from 1.0 to 20.0, in ¢t from 0.0 to 20.0,
and which include several generating
curve shapes, at varying distances from
the coiling axis. The resulting array will
be an extension of Fig. 2 and may find
application to a variety of problems of
gastropod evolution and ecology. For
example, the problem of the efficiency
with which a given snail uses skeletal
material may be studied by this means,
because shell .geometry has a pro-
nounced effect on the amount of skel-
etal material necessary to produce a
given volume of living space (4).
Davip M. Raup
Department of Geology,
Johns Hopkins University,
Baltimore 18, Maryland
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Two-Dimensional Gel
Electrophoresis

Abstract. Improved resolution of serum
protein mixtures is effected by electro-
phoresis, first in a 5 percent acrylamide
gel following which a strip of the resolved
pattern is embedded in 8 percent gel and
subjected to a second electrophoresis
separation at right angles to the first.
Lactic dehydrogenase enzymes appear
as small rectangular spots lying on an
oblique straight line passing through the
point of initial application.

Two-dimensional electrophoresis, em-
ploying paper medium in the first di-
rection and starch gel in the second
direction, has been effectively applied
by Poulik and Smithies (I) to the
resolution of serum proteins. Hermans,
McGuckin, McKenzie, and Baird (2)
described a similar technique employing
paper in the first direction and cyano-
gum gel in the second direction. Ash-
ton (3) also used agar in the first di-
rection combined with starch gel in
the second direction with good resolu-
tion.
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Experimental studies of the factors
affecting electrophoretic migration and
resolution in acrylamide gels, now in
progress in this laboratory, have demon-
strated significant nonlinear effects of
gel concentration on the electrophoretic
mobility of various proteins. These
studies suggest that two-dimensional
gel electrophoresis employing a low-
concentration gel in the first direction
followed by a high-concentration gel
in the second direction, will produce
separations analogous to those obtained
in two-dimensional paper chromatog-
raphy. The resolution should be ob-
tained without change in pH, composi-
tion, ionic strength, or electrophoretic
conditions, inasmuch as they depend
solely on the concentration of the gel
itself.

The procedure employed in the ex-
periments reported here was as fol-
lows. A 5 percent concentration of
acrylamide gel was prepared in pH
9.0 tris buffer by the method of Ray-
mond and Nakamichi (4) and then
poured into the vertical gel electro-
phoresis cell described by Raymond
(5). A sample of fresh human serum
0.04 to 0.06 ml in volume was applied
to a 2-cm wide slot in the top of the
gel. Electrophoresis was effected at 300
v, 50 to 150 ma for 1% hours at which
time the albumin (rendered visible by
prestaining with a small crystal of
bromphenol blue) had migrated ap-
proximately 10 cm. The gel slab was
removed from the apparatus and a 1-
cm wide strip was excised longitudinal-
ly through the pattern. This strip was
replaced transversely in the gel com-
partment of the cell. The compartment
was then filled with an 8 percent
acrylamide gel solution in the same
buffer. The solution gelled within 30
min, with the 5 percent slab embedded
across the top of the gel. Electrophore-
sis was again effected at 300 v and 50
to 150 ma, increasing the time to 3 hr
to compensate for the reduction in
average migration velocity of the mi-
grating components.

Following electrophoresis the entire
gel slab can be stained for protein
and other components in the usual way.
It is particularly effective to use multi-
ple stains in sequence. Figure 1 shows
lactic dehydrogenase isozymes stained
by the procedure of Latner (6), which
form a linear series of spots that do not
coincide with any of the protein com-
ponents demonstrated by amidoblack
stain. The straight line through the
lactic dehydrogenase spots passes

through the point of initial application,
suggesting that these isozymes all have
the same molecular size but differ by
equal increments of charge. The com-
ponents of the haptoglobin complex,
on the other hand, fall on a smooth
curved line which is asymptotic to the
S percent direction, suggesting a con-
stant ratio of charge to molecular size
with increasing size of the molecule.
The initially thin layer of sample ap-
plied in the first direction diffuses as
the components migrate through the
gel so that the resolved components
form spots 1 to 3 mm long (in the
direction of travel) at completion of
the first electrophoresis. (Albumin,
because of its greater concentration,
spreads 10 to 15 mm). At the start of

Fig. 1. Two-dimensional electrophoresis
in acrylamide gel, 5 percent and 8 per-
cent, tris buffer pH 9.0. Three rectangular
spots on an oblique line near the center
are lactic dehydrogenase isozymes, others
are proteins stained with Light Green
SF. Origin at upper left, 5 percent direc-
tion across, 8 percent direction down.

