
and the program was switched to an identlcal profile 
incorporating an elevated annealing temperature of 
54°C and was repeated 35 tlmes. The ampllflcatlon 
product was digested with the enzymes Pst I and Sal 
I and purified from an agarose gel with the glassmilk 
resln supplled In the Geneclean kit. The plasmid 
containing the mature toxin was digested with the 
same enzymes to create a vector for directional clon- 
ing. Subclones were screened by DNA sequenclng. 
The GenBank accession number for the gene en- 
coding IVB and IVC is U15925. 

13. D. Phillips, N. A. Saccomano, R. A. Volkmann, U.S. 
Patent 5,122,596 (1 992). 

14. The sequence and primary activity of IVB and IVC are 
available (13) [M. E. Adams et a/., Mol. Pharmacoi. 
44, 681 (1993); T. Teramoto et a/., Biochem. Bio- 
phys. Res. Commun. 196, 134 (1 993)]. The pres- 
ence of two toxins with identlcal primary structures 
was reported more recently [A. H. Ganong et a/., 
Soc. Neurosci. Abstr. 19, 721 2 (1 993)l. 

15. A library of all diastereomers was synthesized to ver- 
ify that the chromatography used to distinguish the 
native proteolytic fragments could resolve all possi- 
ble isomers of this peptide. The proteolytic products 
Gly-Leu-LSer-Phe-Ala and Gly-Leu-DSer-Phe-Ala 
from nativevenom each independently coeluted with 
one of the synthesized peptide diastereomers (7). 

16. Pept~desynthesis was done on an ABI 430A (Applled 
Biosystems, Foster City, CA) with the use of tert- 
butoxycarbonyl protocols (version 1.4; 1 -methyl-2- 
pyrrolldinone and hydroxybenzotr~azole). Capping 
was done after each coupling step. Butoxycarbonyl 
(BOC) AlaPAM (0.66 g, 0.753 mmol/g) resin and 
standard side-chain-protected BOC amino acids 
were used in chain assembly. Hydrofluoric acid (HF) 
deprotectlon and cleavage from resin (500 mg) fol- 
lowed the low-high method of J. Tam and colleagues 
[J. Am. Chem. Soc. 105,6442 (1 983)l. The crude HF 
product (262 mg) was stirred into 1 liter of 0.4% 
trifluoroacetic acid (TFA) for 1 hour, then pH-adjust- 
ed to 8.0 with NH40H and filtered with a 0.22-pm 
fllter. The solution was swlrled once daily. Reversed- 
phase HPLC showed that a major product devel- 
oped in 8 to 12 days. Active toxin was purified from 
the refolding by means of reversed-phase chroma- 
tography on a POROS R2M column (25.4 x 100 
mm) by ion exchange on a polysulfoethylaspart- 
amide column (4.6 x 200 mm), and by rpHPLC on a 
C-18 Vydac column (4.6 x 250 mm). Synthetic IVB 
and IVC were shown to be identical to the corre- 
sponding native toxins in all respects. 

17. Chromatography was done as a C-18 Vydac column 
(4.6 x 250 mm), with a particle size of 5 pm and a 
pore size of 300 A. Flow rate was 1 ml/min; detection 
occurred at 220 nm. The gradient was A = 0.1 % 
TFA, B = acetonitrile. The concentration of B was 25 
to 35% over 40 min, then 35% for 10 min. Results 
obtained were identical to those outlined in Fig. 1, A 
through C. 

