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Abstnrt. The activity of pyruvate kinase was determined in the first leaves of wheat
plan,ts grown under K'-deficient conditions. An enhancement of the enzyme activity compared
with the normal plants was found to start from eighth day of growth, and about 4-fold increase
in the enzyme activity was observed in 14-day wheat leaves. The addition of K.,SO to the
nutrient solution given to the K+-deficient plants at tenth day resulted in the restora-
tion of the enzyme activity to the normal level after 3 days. The levels of K4 as well as
oarbohydrates and chlorophyll were found to return normal over the same period. These
findings are discussed in relation to the metabolic pattern of plants at the early stages of
K'-deficiency.

MIaiiy biochemi-cal sttdies have been carried out
to elucicidate the essentiality of K+ in planit metabo-
lism. Evans ani(d Sorger (6) have criticalily re-
viewedl the currenlt statuts of oulr knowledge in the
area. In investigating the relationiship between the
effect of different kev'els of nutrient K' on plant
growth and on the activity of a K+-requiring
enzyme, Evans (5) noted 'tlhat itihe activity of
pyruvate kinase (ATP: pyruvate phosphotrans-
ferase) was appreciably decreased in the K+-deficient
pea plants. Recently Evans and his groutip (15)
have demonstrated the requirement of K4 as well
a,s NH,' and Rib' for the maintenance of the struc-
tural conformation of pyruvate kinase, using im-
munoelectrophoretic techniques. However, there is
the possibillity that some of the ibiochemical syn-
dromes manifested in K-'de'ficient plants diuring
long-term experiments may be indireetly related to
K-ideficiency. T'he purpose of ithe ipresent experi-
ment is to examine 'the efifect of K+-deficiencv on
the activity of pyruvate kinase in wheat leaves,
duiring the earily stages of g,rowth. In contrast to
Evans' report we found ithat 'the enzyme activity
was appreciably en'hanced when pilants were grown
tunder K+-deficient condition and the sulbsequent
addition of K' to the nutrient medium cauised the
rapid restoration of the enzyme activilty to the
normal 'leveol.

Materials and Methods

Growiing Plants. Wheat plants (Triticum1 aesti-
v1l71t L. var. Norin No. 61) were girown at 140 in
sand beds su-pplementeod with the standar,d cuilture
mediutm (18) of 'the following composition (in
mmo,les per liter) wvhich is the modif'ication of

1 Supported in part by a research grant of USPHS
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Evans' procedure (5): Ca(H.,2PO4)-4H.O, 1.0;
CaCl., 2H.,O, 0.25; Cai(N'O:,..24H.,O, 3.0; MgSO4,
2.4; Fe-citrate, 0.018; K2 SO1, 2.4; HBBO3, 2.3 X
1(0-; MhnSO4O4H.,,O, 2.3 X 10-3 ZnSO4 7H..
0.4 X 10-;;; CuISO -5H,O. 0.15 X 10-3; and
(NH4)1;Mo7O,04-4H..O, 0.05 X 10-3. For growing
Kl-deficient wheat plants, K2Si04 was omitted
from the nutrient so]lutioin. W'here t)he effects of
different levels of K+ were studied concentrations
olf KQSO4 were varied as in(licated. When the
first leaf started to emerge at about 2 days after
germination, the nultrient so-lution was a1pplied daily.

Preparationt of Enzymte Solutions. Five grams of
first leaves were harvested at eatch growth stage
and were macerated with 15 mil of 0.05 M tris-HCI
bluffer '(pH 7.5) in a prechilled mortar. The re-
stIting homogenate wa's spun at 10,000 X g for
10 mintu-tes after passing through 'several 4ayers of
cheesecloth. Three ml aliquotis of the supernatant
flutid were then applied to a column of Sephadex
G-25 (1.8 X 20 cm), whic'h was equilibrated with
0.05 \t tris-HGl butffer (ipH 7.5). An aliquot of
the ellua'te collected quanltitatively was used as an
enzyme 'soturce. Alil the manipulations were carried
outt at or near 00, and the enzyme assay' wa's con-
ducted within 30 minutes aiflter collecting the
enzyme solution.

