extinction coefficient of rhodopsin, vy is the
quantum efficiency of bleaching, Ij is the
photon flux at the base of the ROS, and ¢ is
the duration of light exposure. For the
derivation of Eq. 1, it was assumed that the
light destroyed the pigment and that the
pigment did not diffuse through the medi-
um. The region below the curve represents
the distribution of rhodopsin that was not
bleached during the light exposure, whereas
the region above represents the pattern of
bleaching.

These measurements reveal the way in
which toad ROSs receive the light stimulus
in situ. A photon absorbed by a rhodopsin
molecule results in the localized closure of
Na™ channels at the plasmalemma; one pho-
ton results in the closure of the channels in a
ring around the rhodopsin that absorbed it
(18, 19). As the light intensity increases,
more rings of plasmalemma are recruited.
The model for the spatial pattern of bleach-

08 -

Cp/Co

V= = =

ROS base Tip

=

Cy/Co

Fig. 2. Fraction of rhodopsin remaining as a
function of &. The data are plotted as squares. The
lines represent the best fits to Eq. 1. The lines are
continuous to the end of the ROS; broken line
extensions are included for illustrative purposes.
(A) Each square represents a curve from Fig. 1,
plotted here in terms of the fraction of the dark-
adapted rhodopsin content remaining as a func-
tion of & = acyl, normalized distance from the
base. In the ROS drawn beneath the graph, filled
rectangles show where the absorbance spectra
were measured. The photon dosage received by
the ROS was 1.49 x 10® photons per square
micrometer (20). (B) The bleaching patterns after
light exposures of different strengths are illustrat-
ed by the results from three ROSs. From the top
curve downward, the photon dosages were
3.26 x 107,1.07 x 108, and 2.59 x 10° photons
per square micrometer (20), respectively.
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ing, as stated in Eq. 1, helps to quantify the
recruitment aspect of the photoreceptor cell
response. It may then become possible to
predict the responsivities of single rod pho-
toreceptor  cells  during  illlumination
through the intact physiological optics of
the eye.
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A Novel Putative Tyrosine Kinase Receptor Encoded

by the eph Gene

HisaMARU HIRAL* YOSHIRO MARU, KOICHI HAGIWARA,

Jung1 NISHIDA, FUMIMARO TAKAKU

Growth factors and their receptors are involved in the regulation of cell proliferation
and also play a key role in oncogenesis. In this study, a novel putative kinase receptor
gene, termed eph, has been identified and characterized by molecular cloning. Its
primary structure is similar to that of tyrosine kinase receptors thus far cloned and
includes a cysteine-rich region in the extracellular domain. However, other features of
the sequence distinguish the ¢ph gene product from known receptors with tyrosine
kinase activity. Thus the eph protein may define a new class of these molecules. The eph
gene is overexpressed in several human carcinomas, suggesting that this gene may be
involved in the neoplastic process of some tumors.

EVERAL VIRAL ONCOGENES AND CEL-

lular proto-oncogenes comprise a

gene family whose products exhibit
tyrosine-specific protein kinase activity and
are associated with the plasma membrane
(1). Such features are shared by several
genes encoding polypeptide hormone recep-
tors, including epidermal growth factor re-
ceptor (EGF-R-1)/c-erbB (2), EGF-R—relat-
ed receptor (EGF-R-2)/neu/erbB-2 (3), in-
sulin receptor (IR) (4), insulin-like growth
factor-I receptor (IGF-I-R) (5), platelet-
derived growth factor receptor (PDGF-R)
(6), and colony-stimulating factor—1 recep-
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tor (CSF-1-R)/c-fims (7). In addition, several
viral oncogenes appear to encode mutated
tyrosine kinase receptors whose cellular ho-
mologs have not yet been identified. The
importance of tyrosine kinase activity in
both normal and abnormal growth regula-
tion suggests that additional tyrosine kinases
also exist.

