DNA polymerase activities of these
clones were assayed. We observed no
significant variation in the specific activi-
ty of DNA polymerase (nanomoles of
dTMP per milligram of protein, 20 min-
utes at 37°C) in mitochondria-free crude
extracts from wild-type (2.7), Aph™4-2
(1.7), and AphVT-1 (2.4) cells. Figure 1B
shows that wild-type DNA Pol-a was
sensitive to >0.2 pwM aphidicolin. In
three separate experiments, the DNA
Pol-a activity (mean = standard error)
was decreased by 59 * 4 percent for
wild-type, 13 = 11 percent for Aph*-4-2,
and 23 * 5 percent for AphVT-1 by the
presence of 0.6 wM aphidicolin (data not
shown). Thus the mutant Pol-a is stably
expressed in the transfectant.

In cotransfer experiments with the
thymidine kinase (tk) gene and the B-
globin gene into murine thymidine Ki-
nase—deficient Ltk™ cells with single se-
lection for tk* transfectants, Wigler et
al. (12) and Huttner et al. (13) found that
more than 75 percent of the tk* transfec-
tants contained the integrated B-globin
gene. Similarly, after cotransfection of
pSV2-gpt and HeLa DNA into mitomy-
cin-C-sensitive Chinese hamster ovary
(CHO) cells, and selection for both
MAX'" and mitomycin-C-resistant trans-
fectants, Rubin et al. (I4) have found
that 2 of the 800 MAX" clones (=0.3
percent) contained human sequences
and were mitomycin-C-resistant. With
selections for both markers, we found
that 20 percent of MAX" clones were
MAX'Aph". Because the background
frequency was less than 107° for MAX"
and less than 1077 for Aph® colonies, the
chance to obtain a colony that spontane-
ously exhibited both MAX" and Aph"
phenotypes would be less than 1073
The transfection efficiency of 4 per 10’
per microgram of mutant DNA is 10°
times higher than that expected from two
independent spontaneous mutations.
Taken together, our data indicate that
the Aph" colonies are the result of DNA-
mediated gene transfer; a DNA fragment
presumably greater than 5 kb, rendering
cells aphidicolin resistant, had been
transferred via DNA-mediated transfec-
tion of V79 wild-type cells. Our studies
suggest that Aph" phenotype can be used
as a selectable marker for the transfec-
tion of the gene for DNA Pol-a, further
providing evidence that Aph™4-2 is a
mutant with a defect in the gene for DNA
Pol-a.

PuaiLir K. Liu
LAWRENCE A. LOEB
Joseph Gottstein Memorial Cancer
Research Laboratory, Department of
Pathology, University of Washington,
Seattle 98195
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Ion Channels in Plasmalemma of Wheat Protoplasts

Abstract. The patch-clamp technique was used to study passive movements of ions
through the plasmalemma of wheat leaf protoplasts. This method overcomes the
problems inherent in conventional electrophysiological study of plant cells. Changes
in conductance were recorded in patches excised from the plasmalemma. Two types
of patches were observed: (i) regions of low channel density, where discrete single-
channel currents could be resolved and conductance ranged from 10 to 200
picosiemens and (ii) regions of high channel density, where single-channel currents
could not be resolved and conductance was on the order of a few nanosiemens. The
results indicate a striking similarity between animal and plant cell membranes in the
basic phenomena of transport. Moreover, the approach used constitutes a new
degree of refinement in the study of processes of regulation, pathology, and toxicity

in plants.

While electrogenic ion pumps, along
with other carrier mechanisms, have an
important role in plant ion transport (1),
relatively little is known about the pas-
sive ion pathways, in particular about
gated channels, such as those observed
in animal cells (2). One reason for this is
the difficulty in using electrophysiologi-
cal methods to study ion movements in
plant cells (/). This difficulty stems large-
ly from the specific compartmentaliza-
tion of the cell. Most of the volume of
plant cells is occupied by a vacuole, with
a very thin layer of organelle-packed
cytoplasm separating the outer mem-
brane (the plasmalemma) from the mem-
brane of the vacuole (the tonoplast). It
is, therefore, not a simple task to locate
the tip of an inserted microelectrode with
respect to the membranes. Until recent-
ly, successful attempts at voltage clamp-
ing plant cells required the use of large
cells from algae, such as Nitella (3),

Chara (4, 5), and Hydrodictyon (6). In
higher plants electrophysiology has, to
our knowledge, been limited to measure-
ments of membrane resistance and mem-.
brane potential (7-13). Accurate mea-
surements of potentials across the plas-
malemma are impeded by the cell wall in
series with the plasmalemma. Because of
its fixed negative charges, the cell wall
adds an unknown voltage component to
the measurement.