18. Animals used in these studies were treated in strlct 
accordance with the NIH Guide for the Care and Use 
of Laboratory Animals (NIH Publ. no. 85-23, U.S. 
Department of Health and Human Services, Public 
Health Department, Bethesda, MD, 1985). Freshly 
dissociated cerebellar Purkinje neurons from rats 7 
to 15 days postnatal were prepared by means of a 
modification of descrlbed methods [ L. J. Regan, J. 
Neurosci. 11, 2259 (1991); J. E. Huettner and R. W. 
Baughman, ibid. 6, 3044 (1 986)l. Whole-cell record- 
ings of P-type currents (carried by Ba") were re- 
corded at room temperature with 1 - to 3-megohm 
patch electrodes containing 90 mM CsOMs, 18 mM 
CsF, 9 mM EGTA, 9 mM Hepes, 4 mM MgCI,, 14 
mM creatine phosphate (2 Na), 1 mM tris-guanoslne 
triphosphate, and 4 mM Mg-adenosine triphos- 
phate, adjusted to pH 7.3 with CsOH and to 325 
mosM with sucrose. The extracellular buffer for seal 
formation contalned 150 mM NaCI, 10 mM Hepes, 4 
mM KCI, 2 mM CaCI,, 3 mM BaCI,, 2 mM MgCI,, 
and 10 mM deoxyglucose at pH 7.4. After a seai was 
obtained and whole-cell recording was done, the 
extracellular medium was switched to 154 mM tet- 
raethylammonium chloride, 10 mM Hepes, 5 mM 
BaCI,, 2 mM MgCI,, 10 mM deoxyglucose, and 0.25 
mM tetrodotoxin, adjusted to pH 7.4 and to 335 
mosM. Series resistance was compensated by 80%. 

Cells were voltage-clamped at -80 mV, and maxi- 
mum inward barium currents were induced by a 50- 
ms depolarizing step to - 10 to +I 0 mV. Leak cur- 
rent was subtracted wlth four scaled hyperpolar~zing 
pulses stepped from a holding potential of -80 mV. 
Test solutions were delivered through 152-pm mi- 
crocapillary tubes by gravity feed. Toxin peptide so- 
lutions contalned cytochrome c (1 mg/ml). Currents 
recorded under these conditions were blocked 95 2 
1 % (n = 8) by 200 nM synthetic IVA and were 
blocked 6 2 1 % (n = 9) by a combination of 3.2 pM 
w-conotoxin GVlA and 10 pM nlfedipine. 

19. S. D. Heck et a/., data not shown. 
20. 45Ca" flux into rat brain synaptosomes was done 

essentially as described in (5). Synaptosomes were 
preincubated with toxin for 30 min (20 min at 4°C 
and 10 min at 30°C) before depolarization with 45 
mM KC1 in the presence of 0.5 pCi of 45Ca2+. The 
45Ca2+ flux was 0.053 2 0.01 5 nmol per milligram of 
protein. Each concentratlon data polnt represents 
the mean 2 SEM for at least three determinations 
except where noted. 

21. Partial sequence data has been reported [fraction M 
In (73)l. 

22. Venom (-100 pl) was diluted with PBS (100 pl), 
loaded on a G-75sf gel column (1 0 mm inside dlam- 
eter x 10 cm), and eluted with PBS at 400 pl/min, 
collecting 1.4-ml fractions. 

23. Electrospray mass spectrometry data was collected 
as descrlbed in (7). 

24. The COOH-terminal five-amino acid peptides of IVB 
and IVC (Gly-Leu-~Lser-Phe-Ala) were used as 
model substrates to study the proteolytic activity in 
fractions 3 and 4. The COOH-terminal flve-amino 
acid peptide of IVB, containing a D-serine residue, 
was completely resistant to proteolysis and retarded 
the cleavage of the analogous L-amino acid sub- 
strate derived from IVC. The protease was isolated 
from venom and shows a high homology to neutral 
endopeptidase class 24.1 1 (lanes 3 and 4, Fig. 4). 
Alignment wlth related proteases places residue 1 of 

this enzyme with residue 53 of homologs. The ex- 
tremely hydrophobic NH,-termlnus in the later en- 
zymes is suggested to serve as a membrane anchor. 
The spider protease lacking this element may be 
designed as a soluble proteln either for injection into 
prey or to serve as a necessary protease for toxin 
selection or maturation. 

25. Gel fractions 9, 10, and 11 were combined, lyophi- 
lized, and reconstituted in 500 pI of water. To 200 p1 
of this sample was added 20 pI of 50 mM EDTA and 
20 pg of IVC or IVB as a solution in 20 p1 of water. 
The sample was kept at 37°C for the duration of the 
experiment. 

