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THE SITES OF ORTHOPHOSPHATE UPTAKE BY BARLEY ROOTS
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Communicated by Sterling Hendricks, April 3, 1957

Kinetic analysis of measurements of steady-state uptake has established the ex-
tent to which the HPO3 and H,PO?7 ions contribute to the total uptake of ortho-
phosphate by excised barley roots.! The binding compounds involved in the rate-
limiting step of orthophosphate uptake are shown here to be components of the
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respiratory chain. Further, the point where each phosphate species is coupled to
the electron-transfer system is shown to be the site of energy conservation during
oxidative phosphorylation by mammalian mitochondria.2~* The bearing of these
results on theories of ion uptake is not developed. Discussion rather awaits results
on the pathways of uptake of ions other than phosphate.

KINETICS OF PHOSPHATE UPTAKE

Uptake of ions by plant roots arises from an initial combination between an ion
and a specific binding compound, as written in equation (1). ‘Breakdown of this
labile ion complex results in the uptake of ions into the system, as expressed by equa-
tion (2). .

ke
R + Moutside (_?—’ MR, (D)

ks ’ » -
MR _——’QT R’ + Minside, A 2

where R represents a binding site or compound; M, the ion; MR, the labile inter-
mediate; k, the rate constant for each reaction. The rate constants of association
and dissociation, k, and ks, of the intermediate, MR, are large with respect to the
rate constant, ks, of the breakdown of the intermediate; k, is negligible.

Uptake of the ion into the root may be described by the velocity, v, in the linear
equation (3), when the concentration of the external ion is held constant and the
concentration of R is constant during the period of absorption. Equation (3) is
analogous to the steady-state expression describing the kinetics of enzyme reac-
tions.® ¢

v

v = ] K + Vimax. 3)
The maximum uptake at infinite ion concentration is V., and K,, denotes the
apparent dissociation constant of the intermediate ion complex, MR. When the
steady-state uptake, v, by excised barley roots from single-salt solutions of alkali
cations,” as well as halides,? is plotted against v/[M], a straight line results over a
wide range of concentrations. Thus a single first-order reaction is involved in the
rate-limiting step of uptake for each of these monovalent ions, with the maximum
uptake, Vs, given directly by the ordinate intercept and the apparent K,, by the
slope, according to equation (3). The steady-state uptake measurements of ortho-
phosphate, when plotted in this manner, are curvilinear, because two first-order re-
actions are acting simultaneously, but independently on different substrates which
are in a non-rate-limiting equilibrium. ‘

Stedady-state analysis of the measurements of orthophosphate uptake from solu-
tions containing various concentrations of orthophosphate (10—°-10-3 M) and hy-
drogen ion (pH 4-8) leads to the quantitative interpretation that excised barley
roots absorb the ion species H,PO7 through one site and HPO; through another.!
The system is descnbed by the following reactions:

H,;PO, = H+ + H,PO; = H+ + HPO; 2 H+ + POj, @)
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R} + H:PO; = RH,PO,, (5)
Ry} + HPO; = R,HPO7S. (6)

Further, the hydroxyl ion, OH—, competitively inhibits the uptake of both ion
species without affecting the concentration of either of the binding sites:

R} 4 OH- « R,0H, (7
"Rt 4+ OH- 2 R,0H. (8)

The concentration of all the intermediate ion complexes, expressed in equations
(5)—(8), approximate equilibrium values, since their rate constants of association
and discussion are large in comparison with the rate constant of breakdown, k;.
Thus the observed velocity of steady-state uptake, v, is directly proportional to the
concentration of the ion-complex intermediates at all values of orthophosphate con-
centration. However, the total phosphate associated with the root, as measured in
uptake studies, also includes the equilibrium value of the phosphate in combination
with both sites. The observed uptake where these values contribute a significant
amount to the total is denoted as v’, as expressed in equation (9):

o' = {[RH:PO:Jkss + [RHPOJks}t + [RH,PO.] + [RHPOZ].  (9)

Sorption periods measured in seconds show a significant amount of phosphate in
association with the roots because of the equilibrium value of the intermediate
phosphate-site complexes (Fig. 1). Sixty-second absorption measurements must,
therefore, be expressed by equation (9), where a plot of v’ against v’/[ZP] (Fig. 2)
results in a numerical value of the ordinate intercept which describes Vimax . and
Vmax » for each reaction. The numerical values of [R,H,PO,] and [R,HPO7Z] are
equal to [R,] and [R,] at infinite substrate concentration (v'/[ZP] = 0), since the
sites exist completely in the combined form. Therefore, the maximum uptake for
1-minute absorption periods is expressed as follows:

V;naf: a + V;ns,x » = {[Ra]kaa + [Rb]kab}t + [Ra] + [Rh]' (10)

Inspection of equation (9) shows that the phosphate in combination with the sites
becomes negligible with respect to the total phosphate absorbed with longer periods
of uptake, t. The 3-hour sorption periods used in previous studies! were of suf-
ficient duration to express uptake solely as a velocity.

