
which transformation and increased prolif- 
eration are associated with a fully differenti- 
ated phenotype. In fact, the phenotype of 
us-transformed LCL we have described is 
highly reminiscent of multiple myeloma, 
since in this malignancy there is overproduc- 
tion of terminally differentiated plasma cells 
derived from more immature B cell precur- 
sors (18). We have recently determined that 
the more immature B cell malignancies such 
as lymphoma and chronic lymphocytic leu- 
kemia do not contain activated vas genes, 
whereas multiple myeloma is associated with 
N-vns activation in approximately 30% of 
the cases studied (19). These observations 
suggest that N-vns activation may be a late 
event during the development of at least 
some myeloma cases, leading to the acquisi- 
tion of both a fully transformed and termi- 
nally differentiated phenotype. 

In general, our observations underscore 
the notion that oncogenes may have distinct 
biological effects in different tissues and that 
the careful dissection of these effects will 
contribute to understanding both the func- 
tion of proto-oncogenes and the role of their 
respective activated counterparts in the 
pathogenesis of different types of malignan- 
cies. The transformation assay based on 
EBV-infected human Iymphoblasts repre- 
sents a model system for understanding the 
mechanisms through which known onco- 
genes contribute to B cell lymphomagenesis, 
as well as for identifying novel tissue-specific 
oncogenes. 
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Modulation of Calcium Channels in Cardiac and 
Neuronal Cells by an Endogenous Peptide 

Calcium channels mediate the generation of action potentials, pacemaking, excitation- 
contraction coupling, and secretion and signal integration in muscle, secretory, and 
neuronal cells. The physiological regulation of the L-type calcium channel is thought 
to be mediated primarily by guanine nucleotide-binding proteins (G proteins). A low 
molecular weight endogenous peptide has been isolated and purified from rat brain. 
This peptide regulates up and down the cardiac and neuronal calcium channels, 
respectively. In cardiac myocytes, the peptide-induced enhancement of the L-type 
calcium current had a slow onset (half-time =75 seconds), occurred via a G protein- 
independent mechanism, and could not be inhibited by cul-adrenergic, P-adrenergic, or 
angiotensin I1 blockers. In neuronal cells, on the other hand, the negative effect had a 
rapid onset (half-time <500 milliseconds) and was observed on both T-type and L- 
type calcium channels. 

C ALCIUM CHANNELS ARE WIDELY 

distributed in excitable cells and me- 
diate many biological processes. 

Cardiac L-type Ca2+ channels are primarily 
up-regulated by adenosine 3',5'-monophos- 
phate (CAMP)-dependent phosphorylation 
11-3). Neuronal Ca2+ channels are inhibited \ ,  
by a variety of adrenergic and peptidergic 
receptors (4-9). L-type channels have been 
identified in vitro by their specific binding 
site to dihydropyridines (10). Because these 
stereospecific sites can be up- or down- 
regulated experimentally (1 1, 12), they may 
be regulated by putative endogenous li- 
gands. A low molecular weight material 
isolated from the rat brain inhibits the ni- 
trendipine-binding sites and decreases verat- 
ridine-induced 45Ca uptake in rat brain syn- 
aptosomes (13, 14). We now show that this 
endogenous compound is an acidic peptide 
with a molecular size of about 1 kD, which 
interacts with ca2+ channels, enhancing 
their activity in isolated cardiac myocyte; 
and suppressing activity in the central neu- 
rons. 

The nitrendipine-displacing material was 
extracted from rat brain homogenates pre- 
pared with trichloroacetic acid at 95°C. 

The supernatant was retained on silica Sep- 
pak cartridge (Waters, Milford, Massachu- 
setts) (13, 14), and final purification was 
obtained by high-performance liquid chro- 
matography (HPLC) with a Partisil-10 sili- 
ca column (Whatman, Clifton, New Jersey) 
and a linear gradient from 5 to 45% metha- 
nol in methylene chloride for 40 min. The 
nitrendipine-displacing activity eluted in 
one single peak from a Partisil-10 column 
with a retention time (RT) of about 23 min. 
When this eluate was reinjected and eluted 
with the same gradient conditions, one ma- 
jor peak (RT, 22.90 min) and several small- 
er peaks (RT, 21.38 and 25.22 min) were 
obtained. The active material eluting in the 
peak with an RT of 22.90 min was resolved 
into two peaks by 2 5 2 ~ f  plasma desorption 
mass spectrometry (15). The major peak had 
the mass number of 948, whereas that of the 
smaller one was 1022 (Fig. 1). 

