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INDUCED CHANGES IN THE NUCLEOTIDE 
PATTERN AND METABOLIC STATE OF PEA ROOT 

TISSUE 
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DqWtment of Botany, universii College, swanseq wales 

(Recead 23 July 1970, in reuised form 30 September 1970) 

AJmtmct-Purme and pymnidme derwatlves were used in attempts to induce selective changea in the nwlw 
tide pattern of pea root tmme. The most spe&ic eff&ts were obtained vvlth 6-substituted purines; thw 
produced by 6&rf&aminopurine (kmetm) were examined m detad. An improved method for the separa- 
tmn of nucleotides, usmg DEAE-celhdose columns, is -bed. Kin&in caused a 21% &reas~ in UTp 
concentratmn, 43 % inucase in AMP concentration and a generahmd duxcase in concentration of the other 
purme and pyrhmdine nucleotidcs. The most marked changes were in individual conce&rations of pyridme 
nwlcotidcs; whereas NADH decreastd, the others increa& 8ubstanWly. 
wasassociatedwlthaninlxase 

The changed nucleot& pattern 
mtssueglycemlecontentandadcueaseinthatofsucrose and ascorbic 

acid. Except for glutamz acid and se&e, the free ammo acid content fell. NADPdependent isoutrate 
dehydrogenase increased by 44% whereas the activity of the NADdepcndcnt enyme remamed unchanged. 

INTRODUCTION 

BECAUSE of their several roles as coenxymes, precursors of coenxymes, allosteric effecters, 
and constituent moieties of nucleic acids, nucleotides occupy a central position m metabolism 
and its Integration. Thus, as most nucleotides are present in tissues m lirmting amounts, 
fluctuations in their individual concentrations exert important -onal influences on 
metabolism. The diagnostic value of nucleotide patterns m determming the type and 
extent of the predommant metabolism of a tissue has been discussed both for animal 
tissues1-3 and plant tissues. 4-7 The rum of the work described here was to induce artmcral, 
selective, changes in the nucleotide pattern of a tissue with the long-term objective of 
relating these changes to associated alterations in the metabohc balance of that tissue. 

The most direct way of inducing a selective change in the nucleoude pattern of a tissue 
would be to raise the endogenous concentration of an individual nucleoude constituent by 
feedmg that substance mto the tissue. In our experience with plant tissues, this approach is 
largely futile owing to the widespread distribution of highly active non-specific phosphatase 
activity which rapidly dephosphorylates nucleotides during their introduction mto the 
trssue. The practical problems raised by this activity m plant tissues have been discussed by 
Bdeski.* In the present approach, substances were thus sought which, whilst themselves 
not nucleotides, might effect selective changes in the nucleotide pattern. A number of purine 
and pytidine derivatrves were screened for this purpose usmg pea root tissue as the 

1 P. MANDEL, Prog. Nucl. Acid. Res 3,299 (1964) 
‘D.E A ncmso~, Ann Rev. Bloc&m. 35, 85 (1966). 
‘D.E.A TKINSON, Biochemistry 7, 4030 (1968). 
4 E. G. BROWN, &o&em. J. 8!5,633 (1962). 
5 E G BROWN, Bmchem J. %, 509 (1965). 
6 E. G. BROWN and K C. SHORT, Phytochem 8,1365 (1969) 
’ E. G BROWN and B S. MANGAT, Phytochem. 9, 1859, (1970). 
* R L. BIELESKI, Anal Bloc&m. 9,431 (1964) 

PIiYm 10/a 1251 



1252 E. G. BROWN and A. C. C- 

experimental system. Adenme, uracil, 54trourac& 6-furfurylammopurine, and 6- 
benzylammopurme were examined, each at several concentrations. The three most promrs- 
mg of these compounds were shown to be ademne, already known to affect root gr~wth,~ 
6-furfurylammopurine (kinetin) and 6benxylammopurine (benxyladenme). In selecting 
suitable plant material for the mvestigation, photosynthetic tissue was avoided because of 
the added complications to nucleotide metabohsm of photosynthetic phosphorylation. The 
tissue was required to be metabohcally active, devoid of sign&ant amounts of pigments 
and phenohcs which could interfere with nucleotide analyses and enzyme assays, and easily 
grown m quantity. Prehminary experiments indicated the suitability of dday pea seedling 
roots. This choice had an additional advantage m that a large amount of information is 
available concermng the biochemistry of pea seedling tissues, including their free-nucleotide 
components.4-7*10 

