Protein epitopes correspond to specific
arrangements of amino acid residues, and
some such epitopes are contained in short
continuous segments of peptide sequences
(18). Our results show one example of a
segmental (continuous) epitope that keeps
at least a part of its biological activity when
genetically incorporated into the middle of a
highly structured membrane protein. To
evaluate the generality of the system it will
be necessary to study the integration of
other sequences into the S gene encoding
different epitopes and the variation of the
site of insertion into the HBsAg protein.

As previously suggested by Valenzuela et
al. (19), HBsAg particles could be useful as
immunogenic carriers of foreign antigens for
the preparation of vaccines. Our approach
may also be useful for studying the biologi-
cal activity of other peptides incorporated
into the surface of an ordered multimolecu-
lar complex. The constitutive expression and
secretion of the hybrid envelope particles by
established cell lines provide an efficient
system for the production of such structures.
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Calcium and Sodium Channels in Spontaneously
Contracting Vascular Muscle Cells

MicHAEL STUREK AND KENT HERMSMEYER*

Electrophysiological recordings of inward currents from whole cells showed that
vascular muscle cells have one type of sodium channel and two types of calcium
channels. One of the calcium channels, the transient calcium channel, was activated by
small depolarizations but then rapidly inactivated. It was equally permeable to calcium
and barium and was blocked by cadmium, but not by tetrodotoxin. The other type, the
sustained calcium channel, was activated by larger depolarizations, but inactivated very
little; it was more permeable to barium than calcium. The sustained calcium channel
was more sensitive to block by cadmium than the transient channel, but also was not
blocked by tetrodotoxin. The sodium channel inactivated 15 times more rapidly than
the transient calcium channel and at more negative voltages. This sodium channel,
which is unusual because it is only blocked by a very high (60 pM) tetrodotoxin
concentration but not by cadmium, is the first to be characterized in vascular muscle,
and together with the two calcium channels, provides a basis for different patterns of

excitation in vascular muscles.

LECTRICAL EXCITATION OF VASCU-

lar muscles is characterized by a

range of depolarization patterns that
includes responses with unusually rapid on-
set and very long duration (I). Electrical
spikes of a typical spontaneously active vas-
cular muscle cell cause phasic contraction,
while sustained depolarization causes tonic
contraction (1, 2). These diverse forms of
activation may be due to differential activa-
tion of various ion channels. Because vascu-
lar muscle excitation is likely to be calcium
dependent (1-3), and because multiple types
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of calcium channels exist in other cell types
(4), vascular muscle cells might be expected
to have several types of calcium channels.
The presence of sodium channels might
provide additional combinations of inward
current in these cells.

Voltage clamp data that could character-
ize different ion channels in vascular muscle
have been technically difficult to obtain until
the development of tight-seal pipette record-
ing (5). With tight-seal recording from
whole cells (6), we determined the voltage-
dependent, inward-current channels in vas-

cular muscle cells that might distinguish
them from other cell types. For our studies,
we used isolated, single vascular muscle cells
that have been characterized electrophysio-
logically and pharmacologically (7). We did
not use subcultured cell lines because they
lose membrane excitability, pharmacological
identity, and the ability to contract (8).
Rather, we did all of our experiments with
primary cultures of azygos venous muscle
cells from neonatal rats (9); these vascular
muscle cells contract spontaneously and
show membrane properties (for example, 50
mV spikes and —45 mV resting potentials)
appropriate for the blood vessel from which
they were isolated (7).

Vascular muscle cells were studied in solu-
tions that suppress outward potassium cur-
rents; cesium and EGTA were included in
the recording electrode solution and barium
and tetracthylammonium (TEA) were in-
cluded in the external solution (I0). For
Na® current, only half of the Na™ was
replaced by TEA in extracellular solutions.
Calcium currents were studied only after
external sodium chloride was completely
replaced by TEA chloride to characterize the
smaller Ca®>* currents (Fig. 1, A and B).

