
regions of the polypeptide are available to 
fill the sites. 

REFERENCESANDNOTES 

1. M.-J. Gething and J. Sambrook, Nature 355, 33 
(1992). 

2. C. A. Kumamoto and J. Beckwith. J. Bacteriol. 
163, 267 (1985); C. A. Kumamoto, L. Chen, J. 
Fandl, P. C. Tai, J. Biol. Chem 264, 2242 (1989). 

3. J. B. Weiss, P. H. Ray, P. J. Bassford, Jr., Proc. 
Natl. Acad. Sci. U.S.A.85, 8978 (1988). 

4. S. J. S. Hardy and L. L. Randall, Science251, 439 
(1991). 

5. M. Watanabe and G. Blobel, Proc. Natl.Acad. Sci. 
U.S.A.86, 2728 (1989). 

6. K. Park, G. D. Fasman, L. L. Randall, unpublished 
results. 

7. G. V. Semisotnov et al., Biopolymers 31, 119 
(1991). 

8. J. Lynn and G. D. Fasman, Biochem. Biophys. 
Res. Comm. 33, 327 (1968); S. lchimura and M. 
Zama, Biopolymers 16, 1449 (1977). 

9. J. Martin et a/.,Nature 352, 36 (1991). 
10. Poly-Lys (M,42,000) at 0.25 mglml was incubated 

at 50°C in 7.5 mM glycine-NaOH at pH 10.5 for 15 
min to convert it to the p structure [B. Davidson 
and G. D. Fasman, Biochemist1y6, 1616 (1967)] 
Addition of 0.07 k M  poly-Lys in the p conforma-
tion to 15 FM ANS in the same buffer gave no 
increase in fluorescence; however, subsequent 
addition of SecB (0.6 kM) caused the anticipated 
increase in fluorescence. 

11. F:U. Hartl, S. Lecker, E. Schiebel, J. P. Hendrick, 
W. Wickner, Cell 63, 269 (1990). 

12. To determine ANS bound to MBP during refold-
ing, the protein was unfolded in 2 M guanidinium 
chloride, 10 mM Hepes, pH 7.6, and refolding 

was initiated by rapid dilution of the denaturant to 
55 mM in a cuvette containing 15 k M  ANS. The 
transient binding of ANS was followed by moni-
toring the decrease in fluorescence at 472 nm. 
and the init~alfluorescence intensity obtained by 
extrapolation was taken as the maximal amount of 
ANS bound to the folding Intermediate. The pres-
ence of 55 mM guanidinium chloride enhanced 
ANS binding to SecB to the same extent as 
increased ionic strength. In order to saturate 
SecB, 0.27 k M  MBP was added to 0.25 FM 
tetrameric SecB 

13. G. C. Flynn, J. Pohl. M. T. Flocco, J E. Rothman. 
Nature 353, 726 (1991). 

14. L. M. Gierasch, J. D. Jones, S. J. Landry, S. J. 
Stradley, Antonie van Leeuwenhoek J. Microbiol. 
Serol. 61, 93 (1992) 

15. L. L. Randall, T. B. Topping, S. J. S. Hardy, 
Science 248. 860 (1990) 

16. S. Park, G. Liu, T. B. Topping. W. H. Cover, L. L 
Randall, ibid. 239, 1033 (1988). 

17. Abbreviations for the amino acid residues are A, 
Ala; C, Cys; D, Asp; E. Glu; F. Phe; G, Gly; H, His; 
I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro, Q, Gln; 
R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 

18. Supported by a grant from the Nat~onalInstitutes 
of Health (GM29798). I thank T. B. Topping for 
purification of SecB and G. Munske for synthesis 
of (Lys), through (Lys),, I am grateful to the 
following persons for gifts of peptides. M. Selsted 
for melittin and the defensins; R. Klevit and R. 
Hoffman for zinc fingers; P. Kim and T. Oas for 
carboxamidomethylated BPTI. Pa. Pp, and the 
leucine zippers, L. Beamer and D. Eisenberg for 
Pp;S. H o ~ a t hfor S4, S lb,  and S1; F. Dahlquist for 
5026-8; and G. Fasman for polyamino acids. I 
thank M. Kahn for suggestions on the manuscript. 