RESULTS 

Prelwninary Screening of Some A&nine Derivatives 

In the search for an agent which would selectively modify the free-nucleotide pattern of 
6-day pea root tissue, adenine, benzyladenine, and kinetin were exammed at arbitrary 
concentratrons. These substances were apphed to dday pea seedlings which were harvested 
and analysed 16 hr after treatment. Nucleotides were separated by chromatography on 
DEAE-cellulose using tnethylammonium bicarbonate buffer (pH 7.5) (Fig. 1). Adenine 

Fraction Number 

FK3 1. %PARATION OF A KNOWN MIXTURE OF NucLBOTIDES ON A COLUMN OF DE 52 CELLULOSB IN A 
GRADIENT OF -0NIUM BICAREONATE AT pH 7.5. 

(15 mM) was found to markedly stimulate root growth m a manner snnilar to that previous- 
ly descr&ed;g at a lower cont. (0.3 mM) no obvious effects were seen. Exammatlon of the 
free-nucleoude pattern of roots from seedlings treated with the higher concentration of 
adenme showed significant differences from that of the controls (Table 1). Treatment of 
seedhngs with benzyladenme (0.1 mM) produced effects on both root growth and nucleo- 
tide pattern generally similar to those obtained with 1.5 mM adenine. One noticeable 
difference however was the fall m UDP-glucose concentration followmg treatment with 
benzyladenme m contrast to the increase produced by adenine (Table 1). 

Q J G TORREY, Physrol Plantanum 9,370 (1956) 
lo E G BROWN and B. S MANOAT, Blochm Wophys Acta 148,350 (1967). 
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TABLE~.FREENU cxzoTlDEcoNTHNToFRooTTIssuBmoMcDNTRoLpLANIsAND~ TREKXBDWITH 
ADENINEDERIVA'ITVES 16hr PREVIOUSLY 

Treatment* AMP ADP 
Nrzdet E&/l0 g w&J 

CTP GTP 

control 14.9 (100) 7 9 (100) 44 0 (100) 64-o (100) 8-6 (100) 5.7 (100) 
Ademne 43-O (307) 9 8 (124) % 0(218) 79.0(122) 19.5 (227) 

2-o (100) 
6.3 (111) 

6-Benzyladenme 60 0 (428) 8.4(106) 127.0(289) 50.0 (78) 36 3 (422) 
3.9 (195) 

8 l(l42) 
Kmetm 20-O (143) 5.0 (63) 26-O (59) 49 0 (78) 10 4(121) 

3.9 (195) 
l-3 (23) 1 3 (65) 

* Aqueous solutmns (O-2 g/l ) were used as described 111 the Experunental se&on Figures m parentheses 
are results e?zpre&Wd as % of control value. 

t Only the quant~tatwely mportant pume and pyrmudme nucleotide constituents of the root tmue are 
gmn; tracea of others &d occur. Pyndme nucleotlde values are gwen m Table 2 

Seedhngs treated wrth a 0.1 mM kinetm solution produced shorter but thicker roots than 
those of the controls: analysis of the root tissue from kmetm-treated seedlings showed that 
wrth the exceptron of UTP, which mcreased in concentratron by 21% and of AMP whrch 
increased by 43 %, there was a general decrease in the free purme and pyrirmdme nucleotide 
content (Table 1). Comparison of the two elutron diagrams revealed that the ATP peak 
from treated trssue had a marked inflexron whrch was not noticeable in the corresponding 
peak from control trssue. Paper chromatography and electrophoresrs of thrs peak showed 
that the second component was the adenosme nucleotide, formerly designed ADP-X, now 
known to be adenosme-2’-phosphate-5’-diphosphate-rrbose (2’-PADPR). Tlus ongmates 
from the acrd decomposrtion of NADPH’l and has been previously found in extracts of pea 
seeds and seedhngs. 4*5 The molar ratio of 2’-PADPR to ATP was found to be 1:5 in 
untreated seedhngs and 1: 1 in treated seedlings. Thrs ratio indicates an increased amount of 
NADPH in roots of seedhngs treated with kinetm. Furthermore, although accurate 
estimation of oxidrzed pyridme nucleotrdes following adsorption on charcoal is not possrble 
because of then labrhty in the alkahne eluant, a substantial increase m NAD+ content was 
also observed m root tissue of treated plants. A more detailed and accurate assessment of 
the pyndine nucleotrde pattern m treated and untreated seedlings IS descrrbed below. 

