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Introduction

Leloir and his collaborators (7, 11, 12) and others
(1, 3, 6, 9, 13, 15, 16) have shown that synthesis of
sucrose in extracts of a number of plants can
occur by 2 different enizymic reactions: A) UDP3-D-
glucose + D-fructose = sucrose + UDP; B) UDP-
D-glucose + D-fructose 6-P sucrose-P + UDP.

In reaction (A) D-fructose serves as the glucosyl
acceptor and the reaction is freely reversible. In re-
action (B) in which D-fructose 6-P is the acceptor,
the sucrose-P formed is hydrolyzed by a phosphatase
in a reaction which is practically irreversible, produc-
ing free sucrose. It is of interest to note that small
amounts of sucrose-P have been detected among la-
bel-'d photosynthetic products in plants (2, 5).

In a previous communication Frydman and Hassid
(8) showed that extracts of sugarcane leaves con-
tained an enzyme which produced sucrose from UDP-
D-glucose and D-fructose, but neither sucrose nor su-
crose-P was formed when D-fructose was rei)laced by
D-fructose 6-P in the reaction mixture. This indi-
cated that only the enzyme which catalyzed reaction
(A) was present in the extract. However, when
chloroplasts isolated from the sugarcane leaves were
used as the enzyme source, sucrose was formed from
UDP-D-glucose and D-fructose 6-P as well as from
UDP-D-glucose and D-fructose. Since sucrose-P was
not detected in the incubation mixture containing
UDP-D-glucose and D-fructose 6-P, it could not be
decided whether the sucrose was formed by enzymic
removal of P from sucrose-P or by glucosylation of
D-fructose produced by the action of a phosphatase onl
D-fructose 6-P. Bird and Stocking (4) have demon-
strated the synthesis of suicrose from UDP-D-glucose
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and D-fructose or D-fructose 6-P by chloroplasts iso-
lated in a nonaqueous medium; but they were also
unable to detect the formation of sucrose-P.

Evidence is presented in this paper that the chloro-
plasts of sugarcane leaves and spinach leaves con-
tain, in addition to the enzyme that forms sucrose
from UDP-D-glucose and D-fructose, the enzyme that
catalyzes the formation of sucrose-P from UDP-D-
glucose and D-fructose 6-P.

Materials and Methods

Sugarcane leaves were obtained from the South-
western Irrigation Field Station, United States De-
partment of Agriculture, Brawley, California. Spin-
ach leaves were purchased locally.

UDP-glucose-U-C14 and sucrose-P uniformly la-
beled with C14 in the D-fructosyl moiety were pre-
pared enzymatically by Mr. Tsau-Yen Lin of this
laboratory. C14-labeled D-fructose 6-P was prepared
by the reaction of D-fructose-U-C"4 with yeast hexo-
kinase and ATP in the presence of Mg".

Invertase free of melibiose was obtained from the
Nutritional Biochemical Corporation. The source of
phosphatase was human seminal sperm which was
centrifuged and the fluid dialyzed against water or

0.05 M acetate buffer solution.
The enzymatic reactions involving labeled com-

pounds were carried out in capillary tubes, 1.2 to 1.5
mm diameter according to Porter and Hoban (10),
with the modification that the incubation mixture was

mixed on parafilm by gentle blowing and sucking with
the capillary tubes having fine tapered tips, before
finally sucking up the mixture into the tube and
sealing both ends. The mixtures were then incubated
at 370.

Paper electrophoresis was carried out on oxalic
acid-washed paper (Whatman No. 1) in 0.2 M am-
monium formate buffer, pH 3.6 at 30 v/cm, and the
material was chromatographed on Whatman No. 1
paper with the organic phase of ethyl acetate: acetic
acid: water (3: 1: 3, v/v).

Isolation of Chloroplasts. Unless otherwise stated,
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all operations were performe(l betweeni O anid -5.

