sulfoxide, and glibenclamide stock solutions (5 mM) were made up in

methanol. K2ATP, in addition to trypsin (type XI; Sigma Chemical
Co., St. Louis, MO) and trypsin inhibitor, were freshly dissolved into
the respective solution immediately prior to the experiment. Trypsin
was heat-inactivated by boiling at 90’ for 15 mm. Meglitinide was

provided by Hoechst Aktiengesellshaft, Frankfurt, Germany. All other
drugs listed above were obtained from Sigma (Poole, Dorset, United
Kingdom).

Preparation of cells for binding
Membrane preparation. CRI-G1 cells were grown to 70-80%

confluence in Falcon 3027 805-cm2 roller bottles (-2.5 x i0� cells).
Cells were harvested by scraping with a rubber policeman and centri-
fuged for 10 mm at 220 x g (MSE; Crawley, United Kingdom). The
supernatant was removed by aspiration, and cells were resuspended in
ice-cold 10 mM HEPES pH 7.4 containing 200 mM D-mannitol and 65
mM sucrose. All subsequent procedures were performed at 4’. The cell
suspension was homogenized in a 40-mi capacity glass tube homoge-

nizer (Jencons Scientific, Leighton Buzzard, Beds., U. K.) using 10
strokes of a Teflon pestle driven at 600 rpm’ and then sonicated for
10 5 at 30 W (MSE Sonifier). The homogenate was centrifuged for 15
mm at 500 x g to remove unbroken cells and nuclei, and the resulting
supernatant was centrifuged for 30 mm at 70,000 x g (OTD65B Sorvall

ultracentrifuge; Du Pont Ltd., Stevenage, U. K.) to produce a crude
membrane fraction. This was resuspended in 50 mM Tris/HC1 (pH 7.4)

and the latter centrifugation step repeated. The resulting pellet was
resuspended in 50 mM Tris/HC1 (pH 7.4) containing 100 �iM phenyl-
methylsulfonyl fluoride, 10 �M Pepstatin A, and 20 �zM trans-epoxy-
succinyl-L-leucylamido(4-guanido)-butane (E64) and stored under liq-

uid nitrogen prior to use.

Time course of trypsinization. Crude membrane fractions were
prepared as described above. These were immediately incubated with
100 �ig/ml trypsin for varying lengths of time before the addition of

200 �zg/ml trypsin inhibitor. Reaction mixtures were then incubated
for 2 hr at room temperature in 0.5 ml of assay buffer, 50 mM Tris/

HC1 (pH 7.4), 0.2 nM 3H-labeled glibenclamide (50.9 Ci mmor’; Du
Pont Ltd.) and 1 iM glibenclamide where appropriate. Incubations

(Eq 2) were terminated as described below.
Trypsinization of whole cells. Cells were grown to 70-80% con-

fluence in 805 cm2 roller bottles. The medium was removed by aspira-
tion and cells incubated for 10 mm at room temperature in Hanks
physiological saline (137 mM NaCl, 5.4 mM KC1, 1.67 mM MgSO4, 4
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mM CaCl2, 0.34 mM Na2HPO4, 4.2 mM NaHCO3 (pH 7.4)) in the

presence or absence of 100 �g/ml trypsin. Proteolytic action was

stopped by the addition of 200 �tg/ml trypsin inhibitor. Membranes

were then prepared and stored as described above. Radioligand binding

studies were then undertaken as indicated below.

3H-Labeled glibenclamide binding. CRI-Gi membrane fractions

(50 � of protein) were incubated for 2 hr at room temperature in 0.5

ml of assay buffer, 50 mM Tris/HCI (pH 7.4) containing 0.04-5 nM 3H-

labeled glibenclamide (50.9 Ci mmol’; Du Pont Ltd.) and 1 �tM gliben-

clamide where appropriate. Incubations were terminated by addition

of 2 ml of ice-cold buffer, and bound ligand was collected by rapid
vacuum filtration onto 2.5-cm diameter GF/B filter discs (Whatman
International Ltd., Maidstone, U. K.). Filters were washed with 4 x 2

ml of buffer and the bound radioactivity determined by liquid scintil-

lation counting using OptiPhase HiSafe II (LKB Scintillation Prod-

ucts, Loughborough, U. K.) and a Packard liquid-scintillation spec-
trometer (Canberra Packard, Berks., U. K.).

Results

Single channel studies

Initial experiments examined the effects of trypsin upon KATP

channel activity when applied to either the internal or external
surfaces of isolated membrane patches from the CRI-Gi insu-

lin-secreting cell line. Exposure of the intracellular aspect of

the patch to trypsin for approximately 30 s produced an in-

crease in the level of channel activity (Fig. la). Analysis of the
activation showed that trypsin at a concentration of 100 �tg/ml

provoked an increase in channel activity of 345.7 ± 34.3% (n

= 15) over control values, which were measured immediately

before enzyme application. This channel activation arose due

to an increase in both the number of functional channels

present in the patch (Nf) and their open probability (P0) and

was unaffected by the holding potential (±50 mV). Following

trypsinization, the channels’ sensitivity to ATP was reduced.

