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Table 1. Transformation o f  incisors t o  molars. Incisors do no t  develop as wel l  as molar t oo th  germs in 
kidney capsules, despite being cultured as pairs, w i t h  t w o  ou t  of three (70%) forming cysts a t  El0 and 
Ell .  After Ell ,  incisor t oo th  germs develop wel l  in kidney capsules. Some secondary molars also 
developed alongside pr imary molars in the NogginfBSA presumptive molar regions. 

Presumptive incisor region Presumptive molar 
Gestation region treated w i t h  

Treated w i t h  Noggin Treated w i t h  BSA Noggin or  BSA 

El0 1 incisor and 4 molars out  4 incisors and 0 molars out  35 pr imary molars ou t  
of 12 pairs o f  9 pairs o f  36 

El 1 5 incisors and 0 molars out  8 incisors and 0 molars out  29  pr imary molars ou t  
o f  16 pairs o f  15 pairs o f  32 

At E9.5, Fgf8 beads can induce ectopic molar regions; the incisor regions were dissected as 

in distal regions of ;he pairs. ~ i " l e  incisor and molar regions from each 
mandibular arch were transferred into opposite 

mandible, illdicating that all neural crest- ends of a kidnev, under the kidnev caosule, in adult , , 
derived ectomesench~mal cells of the mandib- male mice. These regions were t<en left t o  develop 

ular arch are equally responsive to epithelial for 14 days in viva. The resulting teeth were pho- 

signals. This implies that the neural crest cells 
that populate the mandibular arch are not pre- 
specified but are patterned by contact with-ep- 
ithelial signals. The evidence for a prepattern- - - 
ing of cranial neural crest cells is limited to the 
proximal cells of the mandibular arch: our re- 
sults are consistent with data showing that distal - 
mandibular arch cells have a different axla1 
origin than proximal cells (15). 

The antagonistic effects of Fgf8 and 
Bmu4. wh1c11 act to establish the distal 

A ,  

boundary of Baix-I expression, are similar to 
those reported for Pas-9 (16). Barx-I is, 
however, expressed earlier than Pax-9 and, 
unlike Pas-9, is not induced at localized sites 
that underlie all developing teeth. This antag- 
onistic signaling interaction thus has at least 
two roles in the specification of mandibular 
mesenchymal fates: an early role in proximal- 
distal axis specification, which determines 
whether mesenchymal cells have presump- 
tive molar or incisor fates, and a later role in 
determining the sites of tooth bud initiation. 
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Membrane Phospholipid Control 
of Nucleotide Sensitivity of 

KATP Channels 
S.-L. Shyng and C. G. Nichols* 

Adenosine triphosphate (ATP)-sensitive potassium (K,,,) channels couple cell 
metabolism to  electrical activity. Phosphatidylinositol phosphates (PIPs) pro- 
foundly antagonized ATP inhibition of K,,, channels when applied to  inside-out 
membrane patches. It is proposed that membrane-incorporated PIPS can bind 
to positive charges in the cytoplasmic region of the channel's Ki,6.2 subunit, 
stabilizing the open state of the channel and antagonizing the inhibitory effect 
of ATP. The tremendous effect of PIPS on ATP sensitivity suggests that in vivo 
alterations of membrane PIP levels will have substantial effects on K,,, channel 
activity and hence on the gain of metabolism-excitation coupling. 

K,,, channels (I) are formed from a sulfo- 
nylurea receptor (SURx) and an inward rec- 
tifier (Ktr6.x) subunit (2). Evidence is accu- 
mulating that the K,,6.x subunit forms the 
pore and controls the hallmark inhibition by 
ATP (3) ,  although the mechanism of this 
inhibition remains elusive. Recent reports in- 
dicate that membrane PIPs bind K,,, and 
other Klr channels, stabilizing them in an 
active conformatio~l (4, 5). Both the inhibito- 
ry effect of adenosine nucleotides and the 
stimulatory effects of PIPs increase with the 
number of phosphate groups in the molecule 
(1, 6); which suggests that PIP activation and 
ATP inhibition may be related phenomena. 
i$Te specifically hypothesized that PIPs and 
ATP might compete for binding to the K,,, 
channel, stabilizing open and closed chan- 
nels, respectively. 

