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Artifactual detection of ADP-dependent sucrose synthase in crude plant
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Resulls presented in a previous report from this luboratury indicaled the presence, in crude extracts from sycamore (Acer picudoplatanies) and
spinach (Spinecea oleracea), of a sucrose synthase (EC 2.4.1.13) showing high af%nity for ADP as the glucose aceeplor in the sucrose<cleaving
reaction. In the present paper we report thut the madified enzymatic method previously used to measure susrose synthase activitics leads to the
detestion of artifasiual ADP-dependent sucroxe synthase, which in fact arises from the combined astion of invertase (EC 3.2.1.26) and nucleoside
diphosphate kinase (EC 2.7.4.6) activitics. We also present data on the partial purification of nucleoside diphosphate Kinuse lfom sycamore cells,

Nugcleoside diphosphate kinase; Sugrase synthase: Invertase

1. INTRODUCTION

Degradation of sucrose in plants is thought to involve
sucrose synthase (88) and/or invertase {1,2]. The reac-
tion products of invertase are glucose and fructoss,
while SS cleaves sucrose producing fructose and glu-
cose; the latter moiety transfers to a nucleoside di-
phosphate, usualiy UDP, thereby producing UDP-glu-
cose.

In a recent paper, we reported the presence of an 88
showing a high affinity for ADP as the glucose acceptor
[3). This was shown by a modification of the commonly
used coupled enzymatic assay method {1], substituting
ATP with GTP as the phosphate donsr in the hexoki-
nase reaction. Attempts to purify the ADP-dependent
SS revealed that the previously reported activity [3] is
an artifact preduced by the combined action of inver-
tase and nucleoside diphosphate kinase (NDPK) activi-
ties,

In the present paper we discuss data supporting this
view and show the presence of NDPK activity in syca-
more (Acer pseudoplatanus) extracts,
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2. EXPERIMENTAL

2.1, Plant materivl and enzyme preparations

For this investigation we used cultured cells of sycamore {Acer
pscudoplatanus), protoplasis from which were obtained as previously
dexribed (4], Protoplasts were disrupted, centrifuged, and the super-
natant utilized.

2.2, Enzyme ussays
The coupled invertase assay was performed as praviously described
(3] using | mM ATP und 150 mM sucrase. Inverlase activity in par-
tially purified preparations was also assayed by testing for glucose and
fructose released from sucrase after incubation of the sample (50 i)
in 15044 of susrose (150 mM in 100 mM HEPES bufler, pH 7.0), After
boiling the sumple for | min, glucose was quantituted using the hexo-
Kinuse-GOPDH (glucose 6-P dehydrogenase) assay method measuring
NADH produstion (A, nm). Frustose was then assaysd afler addi-
tion of P-glucoisomeruse (PGl). Abserbances were compared with
those obtained with known amounts of glucose snd fructose.
ADP«dependent 88 was assaycd as previously deseribed [3).
NDPK was assuyed by two methods, Method 1 was as described
(5], with minor modifications. The assuy was performed spectro-
photometricully at 20°C in 4 0.5 ml reaction mixture containing ADP
(100 #M), dGTP (170 M), MgCl, (2 mM). KCl (15 mM), NAD (0.4
mM), glucose (200 M), HEPES-KOH bufTer { 50 mM. pH 7.5) and
1 U euach of hexokinase and G6PDH. The activity wilhout ADP is
negligible. Method 2 is the coupled assay method employing pyruvale
kinase und lactate dehydrogenase described by Bergmeyer {6). Method
| was employed routinely except where otherwise indicated.
Adenylate kinase was assayed as described by Qliver [7).

2.3, Partiat purification of the enzymies

Extracts were concentrated by ammonium sulphate precipitation
(80% saturation) and the resulting pellet was resuspended in trictha-
nolamine buffer (50 mM. pH 7.5) and applied 1o » Blue.Scpharose
aflinity column (HiTrap Blue, 5§ ml column, Pharmacia) equilibrated
with triethanolamine buffer. After sample loading the column was
washed several times with bufTer until no material absorbing at 250
nm was apparent in the efMluent, Proteins bound to the column were
cluied by loading ADP (10 mM, 2 colunu: vols.) and collesting the
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eluted proteins. Finally, the remaining proteins bound to the column
were eluted with 2 M KCL Fractions ¢luted with KCl were found to
contain invertuse activities (e Results). Although it had been re-
ported that not only enzymes utilizing adenylates or udenyl containing
calactors but ulso severn) other proteing cun bind to Blue-Sepharose
(&), 10 our knowledge binding of invertase to this matrix hus not been
reported previously; the presence of invertase in KCl-cluted fractions

wis confirmed by testing the equimolar liberution of glucase and
fructose from sucrose.

Fractions showing NDPK activity were pooled, dialyzed, and aps
plied to 1 Mono 8 FPLC column presequilibrated with 50 mM 2-(V-
morpholinokthancsulionic acid (MES, pH 5.5). The column wus
washed und cluted with & -1 M NaCl gradient in the sume bufler.