10 March 1992; accepted 27 May 1992 

Phosphorylation-Independent Modulation 
of L-Type Calcium Channels by 

Magnesium-Nucleotide Complexes 

Brian OIRourkel Peter H. Backx, Eduardo Marban* 
Free magnesiumionsand magnesium-nucleotidecomplexes can exert oppositeeffects on 
manyfundamentalcellular processes.Althoughincreasesinthe intracellular concentration 
of magnesium ions inhibit the L-typecalciumcurrent in heart cells, magnesium-adenosine 
triphosphatecomplexes (MgATP)would be expected to increasethe current by promoting 
channel phosphorylation. Rapid increases in the intracellular concentration of MgATP 
induced by flash photolysis of caged magnesium or caged ATP resulted in enhanced 
calcium current. The increase in calcium current was not prevented by blocking phos-
phorylation, revealing a previously unrecognized direct regulatory action of the magne-
sium-nucleotidecomplex. 

Cellular processes as diverse as transcription, 
energy metabolism, and excitability are regu-
lated by changes in the intracellular concen-
trations of either free magnesium ions (Mg2+) 
or Mg-nucleotide complexes (I) ,  with the 
two forms often exerting opposite effects on 
ion channels (2, 3). Increases in the concen-
tration of intracellularMg2+in the millimolar 
range inhibit L-type calcium current (I,,) (4). 
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In contrast, addition of adenosine triphos-
phate (ATP) to the intracellular solution 
reduces the rate of irreversible decline (or 
"run-down") of I,, in dialyzed cells (5) and 
increases I,, when endogenous ATP produc-
tion is inhibited (6). To clarify the regulatory 
roles of Mg2+ and MgATP, we used flash 
photolysis of caged Mg2+ (7) or caged ATP 
(8) to rapidly raise cytosolic Mg2+,MgATP, 
or both from submicromolar concentrations 
to concentrations of several hundred micro-
molar. We found that L-type Ca2+currents 
are increased by Mg-nucleotide complexes 
through a phosphorylation-independent 

mechanism, possibly by allosteric interaction. 
Dimethoxy (DM)-nitrophen is a photo-

labile chelator that binds either Ca2+ or 
Mg2+ (7). We used Ca2+-loadedDM-nitro-
phen to determine the efficiency of photolysis 
in our system by monitoring the concentra-
tion of free intracellular Ca2+ ([Ca2+1,) (9). 
In a whole cellLclamped myocyte loaded with 
caged Ca2+ (in the absence of Mg2+),depo-
larizing pulses elicited small [Ca2+],transients 
(Fig. IA). A flash of ultraviolet light abruptly 
raised the baseline Ca2+ signal. Two subse-
quent flashes evoked little further increase in 
basal [Ca2+],,suggesting that photolysis was 
80 to 90% complete after one flash. To use 
DM-nitrophen as caged Mg2+, the cyto-
plasm was equilibrated with pipette solu-
tions which included ATP, magnesium, 
DM-nitrophen, and 1,2-is(o-aminophenoxy)-
ethane-N,N,N', N'-tetraacetic acid (BAPTA) 
to maintain [Ca2+],at subnanomolar levels. 
Under these conditions, no change in [Ca2+], 
was detected in response to depolarizing pulses 
or to flashes (Fig. 1B). 

To verify that Mg2+was in fact released 
by photolysis of caged Mg2+, we used a 
bioassay that exploited the capacity of cy-
toplasmic Mg2+ to block outward currents 
through inwardly rectifying K+ channels 
(I,,) (10, 11) . Depolarization to +20 mV 
elicited a large outward current before pho-
tolysis, but the subsequent release of Mg2+ 
induced inward rectification (Fig. IC). The 
results verify that [Mg2+1, reached concen-
trations sufficient to block outward current 
through the K+ channels (1.7 to 30 pM) 
(lo),  consistent with our estimate that 
photolysis increased [Mg2+],from 0.06 to 
58 pM in this experiment (I I). 