We searched a human genomic library for
gene sequences homologous to the tyrosine
kinase domain of the viral oncogene v-fps
(legend to Fig. 1A). A 12.5-kb Eco RI
fragment (Cl-7) was found to be homolo-
gous to the v-fps probe under relaxed hy-
bridization conditions (Fig. 1A). The 0.6-
kb Hind III-Sst I fragment (HS fragment)
trom CI-7, including the sequence homolo-
gous to the v-fps probe, was used as a probe
in subsequent hybridization experiments. In
an erythropoietin-producing human hepato-
cellular carcinoma cell line (ETL-1), the
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novel gene, which we have termed ¢ph, is
overexpressed 10- to 20-fold but not ampli-
fied (Fig. 1, B and C). Since the hybridiza-
tion conditions were sufficiently stringent to
avoid detection of the c-fps gene with the HS
probe, all intense bands shown in Fig. 1C
represent DNA fragments specific to the eph
gene. The HS probe hybridized specifically
to DNA fragments isolated from chicken,
mouse, rat, and human cell types, and so we
conclude that the ¢ph gene has been highly
conserved during vertebrate evolution.
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L 1 1 1 11l J
- e
Probe 1kb
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a b a b c d e
—23
=285 " i & i
-98
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—45
' —18S
=22
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Fig. 1 Analysis of the gph gene. (A) Restriction
map of the genomic clone CI-7. E, S, K, and H
represent restriction sites of Eco RI, Sst I, Kpn I,
and Hind III, respectively. The thick bar indicates
the HS fragment. A human genomic library was
constructed from placental DNA  with
Agt-WES-AB phage vector as described (21). This
library was screened with a 0.4-kb Bam HI
ment of v-fps DNA (13). Plaque hybridization
was carried out in 30% formamide, 5X Den-
hardt’s solution, 5% SSPE (0.15M NaCl, 0.0l.M
NaH,PO,, and 0.001M EDTA), 0.1% SDS, and
denatured salmon sperm DNA (100 pg/ml) for
20 hours at 42°C. (B) Northern blot analysis of
the ¢ph transcript. Polyadenylated RNAs (5 pg
per lane) from normal human liver (lane a) and
ETL-1 cell line (lane b) were hybridized with the
HS probe (upper) and with the B-actin probe
(22) (lower). Total RNA was extracted by the
guanidine isothiocyanate—cesium chloride meth-
od (23). Polyadenylated RNAs selected by oli-
go(dT)-cellulose (24) were separated on a formal-
dehyde-containing 1% agarose gel (25). The
RNAs were transferred to a nylon membrane (26)
and hybridized in 50% formamide, 5X standard
saline citrate, denatured salmon sperm DNA (100
pg/ml), 10X Denhardt’s solution, 0.1% SDS,
10% dextran sulfate, and the HS probe for 20
hours at 42°C. Hybridization was detected by
autoradiography. The washed filter was reused in
hybridization with the actin probe. (C) Southern
blot analysis of the genomic ¢ph gene. DNAs
prepared from normal human placenta (lane a),
ETL-1 cells (lane b), chicken liver (lane c), mouse
liver (lane d), and rat liver (lane ¢) were hybrid-
ized with the HS probe. Arrows indicate posi-
tions of c-fps fragments that hybridized with the
original v-fps probe under the same conditions.
High molecular weight DNAs (10 pg per lane)
were digested with Eco RI, separated by electro-
phoresis through 0.8% agarose gels, and blotted
to nylon membranes (27). Hybridization condi-
tions were as described for (B).
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These conclusions were confirmed with the
complementary DNA (cDNA) probe de-
scribed below (8).

Two cDNA libraries constructed from
ETL-1 messenger RNA (mRNA) were
screened with the HS probe. Three of 24
isolated clones contained inserts of 3.5 kb,
which is large enough to represent all or
nearly all of the 3.5-kb eph mRNA. Detailed

restriction maps were identical between two
c¢DNA clones (Cl-70 and Cl-73) that were
independently isolated from each of the two
cDNA libraries. We used CI-70 in all subse-
quent studies. In Northern blot hybridiza-
tion, CL-70 cDNA reacted with a 3.5-kb
mRNA detected by the HS probe and with
no additional transcripts (8).