24. Electrophuresis

SDS-polyacrylamide gel clectrophoresis was performed on slab gels
(15% polyacrylamide) us described by Lacmmli {9).

Proteins were stained using a silver stain kit. Molecular weight
standards used were: phosphoryluse & (94,000), bovine serum albumin
(67.000), ovalbumin (43,000), enrbonic unhydrase (30,000). soybsun
trypsin inhibitor (20,100) and 2-lactalbumin (14,400),

2.5, Thin-laver chramatagraphy of adenylares

The separation of radiolabeled adenylutes wus carried out by using
ascending cellulose TLC (isobutyric acidivwater/ammonivEDTA (37
g/N) = 500:280:21:8, viv) followed by autoradiography.

2.6 Chemieals
All the ehemicals used were purchased from Sigma (USA),

3. RESULTS AND DISCUSSION

Preliminary results indicated that the strong ADP-
dependent SS activity detected in the extracts was easily
lost after a single chromatographic step. This was true
also for the Blue-Sepharose affinity column. but the
activity was restored if fractions cluted with ADP were
mixed with fractions eluted with KCl (not shown). This
suggested that the apparent SS detected in the crude
extracts was due to the combined action of distinct en-
zymes. Fractions eluted with KCl were found to contain
invertase activity (Fig. 1), indicating the possibility that
the enzyme cluted with ADP had, as a subsirate, the
glucose and/or fructose produced by invertase. Subse-
quent experiments excluded the possibility that this ac-
tivity was due to hexokinase or G6PDH activated by
ADP.

The replacement of ATP with GTP in the proposed
assay method for the ADP-dependent SS [3] was the
main modification of the classical method [1]. The affin-
ity of yeast hexokinase (present in the coupling miature)
for GTP is several times lower than that for ATP [10],
and the relative maximal velacities for the phosphate
donor are 100 for ATP and 0.1 for GTP [10]. Since the
assay mixture contains both GTP and ADP, we tested
whether or not the fractiors eluted with ADP contained
an enzymatic activity capable of transferring the phos-
phate group from GTP to ADP. If so, the resulting
production of ATP wouid strongiy increasé the rate of
phesphorylation of glucose and {ructose (resulting from
the action of invertase) by hexokinase.

By incubating [“C]JADP and [“CJADP+GTP to-
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Fig. 1. Elution ol invertase und NDPK from a Blue-Sepharose affinity
column. ADP (20 mM) and KCl (2 M) were used (o ¢lute bound
proteins as indicated by the arrows.

gether with the dialyzed pooled fractions eluted from
the Blue-Sepharase column with ADP, we realized that
ADP was effectively phosphorylated to ATP when incu-
bated with GTP (Fig. 2, lanes B and C). It was thercfore
postulated that this activity was a NDPK cutalyzing the
following reaction: GTP+ADP <=>. GDP+ATP. A
low udenylate kinase activity (ADP+ADP <=>;
ATP+AMP) was also evident from the small amounts

A B C
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o ® @& <ADP
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Fig. 2. TLC of adenylates after incubation (30 min, 37°C) with pare
tinlly purified NDPK (pooled fractions from a Blue.Sepharose affinity
column). Lane A, incubation with [“C]ADP (200 uM); lane B, incuba-
tion with [“CIADP (1 mM) + GTP (1 mM); lane C, incubation with
[“CIADP (200 uM) + GTP (I mM). AMP, ADP, and ATP were
identified using the corresponding labeled adenylutes.
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Fig. 3. Schematic disgram of coupling assiy method. (A) SS activity

detection as proposed previously [3): addilion of ADP uetivates SS

producing ADP-ylucose und fructose. (B) Artifuctual S8 from the

combined action of inverlase and NDPK: addition of ADP leuds to

the formation of ATP by the action of NDPK leading to a faster

phophorylation of glucose and fructose resulting f{rom invertuse
activity.

of AMP and ATP produced by the incubation of the
partially purified enzyme preparations with radioactive
ADP (Fig. 2, lane A).

NDPK activity was then easily detected in the frae-
tions from the Blue-Sepharose column (Fig. 1}.

A faint adenylate kinase activity was detectable spec-
trophotometrically in crude extracts but was below the
detection limit of the method in partially purified prep-
arations.

Table I shows data indicating the [ower efficiency of
GTP in the coupled assay for invertase. Addition of
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Fig. 4. Elution of NDPK from a Mono S column, Dialyzed active

(ractions pooled from 10 sepurate Blue-Sepharose affinity columns

(total volume 11 mi) were londed onto u Mono S MRS/5 column (0.5
x 5 cm) and eluted with a NaCl gradient as shown in the figure,

both GTP and ADP results in the detection of a higher
activity, previously atiributed to an ADP-dependent SS.
This activity is comparable to that of invertase when
assayed using ATP. We tend to think that the increased
activity after addition of ADP is due to the GTP-medi-
ated conversion of ADP to ATP, resulting in a higher
efficiency of the coupled assay system. If addition of
ADP is delayed with respect to the addition of the other
components present in the assay mixture, a higher activ-
ity is observed. This is probably due to the accumula-
tion of glucose and fructose, resulting from the invertase
activity, which are not efficiently phosphorylated by
hexokinase in the presence of GTP; addition of ADP
results in its conversion to ATP which, together with the
higher initial hexose concentration leads to a higher
NADH production. NDPK activity was high enough to