The purified material inhibited in a con- 
centration-dependent manner [3~]nitrendi-  
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Table 1. Agents that failed to  modify or  mlInlc 
the enhanc~ng effect of the endogenous pcpt~de 
on  cardiac CaZ+ channels. 

Agent 

Propannlnl 
WB-4101 
CAMP 
GTP-y-S 
c n p - p  s 
[Sar', Ile8]AII 
GARA 
I -Glutamate 
GIyc~ne 

Concentration 

pine binding in hippocampal and heart 
membranes (13, 14), although solutions that 
were three times more concentrated than 
those used for hippocampal membranes 
were needed to obtain a 50% decrease of 
['H]nitrendipine binding in heart mem- 
branes. In contrast, the nitrendipine-displac- 
ing matcrial failed to alter the specific bind- 
ing of radioligands that are markers for 
dopamine, serotonin, or glutamate receptors 
in brain membranes. 

To determine whether the active material 
was a peptide, we exposed it to pronase, 
proteinase K, protease V8, or acid hydroly- 
sis. The nitrendipine-displacing material was 
resistant to digestion by pronase and pro- 
teinase K. The incubation of the material 
with protease V8 (1 nlg of protein per 
n~illiliter) suppressed its nitrendipine-dis- 
placing activity. The [3~]nitrendipine-dis- 
placing activity was also lost after acid hy- 
drolysis (5.7N HCI for 30 mill at 100°C). 
Protease V8 cleaves peptide bonds specifi- 
cally at the carboxyl-terminal site of either 
Asp or Glu residues (16); we determined the 
amino acid conlposition of the hydrolysate. 
This composition was 55% Asp, 25% Glu, 
5% Glv, 5% Thr, and two unidentified 
peaks. b u r  attempt to determine the amino 
acid sequence of this material was unsuccess- 
h l ,  most likelv due to blockade of free 
amino-end terminals by carbohydrates or 
pyrrolidine rings. 

Ca2 ' current (Ic,) was measured in guin- 
ea pig ventricular nlyocytes, mouse neuro- 
blastonla, GH3 cells, and cortical neurons 
with the whole-cell patch-clamp technique 
(17). Neurons were obtained from primary 
cell cultl~res, and cardiac cells were freshly 
isolated (18). We isolated Ic, from other 
current components by using tetrodotoxin 
(RX) in the external solution to block Na+ 
current and by dialyzing the cell with Cs+- 
containing sol~~tion to minimize the contri- 
bution of outward K' currents. The exter- 
nal sol~~tion generally contained 140 mM 
NaCI, 5.4 m\.I KC1, 1 mM MgCl2, 2 to 5 
nlM CaC12, 0.001 mA4 TTX, 10 mM glu- 
cose, and 10 mn/l Hepes-NaOH, pH 7.4, at 
room temperature (21' to 23°C). The inter- 

nal dialyzing solution contained 100 nlM 
CsCI, 20 I ~ M  tetraethylammonium chlo- 
ride, 5 mR/I magnesium adenosine triphos- 
phate, e 0 . 2  n M  CAMP, 10 mM EGTA 
or 5 mM bis(o-aminophenoxy)ethane- 
N,N,N1,1\"-tetraacetic acid (BAPTA), and 
10 mR/I Hepes-CsOH, pH 7.2. Solutions 
were quick-exchanged with a system of mul- 
tibarreled pipettes, making it possible to 
change the solution surrounding the cell in 
less than 100 ms (19). 

Before final purification by HPLC, the 
nitrendipine-displacing material had a bi- 
phasic e&ect on lc, o f b i n e a  pig ventricular 
myocytes. During application of the materi- 
al, lc, first decreased and d ~ e n  increased 
toward a level that was only slightly larger 
than the control value. On washing, howev- 
er, Ic, rapidly increased by about 100% 
before decreasing again to the control level. 
This experiment suggested that the extracted 
material contained more than one type of 
agent, which produced inhibitory and en- 
hancing effecti on Ica. 

