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 ABSTRACT -

The effect of aeration upon the equlhbrlum ca1c1urn content of
Potamogeton crispus leaves has been studied. Oxygeén was found to release

calcium from the Teaves into the. external medlum

The ‘interpretation of this ob_servati_on- is that the reactions of calcium
transport are links in a respiratory chain. . The binding of calcium to the
active membrane is accomplished by the metabolic reduction of a calcium
carrier in the membrane. Its subsequent release is accomplished by the -
metabolic ox1datlon of this. carrler oxygen being the ultimate electron acceptor.
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~ INTRODUCTION

Cation transport can be observed in the leaves of submerged aquatic
seed plants more advantageously than in other biological materials. The,
work reported here is part of a series of experiments initiated to exploit the
advantages of these leaves. Two reports of this series have preceded this
one . The first of these surveys cation transport with special reference to
its mechanism in submerged aquatic plants. The following generallzatlons
are developed for most submerged aquatic seed plants ‘ »

1. Cations Journey through ‘the leaf in the l1ght they are transported
twice en route. The active membrane on the abaxial surface
pumps them from the contiguous exte rnal medium into the leaf
cells in the light while the active membrane on the adaxial leaf
surface pumps them out of the leaf into its contiguous external
rned1um :

2. These two active membranes conslst of the cell plasma membranes
' on, the abaxial and adaxial leaf surfaces" respectwely : ;

3. Actlon at the act1ve membranes 1nvolves three steps in the l1ght
a. catlon attachment to a bmdmg group;

~b. reorientation of the group toward the other surface
of the act1ve membrane, '

' c.. release of the cat1on

The en_e rg'y needed for 'tra'-ns'port"is' provided by photosynthesis.
Direct application: of "'this energy is for the cation-release step.

4. "lhdarkness, the cation transport rnéchanism is shut off. The bio-

' chemical constituents of this mechanism then reach resting levels.
‘These levels are functions of thé’ equilibria of the reactions be-
tween different constltuents therefore, one can alter the restmg

‘ 'level of one constltuent by controllmg the supply of ‘another.’ ‘

5. In the light, when the transport mechanism is functlomng, the
levels of the blochem1cal constituents reach steady-state values.
“These levels generally different from the resting levels, are
functions of the rates of the reactions between the constituents.
Therefore, one can alter the steady-state levels by sultably altering
the conditions of one or more of these reactions. :
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6. The transport mechanism at the active membrane supplies links
of a respiratory chain. Cation attachment is an oxidation-re -
duction reaction. Organic researves implement the action of a
reducing agent that reduces the carrier in the active membrane.
As a result the carrier attaches a cation. Cation release is like-
wise an oxidation-reduction reaction. An oxidizing agent formed -
as a result of photosynthesis liberates the cation from the carrier.

7. The transport reactions synthesize a bicarbonate-accepting com -
pound at the plasma membrane. Apparently, carbon from external
bicarbonate ions is thus enabled to penetrate the plasma membrane
and so reach the site of photosynthe51s inside the cells.

2 . . . . . .
The second report preSents data relating illumination to calcium trans-
port through Potamogeton cr1spus leaves. The following conclusions are
" drawn: L - IR

"a. - Light powers calcium transport in Potamog'eton»'cri'spus 1eaVes
b. The calcium content of illuminated leaves assumes.a steady state

level that is determined by the rates of the reactlons for ca1c1um
entry into the leaves and release therefrom.

c. The calcium content of darkened leaves is: determlned by the
equilibria. of the reactions of transport. S

d.  There is a mater_lal, labile in the pr-esence of hy‘rdrdgen‘peroxide,
that réduces the equilibrium level of calcium in darkened leaves.

- e. Light synthesizes this material.

) "This report presents data on the effects of aeration:upon:the equ111br1a

_in the Potamogeton crispus leaf for the reactions of calcium accumulation and
excretion. The results reported here are ‘some- of the bases for generalization
6, above. : ' - P g

MATE RIALS AND METHODS

The methods of growing and preparlng the P. crlspus' leaves and of
preparing and measuring the radiocalcium were described in a previous re-
port, Three experiments testing effeéts of aeratlon upon the amount of
calcium in the leaves w111 be reported here.

The firsf experiment is a m()dificatlon of the third experiment of the
second report. It resembles that experimentin’ that leaves were transferred
from 111urn1nat10n to darkness" wh11e their calcium content was measured. It
differs in that some of the leaves were supplied with nitrogen instead of air
when the light~ was first turned off. ' A variation of this’ experiment was also
run in which air was supplied to ledaves during one dark period. Then, after
a period in the light, the leaves wetre again put in the dark ‘This time nitrogen
was supphed for the first hour, and air'thereafter.

