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KINETICS OF SULFATE ABSORPTION BY BARLEY ROOTS'
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This paper reports the results of short-term experi-
ments on the absorption, by excised barley roots, of
sulfate labeled with S35. The findings are consistent
with the view that the absorption of sulfate is medi-
ated by carriers to which the ions are bound in their
passage across a barrier impermeable to free sulfate
ions. As regards kinetics and specificity, the results
are interpreted in terms of the enzyme-kinetic hy-
pothesis of the operation of carriers, as given by
Epstein and Hagen (6).

MATERIALS AND METHODS
RADIOACTIVE SULFATE: To a 10-ml aliquot of a

stock solution of K2SO4 was added carrier-free radio-
sulfate in dilute HCl, obtained from the Oak Ridge
National Laboratory. The tagged solution was evapo-
rated to dryness to free it from HCl, made to the
original volume (10 ml) with water, and added to the
stock solution of K2SO4. The specific activity was
about 2 ,uc/,Aeq S04.

SELENATE: Commercially available "CP" potas-
sium selenate was found to be contaminated with
selenite. The selenate was reduced to selenium with
hydroxylamine hydrochloride, the selenium washed,
dissolved in nitric acid, and after neutralization of the
solution, oxidized to selenate with bromine, essentially
according to the method of Dennis and Koller (1). The
stock solution of selenic acid was titrated with stand-
ard KOH to pH 5.5. The concentration of the stock

1 Received December 29, 1955.

solution was determined 1) from the amount of KOH
added, 2) by evaporating an aliquot of the stock solu-
tion of K2SeO4 and weighing the salt, and 3) by re-
duction of selenate and weighing the selenium, accord-
ing to Hillebrand, Lundell, Bright, and Hoffman (9).
The results of all three methods agreed within 2 %.
Selenite was less-probably much less-than 0.1 per-
cent of the selenate, on an equivalent basis, accordingt
to the test of Dennis and Koller (1).

ASSAY FOR RADIOSULFATE: After an absorption
experiment, the 1.00-gm (fresh weight) samples of
excised roots were transferred to 30-ml Pyrex beakers.
About 3 ml ethyl alcohol, 1 ml 0.1 N K2SO4 (non-
radioactive), and 1 ml Mg(NO3)2 reagent (14) were
added, the solutions evaporated to dryness, and the
samples ashed overnight at 500° C. The ash was
moistened, acidified with HCl, and the clear solution
evaporated to dryness. The chloride salt was dis-
solved by adding 10 ml 0.35 M acetic acid at about
700 C. Benzidine sulfate was precipitated by addition
of 2 ml benzidine reagent (8.0 gm benzidine di-hydro-
chloride dissolved in 500 ml water containing 5 ml 1 N
HCl, filtered through #42 Whatman filter paper be-
fore using). After addition of 4 ml acetone, the
beakers were tightly covered with aluminum foil and
placed in the refrigerator at 8° C overnight. The sus-
pension of benzidine sulfate was filtered, under sue-
tion, through circles of #1 Whatman filter paper,
placed in the bottom of 1/4-ounce seamless tin boxes
(made by the Buckeye Stamping Company, Columbus,
Ohio), 3.3 cm in diameter and 8 mm deep, the bottom
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being, perforated by 23 evenly spaced 1 mm holes. The
beaker andicI the precipitate on the filter-funnel were
rinsed with 2 ml cold acetone, whereupon the samples
were ready for counting. A thin window (2.4 mg/cm2)
Geiger-'Miuller tube and conventional scaling circuit
were use(l. Aliquots of the radiosulfate solutions used
in the experiments were taken through the entire pro-
cedure outlined above to serve as standards in calcu-
latingf radiosulfate absorbed by the root samples. The
above method for precipitating benzidine sulfate is a
modification of that given by Kahn and Leiboff (11).