RELATIONSHIP OF PHOSPHATE UPTAKE TO RESPIRATION

The hypothesis for electron transport in the oxidative phosphorylation system
has been extended by the accurate measurement and rigorous interpretations of the
effects of substrates and inhibitors on the oxidation-reduction levels of the compo-
nents of the respiratory chain.* 1 Certain inhibitors intercept electron transport
at different points along the respiratory chain. These inhibitors cause those com-
ponents on the oxygen side of the interaction to become more oxidized, while those
on the substrate side become more reduced. Other types of inhibitors restrict or
block electron flow and cause a difference in the steady-state oxidation-reduction
level of the components of the respiratory chain. Each type of inhibitor has been
studied with respect to the point of interruption of electron transport,® as expressed
by the following scheme:
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The sites at which energy-conservation reactions occur in isolated mammalian
liver mitochondria?—* and in intact baker’s yeast* ® have been shown to be reduced
cytochrome ¢, reduced cytochrome b, and DPNH.

A kinetic interpretation of the effect of similar respiratory chain inhibitors on the
absorption of orthophosphate shows that reduced cytochrome b and DPNH are
the components of the respiratory chain involved in the rate-limiting steps of ortho-
phosphate uptake by excised barley roots.

The method for determining the components of the respiratory chain taking part
in the rate-limiting steps of orthophosphate uptake is based on the following ap-
plications of first-order reaction kinetics:

a) A separation of the component reactions involved in both the presence and
absence of an inhibitor, according to Figure 2, determines whether the effect is on
one or both of the first-order reactions involved in orthophosphate uptake.

b) A change in slope of either reaction in the presence of an inhibitor (Fig. 3)
reflects an apparent change in K. - A strictly competitive type of inhibitor is de-
noted by a change in K,, without change in V maxe

¢) An inhibitor which changes the intercept with the ordinate, V., of either
reaction reflects an effect on either the respective concentration of the site, [R],
ks, or both, according to equation (10). .

d) Measurements of uptake with time permit a further separation of the effect
of an inhibitor which changes the Vo, of either reaction. When absorption is
plotted against time in the presence of an inhibitor, a change in the slope of the re-
sulting curve, with no change in the ordinate intercept, reflects an effect solely on
ks, according to equation (10). An effect on [R] is reflected by both the slope and
the intercept changing by the same ratio in the presence of an inhibitor.

EXPERIMENTAL METHODS

Excised roots from 6-day-old seedlings of Hordeum vulgare, variety Atlas 46, were
used as the experimental material. The seedlings were grown essentially as de-
seribed by Epstein and Hagen.” The seeds were soaked for 24 hours in continu-
ously aerated demineralized water and then planted on a layer of cheesecloth sup-
ported by a stainless-steel screen suspended over a solution of 2 X 10— M CaSO,.
Roots were excised from the seedlings, which were grown for 5 days in a dark
chamber maintained at 24° C.
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Fi1as. 1-4—The uptake of orthophosphate by 0.5 gm. of excised barley roots. Fig. 1, from
1 X 10~%and 5 X 1074 M orthophosphate as a function of time. Fig. 2, as a function of ortho-
phosphate uptake divided by total orthophosphate- concentration with separation of the com-
ponent reactions, in the presence and absence of nembutal. Fig. 3, as a function of orthophosphate
uptake divided by total orthophosphate concentration with separation of the component reac-
tions, in the presence and absence of pyrophosphate. Fig. 4, from 2 X 10~¢ M orthophosphate in
the presence and absence of azide.
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The concentration of orthophosphate remained essentially constant over an ab-
sorption period of 5 minutes, using 25-ml. quantities of solution with each 0.5-gm.
portion of excised roots. The roots, which were placed in test tubes, were rinsed
three times with demineralized water. Single-salt solutions, at pH 4.0, of ortho-
phosphate containing P32 both in the absence and in the presence of various con-
centrations of substrate or inhibitor, were added to the roots at zero time. The
pH value remained constant to within 0.1 unit during the absorption periods. At
pH 4, the substrates and inhibitors were predominantly in the undissociated form,
which has been shown to penetrate cells more readily than the charged ions.!1—13
At the end of the absorption period, the roots were rinsed four times with deminer-
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alized water, which was sufficient to remove the phosphate not associated with ac-
tive uptake. The absorption of phosphate was determined from the P3? associated
with the roots.!

