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Glucose, fructose'and sucrose consist the ‘bulk of the dilute ethanol extractable

‘fraction of bamboo shoots (Su, 1965).  Since the tlssue is nonphotosynthetrc these k

carbohydrates must be translocated from the mother plant to sustam the rapld :
growth of the young tissue.- :

‘Sucrose is’ kniown' as the chief carbohydrate translocated in higher pIants
The ﬁndmgs (Su, 1965) that a strong.invertase actrvrty and a large amount of
reducmg sugars are present in bamboo shoots suggest that at least part of the

sucrose translocated from the mother plant 1nto the young bamboo tissue ‘must
be metabolized through the invertase- catalyzed hydrolys1s step ;

Inthis 1nvest1gatlon, we studied the hexose ‘phosphate formmg reactlons
catalyzed by the crude and partlally purrﬁed extracts of the shoots of bamboo,

" Leleba oldhami. C'*-glucose was used as the substrate to facrhtate the iden-

tification of ‘the sugar phosphates formed by the enzyme catalyzed react1on

Methods and Materxals S

~ General Analytical Methods—Column chromatography of sugar phosphates

in the homogenate experiment was done accordmg to Khym and Cohn s procedure
(1953),

‘Paper electrophoresrs was carried out W1th an apparatus - similar to that

, descr1bed by Crestfield and Allen (1955) Three dlfferent buffer solutions were

used: 0.15M ammomum foirmate,‘ pH 35 (I) 0.15M ammomum acetate, pH 5.6
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(II); 0.05M sodium tetraborate, pH 9.2 (III),  Sometimes, when additional
evidence was  desired, 0.1M sodium phosphate, pH 7.0, was also used. The
electrophoretic mobility of individual compounds is given  relative to that of
picric acid (Mpa) with the endoosmotic flow corrected by the caffeine marker.

_ Paper chromatography was performed in the following two solveit systems,
the ratio of which being expressed as volume. per volume: n-butanol-acetic
acid-water, 4:1:1, for sugars, sugar acids, and sugar lactones; and ‘methanol-
ammonium hydroxide-water, 6:1:3, for sugar phosphates. :

Whatman No. 1 filter paper ,was generally ‘used for paper- electrophoresis
and paper chromatography. Inthe case of chromatography of sugar phosphates,
the paper was washed with 1 percent versene solution before use.

After separation by paper electrophoresis and paper chromatography, sugar
phosphates were detected by the molybdate perchloric acid procedure of Bandurski
and Axelrod (1952); sugar acids, by the o-phenylenediamine method |Lanning
et al, 1951); and free sugars and sugar lactones, by the alkaline permanganate
method (Pacsu et al, 1949),

“Aliquots of radioactive fractions from column ‘chrokmatography in the ho-
mogenate experiment were dried in a stainless steel planchet and counted with
a 2w gas flow counter. -Radioactive substances on the electrophoretogram or
paper chromatogram were located by autoradiography or roughly by a G-M tube
monitor, -

The modified acid-base indicator method of Darrow (1962) was adopted for
the hexokinase assay. Protein -content was determmed by the phenol method
(Lowry et al, 1951).

Preparation of Bamboo:shoot Extracts—Some of the bamboo shoots used were
“-obtained from the local market at Nankang, Taipei, but most of them were col-
lected from the hillside near the institute, from September to December, 1964.
The sheath and bottom part of the bamboo shoots We're first removed. The
remaining young tissue was cut to pieces with a stainless steel knife and then
ground- with aqua regia-cleaned sand in about equal amount (by weight) of 0.12M
Tris buffer, pH 8.1.. The sirupy mass was ‘then squeezed through two layers
of cheese cloth and centrifuged at 1,000 Xg for 10 minutes. The supernatant
liquid thus obtained was used in the homogenate experiment., For enzyme study,
the supernatant liquid was further centrlfuged at 78, 000 X g and the sedimented
pellets discarded. , .

