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Abstract. Using the inside-out patch clamp technique, 
we identified a C1- channel in patches from the mem- 
brane of cultured human hematopoiefic myeloblastic leu- 
kemia ML-1 cells. The C1- channel was not seen at neg- 
ative membrane potentials in excised patches until the 
membrane potential was depolarized to greater than +40 
mV. The channel was also activated by addition of 
cAMP-dependent protein kinase (PKA) catalytic subunit 
at physiological membrane potential (-40 mV). Bio- 
physical studies of the C1- channel revealed that the cur- 
rent-voltage (I-V) relationship of the C1- channel was 
outwardly rectifying in symmetrical 142 lnM C1- solu- 
tions. Single channel conductances were 48 pS for the 
outward current measured at +60 mV and 27 pS for the 
inward current at -60 inV. The open time constant of the 
channel was dependent on the membrane potential and 
was significantly prolonged at positive membrane poten- 
tials. Channels activated by cAMP-dependent protein 
kinase spent a significantly longer time in the open state 
compared to those channels activated by depolarization 
pulses. Pharmacological properties of the C1 channel 
were also studied. Two anion transport inhibitors, an- 
t h r a c e n e - 9 - c a r b o x y l i c  ac id  (9 -AC)  and 4,4-  
diisothiocyanatostilbene-2,2-disulfonic acid (DIDS) 
caused a flickering block of the channel. Half-inhibitory 
concentrations (ICso) for 9-AC and DIDS were 174 +_ 20 
and 70 + 16 }aM, respectively. Blockade of the C1- chan- 
nel by 9-AC or DIDS was completely reversible. Our 
findings suggest that outwardly rectifying C1- channels 
(ORCC) are present in human hematopoietic myelo- 
blasts. The function of ORCC may be involved in hor- 
mone-regulated cell growth, cell volume regulation and 
immune responses. 
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Introduction 

Apical membrane C1- channels are important in the reg- 
ulation of salt and water transport in a variety of salt- 
secreting epithelia. In most epithelial cells, CI- ions are 
taken up from the basolateral membrane of epithelial 
cells by a Na§ + cotransport mechanism and se- 
creted into the lumen through apical membrane C1- chan- 
nels (for review, s e e  Welsh, 1987; Gogelein, 1988). Us- 
ing patch clamp techniques, outwardly rectifying CI- 
channels (ORCC) have been found in the apical mem- 
brane of epithelial cells. The activities of ORCC in ex- 
cised patches were not found until after depolarizing the 
membrane potential to large positive voltages (e.g., over 
+40 mV) (Schoumacher et al., 1987). The channels can 
also be regulated by multiple intraceliular pathways act- 
ing through the cAMP-dependent protein kinase A 
(PKA) phosphorylation and increased Ca 2§ concentra- 
tion (Frizzell, Rechkemmer & Shoemaker, 1986; Li et 
al., 1988; Willumsen & Boucher, 1989). Furthermore, 
protein kinase C (PKC) can cause activation of ORCC 
when Ca 2§ concentration is low and inactivation when it 
is high (Hwang et al., 1989; Li et al., 1989). 

Outwardly rectifying CI- channels with conduc- 
tances ranging from 20 to 400 pS have been character- 
ized in various cell types. It has been proposed that 
ORCC play a crucial role in CI- secretion and cell vol- 
ume regulation (Frizzell et al., 1986; Bear, 1988; Gray et 
al., 1989; Garber, 1992; Vaca & Kunze, 1993). In the 
past several years, ORCC have received increasing at- 
tention since a defect in regulation of this channel is 
associated with human genetic disease cystic fibrosis 
(CF). Studies of airway epithelial cells and lymphocytes 
prepared from CF patients reveal a defect in the activa- 
tion of an outwardly rectified CI- channel by PKC and 
PKA (Li et al., 1988; Chen, Schulman & Gardner, 1989; 
Hwang et al., 1989). The cystic fibrosis transmembrane 
conductance regulator (CFTR), a product of the gene 
mutated in CF patients, is an epithelial anion channel that 
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may be involved in both secretion and reabsorption of 
C1-. The conductance of CFTR, however, is much 
smaller than that of ORCC (Berger et al., 1991). Re- 
cently, it has been reported that CFTR and ORCC are 
distinct proteins with a regulatory relationship because 
ORCC were present in CFTR (-/-) mouse nasal epithelial 
cells. In the patched membrane, the regulation of ORCC 
was intact from normal mouse nasal epithelial cells, but 
not CFTR (-/-) cells (Gabriel et al., 1993). The other 
evidence is that the defective regulation of ORCC in CF 
epithelial cells can be repaired by transfecting CFTR into 
the cell (Egan et al., 1992). 

