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The "division of labor" hypothesis conicerninlg the
metabolic roles of NAD anid NADP was first pro-
posed by Kaplan and coworkers (17) and it has sub-
sequently been restated in somewhat different terms
lv a numbler of other inivestigators (11, 16. 20). In
its presenit formii, this hypothesis states that NAD is
reduced to NAD)H in a large number of catabolic de-
hy(drogenase reactions, anid that this NADH is re-
oxidized by the mitochondrial respiratory chain to
vield uiseful chemical energy: NADPH, on the other
hand, is formed from NADP by a relatively small
niumber of dehy(lrogelnase reactionis andl is used
mainly as a source of reducinig power for biosvn-
thetic reactions. Although a considerable body of
indirect evidence has been miiarshalled in support of
this theory (18, 20, 26), direct in vivo proof has been
difficult to obtain since intact cells do not take up
appreciable amounts of these nucleotides. Ain alter-
native approach to the problem was devised by
Hobermani, who was able to generate specifically
labeled NADH in vivo by supplying animal tissue
slices with an appropriate deuterated substrate ('15).
This technique was extended by Lowenstein (19) anid
by Foster and Bloom (12), usilng tritiate(l substrates
to sttudy the fates of intracellularly gellerated'
N'ADH3 and NADPH3 in animal tissues. Simiiilar
techniiques have been ulsed in the present experimiients
in an attempt to study the metabolic roles of NADH
anld _NADPH in intact higher plant tissues.

In experiments with aniimal tissues (3. 12, 19).
NADH3 was generated by feeding either glycerol or
lactate labeled in the 2-position with tritium:
NADPH3 was generated by feeding glucose-1-H3.
In order to estimate the amount of tritium that en-
ters a given cell fraction bound to the carbon (i.e.,
by passive, nonireductive incorl)oration), Foster alnd
Bloonm (12) used substrates which were labeled with
both C14 and tritium in the same position. In the
presenit experiments with planit tissues, ethanol-1-C'l4
H' as used to generate NADH , since the ethanol
(lehydrogenase activity is considerably higher than
the glycerophosphate an(d lactate dehydrogeniase ac-
tivities in the tissues used (24). It was assumed that
the catabolism of the labeled ethanol starts with its
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oxidationi to the level of acetate-l-C'4 and that the 2
molecules of NADH3 formed during this conversion
can be reoxidized by molecular 0, to formii H'30.
Glucose-i-C'4. H3 was used in order to generate
NADPH , since ally of this suibstrate that enters the
HMP5 pathway will give rise to NADPH3 and
C140.. The fates of glucose-i-CI4. H3 and glucose-
6-C04, H3 are compared in order to estimate the
amoount of tritiulm that is incorporated fromii glucose
broken down by glycolysis (12). The pathway of
reoxidation of the NADPH3 derived from glucose-I
is, of course, one of the major topics of this investi-
gation and will be discussed at length below.

Materials and Methods

Inicutbatiot and Fractiotationt of Tissue. Etiol-
ated pea seedlings (Pisuimn sativumiii L.. var. Alaska)
were grown as described previously (24) and 1-cm
sections were excised from the third internode of each
seedling. Three- to 5-day-old etiolated mtunlg bean
(Phaseolis antrcens Roxb.) seedlings were obtainied
commercially and 1-cm sections were cut from the
hypocotyl. All operations with the live tissules were
carried out in a darkenled room.
The tisstue sections were rinsed in ice-cold distilled

water and each replicate 2.0 g sample wvas transferred
to the main compartment of a 125-m! Erlenmeyer
flask with a large center well. The main com)part-
ment contained 5.0 ml of the incubation mixture,
made up of 2 ,uc of C'4-labeled substrate, 10 uc of H3-
labeled substrate and enough unlabeled substrates to
make a final concentrationi of either 1 mm or 10 IlM;
the center well contained 1 ml of 1 M Hyamine hydrox-
ide (IOX) in methaniol. After removal of an aliquot
of the incubation mixtuire for determination of the
initial radioactivity. each flask was stoppere(d and in-
cubated on a rotary shaker in the dark for 120 min-
utes at room temperature (24-2/7). At the end of
the incubation, the contents of the center well (Hy-
amine hydlroxide colntaining respired C140.,) were
transferred to a counting vial; the well was rinsed
twice with 1-mIl portions of a scintillationi solvent