To test this l~ypotl~esis, we recorded cur- 
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rents in inside-out patches from COSm6 cells 
expressing cloned (Ki,6.2+SUR1) K,,, 
channels (7). After patch excision, a slow 
run-down of channel activity occurred over 
the following minutes; and this run-down 
could be avoided by addition of phosphatidyl 
inositol-4,s-bisphosphate (PIP,) (Fig. 1A). 
Open probability in the absence of ATP 
(Po,,,) was -0.4 before application of PIP, 
but increased to -0.85 (Fig. 1C), which is 
consistent with the approximate doubling of 
current in macroscopic patches that followed 
treatment with PIP, (Fig. 1E) and demon- 
strates that PIP, activates K,,, current by 
increasing Po,,,. ATP sensitivity (7) imme- 
diately after patch excision could be fit by a 
sigmoid relation with a half-maximal inhibi- 
tion concentration (K,,,) of 12.1 yM and a 
Hill coefficient (H) of 1.3 ( n  = 26); which is 
similar to previous reports (2); but it de- 
creased by orders of magnitude after PIP, 
application (Fig. 1, A and B). The rate of this 
decrease was variable from patch to patch 
(Fig. ID), probably because of variable dif- 
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channel activ~ty (Fig IF) ATP sensltl~ity 
decreased 340 t~mes  (from K ,  , of 10 5 i 0 1 
yM to 3 6 i 0 3 mM) after 10 mln of expo- 
sure to PIP, (5 p,g ml) (n = 18) T h ~ s  sh~f t  in 
ATP sensit11 ity 1s far greater than any preli- 
ously reported effects of potassium channel- 
opeillng drugs (9) After PIP, appl~cat~on, 
channel activity became very stable, with 
run-donn tlme constants of >3O min, and the 
effect on ATP sens~tivity remallled, at least 
within 20 mln of PIP, n~thdrawal (Flg 2A) 
The general applicability of the phenomenon 
is Illustrated In Fig 2, C and D. prolonged 
exposure of K,,, channels to PIP, in e~ther  

cardiac myocyte or @-cell (HIT-T15) mem- 
brane patches resulted in 100- to 700-fold 
increases of K ,  ,,. 

Phosphatidyl inositol-4-phosphate (PI-4- 
P) also stimulated channel activity and re- 
duced ATP sensitivity, although it did so less 
effectively than PIP, (Fig. 2B). Phosphatidyl 
inositol-3,4,5-triphosphate (PIP,) was as ef- 
fective as PIP,. Neither phosphatidyl choline 
(PC) nor inositol triphosphate (IP,) altered 
Popen (4) or ATP sensitivity (Fig. 2B). There- 
fore, a negatively charged head and a lipid 
tail are necessary both to stimulate ATP- 
independent activity (4) and reduce ATP sen- 

. .  . .  . 
1 rnin 

sitivity. Polycatiolls have been shown to in- 
hibit K,,, channels by screening negative 
charges (la),  and this action is a substantial 
cause of channel run-down in excised patch- 
es. As shown in Fig. 3A, application of poly- 
lysine or C a 2  or speimine (11) after stimu- 
lation by PIP, caused rapid reversal of both 
the increased Po,,,, and the reduced ATP 
sensitivity. 