Chloroplasts were isolate(d essenitially by the niethod
of Whatley, Allen and Arnon (17). Approximately
50 g of immature sugarcaiie leaves were cut into
small pieces and homogenize(d 3 times in a mortar

with sea sand and 100 ml portions of 0.35 M sodiumI
chloride solution containing, 0.02 M Tris, pH 8.3, and
0.01 M sodium ascorbate. The homogenates were

combined and passed through a double laver of
cheesecloth. The solution of approximately 250 ml
was centrifuged at 40 X g for 5 miniutes to remove

the sand and suspended cell-wall materials. The
superniatant solution was centrifuged at 1500 X g for
I 0 minutes. The residue was washed twice with the
so0ium chloride solution and centrifuged. The chlo-
roplasts were then suspended in mil of cold, distilled
water.

E.xtraction of Chlor-oplasts Twith Acetonie. Chloro-
plasts from 50 g lots of sugarcane leaves were iso-
lated lbv the imiethod previously described, but insteadl
of suspending themi in water they were extrac-ted

witlh acetone to remove chlorophyll an(d fattv ma-

terials. The chloroplasts were stirred for 5 minutes

in 10 ml of cold (00) acetone in a centriftuge ttube.
and then centrifuged at 12,00() X g for 10 minutes.
This operation was repeated (3 or 4 times) unitil
the acetone extract was colorless. The acetone ex-

tract which was devoid of enzymatic activity was dis-
carded. The extracted chloroplasts were suspended
in ml of cold (50) distille(d water prior to further
use.

Assavs. The reaction mixture for the synthesis
of sucrose and sucrose-P contained 0.5 Mtmole of D-

fructose or D-fructose 6-P, 0.5 /Lmole of NaF, 2

Mumoles of Tris-HCl, pH 7.5, 0.3 Mmole of MgCl..
4.3 X 10-3 MAmole (0.16 Mc; 1 ,uc = 60,000 cpm)
UDP-glucose-U-C'4 and 50 1.l of enzyme suspension
(either chloroplasts or acetone extracted chloroplasts)
in a total volume of 65 M*. The reaction mixture was

incubated for 60 minutes at 37 and theni subjected
to paper e'ectrophoresis. The radioactive materials
were located on the electrophoretogramii ly autoradio-
graphy.

The nonmobile radioactive compoun(ls were eluted
from the paper with water and( the eluates were passed
through a mixed Amberlite MB-3 resin (H+, OH-
form) column to eliminate charged impurities. The
eluates were chromatographed along with radioactive
samples of sucrose (Rg, 0.47), n-glucose (Rg, 1.0)
an(d D-fructose (Rg, 1.3) which served as referelnce

compl)oullds. Radioactive sugars were again located
on the chromatogram by exposure of the paper to

x-ray filmi, and the radlioactivity in in(lividlual coIml-
pouldlls was estimate(d with a Geiger-N\liiller tube and
ratemeter.

Sucrose-P and glucose 1-P (degradation product
of uridine diP D-glucose) were eluted from the elec-
trophoretogram and again subjected to electrophore-
sis, thereby effecting a clear separation of the 2
sugar phosphates.

Sucrose-P was eluted from the paper and de-
phosphorylated by incubation at 370 with 30 1A of
crude seminal phosphatase for 60 minutes in the
presence of 2.5 X 10-3 M \Ig+. After passing the
incubationi mixture through a mixe(d resini, the eluiate
was chromatographed as lefore, usinlg radioactive
sucrose as a reference compounid. The radioactive
sucrose was located by radioautography anld its radio-
activity was determined as before. The synthetic
sugar was eluted from the paper and hydrolyzed witl
invertase in 0.1 M Tris-maleate buffer, pH 4.5 at 317G
for 60 minutes. After passing the solution througgh
mixed resin, the eluate was chromlatographe(d anid the
C'4 labeled sugars were detected by exposing the
paper to x-ray film.