B
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In the second exper1men§ 1eaves were washed in HCl solution (pH 3.5)
and transferred to 20 ml of 107”°M Ca45C1 solution. (This experiment differs .
from the others in that leaves were not pretreated with radiocalcium solution.
Accordmgly, changes in rad10act1v1ty cannot be considered proportional to
changes in calcium content.) After an hour's illumination, leaves and
medium were divided into two equal portions, both of which were placed in the
dark. Eight x 107° millimoles of K,CO, were added to each portion and in
one, the air was replaced with nitrogen.” The other was left undisturbed.
After an hour air was. again supplied to the anoxic portion._ Radioactivities
and pH's of both media were followed throughout the expe rlment and changes
in the rad1oact1v1ty of the 1eaves ‘were calculated from the observed radlo-
act1v1t1es in the med1um : : :

In the third exper1ment 1eaf 5 Aggnents about 5 mm long were used.
After several hours immmeérsion in Ca solution (initial concentration
10-4 M) in darkness these segments were clamped between glass cells filled
with the bathing cat 5 solution. The placing of the leaf segments between
the cells was done as qulckly and in as dim light as possible. The apparatus.
~was transferred to a metal box and humid air was bubbled into the solution
. in the upper cell through a capillary tube; the solution in the lower cell re--
mained unaerated. Figure 1 diagrams the exper1menta1 setup inside the box,
The inner walls of the box were sprayed with water and the box closed. Air
was introduced in the dark for about 6 hr, At the end of this period, the two
cells were separated as quickly as: poss1b1e in a minimum amount of light.
The rad10act1v1t1es of measured.aliquots from each were compared with that
of t;e cat Cl solution before the experiment, the latter value being taken as
100%. . '

RESULTS

Leaves transferred from lightto darkness gave up part of their calcium
. to the medium and regained it when illuminated. (Figures 2a and 2b.) This
result is similar to those reported in the third experiment of the preceding
report. When nitrogen instead of air was supphed to the darkened leaves,
however, a different result was obtained. Theén, ins tead of relea31ng calcium,
the leaves accumulated it from the medmm When a1r was restored, calcium
was released.

Leaves that had been 1n HCI solutlon removed about 40% of the calcium-

45 radioactivity from a Ca4 ‘solution within 1 hr and the acidity of this
solution increased from a pH vazlue slightly less than 7.0 to a value of 3.8.
(Figure 3) When K., CO, was added to counteract the ac1d1ty, the medium first
became alkaline, then returned gradually to a value of pH 5.8. Radioactivity
entered both experimental groups of leavés after the K,CO, was added, but
it entered more rapidly and completely into those deprived of oxygen. As a
. result, the anoxic leaves contamed about 400 cps more radioactivity after an

hour than the leaves in air,” When air was restored to the oxygen-deficient
leaves, about 150 cps. of radioactivity moved ocut in about 1.5 hr, During the
same time, radioactivity continued to enter the other set of leaves that had
been in air throughout, so that fmal rad1oact1v1t1es of the two were the same.
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L0 nitrogen on calcium content of leaves _submerged
in 10-%* M ca%5C1 solution, as indicated by radioactivity determinations
(leaves transferre?a from light to darkness at the 'beginning of both experi-

Fixg. 2a_ (left) contrasts the calcium content of two lots of leaves, one
the other supplied with

supplied with air throughout the experiment,
nitrogen for 2 hr. S :

Fig. 2b (right) shows effects of a succession bf treatments on a single

‘lot of leaves.
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Fig. 3. Effect of aeration on calcium-45 radioactivity uptake by leaves. (These
leaves, washed first in pH 3.5 HC1 solution, and than in water, were
placed in 10-° M CaL45C12 solution, the pH of which fell frorh about
7to 3.8.) ' ‘ ' ‘
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- ~‘There was a shift of calcium”’ across leaves aerated from one side.