In this study we examined separately
the pathways of passive ion movement in
an attempt to distinguish between carrier
and gated-channel modes of transport.
To overcome the difficulties described
above we combined the technique of
enzymatic isolation of plant protoplasts
devoid of cell walls with the voltage-
clamp technique by using a ‘‘patch elec-
trode.”

Leaf protoplasts were isolated from 7-
day-old wheat plants (Triticum aestivum)
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(14). The protoplasts were purified on a
sucrose gradient and transferred to a 35-
mm tissue culture dish (Primaria, Fal-
con). The experiments were performed
at 22° to 24°C. Our recording medium
consisted of 0.4M mannitol or sorbitol,
50 mM NaCl, 1 mM CaCl, (or up to 10
mM, where indicated) and was buffered
with § to 10 mM Hepes or 2-(N-morpho-
lino)ethane sulfonic acid to pH 5.8 t0 6.2.
In some cases NaCl was substituted with
50 mM sodium gluconate, KCI, or 25
mM LaCls. A patch-clamp system (List

Fig. 1. Voltage-de- A
pendent single-chan- 0
nel currents in an in-
side-out patch bathed 2
in NaCl medium on
both sides (10 mM

rent fluctuations at
different membrane
depolarizing  poten-
tials, indicated to the
right. Downward de-
flection indicates
channel opening.
Note the multilevel
jumps, indicating the
presence of several
channels in the patch
(the existence of sev-
en was assumed for
the calculations). (B)

Single channel current (pA)
o

CaCl, was added to 0
the pipette). (A) Cur- ) 50

ey

Electronics) was used to voltage clamp
the membrane in an excised-patch con-
figuration (/5). The output current from
the membrane patch was filtered through
a four-pole Butterworth filter (Krohn-
Hite) at 2.5-kHz low-pass resistance-ca-
pacitance mode and digitized at 10 kHz.
The patch electrode was fabricated from
soft (soda-lime) glass by the method of
Hamill et al. (15) and coated with wax.
The tip diameter of the electrode was
<1 pm and its resistance was 7 to 12
megohms. The solution in the patch pi-
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was 35 pS. (C) Open probability versus membrane potential, estimated by fitting amplitude
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Fig. 2. Various types
of single-channel cur-
rents in four excised,
outside-out, low-den-
sity patches. Sample
records are at indicat-
ed membrane poten- 2
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and outward current;
negative values, hy-
perpolarization  and
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pette was similar to the external solu-
tion, unless otherwise indicated. Poten-
tial was measured with Ag-AgCl elec-
trodes (E. W. Wright).

The prerequisite for recording a single-
channel current is the establishment of a
“‘gigohm seal’” (10 to 50 gigohms) be-
tween the electrode and the cell mem-
brane. In our preparation the cell mem-
brane was fragile, breaking on very gen-
tle suction (as marked by an increase of
the capacitative transient of current in
response to a test pulse), usually before a
gigohm seal was established. The resist-
ance measured at the electrode would
then increase spontaneously to a few
hundred megohms. This was probably
caused by the establishment of a seal
between the rim of the pipette and the
plasmalemma. Tonoplast involvement
was unlikely, since a soft glass electrode
is not expected to form a gigohm seal
with another membrane (the tonoplast)
after touching the plasmalemma. At this
stage a whole-cell voltage clamp could
be obtained. The internal milieu of the
cytoplasm was rapidly exchanged with
that of the pipette (in a matter of seconds
in the case of a 30- to 40-um cell). On
withdrawal of the pipette the resistance
would increase further to several gig-
ohms, in which case we assumed, in
accordance with accepted practice (15),
to have obtained an excised ‘‘outside-
out’’ patch. Our success rate at obtaining
a gigohm seal on withdrawal was S to 10
percent of attempted cell-pipette con-
tacts. Considerably fewer successful
patches were achieved in the ‘‘inside-
out’” configuration, formed by pulling
away without breaking into the cell first.

In 23 of 41 excised patches, discrete
current fluctuations were observed at
constant membrane potential (Fig. 1A).
The fluctuations represent the opening
and closing of individual ion channels.
Figure 1B depicts the current-voltage
relation of the single channel represented
in Fig. 1A. The slope of the relation is
constant over the examined voltage
range, yielding a conductance, in this
case, of ~35 pS. Conductance is used as
one characteristic of channels. We
grouped channels into four classes ac-
cording to their conductance: 10 to 20 pS
(Fig. 2, A and B), 35 to 40 pS (Fig. 1), 70
to 100 pS (Fig. 2C), and 160 to 180 pS
(Fig. 2D).

A patch sometimes contained only one
channel; more frequently, it contained
two or three types of channels. Some-
times seven or ten channels of the same
type (as judged by amplitude and voltage
dependence) appeared simultaneously
(Fig. 1A). We did not observe, however,
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more than two channels of the large type
(70 to 180 pS) in a single patch.