EXPERIMENTAL RESULTS

Location of Phosphate-binding Sites.—Amytal intercepts electron transport be-
tween DPNH and flavoprotein.? The presence of this inhibitor causes all the com-
ponents in the respiratory chain on the substrate side of flavoprotein to become re-
duced, while those on the oxygen side become oxidized. A decrease of orthophos-
phate uptake by barley roots was observed on testing with either amytal or nem-
butal. Separation of the component reactions showed a decrease solely of Vynax »
(Fig. 2). Both the slope and the intercept decreased by the same ratio when the
phosphate uptake was measured as a function of time; therefore, the decreased up-
take of the HPO7 ion was due to a decrease solely of [R,]. The action of amytal
and nembutal establishes that the rate-limiting step of HPO7} uptake could be
either an oxidized component of the respiratory chain on the substrate side of
flavoprotein or a reduced component on the oxygen side.

Paraphenylenediamine has been demonstrated to be a reductant of cytochrome c.
All components in the respiratory chain toward the substrate side of cytochrome c
become reduced in its presence. An increase in uptake occurred when the effect of
this inhibitor was tested on orthophosphate uptake. Similar results were obtained
with naphthoquinones, methylene blue, and 2,3-dimercaptopropanol. Separation
of the component reactions showed an increase in Vg, 5, with no effect on V s a-
Measurement of the phosphate uptake as a function of time established that [R,]
had been increased, since both the intercept and the slope increased by the same
ratio. The deduction is that the rate-limiting step of HPO7 uptake is coupled to
reduced cytochrome b, since only changes in [R,] are involved both in the increase
of HPOZ uptake in the presence of this type of inhibitor and in the decrease of
HPO7Y uptake in the presence of nembutal and amytal. Further, the uptake of
H:PO7 is coupled to a reduced component of the electron-transfer system toward
the substrate side of flavoprotein.

Addition of acetoacetate, the product of g-hydroxybutyrate oxidation, inhibited
both HPOZ and H;POy uptake. The-inhibition was a function of a decrease in
Vmaxs8nd Ve o. The inhibition was further resolved by time studies to show that
a decrease solely in [R,] and [R,] had occurred. Thus H.PO7 uptake is coupled to
a reduced component of the respiratory chain which lies between the substrate and
flavoprotein: the DPNH.

Systems in the steady state of aerobic metabolism generally maintain cytochrome
b in a considerably less reduced state than DPNH, which is largely reduced. A
measurable effect on HPO 7 uptake could occur with a negligible change in H,PO Y
uptake in the presence of inhibitors which cause both cytochrome b and DPNH to
become more reduced. This is the case, apparently, in the nonmeasurable effect of
p-phenylenediamine, nembutal, and amytal on the DPNH which is coupled to
H.PO7.

Site Concentrations.—Chance and Williams!* have shown that the concentration
of DPNH exceeds many fold that of cytochrome b in intact mammalian mitochon-
dria. The relative concentrations of the two sites involved in the rate-limiting
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step of orthophosphate uptake by barley roots may be approximated without ref-
erence to the chemical identity of the sites. The ratio of the concentrations pro-
vides a criterion for corroboration of cytochrome b and DPNH as the two sites of
uptake. Most of the total phosphate associated with the roots from solutions of
1 X 10-% M orthophosphate (where v/,,,/[ZP] = 5 X 10—*) is contributed by the
HPO7 ion (Fig. 2). Thus an approximation of [R,HPO7 ] can be determined from
the value of the intercept at zero time obtained from extrapolation of uptake
measurements with time (Fig. 1). A value of k3 can be calculated by substitution
of a value of v,” and [R,HPO7Z]at 1 X 10—¢ M[ZP], obtained from Figure 1, into
the expression for HPO; uptake, equation (12):

v = [RHPOT kot + [RHPOT . (12)