. (Table I). This is in contrast to the unchangmg calcium concentration on the
two s1des of d1a1ys1s tub1ng or alurnmurn ‘foil’ (Table IIj. The shift when a leaf

- ‘was used was toward the aerated ‘medium regardless of whether this was in -
the abaxial-to-adaxial d1rect10n of vice versa. The amount of calcium re-
moved from the medium on the adaxial sidé of the leaf is-small (4% of the

" initial calcium in the medium); itis s1gn1f1cant however. This smallness

is because of the d1ff1cu1ty of controlling conditions during an experimentof sev-
@ tral-hours so that there is no net loss or gain of calcium from the leaves.
Small relative changes in the leaf calcium cause large changes in the medium
because the calcium concentration in the leaves is greater than in the medium.
Actually, however,; the d1fference in calcium content between the aerated and -
unaerated media is more 1mportant than the absolute gain or loss from either
medlum ' :

V-

DIS CUSSION

_ Oxygen has long been known to be necessary for active transport in a
number of biological systems. These experiments are an attempt to determine
where oxygen fits mto the transport mechanism,

‘The first expe riment contrasted the equilibrium ca1c1urn content of both
- aerated and unaerated leaves in the dark with the steady-state content in the
light.” (That there is equ111br1um in the dark and a steady-state condition in
. the light was demonstrated in the precedlng report. ©“) The evidénce shows
that the equ111br1um calcium level is reduced by ae ration, i.e. that calcium
release is. 1mp1emented thereby. The second experiment ut111zed the" fact:
that the calcium level in the leaves is a function of the acidity of the medlum
The results of this and other experiments indicate that at a pH below 3.8 "
in the medium, calcium is extracted from the leaves. Neutralization of the
acid permits calcium uptake ‘to an equilibrium. The fact that this equilibrium
was hlgher under anoxic conditions indicates that oxygen favors calcium re-
~lease. .The third experlment differs from the other two in that the leaves-
' probably weére not injured,” Evidence for this is the fact that their net
calcium content remained approx1mate1y unchanged during the experimental
period, whereas injury from anoxia has been observed to cause a gradual
release of calcium into the medium. ‘In this experiment, one side of the
leaves was aerated, and it seem’s that sufficient oxygen moved through the
leaves to maintain the other side. Nevertheless, an oxygen gradient across
the leaf must have existed and the shift of calcium into the leaf on the un-
aerated side and out of the aerated side is evidence that calcium release is
‘favored by oxygen. Although the pH's of the aerated and unaerated media -
were not measured, it seems unlikely that pH effects could have caused the
calcium shift, because the unaerated medium would’ hardly be more alkaline
" than the aerated one. One would expéct the reverse, if there were any
difference, because carbonic acid might accumulate in the unaerated medium,
whereas it would be swept out of the aerated solution.

One is led to cons1der how oxygen may function in calcium release.
Admittedly a number of speculations can be raised, but most of them seem
implausable. The simplest suggestion, and therefore the one to be preferred,
is that a respiratory chain links oxygen with a metabolite, part of this chain
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1 S | = - -0 Table" I |

. Effect of unilateral ae ration on relat1ve calcium content of medium on e1ther
leaf face as indicated by radioactivity’ determmatlons (Leaves that had ,

-been in darkness overnight were kept in‘the dar dur1 the experiment. The
medium at the outset on both leaf faces Was 10~ M Ca '12 solution, having
a relative rad1oact1v1ty of - 100% o :

A . B

~Relative . ’ .. Relative
radioactivity, . - . radioactivity,
:  aerated ' unaerated :
Leaf . solution - . solution . Difference
orientation (%) _ o (%) . ' (A - B) -
. ' _ 127 . 99 ST 28
' Dorsal 121 0107 14
S 107 . .94 . 13 -
 Side . . 116 - 90 . 26
- A 106 890 T
‘Aerated - 107 ' o 9T ' 10
3 12000 Lo 8T e 33
o108 L 106 2
" Mean=114.0. - . Mean = 96 1 SRR Mean =17.9
“Range=106tol127 Range—.87t0107 .+ Range= 2to 33
Ventral 136 .80 - o 56
s .88 27
Side 104 T . 99 i S 5
e 94 B9 e 35
‘Aerated = - 107 e .96 R 11
o “Mean = 111.2 : Laean-84A4'; R hdean-—Zb 8
Range— 94 to 136 .~ Range=59to99 'Range- 5 to 56‘
Mean of a11 - .~ .- Mean-.of all = © Mean 'of'all =
112.9 916 .. - - 21.3
Range of all= - Range of all =+ - . Range of all =

94t0136”“ o 59t0107.. - 2t056

(Stat1st1ca1 ana1y51s 1nd1cates 51gn1f1cance of a11 d1fferences, A B A - '100%,
and 100% - B,:for both leaf or1entat10ns Thanks are due Professor Luc1en -
‘Le Cam for this analys1s I