5 Abbreviations used: HMP, hexose monophosphate;
PPO, 2,5-diphenyloxazole; POPOP, 1,4-bis-2 (5-phenyl-
oxazolyl) benzene; glucose-l, glucose-6, and ethanol-1,
the corresponding carbon atom and the hydrogen (or tri-
tium) attached thereto.
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(see belowx ) which w\ re thlen added to the salile
countilig v-ial. 'T'lhe incuba)tion mixture and tissue
sections xwere l)oure(l iinto a 13uclhlner funnllel alnd the
fluid xvas rem.-ovedl rapidly iy vactutum filtration. The
tissue on the filter was rinised twxice with water and
the filtrates combined with the inctubationi miiixture
for the determiiniationi of trititum in the water (see
below) TI'he rinlsed tissue was killed with boiling
80 % etlhalnol. The total timiie elapse(d fromii the opeln-
ing of the incubationi flask to the killing of the tisstue
was between 3 anid 4 miiiitites.

Each tissue saml)le w-as extracte( witlh 175 mil of
boiling 80 % etlhanol in a Soxhlet extractor- for 18
hours. At the en(d of the extraction, the tissue was
rinised twice with 95 % ethanol ani(l the combined ex-
tract anid ritnses evaporated to a volume of about 5
miil onl a rotarV eval)orator at 46 to 48'. TI'le pH of
the extract was adjusted to 7.5; with N NaOH. The
eval)oration flask was rinised onice with 5 ml. of 0.01
N NaOH, twice with 5 nil. portions of H.,) and(I twice
with 2.5 nil l)ortions of 95 % ethaniol; these solutionis
were combined with the evaaporate(l extract. The
conl)ined solutioni was extracted with two 1I-ml por-
tions of petroleum ether (P.P. 30-60) in a separa-
torv funniel. The comibitied petroleutm ether lavers
(the lipid fraction) w-ere exvaporated to dryness at
room temperature; the resi(lute was taken upl) in a
scintillatioin solvent (see below) for cotulnting.

The remainiing aqueous layer of non-lipid material
was adjusted to pH 6 with N HICl and theni separated
inlto basic, acidic and netutral fractionis by ioIn ex-
chainge chromatography,x uisinig a slight muodificatioin
of the nmethod of Neal and Beevers (21). Each of
these fractions was theni evaporate(l to (Irvuiess onl a
rotary evaporator at 46 to 48'. The residlues from
the netitral, basic, all(l acidic fractions were dis-
solve(d in a few nil of 95 % ethalnol, water, andl N
N-I4OH, respectivelv. Each of these fractiouis -was
evaporated to dryiiess as before. the resi(lIte takenl
tip in a few ml of water, alnd the soltutioni evaporate(l
to dryniess at room temllperattlre ini a vactutu (lesicca-
tor over NaOH and H.,S),. Each of the fiiial resi-
(Iues was dissolved ini I nil of water, fromi wlhiich ali-
(ltots were taken for scintillationi cotunitniig.

The quialitative comllpositioln of these fractioins was
examiined by paper chromatography in std(lard sol-
vent systemls (27). T'he major identifiable conipo-
nenits were essentially the samiie as those reported 1y
Cliristianseni anid Thimann (6-8). In the basic frac-
tion most of the coimlloln aniino acids cotldl be de-
tected, with glutaiiniiie, asparaginie, anid aspartic acid
being present in the highest concenitrationis. MNfalate
aild citrate were the major components of the acidic
fractioni. The netutral fraction contained glucose.
suicrose, fructose, traces of ribose and xylose. and an
unideiitified (liphenylaniine-positive compoui(d with
chromotographic properties ideiitical with those of
a noincarbohydrate comlpoullnd detected recentlv in pea
extracts (28).

The ethanol-insoluble tisstue resi(lue (the insoluble
fraction) remaininig after the initial ethanol extrac-

tion of the tissule was (lried ini air at room teimipera-
ture before counting.