Voltage clamp analysis in Na*-containing
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Table 1. Characteristics of vascular muscle inward currents. The holding potential for transient calcium

current (Ic,) and sodium current (Iy,) was always

—80 mV and for the sustained I, was always —30

mV. Decay ¢, was the time (in milliseconds) for decay of the 0 mV current to half of its peak value.
Fractional current (I) for both TTX and cadmium conditions was the peak current after exposure to the
particular agent divided by the peak current in the control condition, thus giving the relative current

remaining. Ig,/Ic, is the ratio of the peak Ba®* current (Ig,) in Ba20s to the peak Ca*

current (Ig,) in

Ca20s external solution. Ca20c was used for each Iy, measurement and Ca20s for each Ic,
measurement. See (10) for solution composition. The probability level chosen for statistically significant
difference was P < 0.05. Sratistical analysis for the decay 7y, from depolarizations to 0 mV and TTX
blockade consisted of a one-way analysis of variance and Sheffe post hoc test. Statistical analysis for the
cadmium (CdCl,) blockade and Ip,/Ic. ratio was a ¢ test for independent groups. Values are

mean = SEM; number of cells are in parentheses.

Fractional I

Current Decay 7., Iga/Ica
(msec) 60 M TTX 100 wM CdCl,
Transient I, 13* = 1 (28) 1.031 =005 (6) 0.60% = 0.05(3) 0.94% + 0.02 (6)
Sustained I,  227% =26 (21) 0.94* = 0.07 (6) 0.35f = 0.08 (3) 3.81% % 0.26 (6)
Ina 09%+ 0.1(7) 003 £002(5 092 *0.03(4) —

*All three current groups were significantly different from each other.

tSignificantly different from Ing; =Sig-

nificantly different transient and sustained divalent cation currents.

solution revealed a prominent Na® current
in each vascular muscle cell. The average
Na* current peaked within 0.7 msec, de-
cayed to half of the 3-nA peak amplirude in
0.9 msec, and decayed almost to zero after
10 msec, leaving only a smaller divalent
current (Fig. 1B). This is probably the only
type of Na™ current in these cells because
eliminating Na* from the extracellular solu-
tion (10) did not increase membrane resist-
ance. Input resistance measured by a small,
hyperpolarizing current pulse was 3.6 + 1.7
(SEM) gigachms in Na'-containing solu-
don and 2.6 = 0.4 gigaohms in Na'-free
solution. The Na™-dependent current was
reduced by 50 percent by 30 pi tetrodo-
toxin (TTX) and blocked entirely by 60 ui{
TTX. Thus, the Na® channel currents in
vascular muscle appear to differ in TTX
sensitivity from those reported in cardiac
muscle or neurons (11). However, the Na™
channel was blocked less than 10 percent by
100 or 500 pM cadmium.

In Na™-free solution, two types of Ca**
currents were apparent in vascular muscle
cells when we examined their inactivation
kinetics, voltage dependence, permeability
to Ba®*, and sensitivity to block by cadmi-
um. We generated a family of current traces
from a single cell by step depolarization to
+10 mV from holding potentials that
ranged from —80 to 0 mV in Na'-free
solution with 10 mM Ca** present (Fig.
1A). There was a qualitative difference in the
first 50 msec of the inward currents depend-
ing on whether the holding potentials were
positive or negative to ~30 mV. Step depo-
larizations to +10 mV from holding poten-
tials ranging from —80 to —40 mV trig-
gered an early transient current followed by
a sustained plateau; step depolarizations to
+10 mV from —30 to 0 mV showed only
the sustained plateau phase. The average
time for the sustained Ca?* current to decay
to half of peak amplitude (decay to t,) was
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17 times longer than that of the transient
current at 0 mV (Table 1). Activation rates
of all currents were identical in the early
phase, as shown by the superimposed traces
(Fig. 1A), but differences in inactivation of
the currents and the abrupt —30 mV transi-
tion point suggested that there were two
components of the Ca®* current. We have
referred to these as the transient and sus-
tained Ca** channels.