EXCISED BARLEY ROOTS: Seeds of barley, var.
Atlas 46, were germinated and seedlings grown as de-
scribed earlier (5). After soaking in aerated water
for 24 hours the seeds were planted over an aerated
solution of Ca(H2PO4)2, 2 x 10- M, and seedlings
grown for 5 (lays, during which time the solution was
renewedl onee. During the entire period the plants
were kept in a dark chamber at 240 C. Just before
the experiment proper, the roots were rinsed, excised,
and suspended in 4 liters of water.

I STANDARD EXPERIMENTAL PROCEDURE: The proce-
dure of conducting the absorption experiments proper
was essentially as described before (7). Excised roots
were blotted, 1.00-gm portions weighed out and trans-
ferred to 100-ml test tubes containing 50 ml water.
The absorption period was initiated by decanting the
water and replacing it with 50 ml of the experimental
solution, adjusted to pH 4.0 unless otherwise stated.
After the absorption period, the solution was decanted
and replaced by a solution of non-radioactive CaSO4,
1 meq/1, or, in some experiments, by water, to free
the roots of the diffusible fraction of sulfate in the
"outer" space (5). During both absorption and de-
sorption periods, the tubes were kept in a water bath
at 300 C, and the solutions were constantly aerated.

RESULTS
Suilfatte absorption was influenced by the pH of the

test solutions. Highest absorption rates were ob-
serve(l from solutions adjusted to pH 4. The test
solutions were not buffered, but solutions adjusted to
pH 4.0 with HCI did not change by miiore than 0.2
unit (luriing a 3-hour absorption period. All subse-
quent experiments were conducted at pH 4. After a
period of absorption of S*04,2 the total S*O4 within
the root can be cleanly separated into two fractions,
1) diffusible and 2) actively absorbed S*04. This is
demonstrated in figure 1. Before zero time, the roots
were exposed to a solution of K2S*04, 0.5 meq/l, for
an absorption period of 60 min. Root samples were
then blotted, for determination of total labeled sul-
fate, andl others exposed to water or 1 meq/l solutions
of non-radioactive CaSO4 for desorption periods rang-
ing up to 120 min. A rapid loss of S*04 from the
roots is followed by a period in which there is no
further loss of S*04, either to water or solutions of
CaSO4. The loss is due to diffusion of S*04 from the
"outer space of the tissue, i.e., a space to which inor-
ganic ions have free and reversible access by diffusion

2 Asterisks indicate radioactive labeling.
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FI(;. 1. Loss of labeled sulfate by excised barley
roots. Before zero time, the roots had been exposed to
K2S*O,, 0.5 meq/l, for 60 min.

(5). The magnitude of the "outer" space, in these
roots, is 0.23 ml/gm fresh weight (5). The fraction
remaining after the rapid, initial loss has been ab-
sorbed by the metabolic, active transport mechanism,
or in other words, has been transferred to the "inner"
space. The present paper is concerned with this frac-
tion only. For routine measurements of "inner" space,
or actively absorbed sulfate, the roots, after the ab-
sorption period in S*04 solutions, were exposed to
solutions of CaSO4, 1 meq/l, for a period of 60 min.
All subsequent measurements refer to roots freed of
the diffusible S*04 fraction in this manner.3 For de-
terminations of the rate, v, of S*04 absorption, 3-hr
absorption periods were used. Absorption was a linear
function of time, and the 3-hr value gave an adequate
measurement of the rate of absorption.4

In figure 2, the reciprocal of the absorption rate,
1/v, has been plotted against the reciprocal of the
substrate ion (S*04) concentration, 17(S) (cf Epstein
and Hagen, 6). The S*04 concentration, (S), was
varied from 0.005 meq/l to 0.05 meq/l. Straight lines
were obtained, evidence that the rate, v, of S*04 ab-
sorption varied as a function of S*04 concentration,
(S), according to Michaelis-iIenten kinetics (13).
Selenate competitively interfered with S*04 absorp-

3 In the earlier experiments on absorption of bromide
(2), complete removal of the diffusible bromide was not
essential because the rate of active absorption of bro-
mide is so high that diffusible bromide remaining in the
"outer" space of the tissue, after 3 water rinses, repre-
sents a negligible proportion of the total measured
uptake.