For the determi)ination of the radioactivity in the
water the combined incubation imiixture aiid tissue
rinises remaining after renioval of the tissue were
used. The solution was a(ljutste(l to pH 8 w,vith N
NaOH aii( iiiade ul) to a know-ni volunie (usually 25.0
ml) with w\ater. \Vlieni the substrate was ethanol,
25 ml of unilabeled absolute ethanol were added to the
solutioni aiid the miiixture distilled in a Claisen flask
uintil the boiling point was conistalnt at 100l for sev-
eral miniutes (ca. 35 ml of distillate). A -mil ali-
quot of the reuiiainiing miiixture w-as theni used for
deterniination of tritiate(d -water 1l the double lvo-
philization m,.ethod of Calv in et al. (5). \When the
substrate was glucose, the isolation of labeled H1C)
1w double lophilizatiol) was carrie(l out directly.

Counitinig Procedures. The IHyanine-CO.. frac-
tion, the lipid fractioii anid( the inisoluble fraction were
all counted in a scinitillatioin solvenit colntaiining 4 g
of PPO and 0.1 of POPOP per liter of tolueile.
All other fractiouis were counite(d in a solvent coin-
taining 4 g PPO aii(l 0.1 g POPOP per liter in a
20:80 (v/v) mixture of absolute ethanlol aii( tolueine.
C14 and tritium were counlte(d siniultaneouslv in a
Packard Tri-Carl) liquid scintillation counter- b1 the
discriminator ratio iiiethod of Okita et al. (22). For
all but the insolutble fractioln, counting efficiencies
were determinied after the addition of interinal stancd-
ards (tolueine-C'4 or tolueie-H"1). Standards for
the insolutble fractioii were prep)are(l by pipetting
small anioutts of either glucose-C' 4 or glucose-H°
standards onlto siiiall disks of filter paper. The
disks were alloweed to (Iry anid theni laid flat onl the
bottom of counitinig vials conitaining the all-toluene
solvent. The validity of results obtained with such
stan(lards was verified by comparisoln wvith results
obtainled usinlg a gas-flow couniter- w-hose couniting
efficiency for ethaniol-extractedl (!rie(d plalnt tissue
was knowii.

The fraction used to cleter-iiiiiie the radioactivity
in water was conisistently conitamiinlated by smiiall
amounts of the labeled substi-ate, especially when the
substrate w^ as ethanol. To correct for this contanli-
nation, the fractioni was cotlnted for 1)0th C'4 ati(1
tritiuni by the discriminiator ratio niietliod.

Materials. Ethanol-l -C'4, ethanol-I-HW, glucose-
1 C'4, glucose-l-H3, glucose-6-C'4 and standardized
toluene-C14 and toluene-H3 were obtained froni New!
England Nuclear Corporation. Glucose-6-TH3 vas
obtained froni Nuclear Chicago. Stock aqueous
solutions of labeled glucose were stored in the frozeni
state; stock solutioins of labeled ethanol were re-
frigerated. Hyaiiiine hydroxide (lOX. 1 M in
methanol), PPO and POPOP were purchased from
Packard Instruments. All other reagents were ana-
lytical grade.

The tritiated substrates were tested for non-
enzymatic exchaiige with water in the absence of tis-
sue under conditions ideiitical to those used for the
incubations alnd wfere fotund to contain the following
amiloti of exchan,geable tritiutni: ethainol- 1-1-3,
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0.80 %; glucose-i-H3, 0.22 %; and( glucose-6-H3,
2.89 %. All values for the tritium content of water
reported in this paper have been corrected for this
exchange.

Results

In the experimiients reported here it is valid to
compare the percentage incorporations from glu-
cose and ethanol into the various fractions, since in
all cases tested the amounts of the 2 compouinds
taken up by the tissue were not significantly differ-
ent. The uptake in the 2-hour incubation period
varied from 18 to 25 % of the labeled suibstrate sup-
plied. Most of the uptake appeared to be passive,
since increasing the substrate concentration from 1
mM to 10 mM resulted in a 10-fold increase in the
amount of both compounds taken up.