Solution of the equation gave a value for ks of 2.3 X 10~2 moles P/mole R, X sec.
The steady-state uptake of HPOY is directly proportional to the concentration of
the R, HPO?Y at all values of orthophosphate concentration. Thus a value for
[Ry] of 11.4 X 10— moles R,/0.5 gm roots is obtained when the value for ks, is
substituted in equation (13), which expresses the maximum absorption where [R,] is
completely saturated with HPO7; the [R,] is equal to [R,HPO7Z]:

V;nax b = [Rn]ksb t+ [Rn]~ (13)

Essentially total saturation of R, is obtained at 5 X 10—* M orthophosphate
concentrations (where V', ,,/[ZP] = 0.2 X 10—%) (Fig. 2) and [R,HPO7Y ]is approxi-
mately equal to [R,]. The value of [R,H.PO,] is obtained by subtraction of [R,],
since the intercept of the time curve for concentrations of orthophosphate of 5 X
10—* M is a measure of phosphate in combination with both sites (Fig. 1). Total
uptake at 5 X 104 M [ZP] may therefore be expressed as

Vats = { [RaHoPOsJks + [RoJkss}t 4 [RHoPOL] + [R], (14)

where numerical values of [R,H,PO4], [R,], ks are known approximately and the
value of v/, is obtained from Figure 1. Solution of equation (14) gave a value of
ks, of 1.4 X 10~% moles P/mole B, X sec. Substitution of this value into an ex-
pression for Vimax o results in a value for [R,] of 78 X 10~1° moles R,/0.5 gm roots.
The relative concentration of R, to B, must be at least 1:7, a ratio which is of the
same magnitude as the ratio of cytochrome b to DPNH in mammalian mitochron-
dria.

Actions of Competitive Inhibilors.—Adenosine diphosphate and pyrophosphate
similarly inhibited orthophosphate uptake by barley roots. In the presence of a
5 X 108 M concentration of either inhibitor, a separation of the compenent reac-
tions showed a change in K, with no change in Vm.x» (Fig. 3), with no measur-
able effect on the H;PO uptake at this concentration. Within the range of in-
hibitor concentrations from 1 X 10—* to 1 X 10~! M, ADP and pyrophosphate
decreased the uptake of both HPO3 and H,PO7;. The inhibition was shown to be
a function solely of a change in apparent K,, and K,,;. The inhibition of H,PO3
uptake became apparent only at the high concentrations of the inhibitor, because of
a lesser affinity for the H,PO7 site than for the HPO7Y site. The effect of either
ADP or pyrophosphate was competitive to the uptake of both H,PO3 and HPO7Y,
since the inhibition was abolished by increasing concentrations of orthophosphate.
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Several schemes describing oxidative phosphorylation implicate an acceptor
which forms an inorganic phosphate—~ADP complex. Since R, and R, exist com-
pletely in the forms R,H,PO, and R,HPO7; at infinite orthophosphate concentra-
tions, additions of ADP would be expected to increase the maximum uptake,
V max o+», if such a complex were essential to uptake. However, Vs  80d Ve »
are unchanged by the additions of ADP. Either the endogenous ADP differs
from the ADP in solution, or a phosphate-ADP complex is not required in the rate-
limiting step of orthophosphate uptake by barley roots.

The competitive inhibition by hydroxyl ion,! DNP,* ADP, and pyrophosphate
implies that these competitive inhibitors combine with the same sites involved in
the rate-limiting steps of orthophosphate uptake: the reduced cytochrome b and

"DPNH. The relatively high affinity of the hydroxyl ion! suggests that the sites of
phosphorylation may exist primarily in combination with the hydroxyl ion. Com-
petitive inhibition of orthophosphate uptake implies a direct reaction of the ortho-
phosphate species and the competitive inhibitors with the sites involved. First-
order reaction kinetics cannot exclude the possibility that the actual competition
occurs at some intermediates which are coupled to cytochrome b and DPNH.