So far, our information concerning the
selectivity of the channels is scant. The
currents depicted in Fig. 2, C and D, are
probably carried by cations (Na™), since
the prevalent anion in the recording me-
dium was gluconate, a nonpermeant spe-
cies.

The observed kinetic behavior of the
channels varied considerably. Some of
the openings appeared to be evenly dis-
tributed in time (Fig. 2B), with mean
open time ranging from 1 to 100 msec,
while others occurred in bursts of rapid
flickering (rapid transitions between
closed and open states) (Fig. 2, A and
D). Bursts lasted téens (Fig. 2D) to hun-
dreds (Fig. 2A) of milliseconds.

In five cases of the single-channel re-
cordings, the probability of opening was
strongly dependent on membrane poten-
tial (Fig. 1, A and C). The voltage-
dependent channels belonged mainly to
the 40-pS class of channels. They opened
randomly for a few milliseconds to a few
tens of milliseconds. Voltage depen-
dence of gating is characteristic of many
types of channels in animal cells—for
example, sodium channels in neurons or
muscle cells.

In about 40 percent of all cases, the
response of an excised patch to square
voltage pulses was a current that varied
smoothly with time (Fig. 3A), with relax-
ation times ranging from 100 msec to a
few seconds. We refer to these currents
as macroscopic. Figure 3B summarizes
their asymmetrical current-voltage rela-
tion. The smooth appearance of the mac-
roscopic currents (Fig. 3A) may indicate
that many small channels contribute to
the record. From the small noise-to-
signal ratio of the currents (<5 percent),
we estimate the number of channels to
be more than 400 (/6). This in turn places
an upper bound on the single-channel
conductance at 5 pS. The existence, in
the small area of a patch (1 to 10 wm?), of
hundreds of channels (‘‘hot spots’’) has
been a common finding in animal cells,
as in neuromuscular junctions (/7).

The macroscopic currents for these
high-density patches showed voltage de-
pendence (Fig. 3A). The single-channel
events from the low-density patches
were much more steeply voltage-depen-
dent than the macroscopic currents. We
have not yet recorded isolated single-
channel events directly corresponding to
these macroscopic currents. It is possi-
ble, therefore, that the channels underly-
ing the macroscopic currents exist pre-
dominantly in hot spots. Conversely, the
single voltage-dependent channels might
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Fig. 3. Macroscopic currents in an excised,
high-density patch elicited by voltage-clamp
pulses starting at time 0. Values of potential
are indicated to the right of the current traces.
Positive numbers indicate depolarizing poten-
tials and outward currents; negative numbers,
hyperpolarization and inward currents. An
outside-out patch, held at —40 mV between
pulses, is represented. (A) Time course of the
currents. (B) Current-voltage relation for cur-
rents shown in (A), at the end of 5-second
pulses. Conductance is asymmetrical with re-
spect to voltage: 2 nS at depolarization and
0.9 nS at hyperpolarization. The membrane
was bathed in 25 mM LaCl; medium on both
sides. Since La®>* has been shown to block
channels (20) rather than to permeate them, it
is likely that these currents are carried by C1~.

not form hot spots. Similar variability in
spatial distribution has been observed
between the sodium channels (forming
aggregates) and potassium channels
(more evenly distributed) in muscle
18).

For both the voltage-dependent chan-
nels from the low-density patches and
for the channels underlying the currents
from the high-density patches, the prob-
ability of being open usually increased
with depolarization. However, in about
10 percent of the cases the probability
increased on hyperpolarization. In spite
of the possible ambiguity concerning
patch polarity, we believe that our find-
ings reflect the real situation—that in
some cases, hyperpolarization rather
than depolarization opens the channel,
as occurs with the anomalous rectifier
(19). Moreover, Findlay et al. (6) record-
ed a similar finding in voltage-clamped
Hydrodictyon.

Voltage clamping of an excised patch
offers the advantage of examining the
passive ion transport separately from
that mediated by the electrogenic pump.
In our experiments we can eliminate the
latter, since the patches of the two types
(both the low- and the high-density ones)
were bathed in controlled (usually sym-
metrical) solutions on both sides, with-
out adenosine triphosphate or any other
source of energy to drive the electrogen-
ic pump. Any significant concentration
of such compound of cellular origin near
the membrane would have dissipated
within seconds, while our experiments

usually lasted from 30 minutes to 3
hours.

At present we are unable to eliminate
the possibility that the macroscopic cur-
rents are, at least in some cases, the
response of passive ion carriers rather
than channels, except that it seems diffi-
cult to explain the asymmetry of carrier-
mediated current with respect to voltage
in symmetrical solutions.