26. K. Richter, R. Egger, G. Kreil, Science 238, 200 
(1 987). 

27. G. Kreil, J. Biol. Chem. 269, 10967 (1 994). 
28. T. Yamauchl etal., ibid. 267, 18361 (1992); G. Rud- 

nickand R. H. Abeles, Biochemistry14,4515 (1975). 
29. K. A. Gallo and J. R. Knowles, Biochemistry 32, 

3981 (1993); K. A. Gallo, M. E. Tanner, J. R. 
Knowles, ibid., p. 3991; M. E. Tanner, K. A. Gallo, J. 
R. Knowles, ibid., p. 3998. 

30. C. Walsh, Enzymatic Reaction Mechanisms (Free- 
man, San Francisco, CA, 1979), pp. 828-834. 

31. N. S. Lamango and R. E. Isaac, Insect Biochem. 
Mol. Biol. 23, 801 (1 993). 

32. U. Hornberg, N. T. Davis, J. G. Hildebrand, J. Comp. 
Neurol. 303, 35 (1991); L. Schoohfs, S. Schrooten, 
R. Huybrechts, A. DeLoof, Gen. Comp. Endocnnol. 
69, 1 (1988). 

33. R. Ford et a/., Comp. Biochem. Physiol. C 85, 61 
( I  986). 

34. M. Grabner et ai., FEBS Lett. 339, 189 (1994). See 
(4) for mammalian channel cloning. 

35. The authors acknowledge the contributing efforts of 
L. H. Hlrning, A. M. Mueller, L. D. Artman, J. L. Ives, 
J. A. Lowe, E. F. Nemeth, K. F. Geoghegan, G. 0. 
Daumy, T. J. Carty, J. G. Stroh, C. Drong, K. Ros- 
nack, and F. Fuller. 

27 June 1994; accepted 5 October 1994 

Spermine and Spermidine as Gating Molecules 
for Inward Rectifier K+ Channels 

Eckhard Ficker, Maurizio Taglialatela, Barbara A. Wible, 
Charles M. Henley, Arthur M. Brown* 

Inward rectifier Kt channels pass prominent inward currents, while outward currents are 
largely blocked. The inward rectification is due to block by intracellular Mg2+ and a 
Mg2+-independent process described as intrinsic gating. The rapid loss of gating upon 
patch excision suggests that cytoplasmic factors participate in gating. "Intrinsic" gating 
can be restored in excised patches by nanomolar concentrations of two naturally oc- 
curring polyamines, spermine and spermidine. Spermine and spermidine may function as 
physiological blockers of inward rectifier K+ channels and "intrinsic" gating may largely 
reflect voltage-dependent block by these cations. 

G a t i n g  of voltage-dependent ion channels 
is generally thought to be an intrinsic prop- 
erty of the channel protein (1).  However, 
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gating may be specifically modified by ac- 
cessory proteins (p subunits) (Z), small or- 
ganic molecules (for exam~le .  adenosine - . , 

triphosphate) ( 3 ) ,  or inorganic cations such 
as Ca2+ or Mg2+ (4-6). The  intrinsic gat- 
ing of inward rectifier K+ channels (IRKs) 
(6,  7) is thought to contribute to inward 
rectification by producing closure of chan- 
nels a t  depolarized potentials, resulting in 
negligible outward currents even in the ab- 
sence of intracellular Mg2+ (Mgzt). Con- 
versely, reopening of channels at hyperpo- 
larized potentials is thought to cause the 
time-dependent onset of inward currents. 
Two IRKs, IRK1 (8) and ROMKl (9), ex- 
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pressed heterologously in Xenopus oocytes, 
differ in both rectification (10) and gating 
(1 1 ) phenotypes. Currents from IRKl ex- 
hibit time dependence upon activation and 
rectify strongly, whereas onset of the weakly 
rectifying ROMKl currents is virtually in- 
stantaneous. A single negatively charged 
residue (Asp'72 in IRK1) in putative trans- 
membrane domain M, appears to be criti- 
cally involved in time-dependent gating 
(11, 12). 