Inhibitors Which Block Electron Flow.—Azide is believed to block electron flow
by combining with the oxidized form of the terminal oxidase, cytochrome a;, which
results in the components of the respiratory chain becoming more reduced.? The
presence of a low concentration of azide (10—%-10—5 M) caused a small increase in
uptake from 10—¢ M orthophosphate. The increased phosphate uptake was a func-
tion primarily of an increased [R,], with no measurable change in the value of ks,.
A decrease in the apparent rate of breakdown of the phosphate-site complexes,
ksa+s, is obligatory upon an electron restriction, since oxidative phosphorylation is a
direct function of electron flow. The apparent absence of a change in the value of
ks is in accordance with Chance’s observation that large changes in the oxidation-
reduction levels of components involved in electron transfer are observed with only
a small inhibition of respiration over a considerable range of azide concentrations.
With greater azide concentrations (10—4 M), the rate of phosphate uptake decreased
with increasing times of sorption (Fig. 4). This deviation from steady-state uptake
was peculiar to this type of inhibitor. Inspection of the initial slope of the time
curve, where steady-state uptake was approximated (Fig. 4), showed that a de-
crease in [ZR] had occurred. Further, a separation of the component reactions
after 1-minute sorption periods ascribed the inhibition to a decrease of [R,]. In-
creasing concentrations of orthophosphate did not overcome the inhibition. Thus,
to be consistent with the previous interpretations, an oxidation of cytochrome b,
R,, must be assumed at these concentrations of azide. In the presence of even'
greater concentrations of azide (10—2 M), a drastic decrease in the apparent ks.4»
was evident, as well as an even further decrease in [ER]. Separation of the com-
ponent reactions showed that the phosphorylations coupled to both R, and R, are
decreased. Increasing orthophosphate concentrations did not overcome the in-
hibition in either case, and an oxidation of both cytochrome b and DPNH must have
occurred. The contribution of HPOY uptake is small in comparison with total up-
take in the presence of 5 X 10—* M orthophosphate. At this phosphate level, up-
take is inhibited over the whole range of azide concentrations, with a significant
decrease in both [R,] and k;,.
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The substrate-inhibitor method for the examination of a respiratory chain is
based on the premise that components of the respiratory chain on the oxygen side of
the point of action of an inhibitor become more oxidized and those on the substrate
side more reduced. The increased uptake of orthophosphate at low azide and phos-
phate concentrations is in accordance with the reduction of the components of the
respiratory chain induced by an azide block of electron flow at cytochrome a;.
However, higher concentrations of azide inhibit uptake by decreasing both the
kza+s and [R.45]. A secondary site of action of azide with a respiratory component
toward the substrate side of DPNH must be assumed on the basis of the substrate-
inhibitor method. Further, the deviation from steady-state uptake with time sug-
gests that azide combines with a state of the respiratory component which is a
product arising from electron transfer. The conclusion is that azide combines -
with the oxidized form, DPN, as well as with cytochrome a;, on the basis that the
current hypothesis adequately describes the components of the respiratory chain
involved in oxidative phosphorylation (eq. [11]).

The recent finding that cyanide combines with the oxidized form, DPN,!¢ sug-
gested a study of the effect of cyanide on orthophosphate uptake. The charac-
teristics of the cyanide inhibition were identical with those of azide, although slightly
greater effective concentrations of cyanide were required to effect the same degree of
inhibition as azide.

Action of Substrates.—The respiratory chain responds differentially to the type of
substrate which is dehydrogenated. The respiration rates of intact mammalian
mitochondria, for instance, have been shown to be about three times larger with
succinate as a substrate than with g-hydroxybutyrate.'? Further, a greater reduc-
tion of components of the respiratory chain occurred with the greater rate of elec-
tron flow effected by succinate.!®

Mitochondrial preparations, after starvation periods of relatively short duration,
essentially are depleted of endogenous substrates. However, excised barley roots
are not amenable to a quantitative depletion of endogenous substrates, and addition
of a high concentration of substrate is required for assurance that the measured
response is a function primarily of the prevailing substrate.

Succinate addition to an effective concentration of 1 X 10~* M decreased the
uptake of orthophosphate by excised barley roots. Separation of the component
reactions showed the inhibition to be essentially a function of a decrease in Viax o
Measurement of phosphate uptake as a function of time showed that the slope de-
creased to a lesser extent than the intercept (Fig. 5). Thus the effects of a high
concentration of succinate on phosphate uptake were resolved as a decrease in [R,]

"and an increase in the apparent ks, The prevailing concentration of succinate
severely restricts electron flow through the competing pathway of 8-hydroxybutyr-
ate. The decrease in [R,], therefore, results from the DPNH becoming more
oxidized with the slower rate of electron flow through the 8-hydroxybutyrate path-
way.

A significantly larger decrease in uptake was effected by a 1 X 10—! M concen-
tration of 8-hydroxybutyrate. An analysis of the effect, identical with that used
for succinate, resulted in the conclusion that g-hydroxybutyrate had decreased
significantly both [R,] and the apparent ks,4,. A severe restriction of electron flow
through the succinate pathway is effected by the competing pathway of 8-hydroxy
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butyrate. This effect alone would not necessarily decrease [R,], since both cyto-
chrome b and DPNH are involved in the pathway of the reducing reaction. How-
ever, the decrease in k3,4, showed that a slower rate of electron flow was effected by
this substrate than by succinate. The slower electron flux results in cytochrome b
becoming more oxidized.