HOdrolisis of Siucrose-P (aln D-Frulctose o-P bN,
Clh loroplast Preparations. The phosphat-ise activity
of the different chloroplast preparations conitainiing
sucrose synthetase \as determinied by observing the
extelnt to which radioactive sucrose-P anid D-fructose
6-P were hydrolyzed withini a certain peried of tilmie.

The inicubation mllixture coiltaii3ed 2.2 X 10( 4

umiole (8.3 X 10-3 UC) sucrose-P labeled uniformly
with C14 in the D-fructosyl moiety or 3.5 X 10
,umole (0.13 /Ac) D-fructose-U-C14 6-P. 2 Mmiiioles of
Tris-HCl, pH 7.5, 0.3 unmole of M-lCL... anld 40 M

of enzyme suspension in a total volume of 49 Ml. The
mixture was incubated for 60 minutes at 370 alndi
subjected to paper electrophoresis. The nonmnobile
sugars were eluted from the paper alnd passed throtlgh
Amberlite MB-3 mixed resin and then chromato-
graphed, using radioactive sucrose anid n-fructose as
reference compounds. The eluates were chromato-
graphed and the radioactive sugars were locate(d 1y
radioautography as before.

Results

The data presented in table T show that in the
incubation mixture containing UDP-D-glucose C14
ancl D-fructose and chloroplasts about 17 % of the
radioactivity originally present in the labeled UDP-D-
glucose appeared in sucrose. The sucrose was iclen-
tified by comparing its migration with that of au-
thentic sucrose on paper chromatograms and by its
complete hydrolysis to radioactive glucose with yeast
invertase. A small amounit (1 %) of radioactive
sucrose was also produce(l when D-fructose 6-P was
substituted for D-fructose in the reaction miiixture.
Formation of sucrose-P could lnot be detected.

The isolated chloroplasts after extraction with
acetonie were found to synlthesize 14 % labeled sucrose
fronm UDP-D-glucose-U-C' 4 anId n)-fructose. Substi-
tution of D-fructose 6-P for i)-fructose in the inctu-
bation mixture producedl 1 % labeled sucrose-P anl
1 % labeled sucrose. After hydro'ysis of the sucrose-
P with seminal phosphatase, the product had the
same Rg value as sucrose (Rg, 0.47), and its complete
hydrolysis with yeast invertase yielded radioactive
glucose.
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Table I. Sutcrose anid Sucrose-P Svu thesis from! lU'DP-D-Ghucose-U.-C"S and D-Fructose or
D-Fruictose 6-P by Sugarcane Chloroplasts

For quantities of substrates and conditions of incubation see the text under Assays.

Source of enzyme Acceptor- Percentage of total radioactive counits recovered as:

Sucrose Sucrose-P

Chloroplasts
Chloroplasts
Acetone extracted
chloroplasts
Acetone extracted
chloroplasts

D-Fructose
D-Fructose 6-P
D-Fructose

D-Fructose 6-P

cpm
1743
107
1409

103

17
17
1
14

1 97

None
None
None

1

When the wvhole leaves (50 g) were homogenized
with acetone, a precipitate was obtained after cen-
trifuging the homogenate at 10,000 X g for 10 min-
utes. This precipitate contained an enzyme which
produced 1 % sucrose-P when incubated with UDP-D-
glucose-U-C'4 and D-fructose 6-P. The precipitates
from spinach leaves also produced sucrose-P unider
these conditions.

Phosphatase activity of the chloroplasts and that
of the acetone extracted chloroplasts was determinled
using C14 labeled sucrose-P and D-fructose-C'4 6-P
as substrates. As shown in table II, the extent of
hydrolysis of sucrose-P in the presence of the ace-
tone extracted chloroplasts was considerably greater
than that of D-fructose 6-P. An attempt to obtain
soluble preparations of phosphatase or sucrose-P svn-
thetase by extracting the chloroplasts of sugarcane
leaves with various buffer solutions, sodium lauryl
sulphate solution, and by sonlic rupture proved uin-
successful.