Formation of C'O., and H'30. Both labeled
glucose and labele(d ethanol are readily converted to
C1402 by the pea stem sections (table I). Most,
but not all, of the glucose appears to be broken down
via the glycolytic pathway, since the mean C,.ICI
ratio (C1402 from glucose-6-C14/C'4O., from gltucose-
1-C'4) was 0.79 in 7 experiments. The glucose-1
and glucose-6 metabolized by this pathway wotuld
not be expected to yield labeled CO, until the third
turn of the citric acid cycle after the entry of the
methyl-labeled acetyl CoA. In contrast. ethanol-i-
C'4 would be converted directly to acetate-i-C14,
which would yield C140, during the first turn of the
citric acid cycle. Thus, it is not surprising that
ethanol-1 is a much better precursor of C1402 than
either glucose-1 or glucose-6 (table I).
The metabolism of tritium-labeled glucose by pea

stem sections gives rise to H3.0, glucose-I being con-
siderably more effective as a precursor thani glucose-6
(table I). This suggests that the relatively smiiall
fraction of glucose-i which is broken downl via the
HMP pathway is particularly effective as a tritiuim
donor for H3.,O formation. The amount of tritiunm
incorporated from ethanol-i-C"1, H3 into water 1y
the pea stem sections was siimiilar to that incorporated
from glucose-i-C'4, H3 (table I). Since only a

Table I. Production of C'140, anid H'.,O fronii Doubly-
Labeled Ethanol anzd Glutcosc by, Pea Stemn Sections
Labeled substrates were supplied as 1 mM solutions

containing 2 luc of C'4 and 10 ,uc of tritium. Incorpor-
ation (radiochemical yield) is expressed as percent of
the supplied label incorporated per 2-g tissue (wet wt)
per 2 hours. Each value is the mean of 4 or more ex-
periments.

Radiochemical yield
Substrate (% of supplied label) Ratio

Cl 4O0. H390 H3.'O/C140,
Ethanol-i-C' 4, H3 6.1 2.2 0.36
Glucose-l-C'4, H3 1.2* 2.2 1.9
Glucose-6-C'4, H3 0.94* 1.1 1.1

C./C, ratio = 0.79.

small fraction of the glucose-I that is catabolized
gives rise to NADPH3 (vide the CQ,/C ratio), wihile
every mole of ethanol catabolized produces at least
1 mole of NADH , the similarity in H.,CO prodtuction
from the 2 substrates suggests that NADPH is oxi-
dized more rapidly under the conditions of these ex-
periments than is NADH. This conclusion is miiadle
even more likely if the intracellular NADPH pool is
as large or larger than the NADH pool, as is the
case in most higher planit tissues that have been ex-
amined (13, 29). Wrhen ethanol-i-C14, H3 anid glui-
cose-1-C14, H3 were supplied to the tissue sections
at a concentration of 10 mM (rather than 1 mM), the
aount of tritium incorporated into water from the
former increased almost 20-fold while that from the
latter increased only 5-fold (table II). This sug-
gests that the rate-limiting factors in the oxidationi
of NADPH and NADH are different (see DiscuIs-
sion').

Table II. Effect of Substratc Concenitrationi on
H3.,0 Produictioni

Experimental details were as in table I, except that
where indicated the labeled substrate was supplied at a
concentration of 10 mm. The amount of H3.0 formed
is expressed as the m,umoles of the original substrate
taken up that would be equivalent to the amount of tri-
tium found in the labeled water. Each value is the mean
of 2 or more experiments.