These experimental observations are in qualitative agreement with the current
hypothesis of oxidative phosphorylation in the electron transport system.® Inspec-
tion of the chemical representation of the respiratory chain (eq. [11]) shows that
the electrons from both the succinate and the 8-hydroxybutyrate pathways of reduc-
ing reactions converge on cytochrome b. The dehydrogenation of a substrate such
as B-hydroxybutyrate, which requires DPN in the pathways of reducing reactions,
results in the uptake of both the H,PO, and HPO, ions which are coupled to DPNH
and reduced cytochrome b, respectively. The values of k3, and ks must be equal,
since the rate of breakdown of both R,H:PO, and R,HPO, is a direct function of
electron flow, and the breakdown of both occurs with the transfer of an electron
pair. The magnitude of their numerical value is a measure of the rate of electron
flow effected by the g-hydroxybutyrate pathway.

The succinate pathway does not involve
DPNH but is linked to cytochrome b. In

§zsl» this instance, however, the numerical value
- * of ks is a measure of the rate of electron flow
E effected by the succinate pathway. The
a2of value of ki, was shown to be increased by
N succinate and decreased by g-hydroxy-

butyrate. A greater value of ks must have
occurred in the presence of succinate than
with g-hydroxybutyrate, since ks, is a func-
tion of 8-hydroxybutyrate dehydrogenation.
Therefore, a more concise description must
be accorded ki—namely, Kz succinate and
kx» poms- The apparent ks, of control roots,
- A-0H8 . 10'm utilizing an endogenous level of substrate, is
O o—a—e— a numerical value dependent on the

Y A4 A4 X . . ope . .
€ 120 80 240 300 Michaelis affinities, concentration, and ratio

F16. 5.—The uptake of orthophosphate of the sub§ trates.
from 0.5 gm. of excised barley roots from Approximate  values for K succinate,

}mé(e lfn: %ggﬂ‘gpol;oggﬁgﬁ 3!1_9 ﬁle;: ks peomn and ks, may be calculatefi on the
droxybutyrate. supposition that a high concentration of an
added substrate effects a single pathway
of electron flow. Values of [R,] and »,’, obtained from the succinate curve of Figure
5, are substituted in equation' (12), which expresses the uptake of the HPO, ion.
Solution of the equation resulted in a value of 2.1 X 10~2 moles P/mole R, X sec.
Similar treatment of the measurements of uptake from 1 X 10—! M g-hydroxybutyr-
ate resulted in a value of 8.3 X 10~3 moles P/mole B X sec. This value expresses
either ks, or ks oms, since both are equal in the 8-hydroxybutyrate pathway.
The 2.5 times larger uptake of the HPO, ion with succinate than with g-hydroxy-
butyrate as a substrate is in close agreement with the 3 times larger respiration rate
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shown with the same substrates by Chance and Williams for mammalian mito-
chondria.

Also, the value of 2.1 X 10—2 moles P/mole B X sec for ks succinate 18 in essential
agreement with the value of 2.3 X 10—2 moles P/mole R X sec for the k3, calculated
from kinetic analysis of uptake measurements of control roots utilizing an endoge-
nous level of substrate. However, the value of 8.3 X 10~3 moles P/mole R X sec
for either ks, or ks g.ogp is much lower than the value for k3, of 1.4 X 10—2 moles
P/mole R X sec which was calculated from uptake measurements of control roots.
A study of the effect on orthophosphate uptake of numerous substrates which re-
quire DPN in the pathways of reducing reactions has resulted in the conclusion
that the ks, of glutamate corresponds most closely to the ks, calculated from up-
take measurements of excised barley roots utilizing an endogenous-level of sub-
strate. ’

CONCLUSIONS

Orthophosphate uptake by barley roots is coupled to sites identical with those for
oxidative phosphorylation during electron transport in mammalian mitochondria.
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THE NORM FORM OF A RATIONAL DIVISION ALGEBRA*
By A. A. ALBERT
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Let D be a finite-dimensional associative division algebra over the field R of all
rational numbers. Then the center § of D is an algebraic extension of finite degree
over &, and D is a cyclic algebra of degree n and dimension n? over §. We may
then write © = (8, S, v), where 3 is a cyclic field of degree n over §, v is a nonzero