5%

<
<7

8%

Fig. 2. Tracing of the gel shown in Fig. 1.
Cross-hatched spot is origin, diagonal-
hatched spots are lactic dehydrogenase
isozymes.
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the second electrophoresis, all com-
ponents are uniformly 1 cm long, the
width of the applied gel strip. The
spots are, however, compressed as they
enter the 8 percent gel by a factor
which is the ratio of the respective
migration rates in the two gels. The
lactic dehydrogenase isozymes, for ex-
ample, appear as rectangular spots 3
mm (5 percent direction) by 5 mm
(8 percent direction).
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Anion-Exchange Properties of
Plant Root Surfaces

Abstract. Anion-exchange properties of
plant root surfaces were demonstrated by
using negatively charged anion dyes. The
site of the positive charges may be amino
groups which become positively charged
in the presence of hydrogen ions but are
neutralized under alkaline conditions.

Cation-exchange properties of root
surfaces have been demonstrated by
Williams and Coleman (7). Further ex-
perimentation has shown the (i) nature
of the exchange sites, (ii) the cation ex-
change capacities of different plant spe-
cies, and (iii) how differences in capac-
ities can be used to explain differences
in uptake of monovalent and divalent
cations. Plant roots contain many
—COOH groups whose negative charge
can adsorb positive ions, such as methy-
lene blue*, Ca*, NH*, and H*. Plant
cells also contain considerable quanti-
ties of protein (2) whose amino groups
(NH:) become positively charged under
acidic conditions. These groups on root
surfaces could be a potential source of
positively charged spots for anion-ex-
change reactions. Plant roots placed in
negative dyes, such as eosin or acid
fuchsin, become highly colored, espe-
cially on the tips and on meristematic
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tissue. If this adsorption is on positively
charged spots, then anion exchange can
take place on the root surface.

An experiment was performed in
which eosin dye previously adsorbed on
root surfaces was replaced by a series
of sodium salts—NaF, NaCl, NaBr,
Nal, NaNQOs;, Na:SO:, Na.HPO., Na-
HCO:, Na.COs, and NaOH. (Figure 1
shows the results.) A different quantity
of dye is released by each anion, and
the amount released increases with in-
creasing salt concentration. A lyotropic
series of replacement is observed in
which the order of replacement of dye
ist FF < Cl" < Br <I' < NOs <
SO, < HPOs~, COs~, HCOs, and
OH".

The replacing power of neutral salts
increases slowly as the concentration of
salt increases from 0.0001N to 0.1N.
The shape of the curves resembles cat-
ion exchange curves for replacement
of methylene blue by chloride salts (7).
A peculiarity in the shape of the curve
is observed with the alkaline salts
Na:COs, NaHCOs, Na:HPQO:, and Na-
OH. In 0.0001N solutions slightly more
eosin was replaced by these salts than
was replaced by neutral salts. However,
in 0.001 to 0.1N solutions, a plateau
of release was reached and further in-
creases in concentration did not release
more eosin. The data suggest that posi-
tive exchange spots are neutralized by
basic salts, thus causing adsorbed eosin
to be released. A possible adsorption
site that would be affected in this man-
ner is the NH: group of the protein
molecule. The group could react as
follows:

R-NH, + H* —> R-NH}

COOH COOH

R-NH; + eosin—> R-NH’; eosin”

. COOH

Addition of OH~ to eosin-saturated
groups would bring about neutraliza-
tion of the positively charged H-ion,
thus forming water and neutral NH.
groups and causing the release of eosin
to the solution:

COOH

R-NH} eosir + 2 NatOH™—>
COOH
R-NH, + Na* eosif +2H,0

COONa

S

- W d U N W
i

Eosin Meq./Kilo air dry roots

0.00! 0.0l ol
N-of Na Salt Solutions

0.0001

Fig. 1. Exchange of eosin from intact
barley roots by salts as a function of con-
centration.

If this reaction takes place, adsorption
of anion dyes should be affected by the
pH of the medium. A number of NaCl
solutions were prepared in which the
pH was varied from 1 to 12 with HCI
and NaOH. Three Algerian oat plants
grown in Hoagland solutions for 2
weeks were washed in distilled water,
placed in 0.1N HCI for 1 minute, rinsed
five times in 200 ml of distilled water,
and then placed in eosin at pH 7 for
30 seconds. The dyed roots were then
rinsed five times in water and placed
in 50 ml of 0.1N NaCl (adjusted to pH
values from 2 to 12) for 30 seconds.
The concentration of eosin in the solu-
tions was determined with a colorimeter
(Klett Summerson) with a blue filter
(No. 42). (It was later observed that a
No. 54 green filter, with eosin adjusted
to pH 5.5, gave more reproducible
readings.) The results plotted with x’s
are shown in Fig. 2. The data indicate
that acid solutions were quite effective
in keeping amino groups hydrogen-
saturated, thus allowing eosin to remain
tightly bound.
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Fig. 2. The effect of the pH of solutions
upon the amount of eosin removed from
oat roots: (x) pH of saturating eosin solu-
tions; (o) pH of displacing NaCl solutions.
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