In our studies, 50 �tM ATP induced 87.4 ± 4.5% (n = 5)

inhibition before trypsinization but only 18.7 ± 3.4% (n = 5)

inhibition afterwards (p < 0.05) (Table 1). Although we have

not examined the reduction in ATP’s potency in great detail,

after trypsinization, 500 �M ATP appeared to induce a similar
level of KATP channel inhibition (90.4 ± 5.6%; n = 7) (see Fig.

4) as 50 �M ATP did before tryptic digestion (Fig. la). After
trypsinization, KATP channel activity remained highly active

for the duration of the patch lifetime with little or no rundown

observed even after approximately 2 hr. In contrast, under
similar conditions, the KATP channel in the absence of tryptic

digestion underwent an irreversible loss of activity, which was

complete within 30 mm of patch excision. Exposure of the
extracellular surface of membrane patches to 100 �g/ml trypsin
did not alter the level of channel activity (n = 17; not shown).

Furthermore concentrations of 500 �zg/ml (n = 12) and 1 mg/

ml (n = 5) trypsin consistently failed to activate KATP channels

when applied to the external surface, though the higher dose

did reduce patch stability.
Although the application of trypsin to the intracellular sur-

face affected the level of channel activity, this treatment did
not alter the channels’ pore properties, which were examined

pre- and post-trypsin in both symmetrical and asymmetrical
potassium. The mean current-voltage relationships for the KATP

channel under these conditions are displayed in Fig. 2. In

symmetrical 140 mM potassium, the channel displayed a rever-

sal potential of 0 mV and a mean slope conductance of 54.7 ±

5.8 pS (n = 17). The channel exhibited the property of inward

rectification at depolarized potentials as expected in the pres-

ence of Mg�� (27, 28). None of these characteristics were altered

by trypsinization (n = 1 1). In asymmetric conditions, the

extrapolated reversal potential was approximately -80 mV (n

= 9), which is close to the calculated value of -84 mV for a

potassium-selective conductance, and treatment of the isolated

patch with trypsin again failed to affect the current-voltage
relationship (n = 7). On no occasion was trypsin application

observed to activate any other type of channel under the ionic

conditions employed.

The nature of the KATP channel activation produced by

trypsin was then examined to determine whether or not this

was dependent on its enzymatic properties. The addition of the

trypsin, in the presence of the same concentration of trypsin

inhibitor (100 zg/ml), to the internal surface of an inside-out

patch produced no change in the level of channel activity, and

the gradual time-dependent fall in channel activity known as

rundown was noted as previously characterized (n = 6) (26).

Similarly, in four separate experiments, heat-inactivated tryp-

sin (100 .tg/ml) failed to affect channel activity.

Whole cell studies

The time-dependent loss of KATP channel activity termed

rundown is not completely understood, although this process

does appear to be Mg�-dependent in nature (26). Following

trypsinization, it was noted that channel rundown was very

much reduced in excised patch studies (Fig. lb). In order to

quantify the effects of trypsin upon the rate of channel run-

down, the whole cell recording technique was employed. A

typical whole cell recording illustrating rundown of KATP cur-

rent is shown in Fig. 3a. In this experiment, the cell was dialyzed

with solution B, which contained 0.65 mM � Upon forma-

tion of the whole cell voltage clamp, there is a gradual increase

in the KATP current with time presumably due to washout of

intracellular ATP with dialysis with the pipette solution (2).

After several minutes, the current amplitude peaks and subse-

quently proceeds to decline with time (a phenomenon known
as rundown. If the same procedure is repeated but with 100 �sg/

ml trypsin added to the pipette solution, a similar increase of

KATP current occurs with time (Fig. 3b). However, in marked

contrast to the experiment performed in the absence of trypsin,

the current amplitude does not show a marked decline but

remains at a level close to the peak amplitude for many minutes

and then exhibits a very slow decrease.

The decrease in KATP current amplitude with time after the

peak is illustrated graphically for both conditions in Fig. 3c.

From this semi-logarithmic plot, it can be seen that in the

presence of 0.65 mM � intracellularly, rundown occurs

exponentially and exhibits two components as reported previ-

ously (26). In the present study, the initial slow a phase

occurred at a rate 1.68 hr�, and the second more rapid fi phase

occurred at a rate of 7.44 ± 0.84 hr’. In contrast, when the

pipette solution contained trypsin, the decline in KATP currents
was much slower and could be characterized by a single rate

constant of 0.47 ± 0.03 hr’.