Having confirmed that Mg2+ can be 
released from caged Mg2+without concom-
itant changes in [Ca2+],,we examined the 
effect of Mg2+release on I,,. Currents were 
stable until exposure to a flash (Fig. 2A), 
after which the amplitude of I,, transiently 
decreased and then increased to a steady 
value approximately twice that during the 
control period. A second flash induced a 
similar biphasic effect resulting in further 
augmentation of I,,. Subsequent flashes 
had no effect. The large Mg2+-induced 
increase in I,, was not associated with 
detectable alterations in the kinetics of the 
current, as confirmed by examination of 
representative records before and after the 
flashes (Fig. 2A). In six cells studied under 
identical conditions, I,, increased from 
1328 + 266 (SEM) to 2073 ? 290 pA (P < 
0.05). Current through L-type Ca2+ chan-
nels was also enhanced by release of Mg2+ 
when Ba2+ replaced Ca2+ as the charge 
carrier (Fig. 2B). This result provides addi-
tional evidence that the response does not 
involve changes in [Ca2+],(12), nor does it 
require Ca2+ occupancy of the pore, in 
contrast to the phenomenon of Ca2+-de-
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pendent inactivation (13). Flashes of ultra-
violet light did not alter I,, when myocytes 
were dialyzed with solutions containing 
ATP, magnesium, and either EDTA with-
out DM-nitrophen or an equimolar mixture 
of EDTA and DM-nitrophen, confirming 
that neither the ultraviolet light itself nor 
the by-products of DM-nitrophen photoly-
sis can account for the results. 

The increase in I,, cannot be explained 
by charge-screening effectsat the membrane 
surface resulting from changes in [Mg2+Ii, 
because I,, increased at both positive and 
negative test potentials after Mg2+ release 
(Fig. 2C). Furthermore, a simple surface 
charge shift should affect Na+ and Ca2+ 
currents in a qualitatively similar fashion. 
This was clearly not the case: Na+ current 
elicited by a pulse to -40 mV usually de-
creased with time, whereas Ca2+ current in 
the subseauent test oulse increased in re-
sponse to Mg2+ relea'se (Fig. 2D). 

Because both [Mg2+1, and [MgATP2-1, 
would be expected to increase after photol-
ysis of caged Mg2+,we sought to distinguish 
which of these two factors mediates the 
increase in I,,. To decrease cytosolic ATP 

B Caged Mg2'1 1 I 

Fig. 1. Assessment of DM-nitrophenphotolysis 
and Mg2+ release in cardiomyocytes. (A) Effi-
ciency of photolysis of Ca2+-loadedDM-nitro-
phen. Membrane depolarizations induced 
Ca2+transients (brief upwarddeflections of the 
fluorescence signal) in a cell containing caged 
Ca2+and fiuo-3 (10 kM).Arrows indicate each 
exposure to a flash. (8) Ca2+ signal during 
depolarizing pulses [occurring at similar inter-
vals as in (A)] or after flashes (arrows) in a cell 
containing caged Mg2+,10 mM BAPTA,and 10 
FM fluo-3 {external [Ca2+] was 10 mM in (A) 
and (B)}. (C) Induction of rectification of back-
ground Kt currents. Depolarizing pulses from 
-1 10 to f 2 0  rnV evoked a large outward K+ 
current (0)with a slow time-dependent inacti-
vation phase at 10°C. After a flash, outward 
current was largely eliminated (a), whereas 
inward current was only slightly reduced. 

to a low concentration, we incubated cells 
in glucose-free solution and equilibrated 
them with an intracellular solution con-
taining caged Mg2+, no ATP, and dinitro-
phenol (an inhibitor of mitochondria1 ATP 
production). Under these conditions, I,, 
amplitude progressively decreased; flash 
photolysis of caged Mg2+ neither reversed 
the decline nor affected the kinetics of I, 
(Fig. 3A). The lack of effect of 
release on Ca2+ current after ATP deple-
tion suggested that the Mg-nucleotide com-
plex, not Mg2+,caused the increase in I,,. 
To test this idea, we photoreleased ATP in 
the presence of physiological [Mg2+Ii.In 
myocytes equilibrated with an intracellular 
solution containing 50 pM ATP, 1 mM 
caged ATP, and 0.8 mM Mg2+, flashes 
produced an increase in I,, (Fig. 3B) simi-
lar to that elicited by Mg2+ release (Fig. 