Substrate Conc H-'.O Formed

Ethanol-i-C'4, H 1 mM 0.11
10 mm 1.9

Glucose-I-C'4, H: 1 mM 0.11
10 umi 0.52

The Neutral Fractioii. The incorporation of
both C14 and tritiuimi from glucose-I and(1 glucose-6
into the neutral fraction is relatively high (table
III), probably due to the uptake of the intact labele(d
substrates into the intracellular stugar pool. The fact
that the H'/C14 ratios for these substrates are close
to unity suggests the view that this represents a noni-
catabolic incorporation of intact molecules. The
components in the neutral fraction vere separated by
paper chromatography and glucose was idenitified as
the major labeled component; it represente(d over 50 %
of the total C14 and tritium in the neutral fraction
when labeled glucose was supplied. Usinig the data
of Christiansen an(I Thimann (6), the intracellular
sugar concentration in pea stem sections can be cal-
culated to be around 0.1 ml, assutlminig an average
niolecular weight of 180 (hexose). The present re-
sults indicate that almost half the glucose taken up is
immobilized in the sugar pool. The slightly lower
C14 incorporation from glucose-I than from glucose-6
is probably the result of the loss of a small amount
of glucose-1 carbon as CO, in the HMP pathway.
Since this decarboxylation also results in the loss of
tritium from glucose-i, with the formation of
NADPH', it is interesting to note that glucose-i is a
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slightly better trititumii (donlor for thle neuitral fraction
than is glucose-6 (table III). This suggests that
NADPH may serve as a hydrogen donor for the re-
ductive synthesis of some comiponent(s) in this frac-
tioin.

Fthanol-l is also a good C14 and trititum11 precur-
sor for the neutral fractioin (table III). However,
relative to the amlounit that is converted to CO., the
carbon of ethainol-1 is not incorporated as efficiently
inito this fractioui as is the carboni of glucose-I and
glucose-6. Thle same is true of the tritiutml incor-
poration, relative to the IT,3O foriued, although in
this case the differenlce between ethanol and glucose
is less nmarked. Neither ethanol itself nor any other
volatile comiipounds w-ould have been recovered in the
fractionation scheme used in this study.

7'The Inisolutble Fractioni. The labeling patterns
observed in the insoluble fraction are very similar to
those seeln in the neutral fraction (table i11). ''lThere
is considleral)h1v more incorporationi of label fromii glu-
cose- 1 and glucose-6 than froml ethanol- 1. Tllis is
not ssurprisinig since somiie 60 % of this fraction of
the pea stemiis is made utp of polysaccharides (6). for
whiclh the sugars in the neuitral fractioni couild serve
asldirect prectirsors. Glucose-1 is a significantly bet-
ter precursor for the labeling of the insoluble frac-
tion than is glucose-6, particularly writh respect to tri-
tium (table IlT). This differenice imay be accounted
for in part by the loss of tritiumll and CO, from glu-
cose-6 during the reactions which convert hexoses to
tronic acids alnd pentoses. These compounds (as the
nltcleoside diphosphate (lerivatives) could then be
*use(l for the synthesis of hemiiicellulose and pectin
(14) in the insoluble fraction. The 6-P-gluconic
tcidl and ribulose-5-P whiclh are formed by the de-
hvdrogenation and dlecarl)oxvlati on of glucose-I do
n1ot serve as ;lirect l)olsaccharide p)rectirsors. TlIhese

considerationis could l)artly exlplainl the higher I 31CI'4
ratio for the incorporation froml glucose-l than from
glucose-6 (table III). The fact that the P1V/C'4
ratio for glucose-I is significantlyr greater than uniity
suiggests that somiie of the tritituml mnay have entered
the insoluble fractioii 1v wav of reductive svlnthesis
using NADPI13.

The Lipid Fraction. The miietabolisnm of glu-
cose and ethanol by pea stem sections would he ex-
pected to give rise to acetvl CoA and a-glvcerop)hos-
phate, which could serve as precursors for lipid svii-
thesis. The acetate (or acetvl CoA) formiied fromii
ethanol-1iC14, H3 will he CH.CA4COH. sinice the
tritiumll is completely remioved in the alcolhol dehiv-
(Irogeinase anid acetaldehvde dehvdrogenase reactiolns.
The acetate formiiedI from glucose-1 andI glucose-f6 Onl
the other hand, will be C141H-H.,CO':)H. .\s ex-
pected, ethalnol-I is a mztuclh better carbon plrecursor
for the lipid fraction thain is either of the labele(d glu-
coses (table III). Onl the other hand, both tglucose-l
an(l glucose-6 are considerably more effective thani
ethanol as hvdrogeni donors. The very low TI3/C'4
ratio for ethaniol-I iincorporation into the lipid frac-
tioni (table III) shows this even more clearly. Thc
g-reater effectiveniess of glucose-6 thain glucose- as
a donor of both carbon and hydrogeil for lipid syvn-
thesis can be explained by the fact that glucose-6
gives rise to labeled acetate (andl glycerophosphate)
ws!hether it is metabolized bv the glvcolvtic sequienlce
or by the HMP pathway, whereas glucose-i loses its
label in the latter pathway. The fact that the ab-
solute values for the incorporationi of C14 aln(d tritium
from all 3 substrates inito the lipid fractioni are verx
low is prol)al)ly a reflection of a low rate of lipid
synthesis in this tissue.