The introduction of 100 �zg/ml trypsin into the electrode

solution was found to significantly increase the size of the

whole cell conductance (p < 0.05). In the absence of trypsin,

the whole cell current density was 16.32 ± 1.76 pA/pF (n =

42); however, when trypsin was added to the electrode solution,
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Fig. 1. Single channel currents recorded from an inside-out membrane patch exposed to symmetrical 140 m� KCI held at a membrane potential of
+50 mV. The patch was continually perfused throughout the course of the experiment with solution A to which various additions were made as
denoted by the bars beneath the recordings. a, prior to trypsinization, 50 �M ATP produces a reversible inhibition of KAW channel activity. The
subsequent exposure of these channels to 100 �g/ml trypsin produces a large activation of channel activity, which is only slightly inhibited by 50 �M

ATP. However, the application of 500 �M ATP is able to produce a large inhibition of channel activity. The values for N�.P0 were as follows: control,
1 .44; 50 �iM ATP, 0.33; wash, I .41 ; trypsin, 1 1 .43; 50 �M ATP, 8.97; wash, 9.58; 500 �tM ATP, 0.97; wash, 6.1 5. b, approximately 1 hr after the
washout of 500 �M ATP, the KATP channel remained highly active with N,.P0 of 9.15.

the whole cell current density was 25.47 ± 3.02 pA/pF (n =

28).

Pharmacology of the trypsinized KATP

Initial reports have shown that the intracellular application

of trypsin dramatically reduces KATP channel sensitivity to

tolbutamide in �3-cells (20) and to tolbutamide and glibenclam-

ide in cardiac myocytes (29). We therefore decided to examine

the effect of trypsin on these sulfonylureas and other inhibitors

of the KATP channel in CRI-Gi cells. A number of known KATP

channel inhibitors were used at concentrations capable of in-

ducing approximately 90% channel inhibition when applied to

the internal surface of an inside-out patch in the absence of

trypsin. The results obtained are summarized in Table 1. The
inhibitory effectiveness of the sulfonylureas tolbutamide and

glibenclamide are significantly reduced by pretreating the patch

with 100 �ig/ml enzyme trypsin (Table 1) (p < 0.05). Meglitin-

ide is the nonsulfonylurea structural component of glibenclam-

ide and is capable of inhibiting KATP channel activity and

stimulating insulin secretion (25). In these studies, 10 zM

meglitinide induced over 90% inhibition of KATP channel activ-

ity (Table 1). After trypsinization, however, the same concen-

tration of meglitinide was significantly less effective, now pro-

ducing less than 10% KATP channel inhibition (p < 0.05). An
example of the lack of effect of glibenclamide following trypsin-

ization is shown in Fig. 4.

The a2 adrenoceptor antagonist phentolamine and the bar-

biturate thiopentone are also known to inhibit KATP channel

activity (4, 5). As shown in Table 1, both agents produced a

potent inhibition of channel activity prior to trypsin applica-

tion. After trypsinization, the inhibitory effectiveness of phen-

tolamine was significantly reduced (Table 1) (p < 0.05). How-

ever, the inhibitory effects of thiopentone were unaffected by

this enzymatic digestion (Table 1).
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TABLE 1 (a)

Summary of the effects of various KATP channel inhibitors when
applied to the Internal surface of excised inside-out patches before
and after treatment with 100 iig/ml trypsin.
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Membrane patches were head at ho$ding potentials ranging between +50 and -50
mV under conditions of symmetrical 140 m� KCI. The eleCtrOde was flOod with
solution C, and the bath contained solution B. Percent inhibition refers to the
reductson in the � channel open probability(N,.P0) as a percentage of the control
activity. The inhibition produced by all these compounds was independent of the
membrane holding potential. Values are means ± SE; the number of experiments
performed are shown in parentheses.

Aget� Before trypsin Aft� 100 �g/rrd trypsin

%

1 00 �M TOlbUtamide 95.2 ± 3.2 (n = 1 4) 8.4 ± 4.3 (n = 5)

5 �iM Glibenclamide 97.3 ± 5.7 (n = 4) 20.2 ± 1 1 .3 (n = 4)

50 �M ATP 87.4 ± 4.5 (n = 5) 18.7 ± 3.4 (n = 5)

10 �M Meglitinide 92.3 ± 2.5 (n = 13) 6.3 ± 3.2 (n = 4)

10 �zM Phentolamine 81.34 ± 11.4(n = 6) 53.8 ± 7.0(n = 8�

1 00 �M Thiopentone 92.2 ± 2.6 (n = 8) 90.3 ± 3.4 (n = 3)

a Signiflcantly(p < 0.05)different with respect to inhibition produced prior to the
ap�tion of trypsin.