2A). Transient decreases in I,, were not 
observed after ATP release, suggesting that 
the inhibition of Ic. immediately after pho-
tolysis of caged Mg2+ (Fig. 2A) may be 
attributable to the associated increase in 
[Mg2+],,perhaps through Mg2+ block of 
the channels at an internal divalent ion 
binding site (13, 14). 

The primary physiological mechanism 
for increasing I,, is through phosphoryla-
tion by the cyclic AMP-dependent protein 
kinase (15, 16). Because MgATP is a sub-
strate for this reaction, the sudden produc-
tion of Mg-nucleotide complexes might in-
crease Ica by enhancing basal phosphoryla-
tion. We therefore examined the structural 
specificity of the nucleotide required to in-
crease I,,, recognizing that phosphorylation 
can be effectivelyprevented by replacingATP 
with the nonhydrolyzable analogs adenylyl-

Fig. 2. Effects of Mg2+release on 
I,, or I,,. (A) Transient reduction 
of I,, followed by a sustained 
increase in the Ca2+current after 200PAL 
flash photolysis of caged Mg2+ 
(lower panels; arrows indicateex- - 1.2- 3 

posure to a flash). The kinetics of a 
I,, were unaffected (upper pan- = 
els; data points 1, 2, and 3 of J0.8-
lower time course; 2 mM external 2 
Ca2+). (6)An experiment similar 0.6-
to (A) in which Ba2+ replaced 
Ca2+ as the charge carrier (re- 8 0.4 
sults confirmed in six cells). (C) 0.2 I t I I I I I 

Current-voltagerelationfor I,, be- 0 20 40 60 80 100 120 140 
fore (0) and after (a)  photolysis Time (s) 
of caged Mg2+. (D) Specificity of 
the effect on I,,. Right side: cur- B 
rent records of I,, (at +10 mV) 
before (0) and after (a) photoly-
sis of caged Mg2+;left side: I,, in 400P A L  
the preceding pulse to -40 mV 
(same symbol legends). 3 

2 
21.6 
E 

O.8: $0 i;o 160 260 3Ao 3ko 
Time (s) 

246 SCIENCE VOL. 257 10 JULY 1992 



methylenediphosphate (AMP-PCP) or ade-
nylylirnidodiphosphate(AMP-PNP) (15, 17). 
Photolysis of caged Mg2+ still increased Ica 
when AMP-PCP or AMP-PNP substituted 
for ATP in the internal solutions (Fig. 4A). 
To venfy that this was also the case when 
inhibition of endogenous ATP production 
was complete, we repeated the AMP-PNP 
experiment in cells exposed to 2-deoxyglucose 
(an Inhibitor of glycolysis), P1,P5-di(adeno-
sine-5')pentaphosphate (an inhibitor of ade-
nylate kinase) and dinitrophenol. Reduction 
of endogenous MgATP to concentrations of 
-30 p,M or less was indicated by progressive 
cell shortening, which results from the forma-
tion of rigor crossbridges (18). Nevertheless, 
these interventions did not attenuate the 
increase in I,, by Mg2+release (Fig. 4A). 

We obtained independent evidence 
against modification of Ca2+ channels by 
CAMP-dependent protein kinase by exam-
ining the responses to the p-adrenergic 
agonist isoproterenol and to Mg2+ release 
in the presence or absence of a specific 
peptide inhibitor of the kinase. Exposure of 
the cells to intracellular solution containing 
a 20-amino acid fragment of the CAMP-

I 
0 50 100 150 200 

Time (s) 

0.0 /
0 100 200 300 

Time (s) 

Fig. 3. Nucleotide-dependence of the effect of 
Mg2+release on I,,. (A)Effects of photolysis of 
caged Mg2+ (arrows) on the amplitude of I,, 
when ATP was omitted from the internal solution 
and the cells were incubated in dinitrophenol 
(200 pM in internal and external solutions) 
(results confirmed in four cells). The continual 
decline in I,, resulted in a smaller calcium 
current after photolysis (inset;data point 2 of 
time course) compared to control (inset;data 
point 1 of time course). (B)Time course of the 
response to photolysis of caged ATP (arrows) 
(results confirmed in five experiments). ATP 
increased I,, without changing the kinetics of 
the current (inset: 1 ,  control; 2, after flashes). 

