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Abstract-Injection of D-[U-‘*C]fructosc into developing Jcrusakm artichoke tubers produced labdkd glucose b 
phosphate, fructose 6phosphate. fructose 1,bbisphosphte. frwans and fructose I-phosphate. The latter ester was not 
producai on loading tubers with [U-‘4CJsucrosc. In contrast lo the other bcxosc phosphates, fnrtosc I-phosphatedid 
not appear to be metabolized. No evidence for the conversion of fructose, fructose 6pbosphate or fructose I$- 
bisphosphatc 10 fructose l-phosphate in uirro could be obtained. 

INTRODUCllON 

The tissue-specific pathways for fructose metabolism in 
mammals are well understood. Kttohcxokinosacetalyscd 
phosphoryhtion of this sugar to fructose l-phosphate is 
the major reaction occurring in the liar: in cxtrahcpatic 
tissues hcxokinascs convert fructose 10 fructose 6-phos- 
phate [I]. 

Fructov &phosphate is generally consi&rai lo be the 
pnmary product of fructose metabolism in higher plants 
[2,33 and since 1966, littk attention has been paid 10 
reports that fructose l-phosphate is a component of plant 
tissues. Schwimaur and co-workers [4,5] first claimed lo 
have dctaztal this ester in potato (S&num f&erosw) 
tubers and an examination of data publishal by Cole and 
Ross [6] suggests that fructose I-pbospbate may have 
ban forma! when ma& (Zco muys) roots were grown in a 
medium containing [“PIphosphate. Graham and Ap 
Rca [7] presented evidence for the occurrcllot of fructose 
l-phosphate in the roots of cat~ot (Dmmu caroro) and 
turnip (Brassiccl rope). Identification was basal on 
chromatographic methods and aldolasc cleavage and 
subsequent detection of dihydroxyacetonc phosphate. 
The tissues contained 19.5 and 21.1 nmol ester/g fr.wt. 
respectively. 

We have now been able to demonstrate the conversion 
of fructose 10 fructose l-phosphate in uivo but attempts 10 
determine how this is achieved have failed. 

RESULTS AND DISCUSS~N 

Initial attempts lo detect cndogcnous fructose l-phos- 
phate in carrot roots and developing and germinating 
Jcmsakm artichoke (Heltihus fukosus) tubers by 
extraction of these tissues with perchloricacid or aqueous 
ethanol followed by aniontxchange fractionation [8] 
failed although fructose bphosphatc, fructoac l,bbis- 
phosphate, glucox &phosphate and other phospbale 
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esters were present in all ex1racta. Similar results were 
obtained with broad bean (Vich /464) sads which had 
imbibed a 5 yO fructose solution, allowed lo germinate and 
then extracted with aqueous ethanol. Finally, attempts 
were made to identify [‘4C]fructoae l-phosphate in 
extracts of ptant storage organs after injection of D[U- 
‘*C]fructose followed by an incubation period. Tbac 
faikd in the case of developing onion (AIlium cepcl) bulbs 
and potato tubers but developing Jcrusakm artichoke 
tubers (after 8 hr incubation at ZcrZS“) yickkd a singk, 
lab&d &5dic compound distinguish&k from all known 
glm and fnrtosc mono- and his-phosphates (includ- 
ing fructose 2,bbispbosphatc) by ionuchangc 
chromatography and exhibiting an elution volume cor- 
responding exactly lo that of frwztosc I-phosphate. Tbc 
frrctions containing the putative pbo@atc were poolad 
freeze dried and treatal with methanol to remove borate 
ions UnlaMecl fructose I-pboxphate was then added lo a 
sampk of the material and the mixture rcchromato- 
graphed on the column: an examination of the eluate for 
radioactivity ~MI kctosc content (with rcaorcinol-HCI 
reagent) yitldal coincident peaks. Acid and acid pbos- 
pbacast hydrom of the arterial in he original pookd 
column fractions both yielded [“C]fructosc which was 
dctcctod by TLC. 

Dtvcloping tubers were then injaztcd with [U-‘*Cl- 
fructose and tbc post-injection times varied from 5 min lo 
6hr prior to tissue cxtrraion. Figure 1 (study A) shows 
the changed in tbc t&&l8 of the SUgPr pbosphoks 
during this period. Incorporation of ‘*C into fructose b 
phosphate, fructose 1,6-bispbosplla1c and glucose b 
phosphate reacbad a timum after 300. This was 
followad by a period (30-60 min) of rapid metabolism of 
all three esters and during this time radioactivity slowly 
appeared in the fmctoac I-phosphate fraction and tbtn. 
after 3 hr. at a signi6antly greater rate. Tbc incorporation 
of label into this fraction continual (0 rise up 10 6 hr of 
tuber incubation. 