KpA)

6

-6

-8

Fig. 2. Single channel current-voltage relationship of the KATP channel
present in the CRI-G1 insulin-secreting cell line before and after applica-
tion of 1 00 zg/ml trypsin to the intracellular surface of excised inside-out
patches. a, current-voltage relationships for the K,� channel in symmet-
ncal (circles) and asymmetrical (squares) conditions. Filled symbols
indicate the values obtained for the trypsinized channel and directly
overlie the values obtained for the normal channel (open symbols) except
where addi�onal points were Obtained for the normal channel. Values
given indicate the mean values of three experiments. In each case, the
SE was within the size of the symbols. Note the pronounced inward
rectification exhibited by the channel in both solution conditions.

The extracellular application of trypsin did not affect KATP

channel activity per se, but it was necessary to test whether it
could influence the pharmacological inhibition of the channel.
When trypsin at 500 �ig/ml was applied to the external surface
of an outside-out patch, the inhibitory effectiveness of 100 �tM

tolbutamide applied to the external surface was not affected.

In the absence of trypsin, this concentration of tolbutamide

produced 83.6 ± 7.8% (n = 4) inhibition, and, following tryp-

sinization, 75.8 ± 9.1% (n = 5) inhibition was achieved. Fur-

thermore, the inhibitory effectiveness of both 10 �M phentola-
mine (80.4 ± 10.5% (n = 4) inhibition before and 73.3 ± 7.1%

(n = 5) inhibition after trypsinization) and thiopentone (92.6

± 4.8% (n = 5) inhibition before and 88.2 ± 7.2% (n = 5)

inhibition after trypsinization) were similarly unaffected by

trypsinization of the external surface of outside-out patches.

Detailed studies of the concentration dependence of KATP

channel inhibitors cannot easily be performed on isolated mem-

Fig. 3. Effects of 100 �g/ml trypsin on whole cell K� currents recorded
from voltage-clamped CRI-G1 cells. The cell membrane was voltage
clamped at a holding potential between -70 and -75 mV, and alternate
±10 mV pulses, 200 ms in duration, were applied every 2 s. The resultant
KAW current responses are denoted by the vertical lines. a, in this
recording, the cell was bathed in solution A, and the electrode contained
solution B. The cell exhibited the typical time course of activation and
subsequent rundown of KATP currents. b, in this recording, the cell was
bathed in solution A, and the electrode contained solution B to which
100 �g/ml trypsin was added. This resulted in a typical time course of
activation, but, following the peak current, rundown was reduced sub-
stantially. c, change in whole cell K� current amplitude with time after
the peak current. The data are expressed as the natural logarlthm of the
normalized ratio (I’) of the currents at a given time with respect to the
peak current. The graphs were drawn from the data shown in a and b in
the presence (0) and absence (#{149})of 100 �tg/ml trypsin in the alectrode
solu�on.

brane patches. The principal reasons for this are the wide
variations in channel activity between patches and the phenom-

enon of channel rundown (30). A more accurate means by
which to assess the concentration dependence of the above
compounds is to use the whole cell configuration (2, 25).

Experiments were performed to examine tolbutamide inhi-
bition ofwhole cell KATP currents following exposure of internal

or external surfaces of the cell membrane to trypsin. In the
absence of trypsin, from both the bath and pipette solutions,

the application ofextracellular tolbutamide produced inhibition
of the whole cell current and an ECse of 12.1 ± 2.2 �M and a

Hill coefficient of 0.95, consistent with previous investigations

(31). However, when tolbutamide was applied to cells that had
been dialyzed with pipette solutions containing 100 �g/ml
trypsin, there was a dramatic reduction in tolbutamide-depend-
ent inhibition. For example, the initial application of an ex-
tremely high concentration of tolbutamide (1 mM) produced
only a small reduction in the whole cell current, which slowly
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5uM Glibenclamide

trode solution of 100 zg/ml heat-inactivated trypsin or by

<C treatment of the cells’ external surface with 1 mg/ml trypsin.
The EC� obtained for tolbutamide under such conditions were
30.0 ± 4.5 �M (14 cells) and 47.7 ± 12.2 �M (16 cells), respec-

tively.
Similarly, the introduction of 100 �ig/ml trypsin into the

< 5 pipette solution dramatically reduced the sensitivity ofthe KATP

whole cell currents to glibenclamide. The EC� for glibenclam-

ide under such circumstances was calculated to be 1.0 ± 0.2

mM (19 cells) with a Hill coefficient of 2.9. These values were
obtained assuming the same maximal effectiveness of gliben-
clamide as obtained previously (31), where an EC� of 2.1 nM

and a Hill coefficient of 1.48 was derived.
The effect of trypsin on the nonsulfonylurea KATP channel

inhibitors was also examined using the whole cell recording.
Fig. 6 displays the effects of trypsin upon the ability of megli-
tinide and phentolamine to inhibit whole cell KATP currents. In
the absence of trypsin, both agents produced a poorly reversible

inhibition of KATP currents as demonstrated in Fig. 6, a and b.