- Preparation of Labeled Glucose—Radioactive glucose used in the enzyme
study was purchased from the Volk Radiochemical Company, that ‘used in the
homogenate experiment was prepared by the second author, according to the
photosynthetic method of Abraham and Hassid (1957). Radioactive fructose ‘'was
obtained from the invertase hydrolysate ‘of radiocactive sucrose which was also
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- purchased from. the Volk Company.

Optical densn;y values were measured with a Beckman Model DU spec’cro~~
photometer equipped with a set of thermospacer

2All operations that require low temperature were carried outina cold Toom
at 2 to 5°C.

Ex‘periments and Results
- 1. Homogenate Experiment

- A mixture solution ‘containing U-Cl-glucose (totaling :140,000 cpm) d11uted '
with 17 umoles of non-radioactive glucose, 20 umoles of ATP,* 10 umoles of NaF,
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Fig. .- Elution pattern of authentic sugar phosphates—A pH 8.5 ammoniacal
solution of 6 t6 10.mg each of G-1-P, G-6-P, F-6-P, and F-1, 6-P was.absorbed
on a 200 to 400 mesh Dowex=-1 (chloride) column, 11.6x 1.1 ¢m, and washed with
water ‘to remove nonanionic materials.. The column was eluted successively, at
a flow rate of about 3.5 mlper minute, with the following solutions: - (1) 0.0256' M
NH.CL 0.01 M K:B,0Oy, for G-1-P;  (2)-0,025 M NH,C]," 0.0025 M NH,OH, 0.001 M
K:BiOy, - for G-6-P; - (3) 10.025 M. NH,Cl, 0.0025M NH,OH, 0.00001 M K;B,0,, for
F-6-P; . (4) 0.02M HCL-0.02M KCl for F-1,6-P. The c¢luates are analyzed by
the anthrone method (Scott, 1953). = Fraction volume; 10 ml

* The following abbreviations are used: - -ATP, Adenosine triphosphate; ADP, Adeénosine
< /diphosphate; -G-1-P, Glucose-1-phosphate; G-6-P, Glucose-6-phosphate; F-6-P, Fructose~
6-phosphate; F-1,6-P,  Fructose-1,6-diphosphate; - GTP,  Guanosine - triphosphate; : UTP,
Uridine triphosphate; UDP, Uridine diphosphate; UDPG, Uridine diphosphate  glucose;
Tris, Tris (hydroxymethyl) ‘aminomethane; “ ATPase, Adenosine - triphosphatase; PGA,
. phosphoglyceric acid; PP, Pyrophosphate. L o :
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and 12.5 zmoles of ‘MgCl,, in-a total volume of 3.25 ml ‘was incubated with-5ml
of bamboo shoot homogenate at 30°C for one hour. At the end of the incubation, \
the reaction was stopped by adding 1mlof 3M trichloroacetic acid. The super-
natant solution collected from centrifugation was extracted with petroleum
ether for several times to remove trichloroacetic acid and then condensed:to a
small volume and ' neutralized to a slightly alkaline pH -(85) with  dilute am-
monium “hydroxide. ‘The clear solution obtained was applied to a column of
Dowex:1, chloride form (15X 1.5¢cm, 200 to 400 mesh). Free sugars were removed
by washing the column’ with 100 ml of 0.001 M ammonium ‘hydroxide. A suc-
cession of eluting agents, in the order described by the elution curve of Fig. 2,
was passed through the column to selectively desorb the different sugar phos-
phates that might be present in the mixture. .A mixture of -authentic .sugar
phosphates was applied on a similar column and the elution was carried out in
a similar manner so as to obtain a calibration curve. The calibration curve is
shown in Fig. 1. ' ,
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Fig. 2. Ion exchange  separation of radioactive sugar phospha{es from the
reaction mixture (see text). - Ion exchanger, Dowex-1 (chloride), flow rate, about
3.5 ml/min.,, -fraction volume, 10 ml ) :