As the mam change m nucleotrde pattern produced by adenme and benzyladenme was 
a generahzed increase whereas kinetm appeared to affect more selectrvely AMP, UTP and 
the pyndine nucleotrdes, rt was considered that the latter treatment afforded a more prorms- 
mg system for study of the relatronshrps between nucleotrde pattern and metabohc activity. 

Exammation of the Eflects of Kinetin on the Pyridine Nucleotrde Content of Root Tissue 

Following the prehminary observatrons on the effect of kmetm upon the pyridme 
nucleotrde content of pea root trssue, a more detailed exammatron was made of thrs effect. 
For this purpose, pyndine nucleotrdes were extracted separately from the other nucleotrdes 
and assayed enzymically by the procedures described in the Expenmental. The results of 
this analysis (Table 2) confirmed the preliminary findings that the pyridme nucleotide 
content is srgmficantly altered. From Table 2, it is seen that the total pyridme nucleotide 
content of root trssue from kmetm-treated plants IS double that of control trssue. As the 
endogenous concentratrons of pyridme nucleotrdes, especially total NADP, are rate 

I1 H W HELDT, M KLIN~ENBER~ and K. PAP-O, Wochem. Z. 342,508 (1%5). 
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limiting factors in plant metabolism and play key roles in metabolic contro1,‘2-14 it would 
be expected that the observed changes in the present plant system would have important 
metabolic repercussions. This was examined by surveying the concentrauons of some of 
the quantrtatively more important consutuents of root tissue. 

T-2. PYRIDINENU~~~‘ID BCON~BNTOFROOTTISSUBP~OMCOE~~OLPLAN~S~PLAN~STR~ATBD~~~~ 
PREVIOUSLY WITH - (O-1 mW 

concentmt10n (nmoks/g dry wt.) 
Kx 100 

NllCkOtkk caltrol tassue (c) Kmetm-txeati time (K) c 

NAD+ 18 52 289 
NADH 2i 6 75 
NAD++NADH 58 223 
NADP+ 3 289 300 
NADPH :69 175 
NADP+ +NADPH 37 195 
Total pyridme nucleoti~ 45 95 211 

Changes in Metabohc Flow Assocrcrted wzth the Changes in Pyridine Nucleotide Pattern 

Examinatron of the gross hpid fractron of root trssue from treated seedhngs showed a 
reproducible 13 % increase in this fractron over that of the control tissue. This was attrrbut- 
able to an increase m the saponifiable fraction but excluding phosphohpids (Table 3). 
Changes m carbohydrate metabohsm were mdmated by a 60 % fall m sucrose concentration. 
CO, output was also found to have fallen by 30 %. 

Durmg estnnauon of the pyrrdme nucleotrdes, it was nouced that 2,6dichlorophenol- 
mdophenol, used as an electron-acceptor m the assay, was reduced much more quickly by 
extracts of untreated root trssues than by those obtained from treated &sues. That the 
reductron was due to endogenous ascorbrc acrd was con&med by paper chromatographic 
comparison of extracts with an authentrc sample. Further examination revealed that root 
tissue from kmetin-treated seedlings had an ascorbic acrd content 12% lower than that of 
the control root trssue (Table 3). 

Analysis of the free ammo acid pools of roots from treated and untreated seedlings 
(Table 3) showed that kinetm had induced a generahxed decrease m amino acid concentra- 
tion; sex-me and glutamate were exceptrons to tis, mcreasmg by 36% and 18 % over the 
control, respectrvely. 