The calculated ECse values under such conditions were 39.8 ±

8.9 nM for meglitinide (18 cells) and 0.79 ± 0.08 �M for phen-
tolamine (21 cells). These values compare well with those
reported previously (5, 32). However, when 100 zg/ml trypsin

was introduced into the electrode solution, the inhibitory effec-
tiveness of meglitinide was dramatically reduced (Fig. 6, c and
d), and the effectiveness of phentolamine was also reduced
though to a lesser extent. Under such conditions, the EC� for
meglitinide was 28.3 ± 25.2 mM (15 cells) and the EC�o for
phentolamine was 69.2 ± 17.9 �M (24 cells). In contrast, the

barbiturate thiopentone (100 �.iM) produced an inhibition of the

whole cell currents in the presence of intracellular trypsin (Fig.
5a) with an ECse of 36.8 ± 10.8 �zM (18 cells), which was not

significantly different from the value we have previously ob-

tamed in the absence of trypsin (69.5 ± 18.6 �tM) (31).

Binding studies

5PAI 2s

Fig. 4. Single channel currents recorded from an inside-out membrane
patch exposed to symmetrical 140 m� KCI held at a membrane potential
of -40 mV. The appliCatiOn of 1 00 ,�g/ml trypsin to the patches’ intra-
cellular surface induced a large activation of the KATP channel open
probability. Once treated with trypsin, the sensitivity of the KATP channel
to the sulfonylurea glibendamide and also to ATP was reduced. The
values for Nf.P0 were as follows: control, 2.1 1 ; trypsin, 4.45; glibenclam-
ide, 4.11; ATP, 0.09; wash, 4.02.

reversed as the trypsin began to take full effect (Fig. 5a).
Subsequent exposure of the cell to the same concentration of

tolbutaniide failed to produce any inhibition. Furthermore, 10

mM tolbutamide produced only approximately 50% inhibition,
and 100 �M tolbutamide was ineffective. The EC�o for tolbuta-

mide in the presence of 100 �tg/ml trypsin in the electrode

solution was found to be 9.7 ± 1.0 mM with a Hill coefficient

of 1.9 (22 cells; Fig. 5d). To obtain these values, it was necessary
to assume the same maximal effectiveness of tolbutamide as
was observed in the absence of trypsin, where an EC�,o of 12.1
± 2.2 �iM was obtained (31). As shown in Fig. 5, b and c,

tolbutamide inhibition was only slightly affected by an elec-

In order to assess whether or not the effect of trypsin was to
‘ 5 remove the sulfonylurea receptor or to disrupt the linkage

between channel and receptor, the effects of trypsin upon the
binding characteristics of glibenclamide were examined. In Fig.

7a, the effect of exposing 100 �zg/ml trypsin to the membrane

homogenate for varying lengths of time is shown. After a 10-
mm exposure to the enzyme, specific high affinity glibenclam-

ide binding was completely lost. However, when the above

concentration of trypsin was exposed to the external surface of
intact cells for a period of 10 mm and glibenclamide binding

subsequently examined, no significant change in the character-
istics of 3H-labeled glibenclamide binding was observed (Fig.

7b) (Kd 1.23 ± 0.26 nM and Bm..� 1449 ± 77 fmol/mg for trypsin
treated cells, Kd 0.97 ± 0.12 nM and Bm� 1183 ± 115 fmol/mg

for control conditions).

Discussion

The principal finding of this study is that in the CRI-Gi

insulin-secreting cell line, the exposure of the intracellular
surface of the plasma membrane to trypsin leads to an irre-
versible change in KATP channel characteristics. This action

appears specific to the intracellular surface, because the enzyme
is ineffective when applied to the external surface at 5 and 10

