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Ascorbic acid is a normiial constituenit not only
of the chloroplasts but also of tlle otber protoplasimic
comiiponents of the cells of green leaves. In spite of
its known wiidesprea(l occurrence in plants, fewr func-
tionis of ascorbic acid in plant metabolismlbav-e been
establishe(d (see review l)y MAapson, 15). The par-
ticipation of ascorbic acid as aln intermiediate hydro-
gen carrier in photos) ntbesis bas been suggested
(16, 17) and(l certainly the experiments of Krasnovsky
on the plhotoclhenmical re(luctioln of chlorophyll in vitro
by ascorbic acid (13, 14) have added new interest to
these suggestions. Ascorbic acid was aLt one time
considere(d to be a necessary comlponent of the photo-
synthetic phosphorylationi system but mlore recently
it has been regardedl as having a protective role in
prevenitinig inactivationi of essenitial components of the
chloroplasts (Arnion, 1).

SoonI after hie (discoveredl that chloroplasts could
use oxygen as a Hill reagent. Mehler (18, 19) re-
porte(d that riates of net oxygentuptake in the light
by reaction mlixtures containing chloroplasts. etlhanol,
and catalase were stimulated several fold if the clhloro-
plasts had first re(luce(l (quinone. To (letermiiine if it
was necessary for chloroplasts to re(luce (quinone in
the light, Mehiler added ascorbic acidl to the reaction
mixture to re(luce quinonie in the (lark. \Vhen an
excess of ascorbic acidl was adclde 1, an extremely rapidl
oxygen consumiiption occurre(l on illumination. The
nature of this rapi(d uptake in the presence of ascorbic
acidl was of particular interest because of the apparent
increase in the efficienc)y of uitilizationi of light energy.

Later, Vernion ani(l Kamen compared the photo-
oxi(lations of various re(lox couples by spinach leaf
homogenates and sonic extracts of Rhodospirillum
rubruin (21). The most active coup)le wNhich they
found was the combination of 2,6-dichlorophenolindo-
phenol (DPIP, acting as an electroni carrier) and
ascorbic acid (acting as the ultimate electroni (lonor).
In both plant and bacterial extracts, oxygen uptake
in the light continued until oxygen equivalent to the
excess ascorbic acid in the system hadl been consumed.

I Received revised maniuscript October 27, 1960
2 The contents of this paper are part of a thesis sub-

mitted to the graduate faculty of the University of Min-
nesota in partial fulfillment of the requirements for the
Ph.D. degree.

3 Present address: Department of Biological Sciences,
Goucher College, Towsoni, Baltimnore 4, Md.

The nature of this rapid DPIP-mediated photooxi-
dation of ascorbic acidl has since been investigated
using tracer oxygen techniques (Habermannii &
Ver-nioni, 10). The results of these stuidies support
the hypothesis that ascorbic acid cani be oxidizedl by
the oxidized prodluct of photolysis.

This paper describes investigations of the mech-
anism of the photooxidcation of ascorbic acid medialted
by chloroplast reactioni systems.4 Adl(Iition of ascor-
hic acid during eitlher a AMehler or exchalnige reaction
results in an immiiiie(liate acceleration of the rate of inet
oxygen uiptake. just as the rates of the ]\Iehler and
exchcanige reactions are accelerate(d after a chloroplast
preparationl lhas re(luce(l quinone (19, 8), previous re-
(luctioni of quinone lhas a stimulating effect on rates

Hill reaction (pro(duction only)

4H. 0 4(H) + 4(OH)
2Q + 4(H) O2QH.,

4(OH) > 2H.,0 + 02
2H20 + 2Q ->2QH. + 0,

Exclhange reactioni (n1o n1et chlalnge in oxygen tensioni,
i.e., production equial to consumption):

4H,0 - 4(H) 4 4(OH)
20*; + 4(H) > 2H (:).

4(OH) >2H.,O + O.,
2H, 2°2H.,O0 0.