Human myeloblastic ML-1 cells can differentiate 
into granulocytes or macrophages upon specific stimula- 
tion (Craig et al., 1984). These cells play important roles 
in the immune defense system, and require membrane- 
mediated transduction of cell-cell and cell-environment 
signals. Many studies have implied that various ion chan- 
nels are related to cell growth and function. In the 
present study, we have identified an ORCC in ML- 1 cells 
by using the inside-out patch clamp technique. Our re- 
sults provide new information about the characterization 
and distribution of ORCC. This will be a useful model to 
extend our understanding of the function of ORCC in 
cells of the immune system and to further study the re- 
lationship between ORCC and CFTR. 

Materials and Methods 

CELL CULTURE 

PATCH CLAMP STUDIES 

The inside-out patch clamp technique was utilized to study the single 
channel current in excised membranes from cultured ML-1 cells. Patch 
pipettes were made from microhematocrit capillary tubes (VWR Sci- 
entific, West Chester, PA) using a two-step puller (PP-83, Narishige 
Scientific Instrument Lab., Tokyo, Japan). After fire-polishing, the re- 
sistances of pipettes ranged from 4 to 8 Mff2 when filled with 136 mM 
CsC1 solution. The bath electrode was an Ag-AgC1 wire connected to 
the bath solution via a NaCl-agar bridge. Single channel currents were 
recorded using an Axopatch 200A amplifier (Axon Instruments, Bur- 
lingame, CA). Junction potentials were compensated to 0 inV. Single 
channel data were filtered through a 4-pole low-pass filter at 1 or 2 kHz 
and digitized at 22 kHz by a pulse-code modulator (A.R. Vetter, 
Rebersburg, PA). Data for kinetic analysis of the channel blockade 
was recorded from a 2 kI-Iz low-pass filter. Data were stored on video 
tapes using a video cassette recorder (JVC, Japan). The pCLAMP 
program (Axon Instruments, Foster City, CA) was used to analyze the 
single channel data. Data on video tapes were transferred to an IBM 
compatible 486 DX2-66 computer using the Fetchex* program. Anal- 
ysis of the single channel kinetics were performed by using Fetchan* 
and pSTAT* programs. All experiments were done at room tempera- 
ture (21-23~ Data were presented as original values, or as means + 
standard error/deviation (SE/SD) when it was indicated. The significant 
differences were determined by using paired t-tests. 

SOLUTIONS 

The solutions used in these experiments were (1) NaC1 bath solution 
containing (in mM): 137 NaC1, 2 MgC12, 0.5 CaC12, 1 EGTA and 10 
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), pH 
7.2; (2) KC1 bath solution containing (in mM): 137 KC1, 2 MgC12, 0.5 
CaC12, 1 EGTA and 10 HEPES, pH 7.2; (3) high C1 bath solution 
containing (in raM): 295 NaC1, 2 MgC12, 0.5 CaC12, 1 EGTA and 10 
HEPES, pH 7.2; (4) pipette solution containing 136 CsC1, 2 MgClz, 1 
CaC12 and 10 HEPES, pH = 7.4. 

ML-1 cells were received as a generous gift from Dr. R. W. Craig's 
laboratory (Dartmouth Medical School, NH). The cells were main- 
talned in suspension culture in RPMI 1640 medium containing 25mM 
HEPES buffer (GIBCO, Grand Island, NY), essentially as described 
previously (Lu et al., 1993b). Briefly, the culture medium was supple- 
mented with 7.5% heat-inactivated fetal bovine serum (FBS). ML-1 
cells were grown in a humidified incubator with 5% CO 2 at 37~ and 
passed at a seeding density of  3 x 105/ml. Cells were washed twice 
with phosphate buffer solution (PBS) before they were transferred for 
patch clamp experiments. 