Followmg the observed changes m pyridme nucleotrde pattern, the actrvrtres of some 
enzymes dependent on pyndme nucleotide coenzymes were exammed m roots of treated 
and untreated seedhngs. The results are shown m Table 4; trends were reproducrble. A 
marked change was seen in the activity of NADP-dependent isocitrate dehydrogenase 
(E.C. 1.1.1.42) which showed a 44 % increase over that of the control whereas the activity 
NAD-dependent lsocrtrate dehydrogenase remamed una&cted. There was httle sign&ant 
change m the actrvrty of malate dehydrogenase (NAD dependent; E.C.1.1.1.37) and gly- 
ceraldehyde-3-phosphate dehydrogenase (NADP-dependent ; E.C.1.2.1.9). 

12 Y. YAMAMOTQ, Plant Cell Physrol. 2,277 (1961). 
x3 Y YAMAMOTO, Pkznt Physrol. 38,45 (1963). 
14 Y. YAMAWKB, Plant Physlol. 41,519 (1966). 
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TABLE 3. CONCENTRATXON OF sorm QUA~TITATIWLY IMPORTANT ~R~ARorrrm r~ ROOT TISSUB PROM CONTROL 
PLANT~ANDPR~MPLANXSTRBA~BD~~~~PRR~~~~~LY~~~~ rcmR+rm(Ol mM) 

Conccutration (mg/lO g dry wt ) 

Metabohtes 
Coutrol tissue 

Kx 100 
Kmetm-treated ttssue - 

(0 (K) 
c 

Carbohydratess 
sucrose 
Glucose 
Ascorbic acid 

Llp!9 
Glycerides 
Phosphohptds 
Non-sapomtiable fraction 

Free Ammo AC& : 
Lysme 
Histldme 
Argmme 
Aspartrc actd 
Serme 
Glutamtc acrd 
Glycme 
Alaume 
Valme 
Isoleucme 
Leucme 
Tyrosme 
Phenylalaume 

180 
680 

70 

325 380 117 
25 25 100 
70 70 100 

496 
664 
4-08 

20.0 
110 
3 62 
14 
3 28 
4.34 
0 38 
047 
0.08 
1.6 

139 

z 
16.8 
150 
428 
1 12 
248 
4.08 
0 32 
0 32 
007 
1 17 

28 
76 
24 
84 

136 
118 

; 
94 
84 
68 

;: 

iti 
61 

55 
95 
87 

Sequence of Changes 

In an attempt to estabhsh the sequence of the kinetm-induced changes descrrbed above, 
pyndme nucleotrdes were determined at intervals of 2 hr, or less where appropriate, as were 
also the concentratrons of the metabolites previously assayed at 16 hr only. The total 
per-rod over which these assays were made was extended to 20 hr from the trme the seedhngs 
were treated wrth kmetm. The results, shown dragrammatrcally m Fig. 2, revealed no 
srgmficant changes after 30 mm. Between 30 mm and 4 hr after treatment, an oscillation 

TABLE 4 A TYPICAL. SET OF ~mt_R’rs snowr~~ ~cnvrrrm OF SOME PYRrDINE NUCLDYDDE DRPENDBNT RNZYMPS 
INRooTTIssuEFRoMcoNTRoLPLANTsANDPLANTsTREATED~HKINETIN 

Enzyme 

Actmty (mU*/mi of extract?) 

Control (C) Treated (K) 
K x lOO# 

C 

NADP-dependent 
Isocmate dehydrogenase (E C 1 1 142) 
Glyceraldehyde3-phosphate dehydrogeuase 

(EC 12 1.9) 
NAD-dependent 

Isocttrate dehydrogenase (E.C.1 1 141) 
Malate dehydrogeuase (E C 1 1 137) 

180 260 144 

10 11 110 

330 97 
ZY 760 119 

* U = E.C standard umt (1 e. ~moles of pyndme nucleottde reduced/mm/25”) 
~1mlofextractrsequwleutmeachcaseto1gfr.wt.ofDssue. 
$ Rephcauon wtth separately prepared extracts gave values wnhm &4 % of those shown m thts column. 
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FIG. 2. %QIJENCE OF CEL4NOES IN KINEIIN-TREATED TISSUE RELATIVE TG ‘ITIGSE OCCURRING IN UN- 

‘IREAm TISSUE OVER THE SAME PERIOD. 