TIn or(ler to compare the effectiveness of NA\DH
andl NADPTII as; hydrogeni (loiiors for lipid biosvn-

Table III. Incorporation (f C'I and 7Tmmjifi1linto Pea Ste'm; Fractiolns
Experimental detail as in table I. Incorporation (radiochemical vield) is expressed as

label incorporated per 2-g tissue per 21hours. Each value is the meani of 2 or more experiments.
percent of supplied

C'4 incorporation
(%)

1.7
4.7
4.9

0.83
2.9

0.099
0.012
0.022

0.58
0.92
1.1

0.67
0.67
0.80

Tritium
incorl)oration

(%)

1.5
5.0
4.6

).4'
3.7
2.1

0.002'5
0.0078
0.0083

0.17
0.33
0.29

H incorporation:
C14 incorporation

0.89
1.1
0.90

0.51
1.3
0.84

0.02'5
0.65
0).38

0.29
0.36
0.27

0.26
0.17
0.55

0.39
0.25
0.61

Iraction

Neuitral

Substrate

Insoltible

Lipid.

,asic

Ethanol - I
Glucose-I
(Glucose-6

Ethamnol-]
(Gllcose--
( illcose-(-

E-Ithanol- 1
Glucose-I
(lucose-6

Ethanol-I
Glucose-i
Glucose-6

Ethanol-I
Glucose-1
Glucose-6

Acidic

1 1(94
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thesis, Foster anid Bloomli (12) coml)ared the tritium
incorporation from olycerol-2-H' an(l from glucose-
1-1 3 illto lipi(Is relative to the trititum incorporation

froIml these sul)strates iilto water. Stuch a comparisonl
is valid onllv if the all ouint of tritium that eniters the
lipid fraction by nionreductive incorporation is small.
andl the effectiveniess of glucose-6-H3 as a hydrogen
donior can be usedl as a measure of such incorporationi.
However, with pea stem sections, the H3/C14 ratio
in the lipid fraction from gltucose-6 is about 60 %
of that fromli glutcose-I (table III), indlicating that a
large part of the glucose-1 hydlrogen must enter the
lipid fraction by passive or nonireductive incorpora-
tion. The difference in these H3/C'4 ratios is a
mieasture of the amiiounlt of tritiunm entering lipid from
glutcose-i via NADPH . This difference is some 10-
fold greater than the H3/C'4 ratio for ethanol-1i in-
dicatilng that NADPH is greatly preferred over
NAD)H as a hydrogen do(lor for lipid svynthesis in
this tisstue.

Basic (aznd Acidic Fr-actionis. Although the ab-
solute inicorporationi inlto these 2 fractionis varied
fromii experiment to experimllent, the relative amiiounits
of incorl)oration fromii the 3 Fubstrates were reprodu-
cible. The (lata in table III show that glucose-6 is
a significantly better carl)on and hydrogenl donor for
the aci(lic fractioni than either gltucose-I or ethaniol-1.
The H^/C'4 ratio of 0.61 for glucose-6 incdicates that
60 % of the tritituml that was originally attached to
the 6-position is retained in the acidic fraction. The
fact that the H"/C'4 ratio for glucose-1 is lower
(0.25) miiay be due to the loss of tritium during the
oxidationi and epimerizationi reactions which lead to
the formation of hexolnic acids. The difference is
l)robably niot due to the formation of keto acids which
couil(d readily be converted to aminiilo aci(ds by tranls-

amiinationi or reductive amiiinationi, since the H3/C14
ratio for glucose-6 is quite low in the basic fractions.