REAGENTS 

The catalytic subunit of cAMP-dependent protein kinase (PKA C-sub- 
unit), Mg 2+ 5'-adenosine triphosphate (MgZ+-ATP), dithiothreitol 
(DTT), anthracene-9-carboxylic acid (9-AC) and 4,4-diisothio- 
cynatostilbene (DIDS) were purchased from Sigma Chemical (St. 
Louis, MO). The C-subunit of PKA was diluted in NaC1 bath solution, 
and 1 mg/ml DTT was added to the mixture. The mixture was then 
allowed to stand for 10 rain at room temperature (22~ before use or 
being stored in a -80~ freezer. DIDS and 9-AC were prepared as 
stock solutions with a concentration of 100 mM in dimethylsulfoxide 
(DMSO). The concentrations of 9-AC and DIDS used in blocking 
experiments were 20-400 and 20-200 IIIM, respectively. 

Results 

SINGLE CHANNEL RECORDING FROM EXCISED 

INSIDE-OuT PATCHES 

Membrane patches excised from cultured ML- 1 cells dis- 
played no channel activity when they were held at neg- 
ative membrane potentials. After the membrane poten- 
tial was depolarized to +40 mV or greater, the channel 
activities were observed in 30% (37 out of 122) stable 
patches. Usually, the channel activities were elicited by 
continuously applying a depolarization pulse for several 
seconds to minutes. Once the channel was activated by 
the depolarization pulse, it remained in the activated state 
even at negative membrane potentials. Figure 1A shows 
single channel current traces recorded at different mem- 
brane potentials in the symmetrical concentration of CI- 
ions. Channel kinetics were characterized as burst-like 
openings interrupted by very brief flickers and short- 
lived closed periods. The current-voltage (I-V) relation- 
ships of the CI- current (Fig. 1 C) showed an outwardly 
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Fig. 1. Single channel recordings of CK channel in ML-1 cells. Single 
CI- channel currents were recorded from excised, inside-out patches at 
various membrane potentials. Outward current is shown as an upward 
deflection and inward current as a downward deflection. Arrows indi- 
cate channel closed states. (A) Data recorded in the symmetrical 142 
mM CI-. (B) Data recorded from the same patch as A with 300 mM CI- 
in the bath and 142 mM C1- in the pipette. (C) Current-voltage curves 
from the channel recorded in symmetrical C1 in A, (O), and asym- 
metrical CI- in B, (0). The same results were also observed from six 
other high CI- replacement experiments. 

rectifying fashion in symmetrical C1- solutions (142 mM 
C1- on both sides of the membrane). Single channel con- 
ductances calculated from the slope pf the I-V curve were 
48 pS (at +60 mV) in the outward direction and 27 pS (at 
- 60  mV) in the inward direction. The outwardly recti- 
fying current-voltage relationship made this channel easy 
to recognize in excised patches. 

To confirm the ion selectivity of the channel, the 
bath solution was replaced by 300 rnM CI- solution (six 
independent experiments were performed). The current 
traces shown in Fig 1B were obtained in 300 mM C1- bath 
solution. After high concentration, C1- solution was per- 
fused in the bath and the reversal potential was shifted 
from 0 to +13 mV (Fig. 1C). The value of the shifted 
reversal potential was close to the value that would be 
expected for the CI- equilibrium potential estimated by 
the Nernst equation. The current-voltage relationship 
was not changed when NaC1 bath solution was isotoni- 

cally replaced by the same concentration of KC1 (data 
not shown). 