1t is seen from the elution curve in Fig. 2 tﬁat, “in"-addition to the four
hexose phosphates, there are three unidentified peaks (g, b, ¢). It was postulated;
from a consideration of the different acidity and -borate complexing -ability of
sugar phosphates, that peak @ and peak b might be a triosé phosphate and a
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PGA, respectively.  As'to the identity of peak ¢, we are not able to assign any
known compound for it for the time being. ~However, since our main purpose
lay on the survey of fhe possible existence of hexose phosphates in the reaction
mixture, the identification of these compounds was not attempted.

~‘Another experiment with unlabeled giucOse as the substrate was carried out
by the same procedure. Each eluting sample was assayed by the anthrone re-
action (Scott, 1953). The peaks of G-1-P, G-6-P, F-6-P and F-1, 6-F appeared
in the effluent following the same order and pattern as that in the labeling tests,

however, with the positions of the peaks slightly shifted to the right.  The three

unidentified ' peaks' @,d ‘and ¢, as shown in Fig. 2, were not detected in this
experiment. Since these compounds do not react with anthrone, they can not
be hexose phosphates.  When the same experiment was repeated with fructose
substituting for glucose as the substrate, only the latter three sugar phosphate
’ peaks were produced No .G-1 —P was detectable;
1. Enzyme Study L
In the experiment using homogenate as th; enzyme source,  formation of
several sugar phosphates was  observed. In order to look into the .reaction
-'sequences leading to the formatlon of these sugar phosphates, an attempt to
purlfy hexok:nase, the first enzyme for glucose metabolism in the glycolytic
pathway, from bamboo shoots, was therefore made with the sole purpose that
the first phosphorylation product might be isolated straightforwardly.
1. Enzyme puriﬁcation——-At first, no activity of hexokinase could be detected

in the supernatant obtained from centr1fug1ng bhamboo shoot extracts at 78,000 X g

when glucose disappearance or sugar phosphate formation was used as the assay
method.: Qualitatively, however, when U-C'%-glucose, ATP, and MgCl, were
dncubated together with the enzyme preparation, formation of new compounds
was indicated by the appearance of a movable, though heavily tailed, radioactive
zone on the electrophoretogram: (formate buffer, pH 3.5). Finally, the acid base
indicator method (Darrow, 1961) was adopted with the modification that Tris-
HCI instead of glycylglycine-NaOH was used as the buffer system.
; The stock assay solution (Darrow, 1961) which also contained glucose, was
preincubated “at 30°C. Reaction was initiated by the addition of appropriate
amount of the enzyme preparation. The decrease in optical density at 560 mz
between the 15th and 45th seconds was measured with a spectrophotometer, the
thermospacer of which was previously equilibrated at 30°C. This is the total
activity resulted from the combined actions of hexokinase and ATPase. The
net activity:of hexokinase ‘was -obtained by subtracting the ATPase activity,

measured in the same way by excluding glucose from the ‘assay mixture, from:

the:total act1v1ty
A net decrease in-optical density of 0.010 at 560 my per mmute was arbitra-
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nly taken as one unit of hexokinase activity. Specific ‘activity was expressed
as units per mg of protem , :

Because ‘of the extremely low activity of héxokinase in the crude exfract
.of bamboo shoots, and because of the existence of high ATPase acti{vity,k the
crude extract was first fractionated with ammonium sulfate. The enzyme acti-
vities in the crude extract and in the first ammonium sulfate fractmnatlon step
were - semiquantitatively determined in the followmg manner, Approprlate '
amount of enzyme solution from each fraction was mcubated with ATP MgClg,
NaF, and radioactive glucose({abotit 500,000 cpm)in a capﬂlary tube for 10 minutes.
After the mcubatlon; the content in the capﬂlary ‘tube’was apphed on a strip ;
of ‘Whatman No. 1 filter paper previously prepared on the glass bridge of the ;
electrophoretic aoparatué EIectrophoresis was run in the formate buffer for
about 1 hour at a field strength of 40 v./cm: The electrophoretogram was dried
and ‘the radioactive sugar phosphate spots d1rect1y counted with a G-M tube
monitor, ‘The magnitude of the activities of the movable spots was then taken
as the measure of the enzyme activity. It was found that the fraction between
B0 and 80 per cent saturation of ammonium . sulfate 'was the most active and'