The complete nucleotide sequence of the
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Fig. 2. Complete nucleotide and amino acid sequence of the gp cDNA. Nucleotides are numbered at
both sides. Amino acids are numbered above the sequence, starting with the initiation methionine. A
heavy black bar demarcates the putative transmembrane region. Potential sites of N-linked glycosylation
are overlined. The AATAAA consensus sequence near the polyadenylated 3’ end of the cDNA is
underlined. All cysteine residues are boxed. A broken underline indicates an in-frame stop codon in the
5’-untranslated region. Polyadenylated RNA was prepared from ETL-1 cells (legend to Fig. 1B). Two
cDNA libraries were independently constructed with the Agt10 vector (28). Total 4 x 10° independent
clones were screened with the HS probe. Hybridization was carried out at 42°C for 20 hours under
stringent conditions [50% formamide, 5X Denhardt’s solution, 5% SSPE, 0.1% SDS, and denatured
salmon sperm DNA (100 pg/ml)]. Nucleotide sequence analysis was performed by subcloning of
restriction fragments of the clone Cl-70 DNA into M13 cloning vectors, followed by primed DNA
synthesis on single-stranded DNA templates in the presence of dideoxynucleotide triphosphates (29).
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Cl-70 cDNA insert extends for 3400 nucle-
otides and contains a single long open read-
ing frame of 2952 nucleotides, encoding a
putative primary translation product of 984
amino acids (relative molecular mass
108,801) (Fig. 2). A polyadenylation signal
(AATAAA) is found 49 nucleotides up-
stream from a polyadenylate sequence at the
3' end of the cDNA. Although the flanking
nucleotides of the predicted initiation codon
ATG are not a perfect match with the
consensus for a translation initiation site (9),
we believe that this codon is the initiation
codon because an in-frame stop codon can
be idendfied in the 5'-untranslated region
(Fig. 2). Furthermore, most of the first 23
amino acid residues are highly hydrophobic,
suggesting that they represent the signal
peptide sequence necessary for transport of
the nascent polypeptide chain into the lu-
men of the endoplasmic reticulum (10). In
addition to the signal sequence, the deduced
984—amino acid polypeptide sequence con-
tains the features characteristic of cell surface
receptors. These include a stretch of 21
hydrophobic amino acids (residues 548 to
568) characteristic of a membrane-anchor-
ing domain. This sequence is flanked on its
carboxyl side by a basic sequence (Arg-Ser-
Arg-Arg) typical for the junction between
the membrane and cytoplasmic domains of
cell surface receptors (2-7). All four possible
N-linked glycosylation sites are distributed
in the putative extracellular half of the se-
quence (Fig. 2). Eighteen of a total of 31
cysteine residues are found clustered near
the middle portion (residues 171 to 386) of
the presumptive extracellular domain (Fig.
2). Similarly, EGF-R-1 has two cysteine-
rich regions (residues 161 to 342 and 500 to
636), which contain 25 and 21 cysteine
residues, respectively, and 27 cysteine resi-
dues are clustered between residues 148 and
323 of IR (2, 4).

The sequence of 245 amino acids between
residues 638 and 882 includes the residues
possibly involved in adenosine triphosphate
binding (residues 640, 642, 645, and 664)
and a tyrosine residue (residue 789) ho-
mologous to the major autophosphorylation
site (Tyr*'®) in pp60"-® (11). This domain
is homologous with retroviral oncogene
products of the src family (v-yes, 47%; v-sre,
46%; v-fgr, 45%; v-abl, 44%; v-fps, 43%; v-
ros, 41%; v-erbB, 40%; v-fins, 38%; and v-
kit, 37%) (12-14) and with tyrosine kinase
receptor sequences (IR, 41%; EGF-R-1,
41%; EGF-R-2, 40%; IGF-I-R, 39%;
PDGF-R, 38%; and CSF-1-R, 37%) (2-7).
Further, the amino acid sequence is homolo-
gous with that of the corresponding portion
of met, trk, c-ros, and ret (36 to 40% homol-
ogy) (15). These relations strongly suggest
that the gph protein has tyrosine kinase
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Fig. 3. The eph transcript in fresh human carcino-
mas. Five micrograms of polyadenylated RNAs
from normal colon (lane a), colon carcinoma (lane
b), normal lung (lane c), lung adenocarcinoma
(lane d), normal mammary gland (lane ¢) and

carcinoma (lane f) were hybridized
with the gph cDNA probe (the total insert DNA
of CI-70) (upper) and with the B-actin cDNA
probe (lower). Hybridization conditions were as
described in the legend to Fig. 1B.