ACTIVATION OF ORCC IN EXCISED INSIDE-OUT PATCHES 
BY cAMP-DEPENDENT PROTEIN KINASE 

Phosphorylation-mediated channel activation was exam- 
ined by directly exposing inside-out patches to the phos- 
phorylation mixture solution containing Mg2+-ATP and 
PKA catalytic subunit. Since application of a depolar- 
ization pulse to patched membranes could cause activa- 
tion of ORCC, experiments to study the effect of the 
phosphorylation on channel activation were performed in 
the physiological voltage range. Excised patches were 
held at - 40  mV for 10 min to ensure the absence of 
channel activity; 1 mM Mg2+-ATP was then added to the 
bath solution. No channel opening was detected during 
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Fig. 2. Comparison of the activation of ORCC by cAMP-dependent 
protein kinase and by depolarization in ML-1 cells. (A) Activation of 
the C1 channel in the excised inside-out patches before and after 
addition of catalytic subunit of PKA and Mg2+-ATP in the bath at -40  
mV; and activation of the C1- channel by depolarizing the membrane 
potential to +40 inV. Arrows indicate the closed state of the channel. 
(B) Comparison of open time constants obtained from open time his- 
tograms between depolarization- (a and b, n = 8) and enzyme-activated 
(c and d, n = 3) channels at +40 mV (a and c) and -40  mV (b and d). 
(C) Voltage dependence of channel open time constants. Data were 
plotted as means +_ SE. (O) Enzyme activated (n = 3) and (Q)) voltage 
activated (n = 8). 
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the first 5 min. The channel was activated by the sub- 
sequent addition of 50 nM PKA catalytic subunit to the 
bath (Fig. 2). After channel activity was observed, the 
membrane potential was switched to +40 mV to verify 
the outward rectification property of the channel. The 
only instance where phosphorylation had no effect was 
in two patches lacking a functional channel (no openings 
even at +80 mV). Usually, channel activations occurred 
within 3 min after treatment with PKA. The I -V  rela- 
tionship of enzyme-activated ORCC was identical to that 
obtained from the depolarization-activated channel (Fig. 
1C). 

The average lifetimes (open time constant, "c o ) of 
channels activated by depolarization pulses and by PKA 
phosphorylation at membrane potentials of +40 mV were 
compared by using event-duration histograms (Fig. 2B). 
Open time constants obtained from enzyme-activated 
channels were significantly increased when comparing to 
those from channels activated by depolarization pulse at 
membrane potentials o f - 4 0  mV (P < 0.01) and +40 mV 
(P < 0.005). The values were 8.1 + 0.8 msec (n = 3) vs. 
4.1 + 0.4 msec (n = 8) at +40 mV and 3.1 + 0.3 msec (n 
= 3) vs. 2.0 + 0.1 msec (n = 8) at -40  mV, respectively. 
Furthermore, open time constants of the channel showed 
a voltage-dependent behavior and the channel lifetime 
was much longer at positive membrane potentials than at 
negative membrane potentials (P < 0.005). The voltage 
dependence was exaggerated in enzyme-activated chan- 
nels (Fig. 2C). 

Subconductance states of ORCC in ML- 1 cells were 

observed at both positive and negative membrane poten- 
tials (Fig. 3). Amplitude histograms constructed from 30 
sec recordings show two peaks in the distribution corre- 
sponding to single channel conductances. The propor- 
tion of events in each peak in the histogram is the prob- 
ability of finding the channel in each conductance state. 
Examples of subconductance states are demonstrated in 
the inserted traces in Fig. 3. The amount of subconduc- 
tance states is not statistically different when comparing 
voltage- and PKA-activated channels (data not shown). 

EFFECTS OF 9-AC AND DIDS ON ORCC IN ML-1 CELLS 

Inhibitory effects of C1- transport inhibitors on ORCC 
have been reported in a variety of cell types. Application 
of 40 gM 9-AC to the cytoplasmic face of excised patches 
from ML-1 cells resulted in increased flickering of the 
channel open events which interrupted normal long- 
duration open states. The frequency of closures in- 
creased in parallel with increasing concentrations of 
9-AC (Fig. 4A). The increased flickering of the channel 
opening caused by 9-AC led to a decrease in the open 
time constant (%, Table 1). The blocking effects of 
9-AC on the channel were completely reversible after 
3-5 min washing with normal bath solutions (data not 
shown). A concentration-response relationship of 9-AC 
blockade was obtained by plotting the mean values of 
fractional open time constants "GJ'co vs. 9-AC concen- 
tration (Fig. 4B), where "Cob represents open time con- 
stants obtained from duration-event histograms in the 
presence of various concentrations of 9-AC, and "c o rep- 
resents the open time constant obtained from control ex- 
periments at the same membrane potential. Data were fit 
with the Michaelis-Menten saturation function, and cal- 
culated half-maximal inhibitory concentration (IC5o) was 
174 _+ 20 gM (n = 6). The effect of the membrane po- 
tential on 9-AC blockade was examined over a voltage 
range of 20 to 100 mV (Fig. 4C). Our data suggest that 
9-AC had a more potent blocking effect at more positive 
potentials (P < 0.01 when comparing the fractional block 
between +20 and +80 mV). 