times the concentration used to produce effects at the internal
surface. Trypsin cleaves peptides specifically at lysine and
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Fig. 5. Recordings of whole cell voltage-damped K� currents from
single CRI-G1 cells. The extracellular solution was A, and the pipette
solu�on was B. The cell membrane. was clamped at -70 mV, and
alternate voltage pulses of ±1 0 mV, 200 ms in duration, were applied at
2-s intervals. The current responses are denoted by the vertical lines.
The bath was continuously perfused with solution A, and drug additions
were made as denoted by the bars. The abbreviation ToIb represents
tolbutamide, and Thio represents thiopentone. a, with 1 00 �g/ml trypsin
present in the electrode solution, the inhibitory effectiveness of tolbuta-
mide is small. The appliCatiOn of tolbutamide at high concentrations (1
mM) eafly in the course of the experiment produces an inhibitory effect
that gradually reverses. The effects of tolbutamide are then lost, except
for effects seen with extremely high concentrations (1 0 mM). However,
the inhibitory action of thiopentone is not influenced by the presence of
trypsin. b, in the presence of 100 �g/ml heat-inactivated trypsin, tolbu-
tamide retains its normal K� channel inhibitory properties. Compare the
large irreversibie inhibition produced by 1 m� tolbutamide here with the
lack of effect of this concentration of tolbutamide in a. c, the application
of 1 mg/mI trypsin to the cells’ external surface does not affect the
inhibitory properties of tolbutamide. 1 m�.i tolbutamide produces a large,
irreversible inhibition of K� currents. d, concentration-inhibition curves
for tolbutamide and thiopentone upon K� currents recorded using the
whole cell configuration. Data are presented as fractions of control
currents (la), t8kfrl9 rundown into consideration. ftJl points are the means
of between three and eight expenments; vertical lines show SE, and,
where no vertical lines are shown, the SE was smaller than the symbol.
Symbols are as follows: �, concentration-inhibition curve for tolbutamide
in the presence of heat-inactivated I 00 ,�g/ml trypsin within the electrode
solution; 0, concentration-inhibition curve for tolbutamide in the presence
of,100 �g/ml trypsin within the electrode solution; #{149},concentration-

arginine residues (15), and it would appear that this proteolytic
action is the mechanism by which trypsin achieves its effects,

because both heat-inactivated trypsin and trypsin in the pres-

ence of trypsin inhibitor fall to produce similar effects.
The most obvious effects of trypsin are the increase in KATP

channel activity and reduction in the rate of channel rundown.
Thus, the trypsinized channel functions similarly to the KATP

channel in the absence of intracellular Mg�� (26). For example,
in Mg��-free conditions, the reported whole cell current density
is 25.4 ± 2.5 pA/pF, and rundown can be characterized by a

single rate constant of 0.20 ± 0.08 hr’. These values compare

well with the equivalent values obtained for the trypsinized
� channel in the present study. However, although the effects of

Mg�� removal are reversible, those of tryptic digestion are not.
In conjunction with the activation of KATP channel by tryp-

sin, there is a reduction in the sensitivity of the channel to

ATP (see Ref. 20) and an almost total loss of sulfonylurea

sensitivity. Despite producing such dramatic changes in the
susceptibility of the channel to modulation, the pore properties

of the channel remain apparently unaffected by trypsinization
with no measurable difference in its conductance or selectivity
properties. Furthermore, trypsinization produces no apparent
change in the channel rectification properties, supporting the
evidence for the channel pore’s being unchanged. Similar re-
sults have been reported by others (16, 20).

It has recently been suggested that the KATP channel is a

modified dephosphorylated form of the delayed rectifier (33)
and the possibility, therefore, arises that the changes we have

observed upon the addition of trypsin are due to appearance of

the delayed rectifier. However, we believe that the effects
observed in the present study can be attributed to a change in

the activation of the KATP channel alone. First, the data ob-
tamed from single channel recording experiments clearly mdi-
cate that the biophysical characteristics of the trypsin-induced
K� channels, which include their conductance, rectification,
and voltage insensitivity, are identical to those of the normal

KATP channel observed in these cells (26, 28, 31). Additionally,
although the ATP sensitivity of the trypsinized KATP channel
was reduced, it was retained, with 500 �M ATP producing 90.4

± 5.6% inhibition. This observation is important, as previous

studies have shown that the voltage-activated potassium cur-
rents present in this cell line are not inhibited by millimolar

concentrations ofthis nucleotide (34). In addition, the channels
responsible for carrying the delayed rectifier current in f3-cells
have been identified (35) and have much smaller single channel

conductance (5-10 PS) than the trypsin-activated channels we
have observed. If the treatment of the excised membranes with
trypsin had uncovered voltage-activated channels, we would

also have expected to record differences in the level of channel

activity at depolarizing and hyperpolarizing potentials, and no

such changes were observed. In agreement with these findings,
other workers have also failed to observe the activation of other
channels by trypsin under similar conditions in both insulin-

inhibition curve for tolbutamide in the presence of 1 mg/mI trypsin in the
external solution; Em, concentration-inhibition curve for thiopentone in the
presence of 1 00 �g/ml trypsin within the electrode solution. The values
for ECse were obtained by fitting the data using nonlinear regression to
a modified Hill equation using GraphPAD InPIot (GraphPAD Software,
San Diego, CA). In order to fit the curve for tolbutamide in the presence
of 100 ,�g/ml trypsin in the electrode solution, the data were fit assuming
the same maximal response as Obtained with heat-inactivated trypsin in
the electrode solu�on.
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secreting cells (20) and cardiac myocytes (16), where the con-
centration of trypsin employed was 10 times that used in the