EGF-R-1 IR CSF-1-R
EGF-R-2 IGF-I-R PDGF-R

oo Extra-

cellular

BB domain

‘ I Trans-

membrane

3 domain

plasmic

i domain

Fig. 4. Topological comparison of the ¢k protein
and three types of tyrosine kinase receptors (2-7).
Cysteine-rich regions are shown as hatched boxes.
The distribution of cysteine residues in the extra-
cellular domains of PDGF-R and CSF-1-R is
indicated by closed circles. Tyrosine kinase do-
mains are shown by shaded boxes. A heavy solid
line indicates a stretch of sequence inserted within
the tyrosine kinase domains of PDGF-R and
CSF-1-R.

activity. From these observations, we tenta-
tively conclude that the gph gene product is a
transmembrane glycoprotein that may act as
a receptor for a growth factor.

Several oncogenes encode mutated ver-
sions of receptors for growth factors, includ-
ing v-erbB [truncated EGF-R-1 (16)], nen
[mutated EGF-R-2 (3)], v-fims, [altered
CSEF-1 receptor (17)], and v-ros [IR-related
(4)]. Evidence is accumulating that quanti-
tative or qualitative mutations of proto-
oncogenes (or both), can lead to cell trans-
formation and can play a role in the neoplas-
tic process of human tumors (18). For exam-
ple, overexpression of the EGF-R-1 gene or
the EGF-R-2 gene has been observed in a
variety of human tumors (2, 3, 19). To
determine if eph gene expression is altered in
neoplastic tissues, we analyzed RNA from
approximately 50 human tumors by North-

ern blotting. Overexpression of the eph gene
was observed in several carcinomas, includ-
ing colon carcinoma, lung adenocarcinoma,
mammary carcinoma (Fig. 3), and hepato-
cellular carcinoma (Fig. 1). These observa-
tions suggest that elevated expresion of ¢ph
may provide a selective advantage in the
process of carcinogenesis.

Common structural features of the eph
gene product and tyrosine kinase receptors
include a single stretch of hydrophobic ami-
no acids representing a transmembrane se-
quence, an amino-terminal extracellular do-
main that presumably forms the ligand-
binding pocket, and an intracellular domain
that includes sequences specifying the tyro-
sine-specific protein kinase activity. In tyro-
sine kinase receptors thus far cloned, distinc-
tive structural characteristics have suggested
at least three classes of receptor: EGF-R-1
and EGF-R-2 as type 1, IR and IGF-I-R as
type 2, and PDGF-R and CSF-1-R as type 3
(20). The eph protein has only one cysteine-
rich region, unlike EGF-R-1 (2) and EGF-
R-2 (3). It does not appear to contain the
putative cleavage site of the proreceptor
polypeptide, which is found in IR (4) and
IGF-I-R (5), and it does not contain the
insertion sequence that interrupts the tyro-
sine kinase domain of PDGF-R (6) and
CSF-1-R (7) (Fig. 4). Therefore, the eph
protein may define a fourth class of recep-
tors with tyrosine kinase activity.
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Sodium-Calcium Exchange in Heart: Membrane

Currents and Changes in [Ca

2+].
i

L. BARCENAS-RU1Z, D. ]J. BEUCKELMANN, W. G. WIER

Recordings have been made of changes in intracellular calcium ijon concentration
([Ca®*];) that can be attributed to the operation of an electrogenic, voltage-dependent
sodium-calcium (Na-Ca) exchanger in mammalian heart cells. Guinea pig ventricular
myocytes under voltage clamp were perfused internally with fura-2, a fluorescent
Ca**-indicator, and changes in [Ca®*]; and membrane current that resulted from Na-
Ca exchange were identified through the use of various organic channel blockers and
impermeant ions. Depolarization of cells elicited slow increases in [Ca?*];, with the
maximum increase depending on internal [Na*], external [Ca?*], and membrane
voltage. Repolarization was associated with net Ca®* efflux and a decline in the inward
current that developed instantaneously upon repolarization. The relation between
[Ca®*]; and current was linear, and the slope was made steeper by hyperpolarization.