Since we did not observe the presence of channel 
inactivation states during long recording periods in mem- 
brane potentials ranging from -100 to +100 mV, results 
from experiments of 9-AC blockade suggested that the 
increase in the number of transitions within a burst pe- 
riod indicated blocking and unblocking states of the 
channel by 9-AC. We applied a simple linear model 
(shown below) for the kinetic analysis of channel block- 
ade studies. 

[3 K 1 

C ~ O ~ B  
ot K -1 

In this scheme, ~3 is the reciprocal of the open time con- 
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stant (1/~o), referred to the open rate constant; a is the 
reciprocal of the closed time constant (1/Zc), referred to 
the closed rate constant; K 1 is the on-rate constant of the 
blocker (Kon) and K -1 is the off-rate constant of the 
blocker (/(off). To satisfy the closed-open-blocked linear 
model, the kinetic analysis has to meet several require- 
ments: (i) only a single "~o is found in the presence of the 
blocker; (ii) "c o decreases with increasing blocker con- 
centration, so that 1/t o varies as a function of the blocker 
concentration with a slope corresponding to the on-rate 
constant (/Con) of the blocker; (iii) an additional expo- 
nential component is present in the closed time histo- 
grams corresponding to the blocked time constant (%); 
and (iv) l/'c b is independent of blocker concentration 
(Venglarik et al., 1993). 

Analysis of the open and closed time histograms 
after addition of 9-AC revealed a single open time con- 
stant and an extra exponential distribution in the closed 
time histogram. Data presented in Fig. 5A show that 
both closed and blocked rate constants were independent 
of 9-AC concentrations. However, open rate constants 
were increased following increases in 9-AC concentra- 
tion (Fig. 5B). The slope calculated from the concentra- 
tion-rate curve is 1.6 x 10 6 M-1sec -1 corresponding to 
on-rate constant of 9-AC blockade. Results of the ki- 
netic analysis from 9-AC blockade are summarized in 
Table 1. 

The other anion transport inhibitor, DIDS, also 
blocks ORCC in ML-1 cells. A time scale expansion 
method was used to demonstrate the inhibitory effect of 
DIDS on the channel opening (Fig. 6A). DIDS caused a 
dramatic increase in the frequency of current transitions 
between open and closed states. The ICso of DIDS 
blockade calculated by using the Michaelis-Menten 
equation is 70 + 16 gM. The effects of DIDS blockade on 
ORCC in ML-1 cells can be fully reversed after 5 rain 
washing out from the bath solution (Fig. 6A). Open and 
closed time histograms before and after addition of DIDS 
are shown in Fig. 6B. The channel open probabilities 
(Po). are significantly reduced when 100 gM of DIDS is 
added to the intracellular side of patches. The open time 
constants are shortened by more than half after addition 
of 100 gM DIDS. Table 2 summarizes the results ob- 
tained from both control and 9-AC / DIDS blockade 
experiments. As would be expected, the closed time 
constants (x c) of the channel remained unchanged after 
applications of 9-AC and DIDS to the patches. 

Discussion 

Outwardly rectifying C1- channels are widely distributed 
in epithelial and nonepithelial cells. They are thought to 
play a role in the mediation of transepithelial transport, 
cell volume regulation and signal transduction (Lukacs 

& Moczydlowski,  1990; Solc & Wine, 1991; Lu, 
Markakis & Guggino, 1993a). The present study dem- 
onstrates that ORCC are also present in human hemato- 
poietic myeloid leukemia ML-1 cells. We used the ex- 
cised, inside-out patch clamp technique to identify and 
characterize an outwardly rectifying C1- channel in hu- 
man ML-1 cells. The ORCC presented here share many 
similarities with those described in epithelial cells, en- 
dothelial cells, lymphocytes and fibroblasts (Bear, 1988; 
Halm et al., 1988; Garber, 1992; Vaca & Kunze, 1993). 
These channels, for example, are activated in inside-out 
patches by either depolarizing voltages or by cAMP- 
dependent protein kinases, display an outwardly rectify- 
ing current-voltage relationship, and their activity can be 
blocked by various derivatives of carboxylic acid and 
disulfonic stilbenes. 