hence was used as the starting material for further purlﬁcatmn .
The active protein precipitated by ammonium sulfate was dissolved in 11 ml
of Tris buffer, 0.05 M, pH 7.5,and passed through a column of sephadex G»—7:>,'
previously - equilibrated with the same buffer. ~
Two peaks were obtained as shown in Fig. 3. The first peak contained all
the hexokinase activity. The most active fractions were then pooled -and again
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fractionated with ammonium sulfate. The precipitate formed between 50 and
75 per cent saturation of ammonium sulfate was dissolved in 0.01 M Tris buffer,
pH 65 and dialyzed, first with redistilled water and then with Tris buffer of
the same strength. After dialysis, the enzyme preparation was stored at —10°C.
A summary of the purification is presented in Table 1.

Table 1. Summary of purification

. Hexokinase specific
s Vol Total Hexokinase |ATPase P :
Fraction g . . . activity, units/mg
ml |protein mg units units protein
First ammonium sulfate
fractionation 11 1,100 88 ’ 352 0.08
- "Gel filtration, Second ,
ammonium sulfate frac- 4 74 68 O* 0.90
tionation, and dialysis : '

*No ATPase activity could be détected under the assay conditions used.  After pro- -
longed incubation (10 minutes), however, optical density decrease of about0.01to 0.015 was
observed, indicating the contamination of small amount of ATPase.  The uppermost- limit

of the ‘optical density change contributed by ATPase in the final preparation was estimated
to be 15 per cent. .

2, Identification of hexokinase reaction products—U- Ct.glucose(about 2,000,000
cpm), ATP, and MgC12 were incubated with about one unit of the enzyme
solution in a caplllary tube at 35°C for 1 hour. The reaction mixture was then
electrophorased at pH 3.5 (I) and the electrophoretogram aﬁtoradiographed. Three
spots -were distinctly observed, of which the mobilities relative to that of the
picric acid marker were respectively: 0.88 (A4), 0.37 (B), and 0.00 (C).

On cbnsidering the mobilities of the three spots together with the ionization
properties of phosphate esters, it was immediately realized that spot A could
be a sugar Aphosphate.« Accordingly, further experiments were mainly aimed at
the identification of this spot. ' _

Examination of the electrophoretic mobility of spot A showed that at pH35
(I ‘and 5.6 (II), it was the same as that of G-1-P and G-6-P. Ina borate buffer
at pH 9.2, however, it was greater than G-1-P but identical with G-6-P. Results
obtained: from paper chromatographic analysis also showed that the Ry value
of spot A agreed with that of G-6-P. Further evidence of spot A as a phos-
phate ester was shown by the fact that when it was hydrolyzed with prostatic
phosphatase, its electrophoretic mobility in ammonium acetate (II) changed
from 1.0 to zero. The conclusion that spot A is identical with G-6-P was then
reached. The results dre presented in Table 2.

The identification work of spots B .and C has not been extensively done.
It was observed, however, that spot B formed three new spots when electropho:
rased at pH 5.6 (II). Also, electrophoresis ‘of spot C at pH 9.2 (III) - resulted
in the formation of as many as six spots. * Available information obtained from
some electrophoretic and chromatographic -experiments seemed to indicate that
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thgre might be gluconic acid in spot B and d§-gluconolactone in spot C. Owing
to the lack of substantial evidence, however,  data of these identification work
are, nevertheless, not presented here. It is apparent, any way, that the present
enzyme preparation is still far from being pure.