present study.
Although the whole cell recording configuration provides

much more limited information regarding the nature of the

ionic conductance studied, we also believe that the potassium
conductance observed in this study, both before and after
trypsinization, is carried by KATP channels. In addition to the

single channel data described above, it has previously been

shown that the voltage-activated potassium channels present
in this cell line are activated only when the membrane potential

is increased above -20 mV (34, 35). Thus, under the conditions

Enzymatic Modification of KATP 183
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Fig. 6. Recordings of whole cell voltage-damped KATP currents from
single CRI-GI cells. The extracellular solution was A, and the pipette
solution was B. The cell membrane was damped at -70 mV and alternate
voltage pulses of ±1 0 mV, 200 ms in duration, were applied at 2-s
intervals. The current responses are denoted by the vertical lines. The
bath was contlnuou&y perfused wfth solution A, and drug additions were
made as denoted by the bars. The abbreviation HB represents meglibn-
ide, and Phent represents phentolamine. a, 1 �M meglitinide produced a
potent inhibition of K� currents, which was only poorly reversible on
washout. b, 10 �iM phentolamine also produced a substantial inhibition
of K� currents, which was poorly reversed on washout. c, the applica-
tion of 100 ,�g/ml trypsin to the electrode solution markedly reduces the
inhibitory potency of these agents. Under these conditions, meglitinide is
without effect even at 10 �M, and the potency of phentolamine is also
reduced. d, concentration-inhibftion curves for meglitinide and phentola-
mine upon KArP �Ufl�Of1ts recorded using the whole cell configuration.
Data are presented as fractions of control currents (la), taking rundown
into consideration. All points are the means of between three and eight
experiments; vertIcal ilnes show SE, and, where no vertical lines are
shown, the SE was smaller than the symbol. Symbols are as follows: U,
concentration-inhibition curve for meglitinide in the absence of 100 ,�g/
ml trypsin within the electrode solution; 0, concentration-inhibition curve
for meglitinide in the presence of 100 ,�g/ml trypain within the electrode
solution; #{149},concentration-inhibition curve for phentolamine in the ab-
sence of 100 ,�g/ml trypsin in the electrode solution; 0, concentration-
inhibition curve for phentolamine in the presence of 100 ,�g/ml trypsin
within the electrode solution. The values for EC� were Obtained by fitting
the data using nonlinear regression to a modffied Hill equation using
GraphPAD InPIot (GraphPAD Software). In order to fit the curves for
megiftinide and phentolamine in the presence of 100 �g/ml trypsin in the
electrode solution, the data were fit assuming the same maximal re-
sponse as obtained in the absence of this enzyme.

Fig. 7. The effects of trypsin upon the characteristics of 3H-labeled
glibendamide binding to the sulfonylurea receptor in membranes of CAl-
Gi insulin-secreting cells. a, the time course of loss of specific 3H-Iabeled
glibenclamide binding to CRI-GI cell membranes incubated with 100 ,�g/
ml trypsin. Note that specific binding is almost completely lost after a 10-
mm exposure to trypsin. Membranes were incubated wlth 100 ,�g/ml
trypsin for the indicated times before the addition of 200 �g/ml trypsin
inhibitor. ReaCtiOn mixtures were then incubated with 0.2 n�i 3H-Iabeied
glibenclamide as deSciibed under Materlels and Methods. Results are
expressed as a percent of control binding (238 fmol/mg of protein), after
subtraction of nonspecific binding, and are the mean ± SE of three
experiments each performed in triplicate. b, the effect of trypsin upon
the characteristics of 3H-labeled glibenclamide binding when applied to
the cells’ external surface. Cells were preincubated with 100 ,�g/ml
trypsin for 10 mm before being homogenized and incubated with increas-
ing concentrations of 3H-Iabeled glibenclamide as described under Ma-
terials and Methods. Results are expressed as fmol 3H-labeled gliben-
clamide bound/mg of protein after subtraction of nonspecific binding and
are the mean ± SE of three experiments each performed in triplicate.
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employed in this study (i.e., holding potential -70 ± 10 mV),

it is highly unlikely that these channels would contribute to

the observed potassium conductance. This assumption is yen-
fled by the finding that the ability of the barbiturate thiopen-

tone to inhibit whole cell KATP channel currents following

trypsinization is unaltered. Previous studies have shown that

voltage-dependent potassium channels present in this cell line
are much less sensitive to thiopentone than are KATP channels

(4). Thus, if trypsin were to activate other potassium channels,

which then contributed to the whole cell potassium conduct-

ance, a marked reduction in the barbiturates’ potency would be

expected.