The regulation of ORCC is a complex process. It 
has been shown that ORCC can be activated by many 
physiological or nonphysiological maneuvers, such as 
depolarization, increasing temperature, swelling, elevat- 
ing ionic strength or pH, trypsinization, raising cytoplas- 
mic Ca 2+ concentration, as well as altering intracellular 
cAMP or cAMP-dependent protein kinase in both cell- 
attached and inside-out configurations (Frizzell et al., 
1986; Schoumacher et al., 1987; Welsh, Li & McCann, 
1989; Tabcharani & Hanrahan, 1991). We report here 
that ORCC in the excised membrane from ML-1 cells 
were activated by phosphorylation induced by addition 
of PKA C-subunit to the cytoplasmic side of the patches 
at the physiological membrane potential. When com- 
pared to voltage-activation, kinetic studies reveal that the 
enzyme-activated channel demonstrates prolonged chan- 
nel lifetime (increase in average open time, "Co). Kinetic 
differences in enzyme-activated channels clearly in- 
crease the capacity for transmembrane C1- movement at 
the resting membrane potential. These results seem rea- 
sonable since channels activated by depolarization have 
no physiological relevance in nonexcitable ceils, while 
enzyme activation is physiologically significant. The 
mechanism of PKA activation is thought to be via an 
electrostatic interaction between the voltage sensor of the 
channel protein and the phosphate group transferred to 
the regulatory domain of the channel protein (Perozo & 
Bezanilla, 1990). 

ORCC can be inhibited by numerous carbolic, sul- 
fonic organic acids and arachidonic acid (Singh, Afink & 
Venglarik, 1991; Tilmann et al,, 1991; Hwang, Guggino 
& Guggino, 1990). In addition, it has been reported that 
the channel can also be inhibited from both sides of the 
membrane by an ATP derivative, trinitrophenyl-ATP 
(TNP-ATP), and by high concentrations of HEPES 
(Hanrahan & Tabcharani, 1990; Venglarik et al., 1993). 
Our data indicate that both 9-AC and DIDS induced a 
concentration-dependent flickering-type block with ICso 
of 174 _4=- 20 and 70 _+ 16 gM, respectively. The effects of 
9-AC and DIDS blockade on ORCC in ML-1 cells are 
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Table 1. Kinetic constants of 9-AC block of ORCC in ML-1 cells 

K, Koo Ko~r K,, 
(gM) (M -1 sec -1) (sec -1) (RM) 

174 -+ 20 1.6 x 106 243 -+ 54 165 -+ 23 

Data are presented as means • SE from 4--6 independent experiments. 
K i was calculated by using the Michaelis-Menten function as described 
in Fig. 4B. Kon is the slope of the dose-response curve in Fig. 5B./(of f 
is the reciprocal block-time constant (%-1). KD was calculated from the 
ratio of the off-rate and on-rate constants. All values were obtained at 
a holding potential of +60 mV. 
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plotted as a function of 9-AC concentration to show the dose indepen- 
dence of the closed-rate and the off-rate of the blocking. (B) Reciprocal 
time constant of the channel open (%-1) plotted as a function of 9-AC 
concentration to demonstrate the dose dependence of the channel open- 
rate. The slope of the curve corresponding to the on-rate constant (Kon) 
was 1.6 x 106 M - I  s e c  - I .  All time constants used in the kinetic analysis 
were obtained from event-duration histograms similar to those shown 
in Fig. 2B. 

completely reversible. This is consistent with previous 
studies which demonstrate that 9-AC caused a reversible 
blockade of CI- channels (Lu, Markakis & Guggino, 
1991). Blockade o f  DIDS is not a reversible process in 
most CI- channels (Bridges et al., 1989; Paulmichl et al., 
1992). The variation of DIDS blockade might result 
from structural differences on the mouth region or the 

region within the channel pore, which affect the depth of 
charged blockers entering the channel pore. The block- 
ade of 9-AC showed a voltage-dependent characteristic 
and the possible mechanism for this effect has been de- 
scribed previously (Lu et al., 1991). 