Cytoplasmic factors might also be in- 
volved in the time dependence of IRK cur- 
rents (6, 13). In cell-attached macropatches 
from Xenopus oocytes, IRKl inward cur- 
rents activated with marked time depen- 
dence and the rates were voltage-depen- 
dent, becoming faster at more hyperpolar- 
ized potentials (14). When patches were 
excised in the inside-out configuration in 
the absence of Mgt+, transient outward cur- 
rents appeared at depolarized potentials 
(Fig. 1A).  The decay of the outward current 
became progressively slower with time and 
could not be restored upon patch exposure 
to MgZ+ (Fig. 1C). Likewise, time depen- 
dence of inward currents disappeared (Fig. 
l A ,  inset). However, time dependence was 
recovered if the patch was brought near the 
oocyte (Fig. IB), suggesting that a particle 
unrelated to Mg2+ has been washed away. 

Because the key gating determinant 
(Asp172 in IRK1) is negatively charged 
(1 I ) ,  we postulated that small, positively 
charged intracellular molecules might con- 
trol or influence the gating of IRK1. There- 
fore, we tested the three naturally occurring 
polyamines (PAS)-spermine (SPM), sper- 
midine (SPD), and putrescine (PUT)-for 
their ability to restore time dependence to 
IRKl currents. The internal application of 
all three PAS to excised, inside-out patches 
resulted in a block of outward currents in 
IRKl (Fig. ID).  Only SPM and SPD, how- 
ever, were able to produce time-dependent 
block (Fig. 1E). SPM and SPD act as high- 
affinity blockers, since only nanomolar con- 
centrations were required to mimic the time 
dependence of IRKl currents. By contrast, 
the block by PUT was time-independent 
and required concentrations a 1000-fold 
higher than for SPM and SPD (15). 

Consistent with time-dependent block, 
the current decay was faster with increasing 
SPM and SPD concentrations (Fig. IF). 
The block was also voltage-dependent, be- 
coming more marked at more depolarized 
potentials. A t  the single channel level, 
SPM and SPD shortened openings and 
markedly prolonged closures (Fig. l G ) ,  
thereby producing the observed decay in 
the ensemble currents (Fig. 1E and IF). 

We tested the importance of the Asp 
residue at position 172 (1 1 ,  12) for block by 
SPM or SPD. Asp17' was critical for SPM 
and SPD effects, since no detectable time- 

Table 1. PAS in Xenopus oocytes and in K+-Ringer solution-bathing oocytes. Total PA levels were 
measured from single Xenopus oocytes according to established procedures (18, 19). Molar concentra- 
tions were calculated assuming a volume of 1 p1 per oocyte (n = 3, mean +- SD). To estimate PA levels 
outside oocytes, f~ve groups of 10 oocytes each were incubated in 100 or 500 K I  of Kf-Ringer. After 15 
min, the bathing solution was aspirated and frozen for analysis (n = 8, mean +- SD). 

Xenopus oocyte Bathing solution 
Poly- 

amines Polyamines Polyamines 
(pM/~g protein) (FM) 

Polyamines 
(PM) 

SPM 0.88 2 0.02 216.51 2 19.94 0.076 +- 0.15 
SPD 3.35 2 0.19 824.53 2 85.73 0.34 i 0.28 
PUT 3.53 2 0.31 869.42 +- 85.89 1.35 +- 1.29 