The basic fraction, which is composed primarily
of amino acids, is not highly labeled. This fact
makes it unlikely that much of the label found in the
insoluble fraction (see above) is in proteills.

M1uing Bcani Hvpocotyls. Sectiolns of etiolated
miiung bean hypocotyls were supplied w%ith C14, H3-
labeled substrates by the sanme methods used for the
pea stem segnments. Table IN, shows the extent of
incorporationi of radioactivity into the CO. H.,O,
lipid fraction anid the insoluble fraction. The results
are sinmilar in every respect to those obtaine(l Nvith
pea stemiis. The C,/C, ratios are almost identical.
The data in the last colunln of table IV show that
NADPH is the preferre(l lydrogeln donlor for lipid
biosynthesis. Although ethaniol-I is a better hydrogein
donior for water than is glucose-i, the difference be-
tween the 2 is small. The H"..O/C'4O., ratio for
glucose-1 is mnuch higher thani for ethanol-1, suggest-
ing that NADPH is oxidized by the tisstue at least as
readily as NAD\-H.

Discussion

NADH anl NADPH. lThe presenit results lend(I
further suIpport to the view that NADH aln(d NADPIl
play different metabolic roles. The (lata l)resented
indicate clearly that planit tisstues use NADPH pre-
ferentiallv for the reductive svnthesis of lipids. and
there are suggestions that this may also be trule for
other cellular componenits. At the samiie timie,
NADPII appears to be as good( a hydrogenl donor
for the redtiction of molectular 0, as is NADH. In
this respect, the pea stem sections (liffer markedly
from aniimal tissues where NAI)H is the l)referredl re-
ductant for 0, (3, 12).

Table IV7. Inicorporationi of Cs' (ad Tritiniiiin lt( Fractions of Alitnyg Bean Hypocotyl Sectionis
Experimental details as in table I except 1-cm sections of etiolated mung beani hypocotvl wvere usedl instead of pea

stem. Incorporation (radiochemical yield) is expressed as percent of supplied label incorporated per 2-g tissue per
2 hours. Each value is the mean of 2 experiments.

Cl-+ incorporation
(%)
4.2 ...

O.54*
0.42* ... ...

0.065
0.001
0.009

0.42
0.90
0.90

Tritium
incorporation

(%)

2.8
1.8
0.43

(0.0031
0.0048
0.(X)36

0.28
1.3
0.94

He incorporationi:
C' 4 incorporation

0.67**
^3.3**
I .0*-,

0.05S
4.8
0.40

0.67
1.4
1.0

* C,6/C, ratio = 0.78.
** The ratio given is H3.0; C140,.

Fraction

Co.,

HI,o

Lipi(l

Substrate

Ethanol-1
Glucose-i
Glucose-6

Ethaniol-i
Glucose-I
Glucose-6

Ethanol-i
Glucose-i
(Gltcose-6

Ethanol-I
Glucose-I
Glucose-6

Insoluble
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tlhe apparent efficiency with which NADPH is
oxidize(d by molecular O., in the pea stems is sur-
prising in view of the fact that wvhole homogenates
anid mitochoindria prel)are(l froml this tissuie oxidize
NADPH mtclh less rapidly than NADII (23. 24).
A possible explaniatioln is that the tritiumi in _NADPH
equilibrates rapidly witlh NADH in the initracellular
pools of the 2 nutcleotides. Howvever, such ani e(quili-
brationi seems uinlikely in view of the fact that there
is little or no NADPH-NAI) tralnshydrogenase ac-
tivity in the pea stemii fractionis (24). T'lhe ratios ot
the concenitrationis of NAI)DPI to N.AI)P and of
NADFI1 to NAP) which have been reported for l)lailt
tissues ( 13, 29) provide little support for this alterna-
tive. Aniother l)posib)le explanation is that ont or
more of the soluble oxidase systemns which are kIIownI
to be l)resent inl plant extracts (4) miight accotunt for
the rapi(d oxidation of both N ADP)lH aii( NAI) lH in
vivo. Since the glucose 6-P a-ind( ethaniol deliv(lro-
genases are bloth soltuble enzymes (24), NNADPH3
and(I NAi)H generated fromii these substrates would
be l)rodluced miiainily ill the cell sal). It may be that
the very smtall amounts of NADII) and( NA1)PHL
l)roduce(d in our experimentts are rapidly reoxidized
by a nonispecific soluble system before the NADH2
can make contact wsith the im itocholndrial respiratory
chaini. That this may indee(d be the case is suggested
by the finding that a 10-fol(d increase in substrate
concentratioln results in ani almost 20-fold increase
in H32 pro(ductioni from ethaniol-I and( only a 5-fold
increase in H:.,O productionl from glucose-I (table
II). At the higher substrate coincenitrationi the solu-
ble svstem(s) which oxidize NADIF1 and(iNADPH:
miay blecome rate-limitinig; the excess NADH" could
then bhe very rapidly oxidized by- the ilitocholnl(riial
respiratory chainl, either directly ( 10, 23) or bv
mleains of a sulstrate shuttle (18 ).