Another experiment using radioactive fructose as the substrate Was conducted
in the same fashion as that with radioactive glucose. Electrophoresis of the
reaction mixture at pH: 35 (1), a spot (D) with mobility 0.92 was also located.
It was identified to be F-6-P (Table 2). ~ | :

" Table: 2. Identzﬁcatzon results of spot A and D.

L Mobility: relative to Mpa «
Compound Buffer system * : : Ry*
1 T oo

Glucose : 0.00 0.00
- G-1-P 0.90 1.10 1.21 b 0.783
G-6-P 0.90 1.10 1.36 0.61
Spot ‘A ‘ 0.88 110 1.36 0.61

Spot A, treated with 0 00

.prostatic phosphatase et )

F-6-P 0.92 1.12 1:45 0.52
F-1, 6-P 0.92 112 1.45 0.30
Spot-D 0.92 112 145 0.52

*Methanol : ammnionium hydroxide < H;0,°6:1:3
Discussion

The obtained results indicate that the following reactions are catalyzed by
the cell-free extract of bamboo shoots.
(1) - glucose+ATP—>G-6-P+ADP
(2)  fructose+ATP—>F-6-P+ADP
(3) G—6—P<-‘:’F—6—P ,
(4): " G6-P==G-1=P:.
(5) F-6-P+ATP—>F-1, 6—P+ADP
" Further degradation of fructose'l,6-diphosphate through glycolytic pathway
is suggested by the findings -that radioactive peaks with the elution volumes
corresponding to triose phosphates and ‘glyceric acid phosphates were obtained
when the incubation ,mixfure of Cl-glucose, ATP and the bamboo  shoot
homogenate was chromatographed on-a Dowex:1 column (Flg 2)i-These peaks
were not found, however, when cold glucose was used instead of C**-glucose
in a similar experiment, and the chromatographic eluate assayed with anthrone
reagent Whlch is known to give little or no green: ¢olor with pentose, tetrose
or triocse phosphates This ﬁndmg implies that the- suggested identity of ‘the
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stated rad1oact1ve peaks might be correct,

It was demonstrated in the bamboo shoot extracts the presence of UDPG
pyrophosphorylase as well as GDPG pyrophosphorylase activity (Su, J. C., unpu-
blished). It was also found that ‘UDPG comprises almost 50 per cent of the
total dilute ‘ethanol soluble nucleotides of bamboo shoots (Su,J. C, unpublished ),
Furthermore;, when a mixture solution containing UDP and sucrose was incubated
with bamboo shoot extract, the formation of UDPG was detectable (Su, 1965),
indicating the existence of sucrose synthetase activity. It is suggested that the
potential glucosyl donor, UDPG, is formed from sucrose in the young ~bamboo
tlssue, besides by the reaction catalyzed by sucrose  synthetase, through the
followmg reaction sequences:

sucrose-~H;O—>fructose--~glucose
fructose - ATP—>F-6-P-ADP
F-6-P——=G-6-P
glucose+ATP—>G-6-P
G-6-P==G-1-P .
G-1-P+UTP==UDPG+PP

Leleba oldhami 4% &) P Z 8R4
II. &R ¥ T (Hexoses) Z 5 §§54L1’F A
ff-ﬁ’éq’ it 2 Taf" HAFW

FIVTRTHI E CH - BB R AR IR (ATP) FREE» }ﬁfﬁi%ﬁ‘@ﬁ&#fﬂ 57
¥ BT RE R EE IRR A, o

FER RS ER I  I R S ML » Ef@;@wzaa@m@w@% (Hexo-
kinase) JHMARAHTH4E » PULEE C'~ MR SRR » T B e e o
BRI —6— RN (G-6-P) o RULTHERTI 2+ A MFEBEE (Glycolytic pathway)
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