Oocyte removed 
from chamber 

Record number 
F G control , 10 nM SPD 

50 rns 50 rns 

Fig. 1. Loss of lRKl gating and restoration by SPM and SPD. (A) Unsubtracted cell-attached (c-a) and 
inside-out (i-o) macropatch recordings from Xenopus oocytes injected with IRK1 complementary RNA. 
The records were taken at the indicated times after patch excision. Holding potential, 0 mV; prepulse to 
-30 mV; test pulse, +40 mV. The records were normalized at the steady-state current level at -30 mV. 
The vertical scale bar was 3 nA for the i-o 90-s (90") trace, 1.41 nA for the c-a trace, 2.58 nA for the i-o 
0" trace, 2.96 nAfor the i-o 45" trace and 2.92 nA for the i-o 120" trace. Inset, expanded scale (2-ms bar) 
of time-dependent inward currents. (B) The time-dependent component is restored when the patch is 
positioned within 50 pm of the oocyte. Holding potential, 0 mV; prepulse to -30 mV, test pulses from 
-80 mV to +60 mV in 20-mV steps. (C) Ensemble average of 16 to 48 single channel records, recorded 
in control solution after exposure of i-o patch to 5.2 and 52 yM Mg:+ and upon washout. Test potential: 
+40 mV. As judged from the peak current, the patch contained five to eight channels. (D) Integrated 
single channel outward currents from a multichannel (three to five lRKl channels) patch in the i-o 
configuration, exposed to the indicated concentrations of PAS for the indicated times. Traces were 
recorded with 3-s intervals. Test potential, +40 mV; test pulse duration, 150 ms. (E and F) Ensemble 
average of 16 to 48 single channel records from multichannel patches [20 to 25 channels in (E); 4 to 6 in 
(F)] recorded in the i-o configuration in control solution and upon exposure to the indicated concentrations 
of PAS. Test potential, +40 mV. (G) Single channels recorded in the i-o configuration in control solution 
and upon exposure to 10 nM internal SPD. Test potential, +40 mV. Pre- and post-pulses, -80 mV. 
Dashed lines indicate zero current. 
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dependent block of IRKl D172N was elic- 
ited (Fig. 2, B and C). Moreover, higher 
concentrations were required to produce 
the time-independent block (Fig. 2, A and 
D), with SPM and SPD block more affected 
than block by PUT. The dissociation con- 
stant (Kd) values for SPM, SPD, and PUT 
block at +40 mV were calculated from 
averaged single channel currents: 7.5 ? 1 
nM (n = 9) ,  17.9 2 3.3 nM (n = 11),and 
9800 ? 2300 nM (n = 5),  respectively, in 
IRK1, while in D172N they were 258 (n = 

2), 446 ? 172 (n = 3),  and 26,700 ? 6300 
(n = 4), respectively. Single channel re- 
cordings from D172N showed that the 
blocked state produced by SPM and SPD 
had a much shorter lifetime than in IRKl 
(compare Fig. 2E and Fig. 1G) and that 
frequent reopenings resulted in sustained 
ensemble currents (Fig. 2, B and C) .  PUT 
showed even faster blocking rates that were 
comparable in both wild-type and D172N 
channels. 

The key role of the Asp for the time- 
dependent gating produced by SPM and 
SPD was also tested in ROMKl. This chan- 
nel has an Asn at the corresponding resi- 
due, rectifies weakly, and lacks time-depen- 
dent activation (9, 11). Substitution with 
an Asp (N171D) resulted in strong rectifi- 
cation and prominent time dependence of 
inward and outward macropatch currents 
(11, 16), which were lost after excision 
(Fig. 3A). As for IRK1, reconstitution of 
time-dependent behavior could be achieved 
by positioning the macropatch in close 
proximity to the oocyte (Fig. 3B). Internal 
application of SPD (1  and 3 pM)  repro- 
duced the time-dependent block induced by 
approaching the oocyte (Fig. 3C). Single 
channel currents showed that SPD short- 
ened open times and increased closed times 
(Fig. 3D), consistent with the slow open- 
channel block observed in IRKl channels. 
By contrast, block of wild-type ROMKl 
channels required much higher SPM and 
SPD concentrations and did not exhibit 
any time dependence (Fig. 3, E and F). The 
key role of the Asp is further emphasized by 
the lo4-fold difference in Kd values for SPD 
block between ROMKl and ROMKl 
N17 ID. The values calculated from macro- 
patch currents at +40 mV were 303.5 nM 
for ROMKl N171D (n = 29) and 2.16 mM 
for ROMKl (n = 16). Just as with IRK1, 
PUT was unable to confer rectification and 
time-dependent activation to ROMKl 
N171D. 