Coin/'ariso;i wit/h Other alan t I'issies. No (lata
oIn tritiulIm1 incorporation by othe- p)lant tissues are
available for comparisoni with ourl iesults, but exteni-
sive sttu(lies oni carbon incorlporation frolmi glucose-1.
glticose-6 and(I ethanol- 1 call be foundi(i in the litera-
tuire (1, 2, 9, 25 O). ir glutcose carbon iilcorp)oration
results are in goo(d agreement with the sttidies of Ap
Rees anid Beevers ( i. 2) and( Romllberger andl Norton
(25) on carrot and l)otato .slices, if onie makes allow-
ance- for the mucthcl shorter incubal)ltion l)erio(ls ill ouir
Sttldv.

Oni the othier hand, ouir (lata ol ethanol-i carbon
inicorl)oration p)atterns are imarkedly (lifferenit from
those obtained by Cossiis and J3eevers (9) with 4-
(lay-ol(l l)pe shoots, but the experimenital cond(litionls
in the 2 stud(ies were so (liffereiit that (lirect copl)ari-
Son] malyl niot be valid.

Summary

In an attempt to studiv the metabolic fates of
NADH anid NADPH in vivo inIhigher plants, pea
stem sections were fed either ethanol- 1-C'4, H3 in
order to generate NADH ' intracellularlIv or glucose-

1-C''. Hv to generate NA\ 1))11: (jGlui.e -UH", 1l;
was also fedl in order to evaluate the contribution
of the glvcolytic pathway to total glutcose break-
downi. The C,/CI ratio observed wa.s 0.79, intlicat-
ing a nmajor role for the glycolytic path in glucose
catabolismii. Examiniation of the incorp)oration of C'
and H3 iiito various fractionis isolated from the tissue
indicates that 1)oth glucose-1 and glucose-6 are goo(d
precursors for the sugar fractioni an(d for the in-
soluble tissue resi(lue, proba)ly dute to enitry of in-
tact hexose units into the intracellular sugar pool
followed by incorporation of these unlits into poly-
saccharides. Ethanol- i-Cl 4, Hf is not incorporate(I
to any, great extent inlto any of the tissuie fractions;
the label at this position is readlilI converted to C14()
and HU.,(), suiggestin1g conversion(of etlhanlol to lace-
tate anid subsequent oxidationi via the citric aci(d cycle.

N:.ADP-H7 pro(luce(l from glucose-1 is a m1uclih bet-
ter hydrogen (loilor for ilid liosynthesis tlhani the
NA I)H' l)rodiuce(l from ethaniol-i. Il spite of the
fact that mitoch}onldria isolate(d from the tissue oxi-
(lize NADH very imiuch imore rapidly thani NADPH,
the x-hole-tissue experimzents showr nlo great differ-
ence between NADH3 and NADPHfl as hydrogen
donors for cellular oxi(latioins produciilg water. The
NADH3lH and( 'NADPH' prodtuce(l ill the soluble frac-
tiol may lperhaps be oxi(lized by soluble enzymie syvs
tems.

Similar results were obtained in experimients \with
section.s of ntiiig bean hvpocotvl.
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