In agreement with the findings of the present study, Proks
and Ashcroft (20) report that trypsinization reduced KATP

channel sensitivity to ATP and ADP. In contrast, Furukawa et

al. (16) report that this enzyme did not alter the channels’ ATP

sensitivity. These differences may be due to the fact that the
present study and that of Proks and Ashcroft (20) used insulin-
secreting cells, and the study by Furukawa et a!. (16) used

cardiac myocytes. This conclusion seems vindicated by the fact
that a second study, also in cardiac myocytes, similarly reports
no change in the ATP sensitivity of trypsinized KATP channel

(29). Thus, it would appear that the KATP channel present in

insulin-secreting cells differs from the KATP channel present in
cardiac myocytes in that the inhibitory ATP binding site of the

former channel is trypsin sensitive. It should be noted that in

the studies performed on cardiac myocytes, much higher con-
centrations of trypsin have been used than in this study, and
the former study in insulin-secreting cells (20). This may
suggest that the enzyme produces its effects at different sites

in the two types of tissues. With regard to this, in the study

undertaken by Furukawa et al. (16), the effects of trypsinization

could be mimicked by carboxypeptidase A. However, this en-
zyme was without significant effect upon insulin-secreting cells

(20).

Despite these differences, there is agreement regarding the

loss of KATP channel sensitivity to the sulfonylureas produced
by trypsinization in both cardiac myocytes (29) and also insu-

lin-secreting cells (Ref. 20 and present study). In the former

studies, only glibenclamide and tolbutamide were used, and no

attempt was made to construct concentration response curves
for these agents. In the present study, we have examined the

effects of trypsin over a wide range of concentrations and have
shown that the loss of sulfonylurea inhibitory potency produced
by application of this enzyme to the cytoplasmic aspect of the

plasma membrane is almost complete. Although some inhibi-
tion of KATP channel activity is produced by extremely high
concentrations of these drugs (e.g., 10 mM tolbutamide), it is
likely that the inhibition produced by the sulfonylureas at these

concentrations is of a nonspecific nature similar to that re-
ported for other potassium channels (36, 37). The present study
also demonstrates that trypsinization removes the KATP chan-
nel inhibitory effects of the nonsulfonylurea, meglitinide. Pre-
vious studies have suggested that this agent may act via the
sulfonylurea receptor (38), and this theory may explain the

present findings. Alternatively, it may be that trypsin prevents

the sulfonylureas and meglitinide from inhibiting KATP channel
activity by acting at different sites.

We have recently shown that removal of intracellular Mg��

also reduces the inhibitory effectiveness of the sulfonylureas

and meglitinide (31). However, since sulfonylurea binding was

not affected by Mg�� removal, this loss of potency was thought
to be due to functional uncoupling of the receptor from the

KATP channel. Diazoxide, like the sulfonylureas, influences
KATP channel activity in a Mg�-dependent manner (24), such
that removal of intracellular Mg�� reduces its effectiveness.
Similarly, intracellular trypsin abolishes KATP channel sensitiv-
ity to this agent (19). In addition to these observations, it has

been reported that diazoxide can allostenically modify the bind-
ing of the sulfonylureas to their receptors (39). Thus, it is

possible that both diazoxide and the sulfonylureas interact with

the KATP channel via the same Mg�-dependent protein, which
is removed by the application of trypsin.

The inhibitory effects of the barbiturate thiopentone (4) are

unaffected by trypsinization, suggesting that its site of action

is different from that of the sulfonylureas and also meglitinide.
In support of this assumption, we have previously shown that
the inhibitory effects of thiopentone are also Mg�� independent
(31). In contrast, the inhibitory action of the a2 adrenoceptor
antagonist phentolamine on KATP channel activity (5), although
very variable following trypsinization, is reduced. It will be

interesting to examine whether this compound inhibits the
KATP channel in a Mg�-dependent manner.

From our ligand binding studies, we have demonstrated that

trypsin is capable of totally removing specific glibenclamide

binding within 10 mm of enzyme exposure to the intracellular
surface of insulin-secreting cell membranes. A similar finding

was reported for the sulfonylurea receptor present in the rat

cerebral cortex (40). However, the enzyme failed to affect high
affinity receptor binding when exposed to the extracellular

surface (Fig. 7b). These results further support the proposition
that the sulfonylurea receptor is present at the intracellular
aspect of the plasma membrane (10, 25).

At present, it is unclear whether the tryptic loss of effective-
ness of ATP, the sulfonylureas, diazoxide, and also phentola-

mine is due to the removal of a single proteinacious fragment
or whether the enzyme modifies the channel at multiple sites.

It is also unclear whether the increase in channel activity and
removal of channel rundown produced by trypsin are a result

of the removal of further protein fragments or whether they
arise due to the loss of the above residue(s). In a recent study,
we have shown that both lysine and arginine groups are re-

quired to be available before trypsin can alter channel function
(18). This evidence, in addition to the multiple effects produced

by trypsin in the present study, may suggest that the enzyme

has more than one site of action upon the KATP channel protein.
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