There have been indications that the 
COOH-terminus of K,, channels is involved 
in PIP, activatioil (4; 5)  and in the ATP 
sensitivity of K,,, channels (3). According 
to the above hypothesis, mutations that re- 
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Fig. 1. (A) Representative WT (SUR1+Kl,6.2) K,,, channel currents current (top) and Po en ( I - s  bins) (bottom). The patch was isolated 
in an inside-out patch (7). The patch was isolated at the arrow and immediately before tRe onset of the record and exposed t o  5 p,M PIP,, 
exposed to  differing ATP concentrations or t o  5 KM PIP,, as indicated, as indicated. (D) K,,, from individual experiments like those in (A) 
The dotted line indicates zero current. (B) K,,, [estimated from fits of versus t ime after onset of exposure t o  5 p,M PIP,. Averaged K,,, 
the Hill equation I,,, = 1/{1 + ([ATP]IKl,2)H}, with I re ,  being the current ( iSEM)  before application of PIP, (Pre) is ~ndicated by the larger 
relative t o  the peak current after PIP, and H fixed at 1.3; see inset] as symbol. (E) I,,, versus t ime after onset of exposure t o  PIP,. (F) I,,, 
a function of t ime for the record in (A). (C) Single WT K,,, channel [from (E)] versus K,,, [from (D)]. 
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Fig. 2. (A) K,,, as a function of t ime for an experiment like that in Fig. 
1A. PIP, was applied only during the period indicated. (B) K,,, from 
patches (n = 3 t o  6) exposed t o  5 p,M PC, IP,, PI-4-P, PIP,, or PIP, for 
0 rnin (open bars) or 8 (7.3 t o  9.1) rnin (solid bars). (C and D) 
Representative K,,, channel currents in inside-out patches from a HIT 
T I5  cell (C) and a mouse ventricular myocyte (D). Patches were isolated 
at the arrows and exposed to  ATP or t o  5 KM PIP,, as indicated. In all 
experiments with HIT T I5  cells and ventricular myocytes, K,,, increased 
from 9 i 1 p,M and 19 i 4 p,M t o  2.1 i 0.3 mM and 5.8 i 0.8 mM, 
respectively (n = 4 and 7 patches), after 5.5 i 0.3 rnin and 9 i 0.5 rnin 
of PIP, exposure. 
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duce XTP binding to Klr6.2 should reduce 
ATP sensitivity without altering Popen. Neu- 
tralization of residue K185 in 1Ci,6.2 reduces 
ATP sensitivity and may contribute to ATP 
binding (3> 12). 1C1,6.2[IC185Q] nlutant chan- 
nels (13) are -30 times less sensitive to ATP 
than wild-type (II'T) 1<,,6.2LSURl channels 
when first isolated, but have similar Pope,, 
values (11). ATP sensitivity shifts in parallel 
for both \JTT and 1C185Q lnutant channels 
after PIP, treatment, with the K, , of K185Q 
nlutant channels rising to 39 i 7 mM after 

Fig. 3. (A) Representative W T  
current in  an inside-out patch, 
isolated at the  arrow and ex- 
posed t o  differing ATP concen- 
trations or t o  5 K M  PIP,, as in- 
dicated. The gaps in  the record 
are 2 and 3.5 m in  long. Poly- 
lysine (10 ~ g l r n l ,  molecular 
weight -1000) was applied as 
indicated. (B) K,,, as a func- 
t i on  o f  t ime  for the  record in  (A). 
(C) Representative mutant  K,,6.2 
[R176A]+SURI currents in  an in- 
side-out patch, isolated at the 
arrow and exposed t o  differing 
ATP concentrations or t o  5 p.M 
PIP,, as indicated. Inset a t  left  
shows current immediately after 
patch excision, amplified 20 
times. 

6.9 i 1.0 nlin of PIP, treatnlent (six patches 
were tested). Conversely, mutations that re- 
duce PIP, sensitivity should have a low Popen 
but sho\v a saturating Po,,,, and ATP sensi- 
tivity similar to those of IVT channels after 
PIP, treatment. Residues R176 and R177 of 
1Cir6.2 are two positively charged amino acids 
that might contribute to PIP, binding (4, 5); 
neutralization of residue R188 in I<,,l. 1 
(equivalent to R177 in 1CLr6.2) reduces PIP, 
binding to these channels (5). Both 
1Cl,6.2[R176A] and IC,,6.2[177A] mutations 

- 
1 min 

U 

1 min 

Fig. 4. (A) Representative A 
GST W T  current in  an inside- ___, s r n ~ ~ ~ p  Kir6 2-C 

ou t  patch. The patch had \' 
been exposed t o  5 ,  p M  
PIP, for -10 m in  before 
the  second first trace trace, was and ob- the 2nA,bF 
tained -3 m in  after the 1 

first, The patch was ex- 20 secs 
............................... ........................................... 