In contrast, after further purification by 
HPLC, the active material produced only a 
monophasic enhancing effect on Ic,. The 
effect of 1 unit of the HPLC-purified pep- 
tlde on lc, is shown In Fig. 2, A and B. One 
unit of peptide decreased [3H]nitrend~pine 
bindlng by 50% In hippocampal membrane 
preparations. On the bas~s of the amino acid 
co~nposition of the hydrolysate and the ap- 
parent nlolecular weight of the peptide, 1 
unit corresponds to 1.0 to 2.5 nM. When 
the peptide was added, Ica increased from 
0.86 t i  2.1 r ~ 4  in a monophasic way with a 
half-time of about 75 s (Fig. 2A). The 
current-voltage relation for Ic, from the 
same experiment showed a threshold poten- 
tial at about -40 mV, a maximum at $20 
mV, and an apparent reversal potential at 
a b o ~ ~ t  +60 mV. The purified peptide en- 
hanced the amplitude of lc, at all voltages 
examined. left the threshold and the reversal 
potential unaltered, but shifted the maxi- 
mum by 5 to 10 mV in the hyperpolarizing 
direction (Fig. 2B). Comparison of the time 
course of inactivation in the presence and 
absence of endogenous peptide by appropri- 
ately scaling the peak of lc, showed that 
inactivation was slower in the presence of 
the peptide. This observation suggests that 
the endogenous peptide increases the mean 
oDen time of the channel. The results ob- 
tained in different (n = 19) preparations are 
summarized in Fig. 2C. The nlaxi~num pep- 
tide-induced increase in Ic, was a sigmoid 
function of the endogenotis peptide concen- 
tration with an apparent affinity constant of 
1.2 units and a Hill coefficient of 1. 

Potentiating effects of the peptide were 
also observed in rat and frog ventricular 
nlyocytes. The presence of the p-adrenergic 

blocker propanolol (5 pA4) or the al-adren- 
ergic blocker WB-4101 (2  FM) did not alter 
the enhancing effect of the peptide. The 
enhancing effect of the peptide on I,-, was 
also independent of the presence of CAMP 
( ~ 2 0 0  yM) or the stable guanosine 5'- 
triphosphate (GTP) analog, guanosine 5 '0-  
(3-thiotriphosphate) (GTP--y-S) (200 FM), 
in the dialyzing solution. Addition of 2 
mhl of the stable guanosine diphosphate 
(GDP) analog, guanosine 5'-0-(2-thiodi- 
phosphate) (GDP-P-S), in the dialyzing so- 
lution, which suppressed the efikct of exoge- 
nously added adrenaline (10 pi24 on Ic,, 
also did not inhibit the enhancing effect of 
the peptide. These observations rule out the 
involvement of G proteins directly or indi- 
rectly in the enhancing action of the peptide 
on Ic,. Acid hydrolysis of the peptide com- 
pletely suppressed its enhancing eEect on 
cardiac myocytes. 

Because the hydrolyzed material con- 
tained a large fraction of glutamate and 
glycine, we examined possible effects of 
these amino acids on the Ic, of myocytes. L- 

Glutamate and glycine at concentrations of 
100 pM failed to have any effect on Ic, of 
guinea pig ventricular nlyocytes. Also, y- 
aminobutyric acid (GABA) (10 pM) failed 
to mimic the enhancing effect of the peptide 
on Ica Because the n~olecular weight of the 
endogenous peptide was similar to that of 

Time of flight (ns) 

Fig. 1. Ueter~nination of the molecular Inass of 
the purified peptide. The nitrendipine-displacing 
activity that eluted from a l'artisil-10 colunln with 
a retention t i ~ n e  of 22.90 mi11 was resolved by 
252Cf plas~na desorption mass spectro~netry (15) 
into nvo peaks. (Upper) The major peak had 
mass number 948, and the smaller one had mass 
number 1022. (Lower) Kaw data from which the 
mass was determined. 
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angiotensin 11, we exanlined whether this endogenous peptide still produced its strong 
material was either contanlinated by angio- enhancing effect on I,-,. This was consistent 
tensin 11, or acted by a similar mechanism. with the lack of any [3~]nitrendipine-dis- 
In rat ventricular myocytes, which were placing activity of angiotensin 11, [~al~]A11, 
treated with high concentrations (10 y M )  of in hippocampal membranes. The amino acid 
angiotensin I1 inhibitor [Sari, 11e8]A11, the colllposition of the endogenous peptide was 

