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Pas de Deux or More: The Sulfonylurea 
Receptor and K+ Channels 

Louis H. Philipson and Donald F. Steiner 

Pancreatic islets of Langerhans are minia- 
ture fuel sensors, secreting insulin and glu- 
cagon appropriately during the fed and 
fasted states. Glucose causes electrical ac- 
tivity in the I3 cells of the islet, which ap- 
pears as bursts of action potentials upon pla- 
teaus of depolarizations and occurs promptly 
after rrlucose u~take and its metabolism (1 1. - . . 
These bursts of action potentials lead to 
transient elevations of intracellar calcium 
([Ca2+Ii) that cause insulin secretion (2). 
Both processes are regulated by an ion 
channel, the adenosine triphasphate (ATP)- 
sensitive K+ channel (KAn), which couples 
nutrient metabolism to the membrane po- 
tential (3, 4). The KAn current (I,,) sets 
the B cell resting membrane potential, but 
is blocked by a glucose-induced increase in 
the cvtosolic ratio of ATP to ADP. The re- 
sulting membrane depolarization activates 
voltage-dependent L-type Ca2+ channels 
and triggers [Ca2+Ii release, initiating insu- 
lin secretion (5). 

Sulfonylureas are insulin secretagogues 
used to treat diabetes mellitus, which depo- 
larize 13 cells by blocking KA,channels (3, 
6). Cloning of the receptor for these impor- 
tant drugs and the clinical result of its mal- 
function are described in two reports in this 
issue of Science (7), which also shed new light 
on the nature of the KA,channel in islets. 

KAn channels are also present in cardiac 
myocytes, where they were first described 
(a), and in muscle, neuronal, and mito- 
chondrial membranes (9). These channels 
participate in a multitude of processes that 
link energy metabolism to regulation of the 
membrane potential. Modulated by G pro- 
teins and protein kinases, KA, channels 
have a rich pharmacology; medicinal appli- 
cations include hypertension, asthma, heart 
disease, diabetes, and epilepsy (10). The 
differences in sinele-channel conductance. - 
ATP sensitivity, and pharmacology are 
such that it is likely that KAn channels are 
encoded by a family of related genes (9). 

KAn itself, the ion permeation subunit, 
may belong to a new family of K+ channel 
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genes encoding inward rectifier-like K+ 
channels (I 1 ). Their transmembrane topol- 
ogy, unique among ion channels, seems to 
include only two membrane-spanning do- 
mains and an intewening region homolo- 
gous to the pore domain of Shaker-like 
channels (Fig. 1A) (12). Three such genes 
are candidate KAn channels: ROMKl, 
rcKATP-l/CIR, and uKA,-1 (1 1, 13). 
ROMKl has special importance in the renal 
tubule but seems to generate a current dis- 
similar to the I3 cell I,,. The cardiac 
rcKATP-1 and related genes (KATP-2, 
GIRK3) are the likely potential channel sub- 
unit genes. However, rcKATP-1/CIR is criti- 
cal for a different K+ current, the G pro- 
tein-coupled inwardly rectifying K+ chan- 
nel (I,,) (1 3). IKAththus seems to be het- 
eromultimeric, possibly with a large number 
of subunits, comprised of both rcKATP-1/ 
CIR along with GIRK1, originally thought 
to encode this channel by itself (13). The 
rcKATP-l/CIR channel messenger RNA is 
expressed in brain and other tissues, and the 
protein may heteromultimerize to generate 
several K+ currents (1 1, 14). None of the 
two-membrane-spanning domain channels 
has the sensitivity to sulfonylureas seen in 
native I3 cell KA, channels. Now we see 
that these or similar channels may associate 
in some way with a separate protein that 
does bind sulfonylureas, newly described in 
the reports in this issue (7). 

The sulfonylurea receptor (SUR) has 
been wooed and won by a more traditional 
strategy: The protein was purified through 
the use of covalently bound sulfonylurea de- 
rivatives and partially sequenced. Cornple- 
mentary DNA (cDNA) probes were then 
employed to screen multiple cDNA librar- 
ies to obtain the entire cDNA. The two re- 
ports in this issue identifying the cDNA en- 
coding SUR from Aguilar-Bryan et al. and 
Thomas et d. are thus the products of al- 
most 10 years of work, begun in the labora- 
tory of Chris Boyd. Surprisingly, they have 
found that the binding protein (no ion 
permeation has yet been found with the ex- 
pressed protein) is a member of the growing 
family of ATP-binding cassette proteins. 
This family includes the P-glycoprotein 
and multidrug resistance (MRP) proteins, 
which cause chemotherapeutic drug resis- 
tance when overexpressed, and the CFTR 
protein, mutations of which cause cystic fi- 
brosis [see figure (14)]. These proteins all 

have multiple membrane-spanning domains 
and two nucleotide-binding folds; at least 
some of them are ATP-hydrolyzing pumps, 
while the CFTR behaves as a channel. A 
surprising feature of the SUR is the predict- 
ed orientation of the amino-terminal do- 
main in the extracellular mace. in the ab- . - 
sence of an identifiable leader sequence. A 
cryptic cleavage site may explain why the' 
mass of 177 kilodaltons predicted from the 
SUR cDNA sequence differs markedly from 
the apparent mass of 140 kilodaltons for the 
photolabeled protein, as the similar MRP 
protein has a highly sensitive carboxyl-pro- 
teolysis site (15, 16). 