Kinetics analysis of 9-AC block revealed that the 
decrease of channel open time constant ('Co) is concen- 
tration dependent. The blocker did not increase the 
closed time constant (%), but produced an additional 
component corresponding to the blocked time constant 
(%). Both closed and blocked rates are independent of 
the 9-AC concentration. This suggests that there is no 
direct connection between the closed and blocked states. 
Therefore, the channel can only close from the open 
state, but not from the blocked state. Results from 9-AC 
blocking experiments are consistent with the proposed 
linear kinetic model in which 9-AC is only able to bind 
to an open channel. The equilibrium dissociation con- 
stant (KD) calculated from the ratio of on-rate and off- 
rate constants was 165 + 23 g~. This value is in general 
agreement with the IC5o calculated from the Michaelis- 
Menten equation. Our data fully support the proposed 
model of the channel, and the model fitted with kinetic 
parameters is shown below. Open rate for channels ac- 
tivated by PKA-induced phosphorylation has been al- 
tered from 270 to 114 sec  -1, and the closed rate remains 
relatively constant compared to that of voltage activa- 
tion. The relationship between the two activated states 
remains to be investigated. 

1,018 sec -1 1.6 X 106 M -1 sec -1 

C a O a B 
270 sec  -1 243 sec -1 

The physiological function of the outwardly rectify- 
ing CI- channel appears to be complicated. In cystic 
fibrosis (CF) patients, evidence that ORCC in the apical 
membrane lack phosphorylation-dependent activation 
while containing normal conductive properties, suggests 
that one of the likely physiological roles of ORCC in 
epithelial cells is regulating fliud secretion. ORCC 
might also regulate the pH of the secretion since this 
channel is permeable to bicarbonate and cAMP-mediated 
agonists are able to stimulate bicarbonate secretion 
across normal, but not CF, airway epithelia (Tabcharani 
et al., 1989; Smith & Welsh, 1992). The other possible 
roles, such as cell volume regulation, maintenance of the 
resting membrane potential and cell proliferation have 
been proposed in epithelial and/or nonepithelial cells 
(Worrell et al., 1989; Bubien et al., 1990; Solc & Wine, 
1991; Garber, 1992; Vaca & Kunze, 1993). 

ML-1 cells proliferate in tissue culture media as 
immature myeloblasts. They can be induced to differen- 
tiate along the monocyte/macrophage pathway by treat- 
ment with phorbol ester, 12-O-tetradecanoylphorbol- 13- 
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Fig. 6. Blocking effect of DIDS on ORCC from excised inside-out 
patches. (A) Current traces of the C1- channel activity from the control, 
addition of 100 gM DIDS to tile cytoplasmic side of the patch and after 
removal of DIDS. Top traces for each condition are at low time reso- 
lution (12 see/trace) and indicated portions of the trace are shown 
below at higher time resolution (1,200 msec/trace). Arrows indicate 
closed states of the channel. (B) Open time and closed time histograms 
of the C1- channel in the absence (a and c) and presence of 100 gM 
DIDS (b and d). Bin width was 1 msec and fit range is 1 80 msec. 
DIDS blocking produced an additional distribution in closed time his- 
togram corresponding to the blocking time constant (%). 