Chdrol values (1 e concentrations of spec&xl metabolltes m untreated tissue) are shown as 100 % 
at each time mterval Treatment of seedlmgs was at zero tie 

0 e 5 
Time (mm) 

Fm 3. Epp~cr OF -oNNAD?wcLEozlID 
NAD remammg at each samplmg time was e&mated by reduct~ il$?%hol dehydrogenas 

(AJS4o.m) 
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was seen in the concentration of nearly all the compounds. During this, most metabolites 
underwent a fall in concentration followed by an overcompensated increase. A more 
persistent pattern emerged between 4-6 hr and it is this which was seen at the previous 16 hr 
assays. Thrs state was still apparent at the time of the tial determinations at 20 hr. During 
the 4-6 hr period, NAD+, NADP+ and NADPH began to increase in concentratron 
towards a steady high value relative to the controls. That increases in NAD+ concentration 
could be ascribed to inhibrtion, by kmetin, of NAD nucleosidase (NADase) was considered 
unlikely following experiments with a commercmlly avarlable NADase preparation (see 
Fig. 3). 

After 6 hr, the concentration of NADH fell to a value some 25% below that of the 
control, and after a further 2 hr the sucrose concentration began to decrease, reachmg its 
fbml value, 44% below the control, by 10 hr. The sucrose concentration durmg the 20 hr 
period appeared to be inversely related to the glyceride concentration. For 4 hr after 
treatment, the ascorbrc acid content of the treated roots remamed the same as that of 
untreated tissue but after a further two hour period, the concentratron m the treated tissue 
fell to a persistent low level (Fig. 2). 

DISCUSSION 

Followmg treatment with kinetin, the main changes m the nucleotide pattern of pea 
seedhng roots mvolved the pyridme nucleotrdes ; after 16 hr, NAD + , NADP+ and NADPH 
had all increased in concentration whereas that of NADH had decreased. With the exceptrons 
of UTP and AMP, the other nucleotrde components underwent a generahxed decrease 
in concentration. The kinetin-induced changes m nucleotide pattern were accompanied 
by more general metabolic changes which included increased accumulation of glycerides, 
and of serine and glutamate, with decreased amounts of sucrose, ascorbrc acrd, and most 
ammo acids. Most of these changes appeared to be mrtiated wrthm the tit 2 hr followmg 
kinetin treatment. 

Also associated with the observed changes m pyndme nucleotide pattern was a 44% 
increase in the activity of NADP-dependent rsocitrate dehydrogenase whilst that of the 
NAD-dependent enzyme remained unaffected. Stadtman15 has suggested that the balance 
between these two actrvrtres could be functionally srgmficant, the NADP-linked enzyme 
competing with the NAD-hnked enzyme for isocrtrate and consequently channelling 
electrons towards biosynthesis of fatty acids on the one hand and towards oxidatlve 
phosphorylation on the other. The observed nse m the glycende content of the tissue is 
consistent with this suggestion, as is also the increased AMP content. As NAD-dependent 
isocitrate dehydrogenase 1s activated allostencally by AMP at low isocitrate concentra- 
tions16*r7 the rise in AMP concentratron would represent a move towards containmg the 
metabolic shift. Increased activrty of NADP-linked rsocitrate dehydrogenase also affords 
explanation for the srgnificant rise m glutamate concentration (Table 3) since this ammo acrd 
largely arises from the direct ammation of a-oxoglutarate, the product of isocitrate dehydro- 
genase activity. 

Following recent work by Yamamoto’* concernmg the effects of exogenously supplied 
NADP+ on the metabolism of cotyledon shces and subcellular fractions of Vzgna 

lb E. R STADTMAN, Adixm Enzymol 28,41 (1%6) 
l6 J. A. HATHAWAY and D E A TIUNSON, J. Blol. Chem. 238,287s (1963). 
I7 D. E. ATKINSON, J. A HATHAWAY and E. C. SMITH, J Lo1 Chem. 240,2682 (l%S). 
la Y. YAMAMOTO, Plant Physrol. 44,407 (1969). 
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sesquipedalts, it IS concluded that the mcreased activity of NADP-linked rsocrtrate dehydro- 
genase m the present experrments IS attrrbutable to the raised concentratron of NADP+ 
induced by kinetm. Yamamoto found that exogenously supplied NADP+ produced 
srmrlar increases m both NADP-hnked rsocitrate_ dehydrogenase activity and in lipid 
content to those observed here. 