posed t o  100 n M  CST, 
100 n M  K,,6.2-C, o r  5 m M  B 
ATP, as indicated. (B) Rep- 
resentative WT currents in  
another inside-out patch. 
The patch had been ex- 
posed t o  5 p.M PIP, for 
-12 min before the first 
trace, and the traces were 30sec 

-5 min apart. The patch 
was exposed t o  K,r6.2-C 
wi th either 1 m M  ATP or 5 p M  PIP,, as indicated (down arrow). 
For the Ki,6.2-C+ATP trace, 1 m M  ATP alone was applied GST K1r8 2-c K I ~  2-c K1r6 2-c 

beforehand (up arrow). (C) Steady-state current ( iSEM),  rel- + PIPZ +ATP 

ative t o  the current before treatment, during application of 
GST or Ki,6.2-C, alone or wi th PIP, or ATP from experiments (n = 3) Like that in  (B). 

(- SURl) expressed considerably lower con- 
ductances in intact cells than did WT chan- 
nels, as assessed by "Rb efflux (14) (21 k 
8% and -0%, respectively; in three separate 
paired transfectioas). In inside-out patches, 
no currents were detected from the R177A 
mutant, and very small currents were ob- 
served from the R176A mutant. The low 
channel activity makes accurate assessment 
of K, , very difficult and reflects an extreme- 
ly low Pope,,> as confirmed by an ellollnous 
increase of current that followed PIP, appli- 
cation '(Fig. 3). The current in zero XTP 
increased >SO-fold (the current before PIP, 
was 1.2 i 0.1% of the cul-sent after PIP,) and 
increased nlore slo\vly than in LL'T channels 
[half-time ( t ,  ,) = 76 i 20 s and 32 i 6 s; 
respecti\~ely], but K,;, neve~theless reached 
comparable levels (2.1 i 0.1 mM after 9.8 i 
0.3 nlin of PIP, treatment; r7 = 6; Fig. 3C). 
These results are consistent with the R176A 
nlutation lowering PIP, affinity, thus under- 
lying the reduced physiological activity of 
Ki,6.2[R176A] channels and providing cru- 
cial evidence for the physiological role of 
PIP, in lnaintaining nollllal channel activity. 

To further exanline interactions between 
PIP,, ATP; and the Kir6.2 subunit, we engi- 
neered a protein (1Cir6.2-C) containing the 
1Ci,6.2 COOH-terminus (arnino acids 170 
through 390) fused to glutathione S-trans- 
ferase (GST) (13). After PIP, exposure; GST 
Lvas without effect, but purified K,,6.2-C 
nlarkedly inhibited channel activity (Fig. 4). 
IVhen Ki,.6.2-C Lvas removed, channel activ- 
ity recovered only slo\vly; this recovery, 
however, was greatly accelerated by expo- 
sure to ATP. Klr6.2-C might block the chan- 
nel, acting as a "balln-like dolnain si~nilar to 
the NH,-telminus of SJ7akei.-like channels 
( I j ) ?  but the follo\ving obselvations suggest 
an alternative hypothesis. Ki,6.2-C inhibition 
was relieved in the presence of PIP,, which 
suggests that rather than directly bloclcing the 
pore, positive charges on K,,6.2-C may bind 
to the negatively charged PIPs in the mem- 
brane, screening them from the channel itself 
and effectively reducing the nlelnbrane PIP, 
concentration that the channel itself sees. 
When Ki,6.2-C is added in the presence of 
PIP,, Ki,6.2-C is significantly bound to the 
micellar PIP, in the solution rather than to 
PIPs in the membrane. These experiments 
Lvere perfornled after prolonged pretreatnlent 
with PIP,. Under this condition, 1 nlM ATP 
was without significant inhibitory effect (see 
Fig. 4B; ATP was added at the up arrow) but 
augmented the inhibitory effect of subse- 
quently applied 1Cl,6.2-C (Fig. 4, B and C)? as 
~vould be expected if exogenous K1,6.2-C 
lowers the effective nlelnbrane PIP, concen- 
tration by a charge-screening effect. 