The Ca’” currents could be separated
because the two channels inactivated at dif-
ferent membrane potentials (holding poten-
tial). We subtracted (digitally) the sustained
current from the total current and deter-
mined that the transient current completely
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decayed to zero within 75 msec (Fig. 1A).
We used depolarization to +10 mV from
holding potentials of —30 and —80 mV to
determine that 146 of the 153 spontaneous-
ly contracting cells had both components
(transient and sustained) of the Ca** cur-
rent; six of the remaining seven cells had
only sustained current and one cell had only
transient current. The transient Ca® cur-
rent was predominant in most cells, ac-
counting for 92 percent of the current from
the most negative holding potential of —80
mV. However, at holding potentials near
resting potential (—45 mV), more than half
of the transient Ca®" channels were inacti-
vated; in contrast, all sustained channels
were available for activation at membrane
potentials negative to —20 mV, and only
half of the channels were inactivated if the
cell were depolarized to —7 mV (Fig. 1C).
The existence of two different Ca®* chan-
nels was supported by Ba’* replacement
experiments. Sustained current was 3.8
times greater when Ba’" replaced Ca?"
the external charge carrier. In contrast, the
transient current was the same if Ca’* or
Ba®* was present in the bathing solution
(Table 1). Therefore, the sustained channel
is more pcrmcablc to Ba’* than to Ca®’,
whereas the transient channel is equally per-
meable to both divalent cations. To test the
independence of the two channels we deter-
mined their susceptibility to blockade by the
divalent cation cadmium. Cadmium [100
pA, in Ca20s extracellular solution (10)]

Fig. 1. Inactivation of calcium currents in a typical
smge cell. (A) A family of Ca®* current traces
resulting from depolarization to +10 mV from
holding potentials ranging from —80 mV to 0
mV in 10 mV increments (indicated to the left of
the traces) (CalOs). Holding potentials were es-
tablished for 5 to 10 seconds to reach a quasi
steady state, followed by depolarization to the test
potential (+10 mV) for 350 msec. The dashed
line represents the zero current level in this and
subsequent figures. Transient and sustained por-
tions of the calcium current (Ic,) are labeled. All
currents have been corrected for | cakagc and
capacitance. (B) A family of Na* and Ca®” chan-
nel currents resulting from depolarization to +10
mV from holding potentials ranging from —80
mV to 0 mV (indicated to the left of the traces)
(Ba20c). This cell shows only sustained divalent
channel current (Ig,), which is labeled to contrast
with Iy,. Note the different time scale and current
scale from (A). Currents did not require correc-
tion for leakage and capac1tance (C) Inactivation
analysis of Ca** and Na* currents. These curves
represent plots of peak currents shown in (A) and
(B). Sustained I, is that current elicited by pulses
from holding potentials (Vy) of —30, ~20, - 10,
or 0 mV and plotted relative to the maximum
sustained Ica (from the test pulse of —30 mV).
Transient I, (isolated by the subtraction tech-
nique described in the text) is plotted relative to
maximum transient Ic, from the —80 mV test
pulse. Curves were fitted by eye.
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decreased the transient Ca®* current signifi-
cantly less than it did the sustained Ca?*
current (Table 1). At 500 pM cadmium,
both Ca** channels were blocked by more
than 98 percent. Neither Ca?* current could
be attributed to Ca?" movement through
the Na™ channel, as indicated by the lack of
any block of the Ca’* currents by TTX
(Table 1). Both the differential permeability
and the blockade of the Ca* currents fur-

ther indicate that there are two distinct types

of Ca?* channels and not a single type of
channel that exists in two different states.

We compared the Ca?* channel currents
to the Na™ current of another cell (Fig. 1B).
This cell was chosen because the large ampli-
tude (124 pA) of the sustained divalent-ion
(Ba®*) current allowed comparison of the
time courses of the two currents. Peak Na™
current was seven times larger than peak
sustained Ba®* current, and the decay ty, of
the Na* current (0.9 msec) was less than
1/15th of the decay 7y, of the transient Ca®*
current (Table 1). The different time courses
of both activation and inactivation of the
Na™ current are compared to the sustained
Ba®* current (Fig. 1B). Complete, steady-
state inactivation of the Na™ channel oc-
curred at —50 mV (Fig. 1C), compared to
=30 mV and above 0 mV for the transient
and sustained Ca®” currents, respectively.