A Fig. 2. Effect of purified 
peptide on Ic, of guinea 
pig ventricular mnyocyte. 
(A) Ic, was activated by 
depolarization from - 50 
n1V to +10 mV, and 

9 peak I,, is plotted as a 
50 rns hnction of time. At ar- 

-2 
row, 1 unit of purified 
peptide was applied to 
the cell, resulting in a 

0 100 200 -50 0 50 monophasic increase in 
Time (s) Voltage (mv) I,, The inset shows I,, 

C 4.00- recorded in control (U) 
and in the presence of 1 unit of purified peptide (B). (B) 
Current-voltage relation for I,, in control (0 )  and in the 
presence of 1 unit of purified peptide (B). Same experiment as 
in (A). (C) Dose-response curve of purified peptide on Ic,. The 
percentage increase of peak CaZ+ current induced by the peptide .- is plotted as a function of peptide concentration. The numbers 
represent the number of observations, and the error bars show 1 
SD from the mean. Curve is a plot of theoretical Michaelis- 
Menton-type curve with an apparent dissociation constant of 

o 1.2 units. 
0 1 2 

Dose (U) 

A Control Peptide Washout B Control Peptide Washout 

Voltage (mV) Voltage (mV) 

Fig. 3. Effect of purified peptide on T-type and L-type components of Ca2+ current in neurons. Cells 
were held at -80 mV and depolarized to potentials benveen -80 and +60 mV. (A) Effect of 1 unit of 
purified peptide on T-type Ca2+ current in a neuroblastoma cell (Nle- 115). Upper panel shows peptide- 
induced block of I,, activated by depolarization to -20 mV. Lower panel shows peak Ic, as a function 
of voltage in control ( 0 )  and in the presence of the peptide (B). (B) Effect of 1 unit of purified peptide 
on L-type CaZ+ current in a GH3 cell. Upper traces show peptide-induced block of I,, activated by 
depolarization to 0 mV. Lower panel plots peak Ic, against voltage in control (0 )  and in the presence of 
the peptide (M). Traces were leak-subtracted by subtracting the current response to equal ~ol tage  steps 
in the presence of 5 mM N?+. 111 the external solution, CaCIZ (5 mM) was replaced with equal amounts 
of BaCI,. 

significantly different than that of angioten- 
sin 11, specifically arginine and phenylala- 
nine could not be detected in the hydrolyzed 
material. 

Table 1 summarizes the effect of the vari- 
ous possible agents that were used to deter- 
mine the mechanism by which the endoge- 
nous peptide may exert its effect on cardiac 
Ca2+ channels. The endogenous peptide 
strongly enhances the cardiac Ca2+ channel 
through a novel and yet unknown mecha- 
nism. Because the onset of action of the 
peptide and its washout were slow as com- 
pared to the effect of other agents that 
enhance I,-, (for example, adrenaline or Bay 
K 8644), we suspect that an intermediate 
reaction, most likely on the rnyoplasnlic side 
of the membranle, mediates the enhance- 
ment of I,-,. 