Antalytical Method. The standard reaction mix-
tutre for the measurement of pyrtuvate kinase activity
c'ontained the following (in pim'oles): tris-HCI
buffer (pH 7.4), 50; phosphoenolpyruvate (PEP)
(tricyclohexylammonium salt), 1.5; ADP (Na-,salt),
2.5; MgSO4, 10; KCI, 50; and enzyme solution,
0.5 ml (equivalent to about 1.0 mg protein) in a
total volume of 1.0 ml. Whenever necessary 1.25
j,moles tris-molybdate was added to the reaction
mixture to inhibit phosphatase activity in the crude
enzyme preparation (5). In the conitrol assays,
ADP was omitte(l fromii the reaction mixture. The
assay mixture was inctubated at 370 for 10 minutes.
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At the end of this time, 1.0 ml of 0.0125 % 2,4-dini-
trophenylihydrazine in 2 N HCI was added, and the
amount of pyruvaite formeid was assayed 'spectro-
photometricadIly in an alkaline conidiltion (8).

Protein content was determined colorimetrically
tusinig Nessler,s realgent after the digestion of mate-
rials by a micro-Kjeldah'l proceduire. For estimating
chloro,phylil content, of fresh first leaves was

extracted with 80 % (v/v) aqtueouls acetone and
the determination was maide by the method of
Arnon (1). For sugar analyses, leaves were first
dried at 950 for 30 mintutes, theni at 45° overnight
over CaCL, in a (lesiccator. Subsamples of the dried
leaves were extracted repeatedly with 10 ml of
80 % (v/v) alcohol. To prevenit aci,d hydrolysis
of stugar components during extraction, a small
amount of CaCO3 was aidded to the ethanol solti-
tioni. The extracts were dleproteinized with lead-
a,cetate and (leionized with a mixed bed of IR-120
and IR-4B according to the met.hod of Mori and

Nakamura (10). Total and reducing sugaris were

determined by the phenol-'H.,S0O, (4) and Somogyi
(14) methods irespectively.

The content of K' wa,s analyseid by flamepho-
tometry (12). Aill ithe determinations of enzymic
activities as well as chemical composition were
carried out in dutplicate anid average vahlues are

presented.
Rcagents. ADP (Na-salt) anid PEP (tricyclo-

hexylammoniuim salt) were )llrchasedl from Signma
Chemical Company, U.S.A., and Boehrini,ger, Ger-
manly, reispectively.

Abbreviations Uscd. The terms of K( +) and

K(-) deniote conditions of growth in which the
plants we,re given nutrient solutions with sufficient
or deficient K+ levels.

Results

The content of K` as well as of carbohydrates
and chlorophyll was measured in the first leaves
of K(+) and K(-) wheat plants (talble I).
There was a drastic decrease in the contenit of K+
in K(-) plants. The K+-content in normal l)lantis
looks abnormally high, abouit 8 % (dry vt basis).
However, the uise of yotung wheat plants in outr
study mighlt have cauised the high value. In fact
Evans anid Sorger (6) have cited 7 to 8 % K+
content as tihe normal value in some planit tissues.
The restults also sho-w that K+-deficiency did not
appreciably affect the contenit of either toital or

reducing sutgars utp to the sixth day. After the
eighth day, however, the conitent of total or re-
ducing sutgars was higher in K(-) ithani in K( +)
plants. The higher carbohydrate conltenit in the
K(-) plant leaves is consistenit with a previouis
re,port (3, 13). In conitrast, the chloroiphyll coni-
tent in K(-) plants wais lower than in K( +)
plants after 10 days olf the treatment.
We next proceeded to study tihe patterni of