The specificity of SPM and SPD was 
further confirmed by testing other small 
positively charged molecules for their ef- 
fects on ROMKl N171D. W e  tested a va- 
riety of diamines including 1,3-diaminopro- 
pane, 1,6-diaminohexane, 1,7-diaminohep- 
tane, and 1,8-diaminooctane, and they all 
blocked ROMKl N171D in a manner sim- 

1070 

A 
100 nM 

SPD 

Control Record number 

[Internal SPD] (nM)  

Fig. 2. Loss of time-dependent block by SPM and SPD in IRK1 D172N mutant channels. (A) Integrated 
single channel outward currents from a patch containing a single IRK1 D172N channel in the i-o 
configuration, exposed to the indicated concentrations of PAS for the indicated times. Traces were 
recorded with 3-s intervals. Test potential, +40 mV; Test pulse duration, 150 ms. (B and C) Averaged 
IRK1 Dl 72N single channel records (1 6 to 48 records) recorded in i-o configuration in control solution and 
upon exposure to the indicated concentrations of PAS. Test potential, +40 mV. (D) Dose-response for 
blockade by SPD in IRK1 and IRK1 Dl 72N channels. The single channel current from 16 to 64 sweeps 
for each SPD concentration was integrated (I) and the normalized values (I//,,) were expressed as a 
function of the intracellular SPD concentration. Solid lines are fits to the following binding isotherm: y = 

max/(l + X/K,)", where X is the SPD concentrations and n the Hill coefficient. Fitted values for n were 
between 0.8 and 1.2. In the displayed fits, n was fixed at 1. (E) Single channels recorded from IRK1 
Dl 72N channels expressed in Xenopus oocytes in the i-o configuration in control solution, after subse- 
quent exposure to 100 nM SPD, 1 pM SPD, 100 n M  SPM, 10 pM PUT, and upon washout. Test 
potential, +40 mV; pre- and post-pulses, -80 mV. Dashed lines indicate zero current. 

ilar to  PUT but not SPM or SPD. 
SPD is also responsible for the time de- 

pendence of inward currents, illustrated for 
ROMKl N171D (Fig. 4). Similar results 
were obtained with SPM. Thus, the origin 
of the time dependence of both inward and 
outward currents is related; for inward cur- 
rents, block by SPM/SPD is being relieved 
while for outward currents it is being initi- 
ated. After complete loss of time depen- 
dence after patch excision in Mgft-free 
solution (Fig. 4B), 10 p M  SPD reconstitut- 
ed the time dependence of inward currents 
displayed by N171D in the cell-attached 
macropatch (Fig. 4, C and E). SPD also 
strongly blocked the outward currents, pro- 
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ducing a transient relaxation. Simultaneous 
addition of 0.5 mM free Mgf+, t$gether 
with 10 p M  SPD, slowed the relaxation at 
+40 mV (Fig. 4D). Similar to  results de- 
scribed for IRKl channels, less influence 
was exerted by Mg:+ on the kinetics of 
inward current activation in ROMKl 
N171D. These observations are compatible 
with a competitive interaction between the 
two cations and are consistent with the 
eightfold increase in the affinity for Mg:+ 
in ROMKl N171D (1 1 ,  16). 

To  test further the role of PAS as phys- 
iological regulators of IRKS, we have mea- 
sured total SPM, SPD, and PUT concentra- 
tions in Xenopus oocytes (Table 1). These 



Fig. 3. Comparison of 
SPD effects on ROMKl 
and ROMKl N171D 
channels. (A) Unsub- 
tracted c-a and i-o mac- 
ropatch recordings from 
Xenopus oocytes injected 
with ROMKl N171D 
cRNA. The records were 
taken at the indicated 

A p,, / Oocyte at >5 mm Oocyte at 4 0  pm 

6 , 1 pM SPD 3 pM SPD 

I 
times after patch excision. 
Holding potential, 0 mV; 
prepulse to -30 mV; test 
pulse, +40 mV. Dashed 32 ms .- - 

line indicates zero current. R O M K ~  ~ 1 7 1 ~  Control 
The records were normal- F Control 