We also examined the effect of the puri- 
fied peptide on the ca2+  channel current in 
three different types of neurons. The peptide 
consistently and rapidly suppressed the Ca2+ 
current in each type of the cells examined. 
Unlike its agonistic effect on cardiac myo- 
cytes, the antagonistic effect of the peptide 
occurred rapidly (within a fraction of a 
second). The effect of the peptide on the T- 
type Ca2+ channel current is shown for a 
neuroblastoma cell (Fig. 3A). Application of 
1 unit of the peptide resulted in a 30 to 40% 
inhibition of I,-, (tl = 5). The effect was 
partially reversible on washout. Complete 
reversibility was obtained when the peptide 
was applied for shorter times (<1 min). A 
q~~alitatively similar inhibition of the L-type 
Ca2+ channel current was also observed in 
GH3 cells (tl = 4) (Fig. 3B). Similar sup- 
pressive effects were also obtained in cortical 
neurons (n  = 8). Thus, irrespective of neu- 
ronal cell type, the endogenous peptide 
blocked both the T- and L-type Ca2+ chan- 
nels. The acid-hydrolyzed form of the pep- 
tide produced no measurable effects in neu- 
roblastoma cells. However, in cortical neu- 
rons, rapid addition of acid-hydrolyzed ma- 
terial activated a transient C1- current 
lasting about 1 to 2 s. It is possible that this 
effect occurs secondary to the presence of 
constituent amino acids (for example, gluta- 
mate and glycine) in the hydrolyzed materi- 
al. Consistent with this idea, 100 yM gly- 
cine activated a C1- current quite similar to 
that induced by the hydrolyzed material. 

Our data thus show that the endogenous 
peptide modulates the Ca2+ channels of 
neuronal and cardiac cells in a different 
manner. Such specificity suggests subtle dif- 
ferences in the regulatory or selectivity sites 
of Ca2+ channels in heart and brain tissues. 
Although the effect of the peptide on cardiac 
myocytes and neurons is somewhat similar 
to the effect of catecholamines in these tis- 
sues [that is, enhancenlent of I,-, in heart (1- 

3 FEBRUARY 1989 REPORTS 665 



3) and its block in dorsal root ganglion 
neurons (6, 7)1, the inability to suppress the 
enhancing effect of the peptide in cardiac 
cells dialyzed with GDP-P-S or in the pres- 
cnce of &I- or P-blockers suggests that its 
effect is not mediated through a G protein- 
dependent pathway. We do not yet know 
whether a similar molecular mechanism me- 
diates both the agonistic and antagonistic 
effects of the peptide on cardiac and neuro- 
nal ca2+ channels. Our results, nevertheless, 
suggest the existence of endogenous peptide 
in the brain that may senre as a physiological 
regulator of Ca2+ channels by a novel mech- 
anism. 
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Specific Block of Calcium Channel Expression by a 
Fragment of Dihydropyridine Receptor cDNA 

Although the structure of rabbit skeletal muscle dihydropyridine (DHP) receptor, 
deduced from cDNA sequence, indicates that this protein is the channel-forming 
subunit of voltage-dependent calcium channel (VDCC), no functional proof for this 
prediction has been presented, Two DNA oligonucleotides complementary to DHP- 
receptor RNA sequences coding for putative membrane-spanning regions of the DHP 
receptor specifically suppress the expression of the DHP-sensitive VDCC from rabbit 
and rat heart in Xenopus oocytes. However, these oligonucleatides do not suppress the 
expression of the DHP-insensitive VDCC and of voltage-deyerndent sodiutn and 
potassium channels. Thus, the gene for DHP receptor of rabbit skeletal muscle is 
closely related, or identical to, a gene expressed in heart that encodes a component of 
the DHP-sensitive VDCC. The DHP-sensitive and DHP-insensitive VDCCs are 
distinct molecular entities. 

S EVERAL TYPES OF VDCCS EXIST; THE 

most thoroughly studied channel is 
sensitive to DHPs (L-type) (I) .  The 

DHl' receptor (DHPK) of skeletal muscle is 
one of the four or five subunits that presum- 
ably constitute the channel (2). Skeletal 
muscle DHPR may be the voltage sensor of 
excitation-contraction coupling (3) ,  or be 
associated with hnctional VDCCs (4 ) ,  or 
may serve both hnctions (5 ) .  The primary 
structure of the rabbit skeletal muscle 
DHPR, deduced from cDNA that encodes 
this protein, is as expected for an ion chan- 
nel (5 ) .  However, the functional expression 
of the cDNA clones has not yet been dem- 
onstrated. To examine whether DHPR is 
indeed an important component of the 

channel, we used hybrid arrest of mRNA 
expression in Xenopus oocytes by comple- 
nienrary oligunucleocidcs ( 6 ) .  With skeletal 
111ubcle KNA, we could liot achieve repnr. 
ducible expression of rhe L)Ell'-serlsitivc 
VDCC in the oocytes (7); therefore, we 
used heart RNA for this purpose. 