activities of enzymes involved in carbohydrate
metabolismi. Outr preliminary stuldies hlave showul
that the activity of UDPG-sucrose transglicosylase
(sucrose synthetase) was not markedly differenit inl
K( +) and K,(-) plants. We then decided to
investigate the pyruivate kinase, a typi,cal -K+-re-
(Itiriig enlzyme, inder conditions of K+-,sufficiency
or (deficiency. To this end it was first necessary
to develop a reliable assay method in which the
potenit phosphatase activity present in the crude
wlheat leaf extract would not interfere. Consistent
with the result- oif Evans (5), we found that
tris-molybdate exhibilted a marked inhibitory effect

Table 1. Levcls of K+, Stgar. anid Chlorophyll itl the First Lcauves of K+-Sufficieyit anid -Deficient Wheat Plants

Growth K- Total sugar Reducing sugar Chlorophyll
stage of plants K(+) K(-) K(+) K(-) K(+) K(-) K(+) K(-)

Days mIng/g dry wt nlig gltucose/g dry wt 1g/g fr wt
6 26.6 10.6 227 229 185 187 0.75 0.73
8 41.5 5.0 111 163 103 159 0.94 0.94
10 42.8 4.2 136 144 116 139 1.24 0.95
12 78.3 2.5 125 142 116 140 1.36 1.0O

Table II. Inhibitory Effect of Tr-is-Malybdate o0t the Enzyiuic Formiiation of Pyruvate fromn Phosphoenolpyruvate
by Cr-ude Extract of Wheat Leaves

First leaves of 10 day old wheat plants grown under KT-suffficieut or -deficieint conditionis as explained in text
were the material for the enzyme preparation.

K(+) K(-)
Tris molybdate -ADP +ADP -ADP +±ADP
M X 10-4 in assay mixture in assay mixture

gu;iolc pyruvate pci- 10 vwin per inig proteini.
0 0.310 0.391 0.589 0.526
1.56 0.112 0.054 0.313 0.111
6.25 0.104 0.050 0.302 0.087
12.50 0.100 0.044 0.281 0.078
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FIG. 1. Competitive inhibition of wheat leaves phos-
phatase by tris-nolybdate. First leaves of both 14-day
old K(+) and 12-day old K(-) wheat plants were
used for the enzyme extraction as explained in text.
Standard assay mixture containing with or without
tris-molybdate (12.5 ikM) was used for the enzyme ex-
periment. In order to obtain the approximately equal
initial reaction velocities, each of 1.0 mg of K(+) and
0.7 mg protein of K(-) plants was added to the re-
action mixture.
on the enzymic cileavage of PEP by both K( +)
and K(-) wheat leaf extracts (table II). It can
be seeni that tris-molybdate as low as 0.15 nmM was
sutf ficient to prevent pyrtuvate formation due to
both the phosphatase and pyruvate kinase reactions.
The restllts illusttrated in figure 1 indicate the
competiltive type in'hilbiltion by tris-molybdate on the
PEP-cleaving phosphatase activities of K(+) and
K(-) wheat leaves. The Ki was determined to
be 13 AIt- and 12 Pm, respectively. The data ill
essence stupport the previous findinig of Spencer on

Table III. Pyruvate Kinase Activity of Wheat Plants
Grown at Various Levels of K+

Same plants leaves as used in experiments slhown
in table II were the imaterial for the enzyme prepa-
ration.

Pyruvate kinase activity
K+ content in K+ +K+
culture media in assay mixture

K.,SO,4mmn uole/l uzmole pyruvate per 10 min
per itng proteini

0 0.064 0.154
0.24 0.052 0.1116
0.96 0.039 0.094
4.80 0.030 0.069

to-matto acid phosphata,se (16). It will be noted
that the concentration of PEP included in the
reaction mixture for the assay o f pyruvate kinase
activity was 0.125 mm, approximatelv 10 times

higher thani the Ki val,ue for tlle inhibition of
phosphaltase by mo,lybdate ioIn.