2H.,O + 0: > O., + 2H.)0*
MIehler reactioI (Iroductioi less than1 coinsumption of

oxygen1):
4H,O 4(H) + 4(OH)

20* + 4(11) 2H.,0*'
4(OH)-H2H.,0 + O.,

2H*014+ 2CH.,CH.,OH - 4H.,O* + 2CH.,CHO

2H.,O + 2 CH.,CH.,OH + 20C)
-- 2 CHXCHO + 4H.,O* + O.,

of subsequent ascorbic acid oxi(latioin by such chloro-
plast preparations. The use of tracer oxygen (wvliclh
makes possible the simultaneous measureimient of rates
of oxygen consumption & production) indicated that
increases in rates of net oxygen uptake (luring the
oxidation of ascorbic acid are niot a coInsequence of
an additional oxygen-consuming reactioln being super-

4These reactions can be defined operationally in terms
of oxygen metabolism according to the following equa-
tions:
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imposed on the normal pattern of oxygen metabolism
of these chloroplast reactions, but that ascorbic acid
is oxidized by reaction with either the oxidized prod-
uct of photolysis or an intermediate in the pathway
to oxygen production. Preliminary reports of these
findings were presented at the A.I.B.S. meetings in
East Lansing, Michigan, and at the Gatlinburg con-
ference on photosynthesis (7, 9).

MATERIALS & METHODS

Chloroplasts wvere prepared from mature leaves
of Phytolacca amiericana L. (pokeweed) accor(ling to
procedures previously described (Habermann, 8).
All reactions were run in conventional rectangular
W\arburg vessels. Light from a bank oF fluorescent
bulbs mounted vertically behind the back window of
a constant temperature water bath was reflected onto
the bottoms of the experinmental vessels by a mirror
mounted at a 450 angle. Manometric experinments
were run at 18.80 C, tracer experiments at 230 C.
Adaptation of the mass spectrometer (CEC Model
21-201) has been described by Brown, Nier, and van
Norman (4) and further modifications of the appa-
ratus have been described by Johnston and Brown
(11).

The gas phase for all manonmetric experiments
wvas air. In experimlents using tracer oxygen, the
vessel containing 3 cc chloroplast suspensions plus
other components of the reaction mixture was at-
tached to the leak assenmbly of the mass spectrometer
anid flushed with heliuimi for 5 minutes. Oxygen en-
riched with mass 34 (016018 ) was then added so
that the resulting gas phase was composed of 2 to 3 %
oxygen in heliuml. Rates of oxygen consumption
and production were calculated from concentrations
of mass 32 (ordinary oxygen) and mass 34 which
were recorded automatically. Methods of calculation
and considerations of possible corrections were dis-
cussed in a recent paper by Browin and Weis (5).

RESULTS
PHOTOOXIDATION OF ASCORBIc ACID COUPLED

WITH THE MEHLER REACTION: I. Effect of ascor-
bic acid concentration on rates of net oxygen utp-
take,: The addition of ascorbic acid to chloroplast
reaction mixtures containing catalase and ethanol re-
sulted in accelerated rates of net oxygen uptake in
the light. When an excess of oxygen equivalent to
the added ascorbic acid had been consumed, rates of
oxygen uptake reverted to control values. The rates
of oxygen uptake during photooxidation of ascorbic
acid increased with the amount of ascorbic acid pres-
ent at the beginning of illumination up to 4 gnmoles
per vessel (ca 10-3 M) (fig 1). With the chloroplast
density used, further increases in ascorbic acid con-
centration resulted in no further increase in rates.