To further separate the two distinct Ca?*
channels, we conducted current-voltage
analyses using depolarizations to different
step potentials from constant holding poten-
tials of —80 or —30 mV, which we had
determined would allow full activation of
the transient and sustained channels, respec-
tively. Activation occurred in two voltage
ranges (Fig. 2). The threshold for activation
of the transient channel was —40 mV, maxi-
mum current was at —8 mV, and current
was not detectable at +50 mV and above
(Fig. 2, A, B, and E). Activation of the
sustained channel was minimal at =10 mV,
peaked at about +40 to +50 mV, and was
not detectable at +70 mV (Fig. 2, C, D, and
E). At more positive potentials, even the
sustained current showed a more rapid de-
cline from the peak during a test pulse,
indicating inactivation, but never reached
zero during the test pulse. The large ampli-
tude of the transient current, which aver-
aged over 100 pA, dominated the Ca**
currents at negative test potentials (Fig. 2E).
These large transient Ca?” currents were
more than six times as large as the sustained
Ca’* currents at a test potential of 0 mV.,
Both Ca”* channels appeared to exclude all
Na* at 10 or 20 mM Ca** concentrations,
but exclusion of Na™ was dependent on
external Ca** (12).

Thus, this vascular muscle, in which Ca**
channels are considered the most important
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Fig. 2. Separation of the activation voltage ranges
for transient and sustained calctum currents (I¢,).
Peak inward current was obtained by test pulses
to the indicated membrane potentials (E.,) from
holding potentials of —80 mV and —30 mV that
apparently represent maximum amplitudes of the
transient and sustained channels, respectively.
Transient Ic, was obtained by subtraction, as
described in the text. (A-D) Current tracings for
the two types of current from the two different
holding potentials elicited by test pulses to —10
mV and +10 mV. (E) Activation analysis shows
separate current-voltage curves for transient and
sustained Ic,. Currents are expressed on a relative
scale, as in Fig. 1 (Ca20s).

for membrane excitation (I -3, 13), has two
types of Ca®* channels and a Na™ channel.
These Ca** channels are similar in voltage
ranges and kinetics to those characterized in
neurons, cardiac muscle, and other cell types
(4). We have also found two types of Ca®*
channels in freshly dispersed muscle cells
from mesenteric arteries of adult rats (14).
The distinct feature of Ca®" currents in the
spontaneously contracting verious muscle
cells used here is the large transient current
that predominates over sustained current.
The transient current was found in more
than 90 percent of these cells, while, for
example, only 20 percent of dorsal root
ganglion cells had transient current (4). In
addition, the ratio of transient to sustained
current upon depolarization to 0 mV was
6:1 for vascular muscle cells, in comparison
to almost an inverse ratio for dorsal root
ganglion cells (4) or atrial myocardial cells
(15). The predominance of the transient
current may relate to the pacemaking func-
tion of these vascular muscle cells in young
rats. Finally, the absolute current density in
10 mM Ca?* of 5 pA per picofarad of cell
membrane in these cells is the largest of
which we are aware.

If the transient Ca’" channel supplies
depolarizing current for the upstroke of the

electrical spike in these cells, what is the role
of the Na* channel? The Na* channel,
together with transient Ca’* channels, may
contribute to pacemaking. Although the
Na™ channels are largely inactivated at nor-
mal resting membrane potential, they could
allow augmented excitation of hyperpolar-
ized cells. The activity of the transient Ca’*
channel and Na™ channel between —60 and
=40 mV may reflect the notable pacemaker
function and rapid contraction of vascular
muscle of azygos vein; this function may be
similar to that of the vascular muscle cells
that cause pacemaker activity in small arter-
ies (3).

Sustained Ca’* channels probably supply
Ca** for contractile protein activation and
intracellular storage sites, replacing the con-
tinuous loss of intracellular Ca®* (I6). The
magnitude of the sustained influx of Ca®*
would be modulated by neurotransmitters,
and thus alter contraction amplitude (17).
Thus, different types and ratios of Ca?* and
Na" channels may be present in various
blood vessels and account for their individ-
ual excitation characteristics, as well as their
possible differential sensitivities to therapeu-
tic agents.
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Engineering Herbicide Tolerance in Transgenic Plants

Divir M. SHaH,* RoBERT B. HORsCH, HARRY J. KLEE,

GANESH M. KiSHORE, JiLL A. WINTER, NILGUN E. TUMER,
CatHY M. HIRONAKA, PATRICIA R. SANDERS, CHARLES S. GASSER,
SERDAR AYKENT, NED R. SIEGEL, STEPHEN G. ROGERS,