Frogs were maintained and dissected and 
the follicles removed from the oocytes, as 
described (8, 9). RNA was isolated from 
hearts of 7-day-old rats or 10-day-old rab- 
bits by a LiC1-urea method (10). Total RNA 
was used in this study; it induced ca2+ 
channel currents similar to those induced by 
polyadenylated RNA (9). Injected oocytes 
were incubated for 3 to 5 days at 22°C in 
srctilc ND96 solution (9) (96 mnil NaCI, 2 

rnM KCI, 1.8 rnM CaC12, 1 mnA4 MgC12, and 
5 mnil Hepes-NaOH; pH, 7.5) supplcmcnt- 
ed with antibiotics and sodium pyruvate 
before the recording of the currents. Cur- 
rents through VDCCs were recorded w ~ t h  
the two-elecrrode voltage-clainp tcchn~que 
(9, 11) in a solution cvnta~~lirlg 40 n M  
13a2-, 2 irrM K', 50 rrM Nai, and 5 I ~ I M  
Hepes-NaOH (pH, 7.5), the ailon being 
either acetate or methanesulfonate. 

Rat and rabbit heart RNA cause the 
appearance of two distinct VDCC currents 
in Xeriopus oocytes (9)  (Fig. 1):  a transient 
current (Itr) and a "slow" current (L-type; 
ISI). I,! was inhibited by DH1' blockers (9) 
and potcnriated by the DHP agu~list BAY K 
8644 (12) (Fig. 1C). I, ,  was IIHP-i~isc~lsi- 
t~ve and i~la~tivdted I ~ I U I C  I I L ~ ~ L I V C  volt- 
ages than ISI (9) (Fig. IB). Afier a cu~i~plete 
block of 8a2+ currents bv 0.5 mM c d 2 +  or 
by the oligonucleotide treatment, depolar- 
izations to potentials beyond -20 mV 
evoked only a SIOM~, noninactivati~lg our- 
ward current (I,,,), which rarely exceeded 5 
nA at 0 nlV at the end of the depolarizing 
pulse. 

The currents were quantified as shown in 
Fig. 1. IS! was slightly underestimated be- 
cause of its mild inactivation and the devel- 
opment of I,,,. Presence or absence of I,! 
was verified by testing the effect of BAY K 
8644 on the currenrs (Table 1). The arnpli- 
rude of I,, was e~t~mated by rwo mdcp~n- 
dent procedures. The leak-bub~~aeciori pru- 
cedure (Fig. 1A) ovc~esttr~ixes I,, becdusc 
the to~al  current at thc end of'the dcpu1a11~- 
irrg pulse coiltams an uut-ward culrrrlt cum- 
ponent (I,,,). The "I,,-irlactivatiofl proce- 
dure (Fig. 1B) offsets the contribution of 
the leak current, I,! and bur It,. 1s 
underestimated by 25 to 30% bccauhc it5 

inacrivation is irncorriplcte at - 20 rnV ( 9 )  
Although the trairsiem, BAY K 8644 - 

~nsensitive ~ a ~ +  currerlr in nat-lve (nut 111- 

jected with KNA) oocyres (9, 10, 13) (Fig 
lC, part a) resembles the It, 111 heart KNA- 
injected oocytes, I,, is always at leabt two 
(usually three to five) times larger thm the 
natlve current (Table 1) (7). The posbibiliry 
thar tht. iiatlve VUCC 15 wcr~xy~cascd 111 

i~e, i~t  KNA -~~ilecrcd ~ ~ 1 1 s  is u~il~hclv  to^ SL\ 

clal redsolis (14) .  1 he ptlnlaly icdsull I5 thdt 
the expression of c~~dugc~luus  nlrbsages 1s 
reduced by exogenous KNA (15). '1 hub, we 
postulate that a major part of I,, is dirccccd 
by heart RNA. 

The method for selective ~rhibition ot 
RNA expression in Xrrropu~ oocyres is bascd 
on work (16) that demonstrates that DNA 
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