Using tris-molybdate as the phosphatase iinihibi-
tor, we determined the pattern of enzymic formation
of pyrtivate in both K( + ) and K( ) wheat plants.
The experimental resutlts shown in table III anld
figure 2 dlemonstrate clearly the increase of pyrui-
vate kinase activity in K( --) plants as compared
with K(+) plants.

Tajble III shows the activities of pyrtuvate kinase
in 10-day old wheat plants grown under various
K+-levedls. It can be seen that the more severe the
K-dleficiency, the higlher the specific activity of
the enzyme. Tfhis trend is in fact more pronounced
when K+ was present in the assay mixture, although
the same trend was observed even when K+ was
omitted fro;m t;he assay. A proportionaite increase
in the production of pyruvate with an increase inI
the amounit of crude enzyme preparrationi froni
K(-) and K( +) plants i,s seen in fi,gure 2.

0

*1
-
O

LU

ENZYME PROTEIN (mg)
FIG. 2. Comparison of pyruvate kiniase activity of

K -sufficient and -deficient wheat leaf extracts. 14-day
old K(+) and K(-) wheat plant leaves were used for
extracting enzyme protein and the standard enzyme
assay system was employed.
Enzymue acti,vities were also deternimined in mixedl
extracts of K,(-) and K( + ) wheat leaves. T'he
activities obtained were additive and recovery was
comiplete. Thus, it seems that the hig1her enzyme
acitivilty is not caused by low molecular weight sUb-
stances present in the crtude extract of K+-deficient
plants. Furthermore, treattment o f the extracts
with Sephadex should minimize the presence o f
these substances in the enzyme preparations. Anl
abnormalily high content of some amino acids in
the K(-) p'lants 'has been reporte,d (15, 17).
However, the addition of amino acids such as
arginine and asparagine did not inifltuenice the ac-
tivity o,f pyruvate kinase.

A typical resuilt among serial studies of the
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FIG. 3. Time-course analyses of pyruvate kinase
activity and K+ content in K+-sufficient and -deficient
whea-t plants. Basic procedures of determining enzyme
activity as well as K+ content as described in text were
employed.

time course for pyruvate kinase activity and K+
content in both K(+) and K(-) wheat leaves is
presented in figuire 3. The enzyme activity in the
K(-) planbs began to increase afiter about tihe
eighth day of growth. On the fourteenith day, the
activity in K(-) plants was found to be nearly
4 times as high as that in K( +) plants. Con-
versely, the K+ contenit in the K(-) wheat leaves
was about 1.9 mg per g dry weighit leaf, consider-
ably lower than that of normal plants.

The effect of applying K+ to K(-) wheat
plants on the pyruvate kinase activities as well as
on the amounits olf leaf conistituen;ts is illu'gtrated in
taible IV. For this particular experiment, the K+-
containing nutrient solution was applied to the

K(--) plants on the tenth day -of growth and
analyse's were made 3 days later. The resuillts
clearily demonsitrate the nearly complete restoration
of enzyme activity to the normall level a.fter 3 days
olf K-aipplication. Both carbohydrate and chloro-
phylfl contents were also found to approach the
norma,l levelis over the same period.

Discussion

The present study was conducted to examine
whether or not differen't levels of K+ inf;luen,ce the
levelis of pyruvate kinase activity in wheat leaf
tiissues. To this end, we specifically designed our
experiments such tihat the lethal effect's of K+-
deficiency did not oocur in our wheat plants.
According to WVai'l (19), and Evans anid Sorger
(6), the uniique feature of K+-deficiency at the
initial stages lies in the rapid di,sappearance of the
defioiency symptom by subsequent K+-application
with a concomitant restoration of normal growth.
The present results are in sharp con.trast to those
reported by Evans (5). Evans observed a decrease
in pyruvate kinase activity in pea pl.ants groiwn for
over a mon,th under K+-deficient cond tions. The
ttse oif different plant tissues and d fferences in
experimental conditions may account for the dis-
crepancies between the resuAts of these 2 studies.
However, it is highily probable that wheat plants
in the initial stages of mineratl deficiency present
a pattern o,f enzy.me activity which is different
from that displayed at later stages. The results
presented in talble IV show cdearlly that not only
the activity of pyruvate kinase but also the amount
of other lea,f constituents, K+, cairbohydrates and
chlorophyll, are concomitantly restored to normal
levels after only 3 days of K+-application. One of