ized as described in Fig. 
1 A. The vertical scale bar 
was 5 nA for the i-o 90" 
and i-o 120" traces, 3.09 
nA for the c-a trace, 4.55 
nA for the i-o 0" trace, and control 100 p M  SPD 
4.95 nA for the i-o 45" 
trace. (B) The time-de- 
pendent component in 
ROMKl N171 D channels 
is restored when the 
patch is positioned within 50 pm from the oocyte. Holding potential, 0 mV; prepulse to -30 mV; test 
pulses from -80 mV to +60 mV in 20-mV steps. (C) Effect of 1 and 3 pM SPD on ROMKl N171 D 
currents. Holding potential, 0 mV; prepulse to -30 mV; test pulses from -80 mV to +lo0 mV in 20-mV 
steps. (D) Averaged and single channel traces of ROMKl N171 D recorded in control solution and after 
patch exposure to 3 pM SPD. Test potential, +40 mV; pre- and post-test pulses to -80 mV. The patch 
contained two channels. Scale bars correspond to 1 pA and 100 ms. (E) Averaged and single channel 
traces of wild-type ROMKl, recorded in control solution and after patch exposure to 3 pM SPD. Test 
potential, +40 mV; pre- and post-test pulses to -80 mV. The patch contained one channel. Scale bars, 
1 pA and 100 ms. (F) Effects of 100 p,M SPD on wild-type ROMKl macropatch currents. Holding 
potential, 0 mV; prepulse to -30 mV; test pulses from -80 mV to +I00 mV in 20-mV steps. Solid or 
dashed lines indicate zero current. 

A Cell-attached 

% 10 p M  SPD 

b E 10 p M  SPD, wash Mg2+ 

10 p M  SPD t 0.5 rnM Mg2t 

concentrations are com~atible  with a role 
for PAS as IRK blockers: Furthermore, PAS 
could be detected in the K+-Ringer solu- 
tion-bathing Xenopus oocytes (Table 1) 
and could account for the restoration of 
time-dependent gating after positioning ex- 

Fig. 4. Effect of Mg2+ on SPD-induced blockade 
of ROMKl N171 D channels. After recording from 
a cell-attached macropatch showing time-depen- 
dent inward and outward (see inset A; bars are 
200 PA and 2 ms) currents (A), the patch was 
excised in Mgf+-free solution and the time depen- 
dence of the currents was lost (B). Subsequently, 
the intracellular side of the patch was exposed to 
10 FM SPD (C), 10 p,M SPD plus 0.5 mM free 
Mg:+ (D), and again to 10 FM SPD (E). (F) Traces 
recorded after SPD washout. In all panels, the 
holding potential was 0 mV; depolarizing prepulse 
to +40 mV; and test pulse from 0 mV to -45 mV 
in -5-mV steps. Solid lines indicate zero current. 

cised patches in close proximity to an oo- 
cyte. The results are also consistent with 
the observation that cells have specific 
membrane systems for transporting PAS 
(17). 

 he effects of SPM and SPD on IRK1, 
IRKl D172N, ROMKl, and ROMKl 
N 17 1D channels confirm that time-depen- 
dent gating is due to interaction with the 
Asp. However, the time-independent com- 
ponent of SPM and SPD block was still 
much stronger in IRKl D172N than in 
wild-type ROMK1, suggesting that addi- 
tional sites might contribute to the block of 
IRK1. These sites may be located in the 
carboxyl terminus, which specifies molecu- 

lar determinants for Mgf + binding and K+ 
conduction in IRKl (1 0). 

It appears that the mechanism of inward 
rectification involves a fast, voltage-depen- 
dent, time-independent block by Mg:+ to- 
gether with a slower, voltage- and time- 
dependent block, probably exerted by SPM 
and SPD. In IRKl these processes seem to 
be largely separable; block by Mg:+ has 
been localized mainly to the carboxyl ter- 
minus (1 O), whereas time-dependent gating 
is conferred by the Asp in the M, region 
(1 1 ,  12). SPM and SPD may be the physi- 
ological molecules responsible for time-de- 
pendent "intrinsic" gating and the Asp in 
M, may contribute to the receptor site for 
SPM and SPD. It remains to be determined 
whether the kinetics of IRK currents are 
influenced by the physiological fluctuations 
in SPM and SPD that occur during cell 
growth and division (1 7). 
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WTECHNIfCAL COMMENTS 

Stellar Variability and Global Warming 

Stellar observations (1 ,  2)  suggest that the 
sun is less variable in its total light output 
than other stars of comparable magnetic 
activity. In his report (3), Peter Foukal 
offers an interpretation of this result in 
terms of a model for solar variabilitv. It 
appears, however, that this model does' not 
account completely and correctly for the 
stellar observations. 