The present results show that ATP sensi- 
tivity can be changed over orders of magni- 
hlde by nlanipulation of the PIP content of 
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the membrane: and they provide a mechanis- 
tic framework for understanding the hallmark 
inhibition of these channels by ATP. Al- 
though we do not expect exact overlap of the 
PIP, and ATP binding sites, a negative het- 
erotropic cooperativity is expected. so that 
individual residues may contribute to the 
binding of each ligand. Intact cell channel 
activity is reduced in the Klr6.2[R176A] mu- 
tant, demonstrating the physiological rele- 
vance of this finding. Membrane PIP compo- 
sition may vary physiologically (16), and this 
may explain the wide variability in ATP sen- 
sitivity of native K,,, channels (1 7) .  It has 
long been recognized that activation of K,,, 
channels occurs under conditions where the 
cytoplasinic concentration of ATP is much 
higher than that required to inhibit channels 
in excised membrane patches (1, 6, 9). The 
profound effects of PIP, on ATP sensitivity 
would suggest that as membrane PIP levels 
increase: K,,, channels will be rendered in- 
sensitive to ATP. providing a mechanism for 
physiological activation. 
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PIP, and PIP as Determinants for 
ATP Inhibition of KATp Channels 

Thomas Baukrowitz," Uwe Schulte,* Dominik Oliver, 
Stefan Herlitze, Tobias Krauter, Stephen J. Tucker, 

J. Peter Ruppersberg, Bernd Faklert 

Adenosine triphosphate (ATP)-sensitive potassium (K,,,) channels couple elec- 
trical activity to cellular metabolism through their inhibition by intracellular 
ATP. ATP inhibition of K,,, channels varies among tissues and is affected by the 
metabolic and regulatory state of individual cells, suggesting involvement of 
endogenous factors. It is reported here that phosphatidylinositol-4,s-bisphos- 
phate (PIP,) and phosphatidylinositol-4-phosphate (PIP) controlled ATP inhi- 
bition of cloned K,,, channels (Ki,6.2 and SURI). These phospholipids acted on 
the Ki,6.2 subunit and shifted ATP sensitivity by several orders of magnitude. 
Receptor-mediated activation of phospholipase C resulted in inhibition of KATp- 
mediated currents. These results represent a mechanism for control of excit- 
ability through phospholipids. 

 modulation of K,,, channels by activation 
of metabotropic receptors and cell metabo- 
lism is an important pathway for regulation of 
cell excitability (I). A common feature of 
these regulatory effects is that inhibition of 
K,,, channels by ATP can be antagonized 
and activation can be mimicked by so-called 
K channel openers (2). These dnlgs are 
known to activate K,,, channels even in the 
presence of millimolar concentrations of ATP 
(3) and involve the sulfonylurea receptor 
(SUR) to exeit their effect (4, 5) .  

The effect of the K channel opener di- 
azoxide on the current mediated by K,,, 
channels in response to voltage steps in giant 
inside-out patches from Xenopzls oocytes ex- 
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pressing K,,6.2 and SURl subunits is dern- 
onstrated in Fig. 1A ( 6 ) .  Inhibition of the 
K,,,-mediated current by an initial applica- 
tion of 100 FM ATP was partly reversed by 
the addition of 100 FM diazoxide. After 
wash-out of both ATP and diazoxide, the 
current amplitude rapidly recovered to the 
level present before ATP application. This 
protocol was repeated four times after the 
patch had been intermittently exposed to the 
phospholipid PIP,. Besides its known effect 
of inhibiting run-down (7, 8): exposure to 5 
FM PIP, reduced the inhibitory effect of 
ATP and removed activation of channel ac- 
tivity by diazoxide ( n  = 3). Patch excision 
into Mg-ATP-free solution resulted in sub- 
stantial run-down of K,,, channel activity 
(Fig. 1B). This phenomenon is known for a 
variety of native and cloned K,, and K,,, 
channels (7-10) and has recently been sholvil 
to be induced by wash-out of phospholipids 
such as PIP, and PIP (8) .  Run-down of K,,, 
channels was accompanied by a marked in- 
crease in -4TP sensitivity (n = 6). Immedi- 
ately after patch excision. 10 F~M ATP 
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