Totd incorporation of “C into tbc ickntifrrbk fructose 
and glucose pbospbatcs was relatively low (rmu co 12% 
after 3Omin) at all incubation times. Examination of tbc 
sohrbk carbohydrates in the 41~0~s ethanol cxtrectr of 
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Incubation time (hr) 

Fig I. lncotpontion of “C into (a) fnbztosc bphosphmtc; 
(b) fructose I-pborphrte; (c) gtuxnc 6-pboephtc and 
(d) fructm 1.6biqWsphP~c fotlowing tbc mp*ion of L+(U- 
“CJfructosc into developing kfulakm artichoke tubers 

Istudy 4 

the injaacd tubers and the water-soluble polysscchoridts 
remaining in the extrmctd tixsuc sbowal that the bulk of 
tbc rodioeflivity from [“C)fNcfose bsd cntaai the 
stXrosc, higher oligomfXha& and polysDcchi&dc (pm- 
sumably ftuctan Id.91) pools which, together. after 3 hr 
incuhtion contained about 80% of the injaztcd label. 

The results of two compkmcntary studies (B and C) 
with other sampks of developing artichoke tubers were 
similar to those in study A (Fis 1): glucorc &phosphate 
and fructose bphosphtc were rapidly &b&d but longer 
incubation periods (cu 2 hr) were rcquirai for maximum 
incorporation into thebe phosphates in both studies 
(study B. 25 and 1.6 7;; study C, 9.0 and 5.0 ye rapdctively) 
and in the case of fructose l-phosphate, the degree of 
labclling rose sharply after 3Omin. reached a maximum 
(study E, 0.7 “/& study C. 21%) after 2 hr and then 
remained approximately constant for a further 6 hr. 

In oiuo, the major organic material entering developing 
artichoke tubers is presumably translocatory sucrose. 
however, when this [U-‘*Cl-lab&d disaccharide was 
introduced into the tubers no labelled fructose l- 
phosphate was detected after 4 hr incubation. Sow 
incorporation of “C into fnrtose &phosphate (max. 
0.5 “/,, and glucose &phosphate (max. 1.6 7;) was observed 
but most of the label ( > 60 % after 4 hr) appcarcd in high 
DP( > 1l)fructans. In relation to thediacrcncesobscrvod 
between fructose and sucrose metabolism in the tubers, it 
is of interest to note that the Aao&cter oerwencs system 
which modiatcs the transfer of exogenous fructose into the 
cell converts free fructose to fructose I-phosphate but 
frustose derived from exogenous sucrose is phosphoryl- 
ated at C-6 [IO]. 

In none of the present studlcs where fructose I- 
phosphate was produced was thercany indication that the 
ester was further metabolized. Aldolasc activity is 
undoubtedly widespread in plant tissues and Gudini [I l] 
has shown that Jack bean (Canow/iu ensgormis) tiolasc 

can utilise fructose l-phosphate as substrate. TlK rapid 
disappcamnce of lab&d fructose l,&bisphosphate from 
tubers (Fig. 1) and the dctaztion of dihydroxyaoctone 
phosphate as 8 product of the incubation of fructose I ,6- 
bisphouphte with tuber extracts (see below) are indicative 
of a functional a&i&sc in the artichoke tuber cells Hence, 
the apparent failure of these cells to metabolize fructose l- 
phosphate suggests that either the ester and the enqme 
arc in di&ent compartments or that the K, for fructose 
l-phosphate is high relative to that for fructose 1,6- 
bisphosphate which is present at a high level during the 
course of the tibetion. 