Fig. 4. Phosphorylation-independenceof Mg-
nucleotide effect on I,,. (A) Peak inward I,, 
before (open bars) and after (filled bars) Mg2+ 
release for cells equilibrated with intracellular 
solutions containing either AMP-PCP (left) or 
AMP-PNP (middle) as a substitute for ATP. 2 0.5 
Right: results of a similar experiment for cells in x 

of oxidative phosphorylation, glycolysis, and 
the rigor state induced by combined blockade 0.0 

AMP-PCP 

adenvlate kinase. Bar heiqhts and error limits (Rigor) 

represent the mean and standard error for at B 
least four cells in each group. The increases in 
peak I,, were statistically significant with P < 
0.02 for AMP-PCP,and P < 0.05for the AMP-
PNP and AMP-PNP (rigor) groups (paired t 
test). Pipette contained the following: 0.5 mM 
MgCI, 4 mM DM-nitrophen, 5 mM AMP-PCP 
(left)or 5 mM AMP-PNP (middleand right),and 400 P A L  

200 pM dinitrophenol; 20 pM P1,P5-di(aden0- 5ms 1 5 ms 
sine-5')pentaphosphatewas added in the rigor 
experiment (right).Bath was glucose-free and PKlbZ4+ ~so~roterenoyPKly4 + Flash 

..-....-

for rigor conditions contained 10 mM 2-deoxy-
glucose and 200 pM dinitrophenol. (B) Block-
ade of the p-adrenergic effect on I,, by 1 pM C 
PKI,,, (leftpanels: C, control; 1 ,  100 n M  isopro-
terenol). Lack of effect of PKI,,, on the re-
sponse to Mg2+release (right panels; 0, be- 400 P A L  400 PAL 
fore flash; 0,after flash).Current records in the 5 ms 5 m s m  

upper panels were from a cell not exposed to PKI,.,,; records in the lower panels were from a 
different cell. 

dependent protein kinase inhibitor protein 
(PKI,.,,) (19) completely abolished the 
P-adrenergic stimulation of I,, (1064 + 
239 pA pre-isoproterenol, 776 + 147 pA 
with isoproterenol; n = 6; P = not signifi-
cant) but did not prevent the increase in I,, 
elicited by Mg2+ release after washout of 
the P-adrenergic response (770 & 69 pA 
preflash, 1885 + 231 pA postflash; n = 5; P 
< 0.001) (Fig. 4B). Effects mediated by 
orotein kinase C were also indeoendentlv 
excluded by intracellular application of the 
pseudosubstrate peptide inhibitor PKC,,.,6, 
which did not attenuate the response to 
photolysis of caged Mg2+ (20). 

Recognition of this mechanism helps to 
explain a number of previous observations 
regarding the responsiveness of L-type cal-
cium channels to changes in cellular ener-
getics. The ability of calcium channels to 
sense MgATP may underlie the direct ef-
fects of glucose metabolism on I,, in pan-
creatic p cells (21) and the reduction of I,, 
during metabolic inhibition or ischemia in 
heart cells (22) (Fig. 3A). Direct modula-
tion of L-type calcium channels must also 
be considered in relation to previous obser-
vations that ATP can retard "run-down" 
(5) or enhance I,, during intracellular per-
fusion (23), two phenomena previously as-
sumed to be mediated by phosphorylation. 