As Fig. 2 shows, the changes m pyridme nucleotrde pattern were not con&red to NADP. 
NAD+ showed a rapid initial increase in concentratron to a level 2-3 times that of the 
control. Srmrlar reports of mcreased NAD+ content have been made with respect to the 
effects of kmetm on leaves.ls* lg The ongin of the changes m pyrrdme nucleotide content 
are at present obscure but the time sequence of these changes (Frg. 2) shows that the tit 
of the prolonged effects IS a rise in total NAD content followed by a more gradual nse m the 
concentratron of total NADP. The latter increase IS ascribed to rarsed NAD+ kmase 
actrvrty in the presence of hrgh concentratrons of NAD+ which strmulates it; NADH acts 
as an inhibitor modulatmg the effect. 2o That the rmtial increase m NAD concentratron is 
not due to direct mhrbttron of NADase by kmetin IS shown by Fig. 3. On the contrary, 
kmetin appears to have some strmulatory effect. 

The present work, whilst not primarrly concerned with the mode of action of kmetm, 
hrghlights some metabolic effects of this agent but, m so doing, poses the question of how 
kinetin causes the observed alterations in the free nucleotrde pattern. 

EXPERIMENTAL 

Cultzvat~on and Treatment of Pea Seedlmgs 

Seeds of Pwtn satwan, var. meteor, were surface stew by dustmg wrth Hatvesan(B00tSLtd). 
Treated seeds were washed m rumung water for 1 hr, germmated m the dark for 2O hr, and then sown m 
trays (48 X 37 cm) of moist vermicuhte (8 cm depth) Seedlmgs were grown m a constant temperature 
room at 25” 111 a hght regune of 16 hr hght (ca 700 lo) alternatmg with 6 hr dark penods. Up to the third 
day, trays of seedlings were watered my mth 500 ml of water per tray. At a fixed tune on the evemng of 
the fifth day, some trays were watered as before (controls), others were treated with a solution of the test 
substance- roots were harvested 16 hr after this. Care was taken to ensure that the standard condltlons 
d-bed &d not produce waterloggmg of the seedlmg roots at any stage smce this could a&c-t then nucleo- 
tide pattern 21 

L3tractlon of NucleotadM 

Using a Warmg blender, roots were homogemzed m 5% (v/v) HC104 at 4” (approxunately 1 ml/g 
fr wt of tissue) The crude ez%tract was filtered through mushn and the residue re-extracted with 2.5% 
(v/v) HCIOL l%e pH of the combmed filtrates was adjusted to 7 2 usmg 40% KOH, and the extract chilled 
at 4” for 1 hr The KClO. precipitate was removed by centifugmg and the extract slowly percolated through 
a column (20 X 3 cm) contanung a nurture of charcoal (Nont OL, 3 g) prepared a.3 previously de-.+ 
cr~bed,~ and Cehte Hytlo Super-& (4 g) A column of these dunenslons was used for extracts denved from 
up to 100 g fr wt of roots It was generally found more convement to use a number of such columns for 
larger-scale work rather than scalsup the column dunenslons After adsorptlon of the extract, the column 
was washed with 50 ml of water followed by 50 ml of EDTA solution (0 05 M) , nucleotldes were eluted Hnth 
100 ml aq ethanol (50 “%) followed by 125 ml aq. ethanol contaming 0 5 ml of ammoma (spec gr 0 88) The 
ammomacal eluate was neutrahzed utlth acetic acid and combmed with the 6rst ethanohc eluate Nucleotlde- 
glycosyl compounds, which are particularly susceptible to alkalme hydrolysis were eluted In the first eluate. 
The recovery loss for each nucleotlde was determmed so that corre&ons could be applied durmg subsequent 
analyses, such losses are reproducible provldmg the same batch of prepared charcoal IS used for each 
analysis 4 The combmed eluate was evaporated to dryness and re-dissolved m 10 ml of water for amon- 
exchange chromatography 

I9 D. MI~HRA and E R. WAYGOOD, Cm J Wochem 46,167 (1968). 
2o D K APPs, European J. Blochem 5,444 (1968) 
z1 S H. WEST, Plant PhysIol. 37,565 (1962). 
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Amen-exchange Chromatography 
Nucleotide~ were separated 011 a column (20 x 1.9 cm dla ) of Whatman DE 52 microgranulat 