HE EXISTENCE OF A SODIUM-CALCI-
um (Na-Ca) exchanger has been es-
tablished in many tissues (1), includ-
ing intact heaft tissue (2) and cardiac sarco-
lemmal vesicles (3). Experiments on single
isolated heart cells from frog atria (4) and
guinea pig ventricles (5) revealed currents
that have been attributed to Na-Ca ex-
change. The role of Na-Ca exchange in the
arrhythmogenic currents that accompany
spontaneous fluctuations in intracellular cal-
cium ion concentration ([Ca**];) (6, 7) has
been shown (8), but [Ca**]; was not mea-
sured or controlled adequately in these stud-
ies. When recording the Ca?*-activated flu-
orescence of fura-2 (9) in cardiac cells under
voltage clamp (I0), we observed that
changes in fluorescence could be detected
under conditions in which changes in
[Ca?*]; might be attributable to Na-Ca ex-
change. We now report (11) simultaneous
measurements of changes in [Ca?']; and
membrane current (4, 5), which we suggest
are probably due to Na-Ca exchange.
The methods for voltage clamp prepara-
tion of single cells and for the recording
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of fura-2 fluorescence were similar to those
described (7, 10). The cells were internally
perfused over 5 to 15 minutes with a micro-
pipette electrode (1.8 to 3.5 MOhm) filled
with 0.070 mM fura-2 (Molecular Probes),
130 mM CsCl, 2 mM MgCl,, 2 mM adeno-
sine 5'-triphosphate (sodium salt), 0 to 10
mAM NaCl, and 10 mM Hepes (potassium or
sodium salt) (pH 7.2). (The [Na*] in the

Fig. 1. Changes in [Ca’*]; and

>
membrane current attributed to £ o
Na-Ca exchange in a single guinea ~ ~
pig ventricular myocyte under volt- — 12
age clamp. All data are from one ¥
representative cell, W74, of five ;- 0.8
cells studied with this protocol. Mi- %,
cropipette [Na*] was 7.5 mM. (A) e
Simultaneous recordings of [Ca*]; 0.0
and membrane current. The hold- °~°}
ing potential was —80 mV, and 201
depolarizing pulses lasting for 1.5 £
seconds were given from —60 to - -02
+40 mV. Outward currents during 0.3

the depolarizing pulse are off-scale.
(B) Voltage dependence of the 1
change in [Ca?*];. Values plotted
are the average [Ca**]; over the last

0.00 0.40

micropipette is indicated.) The cells were
superfused at room temperature (23°C)
with a physiological saline solution contain-
ing 2.5 mM CaCl,, 135 maf NaCl, 10 maf
CsCl, 1 mM MgCl,, 0.33 mM NaH,PO,,
10 mAM dextrose, 10 mAL Hepes, 10 mM
tetracthylammonium (TEA), 10 pM vera-
pamil, and 10 wM ryanodine; pH was 7.3
with the addition of NaOH. Interfering
potassium (K*) currents were blocked by
substituting impermeant ions (Cs* and
TEA). Verapamil and ryanodine (12)
blocked the interfering changes in [Ca®*];
that result from entry of Ca’* through
surface membrane Ca’* channels (13) or
from release of Ca** from the sarcoplasmic
reticulum (SR), respectively.

From a holding potential of —80 mV,
depolarization for 1.5 seconds was associat-
ed with a slow increase in [Ca®*]; (Fig. 1).
As the membrane was depolarized more, the
change in [Ca®*]; became larger and faster.
The [Ca’"]; at the end of the depolarizing
pulse increased monotonically with clamp-
pulse potential (Fig. 1B). In Ca?*-free solu-
tion, these changes did not occur. This is
evidence for a voltage-dependent process
that controls [Ca**]; in cells in which Ca?*
entry through channels and Ca?* release
from SR are blocked.

Repolarization to —80 mV was associated
with the instantaneous development of a
large inward current and the initiation of the
decline in [Ca?*];. Throughout the decline
in [Ca?"];, the current was directly propor-
tional to [Ca**]; (Fig. 1C). At —80 mV, all
ordered pairs ([Ca?*];, current) fall on the
same line independent of time or previous
history of depolarization.

In the working scheme of electrogenic
Na-Ca exchange (14), which we will use
here, the exchange current (Eq. 3) is pro-
portional to the difference between Ca?*
influx and efflux, where each unidirectional

1600 1
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400 o

[Ca®*]; (nM)

1(nA)

0.80 1.20 1.60
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200 msec of the depolarizing pulse. (C) The relationship between [Ca®*]; and membrane current after
repolarization. The current, I, has been plotted as a function of [Ca**]; at 2 msec intervals during the
first second after repolarization from +40 mV (squares), +20 mV (circles), 0 mV (triangles), —20 mV

(diamonds), and —40 mV (crosses).
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