The report by Thomas and co-workers 
shows that a well-known, if rare, disease of 
newborns, familial hyperinsulinemic hypo- 
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Topologies of the inward rectifier K+ channel 
family and ATP-binding cassette proteins. NBF, 
nucleotide-binding fold; R, regulatory domain. 
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glycemia of infancy (FHHI), is associated in 
several families with mutations in the sec­
ond nucleotide-binding domain of SUR, 
suggesting that this fold may have some­
thing to do with insulin secretion by anal­
ogy with a similar CFTR mutation (7, 17). 
The mechanism of this defect, a putative 
increase in the ability of ATP to close KATP 

channels, suggests that the B cells would be 
chronically depolarized and therefore hy­
persecretory. If the SUR mutations actually 
cause a loss of open KATP channels, this ex­
plains why the syndrome is autosomal reces­
sive, because only a few open KATP channels 
are required to set the resting membrane 
potential (18). [It also explains the well-
known leucine sensitivity of these patients, 
because leucine stimulates B cell oxidative 
phosphorylation, which would produce 
more ATP to further depolarize the mem­
brane (19).] Gene therapy may therefore af­
ford an interesting opportunity for treat­
ment of FHHI. Mental retardation in 
FHHI, ascribed to repeated hypoglycemia, 
should now be reconsidered to be compli­
cated by defective SUR expression in the 
nervous system, and cardiac abnormalities 
might be uncovered in these patients as 
well. Insulin hypersecretion due to an SUR 
mutation raises the possibility that insulin 
hyposecretion syndromes related to defects 
in SUR might also exist, although diabetes 
genes have not been localized to the region 
of FHHI. 

Whither KATP? Inward rectifier-related 
channels and SUR certainly seem destined 
for each other, assuming the SUR is not it­
self a channel, but the right match remains 
elusive. An exhaustive combinatorial ap­
proach with pairs of inward rectifier-like 
channels may be illuminating. Additional 
bridging subunits may yet turn up to couple 
sulfonylurea binding to channel inhibition. 
The isolation of cDNAs for these putative 
membrane proteins will, we sense, fuel fu­
ture studies of metabolic coupling to cell 
excitability. 

References 

1. P. Dean and E. Mathews, Nature2-\9, 389 (1968); 
J. C. Henqulh and H. P. Meissner, Experentia40, 
1043 (1984); J. F. Worley III et al., J. Biol. Chem. 
269, 14359(1994). 

2. C. B. Wollheim and G. W. G. Sharp, Physiol. Rev. 
61, 914 (1981); A. E. Boyd III, Diabetes 37, 847 
(1988); P. Gilon, R. M. Shepherd, J. C. Henquin, 
J. Biol. Chem. 8, 22265 (1993). 

3. S. J. H. Ashcroft and F. M. Ashcroft, Cell. Signal­
ling!, 197(1990). 

4. B. E. Corkey et al., J. Biol. Chem. 263, 4254 
(1988); I. D. Dukes et al., ibid. 269,10979 (1994). 

5. T. D. Plant, J. Physiol. (London) 404, 731 (1988); 
W. Pralong, C. Bartley, C. B. Wollheim, EMBO J. 
9, 53 (1990); M. Valdeolmillos et al., FEBS Lett. 
259, 19 (1989); M. W. Roe et al., J. Biol. Chem. 
268,9953(1993). 

6. N. C. Sturgess et al., Lancet 2, 474 (1985). 
7. P. M. Thomas et al., Science 268, 426 (1995); L. 

Aguilar-Bryan etal, ibid., p. 423. 
8. A. Noma, Nature 305, 147 (1983). 
9. F. M. Ashcroft, Annu. Rev. Neurosci. 11, 97 

(1988); M. L J. Ashford, P. R. Boden, J. M. 
Treherne, Br. J. Pharmacol. 101, 531 (1990); A. 
D. Beavis, Y. Lu, K. D. Garlid, J. Biol. Chem. 268, 
997(1993). 

10. J. R. de Weille et al., Pfluegers Arch. 414, s80-
s87 (1989); M. Gopalakrishnan, R. A. Janis, D. J. 
Triggle, Drug Dev. Res. 28, 95 (1993). 

'11. Y. Kuboetal., Nature362, 127(1993); Y. Kubo et 
al., ibid. 364, 802 (1993); K. Ho etal., ibid. 362, 
31 (1993); M. L. J. Ashford etal., ibid. 370, 456 
(1994); F. Lesage et al., FEBS Lett. 353, 37 
(1994). N. Inagaki etal., J. Biol. Chem., in press. 