Discussion

The results of previous experiments showed that
sugarcane (8) and tobacco leaf chloroplasts (4) con-
tain an enzyme capable of transferring D-glucose from
UDP-D-glucose-C14 to n-fructose 6-P, forming su
crose but not sucrose-P. This indicates that a su-
crose-P might have been formed, but was subsequent-
ly hydrolyzed by a phosphatase to free sucrose.
However, the possibility remained that the formation
of sucrose (lid not result from a direct hydrolysis of

Table II. Hydrolysis of C'4-labcled Sutcrose-P anid
D-Fructose-U -C'4 6-P zc4th Suigarcanie Leaf Chloroplaso s

as a Phosplhatase Sout1rce
Incubation period 60 miniutes at 37°.

Percentage of radioactive sugars
Plant constituent obtained after hydrolysis:

Sucrose Fructose
cpin %ho cpm %

Chloroplasts 133 26 239 3
Acetone extracted 372 74 245 3

chloroplasts

sucrose-P by phosphatase, but was produced by a
D-glucose transfer from the glucosyl nucleotide to D-
fructose which was derived from the hydrolysis of
the D-fructose 6-P by a phosphatase present in the
chloroplasts.

Attempts to show that sucrose-P is formed by
the or(diniarv ch'oroplast preparations proved to be
unsuccessful. However, by using chloroplasts which
had been extracted with acetone as a source of
enzyme, sucrose-P was produced. Although the
amounts of this phosphorylated disaccharide were
small (approximately 1 % of the radioactivity in the
substrate) its presence nevertheless indicates synthe-
sis of sucrose-P in the chloroplasts. The amount of
sucrose-P as indicated in table I is reported on the
basis of the radioactive sucrose formed from the
hydrolvsis of the sucrose-P with phosphatase. How-
ever, the quantity of the sucrose-P synthesized was

probably considerably greater than 1 %, because some

loss of this disaccharide undoubtedly occurred dur-
ing electrophoresis. hydrolysis with phosphatase and
adsorptioni by passing through the Amberlite column.

The results in table II show that sucrose-P was

hydrolyzed to a greater extent than D-fructose 6-P.
Since no sufficient amount of nonradioactive sucrose-

P was available to determine the rate of hydrolysis
reaction to compare with that of D-fructose 6-P,
it cannot be concludled from these data that a specific
hosphatase is present in the chloroplasts which pre-

ferentially hydrolyzes sucrose-P. However, since
Mendicino (13) showed that a purified sucrose syn-
thesase from wheat contains an enzyme that hydro-
lyzes sucrose-P at a greater rate than D-fructose 6-P,
the possibility of the presence of such a specific phos-
phatase in sugarcane leaves cannot be exclu(led.
Thlis prol)lem requires further investigation.

'T'lhe results showing that the acetone-extracte(I
chloroplasts fromii which it was possible to isolate
sucrose-P dephosphorylates the product to a greater
extenit than with nonextracted chloroplasts containiing
active phosl)hatase canllot be explained.

Summary

The reactions leading to the formation of sucrose
and sucrose-P were investigated with chloroplasts

cpm
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from sugarcane leaves as a source of enizyme.

Chloroplasts isolated from these leaves synthe-
sized sucrose from UDP-D-glucose and D-fructose;
sucrose was also formed when D-fructose 6-P was

substituted for D-fructose as the glucose acceptor;
but sucrose 6-P was not formed.

When acetone extracted chloroplasts were used,
sucrose-P and sucrose were formed from UDP-D-
glucose and D-fructose 6-P; only sucrose was syn-

thesized when D-fructose was used as an acceptor.
Sugarcane chloroplasts contain phosphatase cap-

able of hydrolyzing D-fructose 6-P as well as sucrose-

P.
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