Table 1

Invertase (1.2). apparent ADP~dependent S8 (3.4) and NDPK (5-7)
uctivities in crude extructs from Sycamore protoplast

Enzyme ussay Nugleotide added after  Aslivity

(nmolimin/

0 min l min  mg prot.)
1 Invertase ATP - 209
2 Invertuse GTP - 72
3 Inverlase (apparent ADP-5S) GTP, ADP - 217
4 Invertase (apparent ADP-SS) GTP ADP 330
5 NDPK* dGTP, ADP - 466
6 NDPK* dGTP ADP 453
7 NDPK** dTDP, ATP - 418

Aclivity is expressed in nmo! of NADH produced or NAD# util
ized*®, *Assuy | for NDPK; **Assay 2 for MNDPK. Nucleotides were
added at the times indicated,
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Fig. 5. Burificalion of NDPK, monitored by SDS-PAGE. Lane A,

crude extract (S 41); lane B, pooled active fractions afier Bluc-Sepha-

ros¢ alTinity column (35 4l); lane C, pooled active fractions after Mona
S column (16 ul). Lane C was run in a separate gel.

account for the apparent ADP-dependent SS activities
(Table I).

Adding a small amount of ATP to the assay mixture
containing GTP partially restores invertase activity,
which is underestimated when using GTP alone (Table
I). Since 88 activity is estimated after subtracting the
invertase activity measured withour addition of ADP
[3], the presence of even small amounts of ATP added
to the reaction mixture thus reduces the activation due
to the subsequent ADP addition. This explains the pre-
viously reported inhibitory effect of ATP in the ADP-
dependent 88 assay [3]. The observed inhibitory effect
of Tris buiTer [3] is probably due to the inhibition of
invertase by this buffer [1].

Fig. 3 summarizes the reactions taking place during
the assay. If an ADP-dependent S8 is present, we can
predict that the addition of ADP may increase the su-
crose breakdown ([3]; Fig. 3A). However, our present
results indicate that substitution of ATP with GTP as
the phosphate donor for hexokinase generates artifac-
tuai S35 activity. This is due to the NDPK-mediated
conversion of ADP to ATP, resulling in an increased
ability of hexokinase to phosphorylate glucose and fruc-
tose derived from the invertase activity (Fig. 3B).
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Adenylate kinase activity is unlikely to affect the S8
assay since its activity is harely detectable in the crude
extracts.

The presence of relatively high NDPK activity in the
crude extracts of sycamore suggests that a caution
should be given when using a coupled enzymatic assay
method for the detection of S8 activities, This is also
true for the classical assay method [1] with ATP as the
phosphate donor in the hexokinase reastion and UDP
as the glucose acceptor in the SS reaction: under these
conditions the interconversion, ATP+UDP <=>;
ADP+UTP, may take place, thus leading to erroneous
kinetics (a lower UDP concentration may be present)
and nucleoside diphosphate specificity (ADP is also
present together with UDP). Therefore. partial purifica-
tion of crude extracts [1] is a prerequisite for the accu-
rate estimations of 8S. Alternutively, a non-coupled
assay method may be used ([ 1].

NDPK was further purified by Mono S FPLC, The
results, shown in Fig. 4 are consistent with those re-
ported by Nomura et al, [12].

Fig. § shows the polyacrylamide gel electrophoresis
pattern of the partially purifiecd NDPK. A more intense
band, corresponding to a molecular mass of 18 kDa,
was evident after Mono § chromatography. Since the
inteasity of this band was only increased after the Mono
S purification step we tentatively assigned this band as
the NDPK from sycumore. The data on NDPK from
plant tissues is relatively smull. Only a few reports con-
cerning this enzyme have been published to date [S.12-
14] and NDPK has only recently been purified to homo-
geneity from spinach leaves {12]. Qur results may indi-
cate that NDPK from sycamore cells is a polypeptide
with a molecular mass of 18 kDa. Nomura et al. [12)
have established that two NDPK subunit proteins exist
in spinach, with molecular masses of 16 and 18 kDa,
The native enzyme is composed of six identical subunits
{12]. It has been shown that NDBK from pig brain is
composed of at least three proteins having the same
molecular mass (17 kDa) but different electrophoretic
mobilities [15]. Our preliminary results appear to indi-
cate that a single NDPK is present in sycamore. Further
studies are needed to clarify this issue.

Our present report, while demonstrating that the pre-
viously described method for detecting ADP-dependent
88 ieads to artifactual resulls, cunnot exclude the possi-
bility that 88 can use ADP as the glucose acceptor.
Indeed, it has been reported that an SS using ADP with
high efficiency is present in sugar beet root {16). Further
work is obviously needed to verify whether or not, apart
from the plastid ADPG pyrophosphorylase, an extra-
plastid enzyme capable of producing ADPG is present
in plant tissues.
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