Foukal argues that the broadband vari- 
ability of a star like the sun is explainable in 
terms of two types of discrete magnetic 
features on its surface, namely bright faculae 
(in both active regions and the magnetic 
network) and dark sunspots. A central fea- 
ture of his interpretation of the stellar ob- 
servations is the ex~ectat ion that the vari- 
ation in total light must be dominated by 
the dark (spot) component when the aver- 
age activity exceeds some level. 

This model can, indeed, explain the 
high amplitude brightness variability of 
stars that are considerably younger than the 
sun. Such stars have time-averaged magnet- 
ic activity several times greater than that of 
the present-day sun. Their total light output 
also characteristically varies inversely with 
their emission in the resonance lines of 
ionized calcium (widely accepted as a proxy 
for the bright faculae), a fact implying that 
their net broadband variability is driven by 
the dark (that is, spot) component, consis- 
tent with Foukal's expectation. 

Stars similar in age to the sun, however, 
have time-averaged magnetic activity com- 
parable to that of the present-day sun (4). 
Thev show calcium emission variations on 
the &me scale of the Il-year solar activity 
cycle ranging from about one-half to twice 
that of the corresponding solar variation. 

istically share a property that clearly distin- 
guishes them from younger stars: Their total 
light output varies directly with their calci- 
um emission, rather than inverselv. In terms 
of the two-component model, this means 
that, regardless of its amplitude, the net 
broadband variability of these stars is domi- 
nated by the bright (facular) component. 
Thus, Foukal's argument that the dark (spot) 
component is driving the net broadband 
variability of some of these stars (the more 
strongly varying, in particular) is not correct. 
Accordingly, his interpretation does not ex- 
plain, in a fundamental, qualitative way, the 
behavior of those stars he is most concerned 
with, namely, stars with average magnetic 
activity comparable to that of the present 
sun, but with broadband variability ampli- 
tudes that are several times larger. - 

Furthermore, the behavior of some of 
these solar analogs appears to pose quanti- 
tative difficulties for the two-component 
model of solar and stellar variability itself. 
Consider, for example, the star HD 10476. 
Its average magnetic activity is only 6% 
greater than that of the sun. The decadal u 

variation of its calcium emission, however, 
exceeds that from the sun bv a factor of 
almost two. If the proportionality between 
calcium emission and the bright (facular) 
component is similar for both the sun and 
its stellar analogs (5), then the contribution 
to HD 10476's broadband variation from 
the bright component must also be about 
twice the corresponding solar value, or 
0.4%. Photometric measurements show 
that its net broadband variation. which re- 
flects the contribution from the dark as well 
as the bright component, is about 0.6%, 
six times the solar value. In coniunction, 
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same: 8 of 21 stars in the augmented sample 
are discordant. Perhaps solar-stellar vari- 
ability does involve "other mechanisms 
than modulation by photospheric magne- 
t ism..  ." (3,  p. 239). For example, there 
may be some large-scale phenomenon going 
on that is not accounted for by a two- 
component model that views variability as 
the sum of contributions from small-scale 
features alone ( 6 ) .  ~, 

In any case, it seems evident that such 
problems in explaining the behavior of solar 
analog stars must also cast doubt on conclu- 
sions about the range of uossible solar vari- - 
ability and the consequent implications for 
studies of global warming. I disagree with 
the suggestion that the observation of rela- 
tively large amplitude variability among 
sun-like stars is not particularly relevant to 
"the explanation or prediction of Earth's 
climate anomalies in the immediate past or 
future" (3,  p. 238). Were the sun simply to 
regress to the mean defined by its stellar 
analogs, it would experience variations in 
its total light output several times larger 
than those measured during the past 15 
years, without any accompanying change in 
its average magnetic activity. Until we have 
a consistent explanation for the observed 
behavior of solar analog stars, it would seem 
imprudent to dismiss the clues that stellar 
observations are providing us about the 
range of possible solar behavior. 

Richard R. Radick 
Air Force Phillips Laboratory, 

Solar Research Branch, 
Post Office Box 62 ,  

Sunspot, N M  88349, U S A  
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