Having shown that fnztose I-phosphate was fontted 
from fructose in developing Jerusalem artichoke tubers 
the possibility that the ester was produced by fructose 
phosphorylation catalysal by a I -phosphotransfcrasc was 
next eumined. Using a DUE allulose disc procedure 
for assaying hcxose kinascs [ 121 the phosphorylation of 
fnrtose by ATP in the presence of a crurk butTercd 
extract of tuber tissue was demonstrated. The pH 
optimum for the reoclion was approximately 7.8 (with 
half mux velocities at pH 6.5 and 8.S)and the apparent K, 
for fructose wax 22pM. The rate was increased 2-fold by 
25mM KCl. In comparison with ATP. the rates of 
phosphorylation with UTPand GTP were 38 “/a and 50 %. 
rcspeztivcly. No reaction was observed using sodium 
pyrophosphate [cfi 13,141 or phosphocnol pyruvatc 
[d 101 as potential phosphate donors. The crude tuber 
extract also atalyscd the phosphorylation of glucose by 
ATP although at 61% of the rate observal with fructose. 
The gluc&nasc and fructokinasc activities in this tissue 
would appear to represent different enzymesas the forwr 
activity was strongly inhibited (8572 by 5OmM 2- 
acetamido_2’&xy-~glm, a known competctive 
inhibitor of animal bcxokinasc [ 151: this concentration of 
inhibitor did not afTcct the rate of fructose 
phosphoryladon. The hcxose phosphorylating enzymes 
of artichoke tuber tissues may thus be similar to those in 
other plant storage organs such as pea (Pinun sofib-) 
seeds [lb181 which possess separate hexokinasc 
(cxhibisng a low K, and l&h VW fe glucose relative to 
fructose) and fructokinase acttvitKs both of which 
prcfcrc&lly utilac ATP as a phosphoryl donor yielding 
glucose- and fructose-&phosphates as products. An 
examination of the products obtained by incuhting 
fnrtose (1 mM and 1OmM) with ATP and the tuber 
extract using the anionexchange column also indicated 
that fructose bphosphate wax the primary product 
(glucose &phosphate and probably glucose l-phosphate 
were also present): no fructose l-phosphate was detected. 

Two other conceivable mechanisms for fructose I- 
phosphate synthesis were invcstigatal. The pattern of “C 
incorporation into hCXDSC phosphates when 
[ *4C]fructose was in&tad into tubers (Fig. I) suggested a 
possible product/precursor relationship between fnrtose 
l-phosphate and fructose &phosphate or fructose 1.6 
bisphosphatc. In the former case the transfer of phosphate 
from C-6 to C-l catalysed by a phosphohexosc mutase 
would be thcrmoddynamically feasibk and, indeed. 
favounblc if the product underwent a change in ring sizz 
from furanoid to the expaztcd and more stabk, pyranoid 
form. However. when [U-“C]fructosc &phosphate was 
incubated with tuber extracts under a variety of 
conditions, including pH (4.5 and 7.5) and the presence of 
fructose I,bbisphosphatc (a possibk co-factor). fructose 
l-phosphate formation could not be dcmonstratai. The 
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major reaction in all cases was the production of glucose 
bphosphatc. 

In the CaJc of frwztosc 1Wisphcephate tbc possibility 
that a specific Gphesphohydrolasc was present in arti- 
choke tukr tissue wax considered. However, agnin, 
when fructose l&bisphosphate was iwbatal with tuber 
extmcts under varying conditions no fructoac l-phos- 
phate was detectable, but the expectal products of 
mtabolign. including fnztose bpbauphate and gIucosc 
bphosphate and dihydroxyautonc phosphate (prcsu- 
mably formai by the action of fructose I,64isphosphatc 
akiolasc), were detactal. 

At present, therefore. the immadiatc soouTcc of fructose 
l-phosphate in artichoke tissues is not known. In some of 
our studies, ion-exchange fractionation of tuber extracts 
reveakd an afidic compound (giving a pouitive fClftiOn 
with the rcsorcinol-HCI reagent) with an dution volume 
similar to that reported for fnrtose 2-phosphate [83. If 
this compound existed in tubers it could conceivably be 
converted to fructose l-phosphate by a rroction anal- 
ogous to that catalysed by phosphoglucomuw. 

EXPUIMLNTAL. 

Pb.w matedal. Jmtukm utichokc (Hektkus rubcronu L) 
tubers were suppkd by the Univmity of Lo&m, Rounial 
Supply Unit. Dcvdqing tubers (+hing 2-81) were cxc+cd 
from fruhly uproa4al pknts in the m ubonttn and ued 
vithiolhrofhmrting.Dncl~gpotrto(~I- 
L)tukn(rdghinglO-~0l)racobrriwdf~mptm~~m 
pouiIlagra&nEt3rrot(Dmrwcuwt4JL)roo&ooioa 
(AUflancrpoL,rrrmllpifLlingw.)bulbrradkod~(YMo 
jab0 L vu Bunyub Exhibidoa) ti were obrriwd from local 
aXrchantS. 