II. Effects of quinonc on rates of photooxidationt
of ascorbic acid by Mehler reaction mi.rxtures: Three

variations of experimental procedure were used to
test for effects of added ascorbic acid on rates of the
Mehler reaction in the presence of quinone. In the
first, quinone and ascorbic acid were mixed in the
dark before adding chloroplasts, catalase. an(l ethaniol.
The amount of quinone added was held constant (6
/imoles) while the amount of ascorbic acid added to
a series of vessels was varied (0-8 itmoles). The
reaction between the ascorbic acid and quinone was
completed before addition of the other components
of the reaction mixture. It might be expected that
only the stimlulant present in excess would have an
accelerating effect on the subsequent chloroplast re-
action in the light. In each case it was possible to
compare the rate of net oxygen uptake with rates
observed in other experiments (in which aliquots of
the same chloroplast preparation had been used)
where only the equivalent amount of quinone or as-
corbic acid was present in the reaction mixture. Both
the observed rates for each mlixture of quinone and
ascorbic acid and the predicted rates are plotted in
figure 2. In general, observed rates with the mix-
tures were slightly higher thaln those expected from
experiments in which quinone or ascorbic acid alone
was ad(le(l to the reaction mlixture. The greatest
discrepancies were observedl wh1en equivalent or nearly
equivalent amiiounts of quinone and ascorbic acid ha(l
been mixe(l. In these cases, two distinct rates were
observed: the first, (a low rate) agreed with the rate
expected from a reaction mixture containing neither
quinone nor ascorbic acid; about 30 minutes after the
beginning of illumination a secondc, higher rate at-
tributable to ascorbate was observed (as nmuch as
twice the i-nitial rate) whichi continued until oxygen
uptake ceased at the end of the period of illuminatioln.
The discrepancy betw-een observed and expected rates
of net oxygen uptake ma) in part be explained by the
action of hydroquinone. Mehler (19) reported a
small stimulation of net oxygen uptake by this sub-
stance. Although a small stimulation of the Mehler
reaction by hydroquinone was found in these experi-
ments, its presence had no effect on the rates of oxy-
gen uptake in reaction nlixtures containing ascorbic
acid (see below).

In a second variation of these experiments, ascor-
bic acid was added to the reaction mixture after the
completion of quinone reduction. Quinone (in
amounts varying from 0-8 ,umoles) was equilibrated
with chloroplasts, catalase, and ethanol in the dark.
A fixed amount of ascorbic acid (6 /Amoles) was tip-
ped from the sidearm of each vessel after a period
of illumination in which quinone reduction was com-
pleted and a period of quinone-stimulated Mehler re-
action was followed. Rates of the quinone-stimulatecd
M\ehler reaction increased with increasing concentra-
tions of quinone and were maximally stimulated in
reaction mixtures in which 2 Mmoles of quinone hal
been reduced in the light. These stimulatedI rates
were approximately twice control rates. At higher
quinone concentrations the rates of net oxygen uptake
following quinone reduction slhowed marked inhibition
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and stimulated rates at the highest quinone concen-

trations were only slightly higher than the control
rates. In all cases, the rates of net oxygen consump-

tion increased after addition of ascorbic acid from
the sidearms of the vessels and these rates increased
with the amount of quinone which had previously
been reduced by the chloroplasts in the light. Rates
of net oxygen uptake after adding ascorbic acid were

approximately equal to the rates of oxygen production
during quinone reduction at concentrations of quinone
above 3 Amoles per vessel. There were no further
increases in rates of oxygen uptake in vessels whiclh
had initial concentrations of quinone higher than 3
jumoles per vessel (see fig 3). As a control experi-
ment, from 0 to 6 Amoles of hydroquinone were sub-
stituted for quinone while the experimental procedure
was otherwise the same as that described above.
There was a slight stimulation of the Mehler reaction
in the presence of hydroquinone, but pretreatment with
hydroquinone did not enhance the rates of net oxygen

uptake after addition of ascorbic acid to the reaction
mixture. After the ascorbic acid tip, rates of net
oxygen uptake were approximately twice unstimulated
Mehler rates (as would be expected from ascorbic
acid acting alone in the system).

In a third variation of the pattern of adding as-

corbic acid and quinone, ascorbic acid was added
during illumination, but before the completion of
quinone reduction. Eight /Amoles of quinone were

equilibrated with chloroplasts, catalase, and ethanol
in the dark. Oxygen production was measured for
25 minutes after the beginning of illumination and
then from 0 to 8 imoles of ascorbic acid in solution
was tipped into each reaction mixture from the vessel
sidearm. Production of oxygen stopped immediately
and oxygen uptake began at rates which exceeded
the preceding rates of oxygen production. The dura-
tion of these rapid rates of oxygen uptake was, of
course, determined by the amount of ascorbic acid
added and the amount of unreduced quinone remain-
ing in the reaction mixture at the time of the tip.
The final rate of oxygen uptake in each vessel was

equal to that of the quinone stimulated Mehler re-

action to which no ascorbic acid had been added (see
fig 4).