4 When amounts absorbed were plotted against time,
the straight line obtained extrapolated to a positive
value at zero time, for the higher concentrations used.
This introduces an error in our rate measurements never
exceeding 10 % of the total measured absorption. The
nature of the sulfate binding which this value represents
has not been further investigated.
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FIGS. 2 to 4. Double reciprocal plots of the rate of absorption of S*O4 and the effects of other anions. The
raLe, v, of S*04 absorption is in ,ueq/gm fresh wt x 3 hrs. The concentration, (S), of S*04 in the solution is in meq/l.

FIG. 2. The effect of se'lenate; the concentration of S*O varied over the range 0.005 meq/l to 0.05 meq/1.
FIG. 3. The effects of nitrate and phosphate; the range of S*O4 concentrations was as in figure 2.
Fia,. 4. The effect of selenate; the concentration of S*O4 varied over the range 0.01 meq/l to 1 meq/1.

tion, indicating identical binding sites on the carriers
for these two ions. Neither nitrate nor phosphate, at
a concentration of 0.1 meq/l, had a significant effect
on the rate of S*04 absorption (fig 3). Figure 4
shows that at S*O4 concentrations in excess of 0.05
meq/l, approximately, rates of absorption are higher
than would be expected on the basis of the extrapola-
tion indicated in figures 2 and 3.

Viets (18) has shown that calcium ions increase
the rate of absorption of both monovalent cations and
anions by excised barley roots. Tanada (16) made
similar observations in experiments with excised mung
bean roots. The rate of absorption of S*04 was mark-
edly increased by additions of CaCl2 to the solution
(fig 5). At a S*04 concentration of 0.5 meq/l, maxi-
mal activation (to 179 % of the controls) was ob-
tained at a CaCl2 concentration of 3 meq/l. At 0.05

5

CoCI2, me./I.

FIa. 5. The effect of calcium on the rate of S*04
absorption.

meq/l S*04, a CaCl2 concentration of 1 meq/l gave
maximal activation, to 203 % of the control value.
At higher concentrations of CaCl2, the rate of S*04
absorption declined somewhat. However, even at the
highest concentration of CaCl2 used, 10 meq/l, uptake
of S*04 from the 0.05 meq/l solution of S*04 was still
172 % of the control. Under these conditions, the
ratio Ca/S*04 in the solution was 200/1, on an
equivalent basis.

DISCUSSION
The rate of absorption of sulfate was found to

depend on the sulfate concentration in the manner
expected for reactions following classical enzyme ki-
netics (13), for the concentration range 0.005 meq/l
to 0.05 meq/l. The implication is that sulfate absorp-
tion proceeds in three steps (cf Epstein and Hagen, 6):
1) sulfate ions reversibly combine with reactive sites
of carriers; 2) the carrier-sulfate complex traverses a
membrane not permeable to free sulfate ions;. 3) sul-
fate ions are released internally in a rate-limiting,
essentially irreversible step.

Absorption of sulfate in the present experiments
was followed by means of the radioactivity of S35,
after exposure of the roots to solutions of K2S3504.
It is possible, therefore, that a fraction of what has
here been called, for convenience, "inner" space or
"absorbed" sulfate was not sulfate at all, but repre-
sented S35 incorporated into organic compounds. How-
ever, the subsequent fate of sulfate, after its absorp-
tion, is beyond the scope of this paper, which deals
only with the rates at which sulfate is actively ab-
sorbed from the solution. These rate measurements
lend themselves to interpretations of the mechanism
of absorption, regardless of the eventual destinations
of the absorbed sulfur atoms. Kylin (12) has demon-
strated incorporation of S35 into organic fractions of
wheat seedlings. The process was slow compared with
the rate at which S*04 was absorbed.