R
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‘Table I

- Effect of unilate ral ae ration on relatwe calcium’ content of medlum on either
face of inert membranes in the dark as indicated by rad1oact1v1ty deter- ]
minations. (Experimental conditions were similar to those of Table I except
that inert. membrane. mate rial was used 1nstead of leaf )

A - B
Relative ' Relative
rad1oact1v1ty, S radioactivity,
Membl.'a_ne aerated : unaerated Difference
Material solution = - solution - (A - B)
1o0r - 97 - ‘ 4
_ 105 . e ros . : ‘ 0
Dialysis o 104 ' : S 1104 o .0
: 106 - 102 ' 4
97 : 101 : o -4
) 100 ' 2102 . -2
- Tubing ' 96 S . 9T , -1
- 104 9T o 7
Mean = 101.6 . . Mean.='100.6 ' Mean = +1.0
Range_ 96 to 106 . - Range='97to 105" Range= -4to+7
106.; ;; 1030 3
S .o meoo101 99 2
- Aluminum 12 . o107 -5
LT 101, .. o . 100 1
' . 104 Lo 99 .5
‘Foil . ... _ 102, .- 96 T 6
' 99 C 94 5.
- S © 107 o -
Mean =102.1 .  Mean = 100.6 Mean = +2.4 _
Range= 99to 106 "Range= 94t0107 ' Range= -5to+6
Mean of all'= . .., Mean of all = ) ~Mean of all =
1019 L '100.6 : +1.7
Range of all = Co Range of all = ) Range of all =

96to106 - 94t0107 R »‘-5to+7

prorey
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be1ng the calcium transport mechanism. According to this view, one step
in transport 0CCUrs when a metabolite reduces the ‘calcium carrier ir-the
active membrane and, 'as’ a result ‘the carrier binds Ca1c1um .-Oxidation ‘of
the carrier, it Would seem .must release” the calcium on the other side of-
the active membrane as a subsequent step in transport: These conS1der?11t1ons
(and others) have 1ed to the followmg Suggested b10chem1ca1 mechanism:

ca® +;}_ ay
2HY 4 27 zﬁ" 2 +2u7
.Respiratory
“ chain
, P
2 ¥+ 1/2 0] dm0

| where . .WI—I& is the métabolite (in reduced forrn) that reduces the calcium .

carrier, is this metabolite after it has been oxidized, Y is the cal-
cium carrier, Z is the oxidizing agent necessary for calcium release from
Y (effects of illumination indicate that Z is formed as a result of photo- -
's_ynthe51s) ZH., is the product of Z ~férmed when Z oxidizes CaY, Z'
is the oxidation product of ZH,, andthe dotted line represents the active
membrane. The kinship betwéen this mechanism and the r@dox pump
suggested by Conway™ is apparent. i

7

SUMMARY ‘AND CONCLUSIONS
Prev'ious repo_rts h.{ave".pre'se:n'ted:

a.. A theory of catlon transport in submerged aquat1c seed plants and

b. Data supportmg parts of th1s theory

A summary of the conclusions from these: reports is presented in the intro-
duction of this paper :

This report presents data supporting another aspect of the theory.
Potamogeton crispus leaves were found to contain, under suitable cond1t1ons
more calcium iI anoxic than if aerated. Three methods of demonstratmg
this phenornenon are presented.

The conclusion is suggested that’ the reactions of calcium transport
are links in a respiratory chain between a metabohte and oxygen..



13- . UGCRL-3532
ACKNOWLEDGMENT

Heartfelt thanks are tendered Professors J. P. Bennevtt, Roy Overstreet,
and M. A. Joslyn for their generous advice and encouragement,

This work was done under the auspi‘ces of the U.S. Atomic Energy
Commission. B

BIBLIOGRAPHY

1. B. Lowenhaupt,"'The Transport of Calcium and Other Cations i.n
Submerged Aquatic Plants,' Biol. Rev. (in press) 31, No. 4, (1956);
also published as UCRL -3247, November 1955, .

2. B. Lowenhaupt, Active Cation Transport in Submerged Aquatic Plants.
1. Effect of Light Upon the Absorption and Excretion of Calcium by
Potamogeton crispus (L) Leaves, UCRL-3460, August 1956.

3. E.J. Conway "A Redox Pump for the Bidl‘ogical Performance of Osmotic
Work, and Its Relation to the Kinetics of Free Ion Diffision Across '
Membranes,' Intern. Rev. Cytol. 2, 419-445 (1953).