IWcdlulioaofcarb&~afcstfuopblu1tssW. vktajabaraodr 
were &al in H*O mtGning 57” rzfructocc for 2Ohr then 
&erred to moist cotton wool (5 dry). Testas were removal 
prior to cxtrrtion. Potato ud utichokc tubus and onion bulbh 
after surfrc stailimtion with 0. I % NaClO. were rapidly injcstal 
at multipk sita with 54 vob of D-[U-‘~fnrtosc 
(241-30l~i/~l; 0.5&i/g fr. wt) or [U-“Cjswmne 
(382 Ki/jm& 0.25 @X/g fr wt) soln. T&y were then wrappal in 
Al foil ud incu~tcd for wiour timuupto8brrtmtbkm~ 
tempa(~25”)~fi~yfrozcnialiquidN,udst~~t - 15” 
prior to armction. 

Exrrarrkm ofmmblirc~. HCIO, amctions were u&d out 
udmi~inrrl.[IP]udtbtpocsdwtoTrd.[~]uradfor 
cxmctions with 807; 4. EtOH. Cmtcn of atmcts were dktal 
by rotuy cvqxmtion at 30” md f&m were storal II - 18”. 
Tissue pclktr rem&in 8 after 80% 4. EtOH cxtmtmn were 
washal [WDc with 80% 4. EtOH md, &cr CcotrifuRs~ion, 
pdyswhu&s were cxlmcted by ShTilI~ the pdkts with H1O 
(~Ominrr80”).Ikatrr*lwutbmcodadud~tedwi~ 
absolute ErOH: pmcipiu~ad pdysmhkdu were cdktod by 
antrifugation. mskl with rbwAute EtOH ml dkd in l stram 
of N,. 

lawxchlugefiocrinm~~plw*es.+hcmctlmdd 
rd.[8]anruscdbutwirhcdumndiumsionsof1 x3Ocmmdan 
clukn rate of 0.2ml/min. Fruknu were anmlysed for torrl 
cubohydnrc, with anthrone [211, kaoou. tirh raxcinoCHCl 
[22] and mdiowttity (see wow). 

FroMomIlon o/newror w. carbohydratu (tminly km-M, 
frwtun) pram in 80 % 4. EtOH tuber atrrtr were wpurtai 
by PC using whrtm No. I ppcr and PrOH-H@-EtOAc 
(6:3: I) sotvent. TLC on silia ptrtes witll 

EtOAq@liwHOAeH,O (6: 3: I : I) cdvent [U] wu urad 
to e hydfoIysil producta of [‘qfructou I-pborpbrtc. 
FmPCmdTLC,~widvmwdtobatc 

-*tc wl. 
Meusvemtm cj rohoocrirrlry by wbuuhiha countkg. PC 

rtrip and DEAEedlukxc dim (kinme wy [ 121) were ti- 
dIiaimdamnlalinvimbanllkniqo.5~PPointoklK 
(IomI~lldiaaive~waerrrpodfwTU:phta,dutad 
with Ha0 (Iml) ud ihe siha ranoval by antrifuption. 
Aliquot, of rhc aWifug8ta were counted in 0.57. PPO (in 
tohmc~ Triton-X 100 (2: I; IO mlb A&pots of ionuchmgc 
a&lmn frwtions were simkiy anlntai. Polyswhukk fuidua 
rard~tedwi~NCS(~Cd)rl3Pforl8hrtbcaDcutnlieod 
withHOAc(l7)cl)ud~tadinO.5%P~intducnc(lO~). 
% lncorpontion valuea were akmhtal from the mount of “C 
suppkd to the tissues. 

Chmtxfrrfrolfm cj [‘4C]jiwrou I-phospkztc. lon-admsc 
a&mm ff8ctions conmin* the pboopbrtc wm pookd. fnwm 
mdfrazcdriaithcnMeOHvmsukkdmdrrmovadbyrotuy 
evqmmion: the hmr pocus yu reputed x 2 Tbe product 
d&o!& in HI0 wu mixed with unhklkd frwtoee I- 
pha+cmdre-emminaionthe~cduaul.A 
fur&a uaqlk of tbc [ ‘~)fructoac 1 -pbocphtc wu hydfolyKd 
with 2M HQ (loo”. 3Omin) and the dd tbn mmovcd by 
subj?,Ctiq the sotn to red. pm over KOH pdktr The r&k 
yu dkotved in H1O. c+fructou &lal ud the mixture 
cxmGned by TLC for ham uxl mdkuiivity. A third sunpk Of 