DEAEcelhdose. DE 52 cellulose was prepared for use as described by the manufacturem and packed in 
50% ethanol. Triethylammomum -ate (0 35 M; pH 7.5) was used as the eluting buffer; the separa- 
tion gwen by this was smnlar to that obtamed with the triethylammomum acetate buffer used by Nilsson and 
S~unuerson~~ with a column of ECI’EOLA-cellulose. The bicarbonate buffer had the advantage of bemg 
considerably more volatde than the acetate buffer and could be more qmckly removed from nucleot~de 
fractums by az&rop= titillation v& methanol. Elut~on was effected 111 a hnear gradKnt m whch the 
~vessel~cwtamedwater(1l)andthe~o~contrunedthebuffer(ll.). Theflowratewas 
0 5 ml/mm and 10 ml fractmns were collected The resolutmn (Fig 1) was comparable to that obtamed w& 
an amonachange resin m a formate system4 but had the dual advantage of speed, taking appro~tely 
half the time requvtd by the resin-formate system, and relatwe ease of recovery of nucleotuiezj UMP, AMP 
and some sugar-nucleotid= tend to elute at the same pomt but tlus peak was easily resolved further by re- 
chromatography on the more conventional Do--l formate column * In pmce, the first 700 ml of the 
eluate from the DE 52 column was passed duectly onto a column of Dowex-1 formate ( x 8; 200-400 mesh) 
and the latter eluted with the fimt two rangea of the formate system pnvlously -bed.* Thtp second 
separation was run smmltaneously with the elution of the remamder of the nucleotuies from the DE 52 
cohmm and, thus, &d not alfect the tie advantage of the cellulose column. All column chromatographlc 
~4~2 were monitored automatically for elutmn of ultraviolet-absorbmg substances at either 265 nm 

Identrficatwn and EMmatron of Purme and Pyrmudme Nucleotrdes 

Fractions from the ion-exchange columns were chromatographed on paper (Whatman No. 1) m one or 
more of the solvent systems, (1) ~sobutync acld-ammoma (spec. gr 0 88~water (33:1*66, by v01.),‘~ (ui 
ethauol-ammomum acetate (M) (70 30, v/v),~* (III) n-butanol-acetlc ad-water (60:15:45, by ~01):” 
(iv) lsopropanol-HCl(2 M) (65: 35, v/v). 16 Solvents (I) and (u) were also used as a twaional system 
to separate sugar-nucleotrdes from nucleoelde monophosphates and to separate mutures of nucleoside 
triphosphates Separations were also effected by high-voltage electrophoresrs on paper (whatman No. 1). 
A voltage gradlent of 120 V/cm apphed for 30 mm was routmely used; UMP was run sunultaneously as a 
reference substance The buffers used were (1) fonmc acid-acetic acid (1 5 M; pH 2),27 fomc aced- 
ammomum formate (0 05 M, pH 3 5),2* and borate (0 05 M; pH 9) Nucleotides were tentatwely ldentied 
from theu positron m the elutlon sequence by comparison with a standard nucleotide mmture, from thev 
u v. absorption charactenstrcs, and from their paper chromatographlc and electrophotic behawour 
Coniirmatmn was obtamed by cochromatography with authentic samples Purme and pyrmndme nucleo- 
tides were estunated spectrophotometncally After correctmg for losses durmg the charcoal adsorption 
procedure (see above), recovenes of all the nucleotldes shown m Fig 1 were quantltatwe (98-lOO’%) when 
these were added to the extracts 

Extractron and Estrmahon of Pyndme Nucleotldes 

Root &sue was dropped into hquld Nz and unmedlately freeze dned NADH and NADPH were 
extracted from the powdered matenal with 0 1 M KOHzg whereas NAD+ and NADP+ were extracted with 
0 5 M HClO, 3o The extracted pyndme nucleotldes were cstunated by the method of Slater and Sawye?l 
as mod&d by Heber and Santanus 3o Recovery of NAD+, NA.DP+ and NADPH added to the extracts was 
quantitative (98-100 %), but NADH consistently gave a slightly lower value (94-98 %) 