9~ 

t ~  
O 

720 

540 

360 

b 

Tc = 1.0 ms 

o " ' " ' " 1 " ~  . . . . . . . . .  ' " I ' " " ' H ' " " " I  ' '  . . . . . .  , , , , , , , i  . . . . . . . .  , , ' , , , , I ,  

0 16 32 48 64 80 

Time (ms) 
500 

400 

300 

d 

200 

100 - 

T e  := 0 .9  m s  

Tb =4.8  m s  

I . . . . . . . . . . . . . . .  I . . . . . . . . . . . . . . .  I . . . . . . . . . . . .  ;s '  ' l  ~ ' ;q' ' � 9  . . . . . . .  i ~ . . . . . . . . . . . . .  i ,  

16 32 48 64 80 

Time .(ms) 



74 B. Xu and L. Lu: Protein Kinase A-regulated C1 Channel 

Table 2. ORCC open probability, open and closed time constants be- 
fore and after addition of 9-AC or DIDS 

Po (%) "C o (msec) "c c (msec) "el, (msec) 

Control 61.9+ 7.1 5.6+0.7 1.0-+ 0.1 
200 gM 9-AC 46.6+11.2 2.6+0.1" 1.0+0.1 4.3+0.9 
100 gM DIDS 41.3 + 5.3* 2.5 + 0.4* 1.3 + 0.2 5.3 + 0.7 

Values are presented as means + SE with experimental numbers. Hold- 
ing potential was +60 mV. *Significant when compared to the control 
group at P < 0.025 level (n = 4-6). 

a c e t a t e  ( C r a i g  e t  al . ,  1 9 8 4 ) .  E a r l i e r  s t u d i e s  h a v e  

d e m o n s t r a t e d  tha t  d i f f e ren t i a t ion  is a s soc ia t ed  w i t h  al ter-  

a t ions  in  a v o l t a g e - g a t e d  K + channe l .  T he  ac t iva t ion  o f  

the  K + cur ren t  was  supp re s sed  and  inac t iva t ion  was  ac- 

ce le ra ted  du r ing  the  ear ly  s tages  o f  d i f fe ren t ia t ion ,  wh i l e  

the  K + cur ren t  was  c o m p l e t e l y  supp re s sed  in  the  la te r  

s tages  (Lu et al., 1993b).  A l t e r a t i ons  in  ion  c h a n n e l  ac- 

t iv i ty  l inked  to cel l  d i f f e ren t i a t ion  are f o u n d  in severa l  

o the r  cel ls  (Wie land ,  C h o u  & Chen ,  1987; M a u r o  et al., 

1993).  M o r e o v e r ,  the  e x p r e s s i o n  o f  C F T R  was  d rama t -  

ica l ly  inc reased  in the  d i f fe ren t i a ted  h u m a n  co lon  ade-  

n o c a r c i n o m a  cel ls  (HT29)  a c c o m p a n i e d  by  a la rge  in-  

c rease  in s e c o n d  m e s s e n g e r - r e g u l a t e d  and  C1- c h a n n e l  

b l o c k e r - s e n s i t i v e  C1- f luxes  ( R a f i z a d e h - M o n t r o s e ,  Gug-  

g ino  & M o n t r o s e ,  1991),  w h i c h  suppor t s  a poss ib l e  reg-  

u la to ry  r e l a t ionsh ip  b e t w e e n  C F T R  and  O R C C  (Egan  et 

al., 1992;  G a b r i e l  e t  al., 1993) .  S i n c e  p r o l i f e r a t i o n /  

d i f f e ren t i a t ion  o f  ML-1  cel ls  can  b e  r egu l a t ed  b y  some  

cy tok ines ,  such  as i n t e r f e r o n - g a m m a  (INF-y)  an d  g ranu-  

l o c y t e - m a c r o p h a g e  c o l o n y - s t i m u l a t i n g  f a c t o r  ( G M -  

CSF) ,  the  P K A - r e g u l a t e d  O R C C  in M L - 1  cel ls  m a y  

s o m e h o w  p l ay  a ro le  in  the  r egu la t ion  o f  cel l  g rowth .  

Fu r the r  s tudies  wil l  focus  on  e x a m i n i n g  C F T R  expres -  

s ion in M L - 1  cel ls  be fo re  and  af ter  cel l  d i f fe ren t ia t ion ,  

the  r e l a t ionsh ip  b e t w e e n  C F T R  and  O R C C  as wel l  as the  

pos s ib l e  ro les  o f  C F T R / O R C C  in cel l  d i f fe ren t ia t ion .  

We thank Dr. R.E. White and Ms. M.P. Nardino for reviewing the 
manuscript. This study was partly supported by National Institutes of 
Health grant GM46834 (to L.L.). 
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