Table IV. Effect of K+-Application to K+-Deficient Wheat Plants on Pyruvate Kinase Activity and on the
Levels of Other Leaf Constituents

K+ (9.6 mmoles K2S04/l) was given to the K(-) plants on the tenth day, and both pyruvate kinase activity
as well as other conistituents were determined 3 days after.

Growth stage
of plants K(-) K(+) K(-) -- K(+)
Days

K+ (mg/g dry wt) 10 4.6 32.4 ...
13 3.7 53.0 35.4

Pyruvate kinase activity 10 0.102 o.o54
(p.mole pyruvate 13 0.202 0.055 0.065
/10 min/mg protein)
Total sugar 10 127.0 97.0
(mg gaucose 13 122.0 93.0 98.0
/g dry wt)

Reducing sugar 10 123.0 87.0 ...

(mg glucose 13 121.0 87.0 92.0/g dry wt)

Chlorophyll 10 0.89 1.20
(mg/g fr wt) 13 0.90 1.25 1.
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the typica,l biochemical symptoms of K+-deficiency
is reponted to be a relatively high content of carbo-
hydrate as compared to normal plants (3, 13). Our

resutlts show this allso. On the other hand, en-

hancement of pyruvate kinase adtivity appears to
be a more characteristic feature of pliant tissues at
the initial stages of the K+-defi'ciency, alithough it
is not known whether the higher activity of the
pyruvate kinase is directly rel-ated to the high
carbohydrate content in K(-) plants. A more

thorough investigatioon is certainily needed to reveal
whether thiis phenomenon i.s uniformly observable
in other plants grown under the same K'deficient
conditions.
A very pertinent question is whether the in-

crea,sed enzyme activities reflect A) the synthesis
of pyruvate kinase in K(-) wheat plants or B) the
repression o,f pyruvate kinase in the presence of
excess amounts of K+ in normally grown plants.
Regardless of these 2 alternatives, it shout'ld be
noted that the content of K" in the K(-) wheat
leaves (1.9 mg/g dry wt) iis approxiimately equiva-
leint to 5 mM per 1000 g fresh weight; this value
is quite close to the Michaelis constant of pyrtivate
kinase of K' (,KA), 2.4 mm, reported by Evans (5).
The fact that the values for these 2 terms are

approximately equail leads us to speculate abouit the
possible regutilation of the activities as well as the
amounts of pyrtiva-te kiinase by the concentratio-n of
K+ in intact plant celils.

Recenit investigations have demonstrated thie
induti-cible formation of einzymes in plant tisssues,
among whi,ch the induction of nitrate reductase in
rad,ish tiissues sh,ould be most notaible (2). On the
other hand, there are very few instances cited ill
the literature on the repression of enzyme produc-
tioIi in higher planit tissues. Priice (11) has re-

ported the phosphate-represssiible synithesi)s of phos-
phatase in Euglena, in which the enzyme activity
was found to diisaippear completely after additioni
of l)hosphate to the cultures. Si,milatly Hewitt
and Tather (7) have reported the enhancement of
phosiphatase in tomato plants whi,dh are growni
under phosphate-deficient, conditions. Further stuid-
ies oni the regulation of pyruvate kinase aotivity at
the molecuila,r level might provide a olue in elluci-
dating the roile of K+ in the metabolism of plant
ce4lls.
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