Estrmarton of Llpuis, Carbohydrates and Ammo Acrdr 

Gross hpld was extracted m lsopropanol followed by chloroforn-isopropanol as described by Kates 
and Eberhardt3’ and fractionated by the method of Rosowskv et al 33 Phosohohmds were estimated by 
digesting a sample m 60% HClO, &d dete rmmmg the phosp&e content us& tge method of Frske ana 

22 R N-N and M SIUNNERSON, Acta Chem Stand 15,1017 (1961) 
23 PABST LA~RATORIB, Czrcular OR-17, Pabst Laboratones, Milwaukee, Wisconsin, U S A (1961) 
24A. C PALADINI and L F LELOIR, Wochem J 51,426 (1952) 
2s S M PARTRIDGE, Wochem J 42,238 (1948) 
26 G R WYAIT, Wochem J 48,584 (1951) 
27 M L EFRON, Brochem J 72, 691 (1959) 
28 R. MARKHAM and J. D Sm. Wochem J 52.552 (1954). 
29 G E GLOCK and P M&L&~, Blochem J 6i, 381‘(195$ 
3o U W HEBER and K A. SANTARIUX Wocfum Bloohvs Acta 109.390 (1965). 
31 T F. SLATER and B SAYER, Nat&e 193,454 (196i) ’ ’ . 
32M.QnzsandF M EB ERHARDT, Can J Botany 35,894 (1957) 
33A. R~WSKY, A. C CRACKER, D H TRITFS and E J. MODEST, Blochrm. Blophys Acta 98,617 (1965). 
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Subbarow 3* Soluble sugars were extracted m boding q. ethanol (@Jo/~ v/v) and reducmg sugars 
e&mated by the Somogyt method:15 sucrose was esttmated after actd hydrolysis. Ascorbtc acid was ex- 
tracted from freexe dned root trssue m metaphosphortc acrd (5 %, w/v) and assayed by titration with 2,6- 
dtchlorophenohndophenol solutron. Ammo acrds were extra&d in bolhng aqueous ethanol (80%, v/v) 
and assayed using a Beckman Model 12OC Ammo Actd Analyser. 

Assays of Etzzymzc Achvzty 

Usmg a pre+ooled mortar and pestle, root ttssue samples (25 g fr. wt ) were ground m 25 ml of the 
approprtate buffer at 4” (@l M Tns, pH 7.6, for ~socitrate dehydrogenase; 0.1 M glycme, pH 7.6, for malate 
dehydrogenase and glyceraldehyde3-phosphate dehydrogenase). Each extract was pmased through muslin, 
centrtfuged at 165,000 g for 60 mm at 4“, and the clear supematant used for mte assay. 

For pyridme nucleotuie-dependent enxymes, the rate of reductton of NAD or NADP was determmed 
by couphng the reduced coenxyme, through phenaxme methosulphate (PMS), wtth 2,tichlorophenolm- 
dophenol (DCIP)2g and automatrcally recording AEs6,,am The reaction cuvette contained 0.5 ml of but&red 
enxyme extract, O-1 ml of pyruhne nucleott& solution (15 mM), 0.1 ml of PMS solutmn (1 mg/ml), O-1 ml of 
DCIP solutton (17 5 mg/ml) and O-1 ml of O-1 M MgC&. The total volume was made to 2 9 ml wtth buffer 
(see above) and bsO, momtored until constant, t.e u&l supply of endogenous substrate had been exhausted. 
The ma&on was started by addition of 0 1 ml of substrate solution (15 mM) and the rate recorded over the 
first 5 mm. Glyceraldehy&3-phosphate dehydrogenase was assayed by the method of Mary~uhes,~~ modi- 
fied to mclude PMS and DCIP 

The etfect of kmetm on NAD nucleosrdase (Pig 3) was exammed usmg a preparatton of the enxyme from 
Neurosporu craw (Szgma Chemtcal Co Ltd., London). NAD was assayed by reductmn with yeast alcohol 
dehydrogenase (Soehrmger Corporanon Ltd., London) NAD nucleosnlase act~vrty was measured at pH 7. 
(0 05 M phosphate buffer) usmg 2 mM NAD; kmetm was used at a final concentration of 1 mM. 
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