[“clfructoae I-pborpbrte was incuLntcd with powo wid 
pborpbr~(~lunit)inO.lMcodiumcitntckga(lml 
pH 5.6) for 5 min at 3P. EtOH (4vols) wu ddad the 
pra+piwd pmcin ranoval by oawifu@on md the 
nrpnutmtftIzzedriadTbcpoductw8seuminoduintbc 
QW of the rid hydrolyntc. 

lLkrNymrp*~~.AUopartioMwatarriodoutrtC. 
TuknrertrubadwithvmterthcnhomgcllitsdinO.lM 
Trk-HCI @H 8.2) bulTcr coatlining 28mM EtSH (3.9tnl/R fr. 
w) md PVP (O.wg fr. wt). Tbc homcgaatc was antrifugal 
(15tMOq. 2Omin) and tbc supematant dhlysod. with skin& 
qainst buffer (451) for 2hr. All slxll sllpcmunts were 
prepal on tbe dry rcquirzd for enzyme asmy. 

Haow khaw away. lbc sundud reaction mixture (totd vol. 
0.8 ml) cont&al enzyme prqmmtkm (0.5 ml), [U-‘~fructosc 
(241 fii/)cmd; 4.2nmd) or [U-“C)giwosc (295&&mok 
3.4suml). ATP (25jmol). Mfl, (3&A WF (25jmolL KQ 
(50-l) md 0.1 M Tris-HCI buffer @H 8.2) 10 vol. Incuhion 
was at 25” for 3Omin. Aliqwts (254) ol raction mix~urcs waz 
Pipetted on to Whatmmn DEAE-allulose dim (21cm dim) 
which were then bulk-w&al under suction with HI0 (co 
100ml/dir)(12).Anadr)rm8(100”)nd~ntywumanrrad 
u daaibai Awe. R ClMi&RfC#tion&XtttWS~froZfdlUld 
stwal at - 18” prior to uulysis by kmachnp chroamtct 
prpby. Protein yu dctaminal by the mctkd of rd. [U] wing 
%sA u 1 smxkd. The pH optimum for fmctokimu rtivity 
wu dctamincd uriaf the StAndud umy mixture but reduLing 
thc~vd~tO0.1~udddin80.1M~O~@H4.5). 
0.1 M sodium citmtc_fiOH @H 5.5), 0.75 M MES @H 6.5). 
0.1 M KP, @H 7.4) or 0.1 M scxiium tmorrtc @H 9.2) to vdumc 
(O.Bml~ Acidic dipur were mdc &Ane with 0.1 M NaOH 
(0.8ml) before qpktion to DUE disch Asnys using UTP. 
GTP, WP, md PEP yerc aniad out by n@cing ATP by 
25jmol Oc tkc pborpbrta 

Fmcrose b*pkatr m&Ai.m The stmdmi tuction mix- 
tufz (loul VOL loojd) VI) [U-‘qfnmmc +oSp&te 
(26SjtCQjcmok 0.89 awl), tuk enzyme prqmticm (254). 
W(25aMRCll(t&)mdKP,(5dpH7.5)Mer 
OT WO1sc WTcz (5 jaml pH 4.5). The c&t of uSding fructose 
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1 .~lC (I IlrBol) was l& invuIigalal ls well 10 I& 
ckts of &f1ing NlF lDd/or Mgcl, from the digests. sampks 
of radon mixrum were cuminal by PC on Wlwman No. I 
ppcr usin0 EtOAc-formrmidtpyndine (4:4: 1) ad 9S% 4. 
EIOH-I M ammadwll &axatc (5: 2) as sotvenls and vkurlitad 
with v acid reagent [24]. Paper stnp were 
subjazted to acinlillation counting as dacribal above. The 
radon mixtures were dm exaaimd on the anion-cxcha~~y 
cdumn. 
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Fnwiose I.&&s#os*r mrrdolim In tk standad rexlion 
mixture frwtcnc 1.6biapho+IC (1-l or IO&awl) was 
incubated at 25” for 45 miD with the ~ubcr auyme pcepuation 
(0.9 ml). MgCl, (IO~l) and fritHCl(9.0 jawl; pH 8.2). toul 
vol. 1 ad. In other ina~bations Tris-HCl was rep&d by sodium 
atrate bdfer (PH 4.S)d with both b&Tar rhe dTax of omitting 
MgCl, was examid. R-ion prodwts were adyscd as 
dacribcd for frwoae &phosphate uwabolism. cxduding the 
rdiation asuys. 
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