The effects on I,, that we observed were 
elicited only by an increase in Mg-nucleo-
tide complexes and thus differ from the 
Mg2+-independenteffects of ATP on ATP-
sensitive K+ channels (IK,ATP)(2) or on 
sarcoplasmic reticular Ca2+-release chan-
nels (3). The increase in Ica did not require 

transfer of the y phosphate of the nucleo-
tide. excluding a mechanism involving- -
phosphorylation. Phosphorylation-indepen-
dent activation of ion channels by Mg-
nucleotide complexes does have precedents: 
Both I,,,, and the cystic fibrosis trans-
membrane conductance regulator (CFTR)-
are subject to this type of regulation. Mg-
nucleoside diphosphates activate IK,ATP 
channels after loss of channel activity in 
cell-free patches (2, 24). Mg-nucleotide 
complexes activate the CFTR channel with-
out inducing phosphorylation, but the effect 
requires prior phosphorylation of the protein 
and is not supported by nonhydrolyzable 
ATP analogs (25). Direct ion channel mod-
ulation by Mg-nucleotide complexes may 
therefore represent a widespread form of 
biological regulation. Elucidation of this 
mechanism, coupled with findings indicat-
ing that high concentrations of Mg2+ have 
the opposite effect on I,, (4), implies that 
L-type calcium channel activity may be al-
tered in vivo by deviations away from opti-
mal concentrations of either Mg2+ or Mg-
nucleotide complexes. Calcium channel 
function, like metabolism and growth, can 
thus be counted among the many cellular 
orocesses sensitive to the balance between 
magnesium in the free state and in a com-
plex with nucleotides. 
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Molecular Localization of an Ion-Binding Site 
Within the Pore of Mammalian Sodium Channels 

Peter H. Backx, David T. Yue, John H. Lawrence, 
Eduardo Marban, Gordon F. Tomaselli* 

Sodium channels are the major proteins that underlie excitability in nerve, heart, and 
skeletal muscle. Chemical reaction rate theory was usedto analyze the blockage of single 
wild-type and mutant sodium channels by cadmium ions. The affinity of cadmium for the 
nativetetrodotoxin (TTX)-resistant cardiacchannelwas much higherthan its affinity for the 
TTX-sensitive skeletal muscle isoform of the channel (PI). Mutation of Tyr401to Cys, the 
correspondingresidue in the cardiacsequence, rendered KIhighlysusceptibleto cadmium 
blockage but resistant to TTX. The binding site was localized approxim.ately 20% of the 
distance down the electrical field, thus defining the position of a critical residue within the 
sodium channel pore. 

Sodium channels support the flux of mil-
lions of Na+ ions per second while selecting 
against the many other ions that are present 
inside and outside cells ( I ) .  To understand 
how the pores of Na+ channels function at 
the molecular level, one must define which 
residues line the permeation pathway and 
how those residues interact with the ions 
that cross the membrane. Analysis of the 
protein sequences deduced from cDNAs led 
to the prediction that Na+ channels consist 
of four major symmetrical domains that 
assemble to form a central pore (2, 3). In 
K+ channels, which are encoded as mono-
mers homologous to each of the four Na+ 
channel domains (4), the loop linking the 
fifth and sixth transmembrane segments 
determines ionic selectivity (5) and con-
tains the sites that bind K+  channel-specif-
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ic drugs and toxins that block the ionic 
current (6). Neutralization of negatively 
charged amino acids in the analogous seg-
ment of the mammalian brain Na+ chan-
nel, known as the SS1-SSZ region, results 
in decreased sensitivity to TTX and sax-
itoxin (STX), altered cation selectivity, 
and decreased single-channel conductance-
(7). Other experiments suggest the pres-
ence of overlapping TTX and STX and 
divalent ion binding sites that are sensitive 
to modification by sulfhydryl alkylating 
agents (8). To investigate whether the SS1-
SS2 region forms the Na+ channel pore, we 
first characterized ion ~ermeationfor the 
cardiac and skeletal muscle isoforms of the 
Na+ channel. We then mutated a residue 
in this region that is different in the two 
isoforms and determined whether it con-
ferred phenotypic idiosyncracies in ion 
transport and TTX sensitivity. 

Both CdZ+and ZnZ+block cardiac Na+ 
channels much more potently than they 
block Na+ channels from nerve or skeletal 
muscle (8, 9). Cd2+ blockage of the pI 

SCIENCE VOL. 257 10 [ULY 1992 