In the earlier experiments on the kinetics and
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selectivity of ion absorption, the substrate ions whose
rate of absorption was determined were bromide (2,
3), rubidiuim (6), and strontium (7), elements not
normally present in significant amounts in the roots.
Such elements were chosen to make sure that the
measurements of absorption, made by means of radio-
active tracing, represented values of net absorption.
The radioactivity appearing in the roots could not be
due to mere exchange of labeled ions for stable ones
of the same chemical species initially present in the
tissue, without any net change in the concentration of
that ion in the tissue. Not so in the present instance.
The measurements of absorption of labeled sulfate re-
ported here may represent net absorption, or exchange
with a pool of sulfur so large that the resulting iso-
topic dilution would render subsequent loss of radio-
sulfur to solultions of non-radioactive sulfate undetect-
able by ouir methods. The possibility of such ex-
change, emphasized by one of the reviewers of this
paper, is being investigated. In either case, the ab-
sorption is an active, metabolic process. It is abolished
by anaerobic conditions.5

Interference by other ions with the absorption of
S*04 was studied by exposing the roots to solutions of
K2S*04 containing, in addition, the potassium salt of
the ion whose effect on S*04 absorption was to be
investigated. Selenate competed with S*04 (fig 2),
but phosphate and nitrate were without effect (fig 3).
The Michaelis constant for S*04, i.e., the concentra-
tion giving half the maximal rate obtainable, was
0.019 meq/1. The calculated value for selenate, from
the same experiment (fig 2) was 0.015, indicating that
the affinity of these two ions for their common bind-
ing site is of the same order of magnitude.

At S*04 concentrations above 0.05 meq/l approxi-
mately, the experimental points in the double-recipro-
cal plot (fig 4) fall below the values expected on the
basis of the extrapolation indicated in figure 2, i.e.,
rates of absorption are higher than expected. The
same phenomenon has been observed in absorption of
rubidium in the presence of sodium (6) and in ab-
sorption of strontium (7). The implication is that at
higher concentrations of the ions additional sites are
involved which differ in their affinities for ions from
the sites which mediate absorption at the lower con-
centrations.

The present demonstration of competition between
sulfate and selenate for common sites which have little
or no affinity for other ions (phosphate, nitrate, chlo-
ridle) is the last in a series of investigations which
have consistently revealed a high degree of specificity
in the mutual effects of inorganic ions in the absorp-
tion process. The previous instances were 1) compe-
tition among potassium, rubidium, and cesium for
sites having little affinity for sodium and lithium (6),
2) competition among bromide, chloride, and iodide,
and lack of competition by nitrate for the halide bind-

5 Recent uinpublished experiments by one of us (E. E.)
indicate that the absor-ption of S*04, measured by radio-
active tracing, represents a net uptake rather than an
exchange with native, non-radioactive sulfur.

ing sites (2, 3); 3) competition among calcium, stron-
tium and barium for binding sites which have but
little affinity for magnesium ions (7).

In all these cases, the specificities observed were
concordant with previous evidence on ion selectivity
and mutual interferences, as discussed by Epstein (4).
The same is true in the present instance. Cases of
sulfate-selenate antagonism have been described for
wheat (10), corn (17), yeast (8), Chlorella vulgaris
(15), and Aspergillus niger (19). The specificity of
the carrier sites of the roots for sulfate and selenate
is very high. Nitrate and phosphate failed to inter-
fere with S*04 absorption, although their concentra-
tion was 0.1 meq/l-20 times the lowest concentration
of S*04 tested (fig 3).

SUMMARY
The absorption, by excised barley roots, of sulfate

labeled with 535 has been studied in experiments last-
ing 3 hours. Diffusible labeled sulfate present in the
tissue at the end of the absorption period was re-
moved by exposing the roots to solutions of non-radio-
active sulfate for 1 hour. This procedure leaves for
final measurement the actively absorbed labeled sul-
fate only.