ROBERT T. FRALEY

The herbicide glyphosate is a potent inhibitor of the enzyme 5-enolpyruvylshikimate-
3-phosphate (EPSP) synthase in higher plants. A complementary DNA (cDNA) clone
encoding EPSP synthase was isolated from a complementary DNA library of a
glyphosate-tolerant Petunia hybrida cell line (MP4-G) that overproduces the enzyme.
This cell line was shown to overproduce EPSP synthase messenger RNA as a result of a
20-fold amplification of the gene. A chimeric EPSP synthase gene was constructed
with the use of the cauliflower mosaic virus 35§ promoter to attain high level
expression of EPSP synthase and introduced into petunia cells. Transformed petunia
cells as well as regenerated transgenic plants were tolerant to glyphosate.

LYPHOSATE 1S A POTENT, BROAD-

spectrum herbicide that inhibits the
growth of both weed and crop spe-
cles. Glyphosate (N-[phosphonomethyl]
glycine) interferes with aromatic amino acid
biosynthesis by inhibiting the enzyme 5-
enolpyruvylshikimate-3-phosphate (EPSP)
synthase of the shikimate pathway (I-4).
Inhibition of this enzyme prevents the
synthesis of chorismate-derived aromatic
amino acids and secondary metabolites in
plahts.

Glyphosate-tolerant  plant cell cultures
containing elevated levels of EPSP synthase
activity have been reported (4, 5). We have
recently described a glyphosate-tolerant Pe-
tunin hybrida cell line (MP4-G) which was
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established after stepwise selection on in-
creasing amounts of glyphosate (6). This cell
line overproduces EPSP synthase 15- to 20-
fold. In this study, we have determined that
the molecular basis for glyphosate tolerance
in the MP4-G cell line is the amplification of
the EPSP synthase gene and demonstrate
that a chimeric EPSP synthase gene, de-
signed to overproduce EPSP synthase, con-
fers tolerance to glyphosate in transformed
petunia calli and in regenerated transgenic
plants.

A homogeneous preparation of EPSP
synthase (M., 49,000 to 55,800) was ob-
tained from the glyphosate-tolerant MP4-G
cell line (6). Gas-phase microsequencing (7)
of the purified enzyme yielded a partial
amino acid sequence from its NH;-termi-
nus. Three families of oligonucleotides
(EPSP1, EPSP2, and EPSP3) were synthe-
sized, based on codons specifying amino
acid residues 8 to 13 (Fig. 1). To facilitate
screening of the MP4-G complement DNA
(cDNA) library, we determined which of

the three families of oligonucleotides con-
tained the correct EPSP synthase messenger
RNA (mRNA) sequence. Northern blots
containing  polyadenylated  [poly(A)™]
RNA’s isolated from the glyphosate-sensi-
tive MP4 cell line and the glyphosate-toler-
ant MP4-G cell line were hybridized with
the oligonucleotide probes. Of the three
oligonucleotide probes, only EPSP1 hybrid-
ized strongly to a transcript of 1.9 kb that
was present in the MP4-G RNA but not in
the MP4 RNA. This result suggested that
the MP4-G cell line overproduces EPSP
synthase mRNA and that EPSP]1 contains
the correct sequence of EPSP synthase
mRNA.

A Mgrl0 ¢cDNA library was constructed
from poly(A)* RNA isolated from MP4-G
cells and was screened with the EPSP1
probe. After three cycles of screening, six
phage containing DNA hybridizing to the
oligonucleotide probe were isolated. These
phage contained ¢DNA inserts ranging
from 180 to 330 bp—a size significantly
shorter than the 1.9-kb EPSP synthase
mRNA. The 330-bp fragment from one of
these cDNA clones was recloned into pUC9
(PMON9531) and sequenced. The amino
acid sequence deduced from the nucleotide
sequence was identical to that obtained by
protein sequencing (8). It also revealed that
the enzyme was translated as a precursor
polypepride containing a transit peptide of
72 amino acids at the NH,-terminal end
(Fig. 2). A genomic clone containing a 20-
kb Bam HI fragment that hybridizes to
pMONG9531 was isolated from a genomic
library of MP4-G DNA. Restriction map-
ping and DNA sequencing indicated that a
4.6-kb subfragment of this clone contained
sequences 3' of the original cDNA clone.
This fragment was then used as a probe to
rescréen the cDNA library. Two clones con-
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