In contrast to macroscopic currents
from high-density patches, current fluc-
tuations from low-density patches un-
equivocally show the existence of gated
channels in plant plasmalemma. From
the single-channel measurements we cal-
culate the rate of ion transfer through a
20-pS channel, at a membrane potential
of 100 mV, to be about 107 ions per
second. This is about 1000 times faster
than the turnover rate of one of the
fastest carriers known, valinomycin. In
addition, it is hard to envision a process
that would synchronize thousands of
carrier molecules (were they all concen-
trated in the patch area to produce the
recorded currents) to create the ob-
served discrete fluctuations of current.

While we do not know what fraction of
ion transport occurs through channels,
the variety of channel types reported
here suggests a multitude of functions
involving ion movement through the
membranes of higher plants.
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A Major Human Histone Gene Cluster on the
Long Arm of Chromosome 1

Abstract. A human histone gene cluster was assigned to chromosome 1 by
Southern blot analysis of DNA’s from a series of mouse-human somatic cell hybrids
with 32P-labeled cloned human H4 and H3 histone DNA as probes. Localization of
this histone gene cluster on the long arm of chromosome 1 was confirmed by in situ
hybridization of this DNA probe to metaphase chromosomes.

Human histone genes constitute a mul-
tigene family of moderately repeated se-
quences with variations in the structure,
organization, and regulation of different
copies (I—<4). Yet our understanding of
human histone gene organization is re-
stricted to the observations that both
core and H1 histone genes are clustered
but not represented as simple tandem
repeats (I, 2, 4) and that a limited num-
ber of histone sequences are nonfunc-
tional pseudogenes (3). To further ad-
dress the organization of human histone
genes, we have focused on a histone
gene cluster designated NHHG41 con-
taining H4 and H3 histone coding se-
quences, the transcripts of which are
predominant histone messenger RNA
(mRNA) species associated with poly-
somes of cells undergoing DNA replica-
tion (5, 6).

Somatic cell hybrids with limited num-
bers of human chromosomes combined
with probes for specific copies of the
human histone genes provide a high res-
olution approach for chromosomal as-
signment of the various members of the
histone gene family. DNA’s from a se-
ries of mouse-human hybrid cells were
digested with restriction endonucleases,
fractionated electrophoretically, and, af-
ter transfer to nitrocellulose, were hy-
bridized with 3?P-labeled (nick-translat-
ed) human H4 and H3 histone gene frag-
ments subcloned from the \HHG41 ge-
nomic DNA cluster (Fig. 1A). The
probes included flanking sequences to
facilitate identification of these specific
copies of the histone genes in Southern
blots of total genomic DNA, and particu-
larly, to distinguish between human and
murine histone coding sequences.

Our initial studies, which were re-
stricted to hybrid cells containing human
chromosome 7, were based on reports
that human histone genes are located on
this chromosome (7, 8). Figure 1, B and
C, clearly indicates that both the H4 and
H3 histone genes that reside in the hu-
man DNA segment cloned in \HHG41
can be identified in restriction endonu-
clease—digested DNA from human cells
and that a comparable gene is not ob-
served in mouse cells. The absence of
the H4 and H3 A\HHG41 histone genes in
the well-characterized hybrid cell line
Nu9, which contains only human chro-
mosomes 6 and 7 (9), was unexpected
and provided the first indication that this
gene cluster resides on another human
chromosome (Fig. 1, B and C). The
absence of this human histone gene clus-
ter on chromosome 7 was substantiated
by similar analysis of other human chro-
mosome 7-containing hybrids. We then
systematically analyzed Southern blots
of genomic DNA’s from an extensive
series of mouse-human somatic cell hy-
brids that collectively contain all human
chromosomes (9, 10). The hybrid cell
lines used in these studies were derived
from several different sets of human and
mouse parentals, but gave consistent re-
sults establishing the location of the
AHHG41 human histone gene cluster on
chromosome 1 (Fig. 1D and Table 1).
The H4 and H3 histone genes of
AHHG41 have previously been mapped
to 2.0- (H4) and 7.0-kilobase (H3) Hind
III fragments of genomic DNA’s from a
number of human cells, including dip-
loid, transformed, and tumor cell lines

Table 1. Representation of human histone genes in DNA’s from a panel of mouse-human somatic cell hybrids representing the complete
complement of human chromosomes. DNA (15 pg) from the designated hybrid cell lines were digested to completion with the restriction
endonuclease Hind III, fractionated electrophoretically, and transferred to nitrocellulose. DNA’s from human and mouse cell lines were included
in all experiments as controls along with Hind III-digested A phage as molecular weight markers. The DNA’s immobilized on the filter were
hybridized with 32P-labeled human H4 or H3 histone genes representing the genomic DNA cluster \HHG41 and analyzed by autoradiography.
Each DNA preparation was subjected to Southern blot analysis at least twice, and two or more DNA preparations from each hybrid cell line were
analyzed. The construction and characterization of the various somatic cell hybrids have been reported (9, 10).
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