Rates of absorption were highest at pH 4 and the
experiments reported were done at this pH. The
rates of sulfate absorption varied in response to the
external sulfate concentration in a manner consistent
with the view that the absorption of sulfate involves
the attachment of the ions to specific sites of carriers.
Selenate competedl with sulfate on approximately even
terms. Phosphate, nitrate, and chloride had no meas-
urable affinity for the sulfate-selenate binding sites.
Calcium increased the rate of sulfate absorption.
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PLASTID PIGMENT CHANGES IN THE EARLY SEEDLING LEAVES
OF ZEA MAYS L.'

ROBERT E. KAY2 AND BERNARD PHINNEY
DEPARTMENT OF BOTANY, UNIVERSITY OF CALIFORNIA, Los ANGELES, CALIFORNIA

Most publications dealing with the analyses and
interrelationships of the plastid pigments of maize
and Avena have been confined to groups of pigments
rather than specific plastid pigments (3, 4, 5, 13).
Since the changes in a group of pigments do not
necessarily reflect the behavior of the individual pig-
ments, knowledge about the specific pigment changes
is desirable.

MVloster et al (7, 8) have determined the kinds, as
well as the amounts, of the major carotenoid pigments
in young maize plants grown in the light and then
exposed to different light intensities. However, infor-
mation is lacking on the development of the specific
carotenoid pigments in dark-grown corn seedlings and
in etiolated corn seedlings exposed to light. This
paper will present information on these subjects.

METHODS
All seedlings were planted in quartz sand and grown

in a constant temperature chamber equipped with fluo-
rescent lamps. The culture methods, as well as a de-
scription of the light source and constant temperature
chamber, have been described (9).

Leaf samples for analyses were obtained in the fol-
lowing manner: the second seedling leaf was removed
from 15 different plants and the 15 leaves divided into
3 samples of 5 leaves each. Using a steel die, a sec-
tion 7 by 52 mm was punched from the distal end of
each leaf. These 5 leaf punches were pooled to form
one sample. The distal end of the second leaf was
selected because it was found to be fully expanded at
the time the analyses were started. Thus the pigment
content is actually based upon a constant area. How-

1 Received January 17, 1956.
2 Present address: Biochemistry Branch, U. S. Naval

Radiological Defense Laboratory, San Francisco, Cali-
fornia.

ever, in order to make the units of concentration more
easily comparable to values found in the literature,
all pigment concentrations have been expressed as
,Ugm/gm of initial dry weight of leaf. This is a valid
method of expressing the pigment contenit, since the
initial dry weights of the leaf sections in the various
experiments were not significantly different and there
was less than a 2 % difference between the dry weights
of leaf sections taken over a 7-day period.

Determinations of initial dry weights were mnade
from material collected 6 days after planting. Three
collections of 5 leaf punches were made in the same
manner as collections for pigment analyses. Each
sample of 5 leaf punches was dried at 750 C for 24
hours, weighed and the weights averaged to give the
initial dry weight.

The carotenoid pigments were extractedl and chro-
matographically separated on magnesia columns using
methods similar to those employed by Strain (11).
The leaf samples were immersed in hot water (90 to
1000 C) for 3 minutes and ground in a mortar con-
taining sand, 15 ml of methanol and 0.1 gm CaCO3.
The resulting brei was filtered through a medium
sintered glass filter and the filtrate was transferred to
a separatory funnel. The chlorophylls were saponi-
fied by treating the filtrate with 15 ml of methanol
containing KOH (35 gm/100 ml). Thirty ml of a
1: 1 (v/v) mixture of petroleum ether and ethyl ether
was then added to the methanol solution and the mix-
ture was shaken gently. The carotenoids were trans-
ferred to the petroleum ether-ethyl ether solution by
the addition of 25 ml of saturated salt water accom-
panied by gentle shaking, followed by the addition of
10 to 20 ml of water with further gentle shaking. The
methanol-water solution was drained into a second
separatory funnel, further diluted with saturated salt
water, and again extracted with 15 ml of a 1:1 mix-
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