12. K. M. Hurley etal., BiophysJ. 68, A448 (1995); M. 
Pessia et al., ibid., p. A31; Yang et al., ibid., p. 
A362; N. Dascal etal., ibid, p. A362; K. W. Chan 
etal., ibid., p. A353. 

13. G. Krapivinsky etal., Nature374, 135 (1995). 
14. S. P. Cole etal., Science 258, 1650 (1992); M. 

Drumm and F. Collins, Mol. Gen. Med. 3,33 (1993). 
15. H. Bernardi, M. Fosset, M. Lazdunski, Proc. Natl. 

Acad. Sci. U.S.A. 85, 9816 (1988); K. L. Gaines, 
S. Hamilton, A. E. Boyd, III, J. Biol. Chem. 263, 
2589 (1988); D. A. Nelson, L. Aguilar-Bryan, J. 
Bryan, ibid. 267, 14928 (1992); S. E. Ozanne et 
al., Diabetologia 38, 277 (1995). 

16. N. Krishnamachary etal., Oncology Res. 6, 119 
(1994). 

17. L. Smit et al., Proc. Natl. Acad. Sci. U.S.A. 90, 
9963(1993). 

18. D. L. Cook etal., DiabetesZ7, 495 (1988). 
19. M. J. MacDonald etal., Arch. Biochem. Biophys. 

269,400(1989). 

Adaptive Mutation: 
Who's Really in the Garden? 

James A. Shapiro 

N eo-Darwinists teach that mutations arise 
independently of biological needs. Physical 
insults, chemical fluctuations, and replica­
tion errors lead to stochastic changes in 
DNA sequences. Random mutations mean 
that the evolutionary watchmaker is blind 
(I). To bolster their argument, neo-Dar-
winists cite an experiment by Luria and 
Delbriick in which bacterial mutations oc­
cur prior to selection for the mutant pheno-
type (2). However, this neo-Darwinist posi­
tion has been challenged for over a decade 
by the discovery that certain mutations oc­
cur much more frequently when they are se­
lected, and thus adaptively useful, than they 
do during normal growth (3-6). The princi­
pal difference between these so-called 
"adaptive mutations" and the phage resis­
tance mutations studied by Luria and Del­
briick is that selection for adaptive muta­
tions is not lethal. Thus, nonmutant cells 
can survive to undergo DNA changes under 
selective conditions. Not surprisingly, the 
evolutionary significance of adaptive muta­
tion is highly controversial, and there is 
great curiosity as to its mechanism, a curios­
ity that will be stimulated by two new re­
ports in this issue of Science (7, 8). 

A popular system in which to study 
adaptive mutation uses the Iacl-Z33 muta­
tion, a fusion of lad (encoding repressor) 
and lacZ (encoding B-galactosidase), which 
prevents bacterial growth on lactose me­
dium because it includes a frameshift muta­
tion that blocks lacZ translation (9). 
Strains carrying Iacl-Z33 display delayed ki­
netics of Lac+ colony appearance when 
plated on lactose medium, indicating that 
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many more frameshift events occur after se­
lection than during prior growth, that is, 
adaptive mutation (9). Several laboratories 
have begun unraveling the molecular basis 
of Iacl-Z33 reversion. RecA and RecBCD 
homologous recombination functions are 
necessary for adaptive Iacl-Z33 reversion 
but not for background reversions (9, 10). 
Moreover, adaptive frameshifts are different 
in sequence from those occurring non­
selective ly (11). 

The two reports in this issue of Science 
add spice to the Iacl-Z33 pot by demon­
strating that plasmid transfer functions are 
also required for adaptive reversion (7, 8). 
The Iacl-Z33 mutation used in the studies 
described above happens to be carried on an 
Fiac plasmid. Peters and Benson have re­
cently shown that Fiac transfer is frequent 
under conditions comparable to selection 
for Iacl-Z33 reversion (12). While investi­
gating the significance of these facts for 
adaptive mutation, Radicella and co-work­
ers (7) find that selection-induced reversion 
and plasmid transfer are inseparable: A 
chromosomal Iacl-Z33 mutation (in which 
transfer does not happen) displays a 25-fold 
reduction in selection-induced reversion, 
adaptive Lac+ revertants carry plasmids that 
have been transferred, and nontoxic inhibi­
tion of plasmid transfer blocks selection-in­
duced reversion. Most striking is the finding 
that streptomycin-sensitive Iacl-Z33 bacte­
ria can produce adaptive Lac+ revertants in 
the presence of lethal concentrations of 
streptomycin if and only if they can transfer 
the Fiac plasmid to streptomycin-resistant 
recipient cells. In the accompanying report, 
Galitski and Roth demonstrate that a regu­
latory molecule that inhibits expression of 
Fiac transfer functions also blocks adaptive 
Iacl-Z33 reversion (8). They also find that 
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