PHOTOOXIDATION OF ASCORBIC ACID COUPLED
WITH EXCHANGE REACTION: The Mehler reaction
and the exchange reaction are basically the same:

they differ only in the manner in which HoOo formed
by reduction of molecular oxygen is removed from
the reaction mixture. In contrast to the 'Mehler re-

action [in which H,O0 is removed through the coupled
oxidation of ethanol to acetaldehyde (12)], in the

exchange reaction H,O., is dismuted to H.,O + 02

~~~~~~~~2 -
by the endogenous catalase in the chloroplasts (Brown
& Good, 3). There is, therefore, no net oxygen up-

take because of the exact balance between the oxygen

consumed in reaction- with the reduced product of
photolysis and the production of one-half equivalent

TABLE I

EFFECT ON EXCHANGE REACTION OF QUINONE & ASCORBIC
ACID MIXED BEFORE ADDING CHLOROPLASTS

QUINONE/ ASCORBIC OXYGEN PRODUCED
VESSEL, ACID/VESSEL, AFTER ASCORBIC ACID TIP, /Al
,umoles ,umoles OBSFRVED EXPECrED

6 0 64 67.2
6 2 36 44.8
6 4 25 22.4
6 6 0 0
6 8 0 0

Vessel contents: 3 cc chloroplast suspenisioni (0.5 mg
chlorophyll), 6 ,umoles quinone, 0 to 8 ,umoles ascorhic
acid.

of oxygen from decomposition of this product by
catalase plus one-half equivalent from the oxidized
product of photolysis. Thus, it is not possible to
measure the rate of an exchange reaction manometric-
ally and this reaction can be followed only by the
use of tracer oxygen. It seemed probable that ascor-
bic acid oxidation coupled to the exchange reaction
would create an imbalance between consumption and
production of oxygen which could be measuredc mano-
metrically. This, in fact, was the case: addition of
ascorbic acid to a chloroplast suspension wvith no other
addenda resulted in a small, but measurable, uptake
of oxygen in the light and (as in the Mehler reaction)
this net uptake of oxygen was greatly enhanced when
ascorbic acid was added to the reaction mixture fol-
lowing the reduction of quinone. It was possible,
then, to vary the patterns of adding ascorbic acid and
quinone and to measure the resulting net oxygen con-
sumption manometrically.

Table I summarizes the results of an experiment
in which 6 /Amoles of quinone and from 0 to 8 iAmoles
of ascorbic acid were mixed in the (lark before adding
the chloroplast suspension. The quantities of oxygen
produced on illumination of the reaction mixture
agreed closely with the amounts expected (based oni
the assumption of a quantitative reaction between
ascorbic acid and quinone and the absence of any
mechanism by which either of these substances could
be regenerated). In the vessel containing equivalent
amounts of quinone and ascorbic acid, no net uptake
or production of oxygen was observed on illumina-
tion. In the presence of excess ascorbic acid. there
was a slow uptake of oxygen in the light (-0.13
tl/min).

A rapidl uptake of oxygen was observedI when the
addition of ascorbic acid followed the completion of
a Hill reaction with quinone (see fig 5). Net oxygen
consumption continue(d only as long as unoxidized
ascorbic acid remaine(l in the reaction mixture. The
exchange reaction which continued after this point
could not be measured manometrically. In a series
of such experiments, from 0 to 10 Mmoles of quinone
were equilibrated with chloroplasts in the dark. After
the completion of quinone reduction in the light, 6
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without rinsing to a(l(l ascorb
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TABLE

EFFECT ON ExclIANGE REAC
TIPPED DURING QUI:

ASCORBIC
ACID IN
SIDEARMI,
(Lmoles

0

2
4
6
8

0, PRODU(CFD
BEFORE
ASCORBIC

ACID TIP

50
40

38
38
38

1'

Vessel contents: 3 cc chlor
clhlorophyll), 8 umoles quinoie,
(in sidearms).

tippe(d from the sidearm that 90 (( of the contents of the sidealrm's hlad been
een in figure 6, the rates transfer-re(d to the mlaini comiipartmenlt of each vessel.
photooxidlation of ascor- The results of these calculations and the measured
,'er the range of amounts volumiies of net oxygen pro(luction or consumllptionl are

the addition of ascorbic summliiiiarized in table II. Again thel-e wxas close agi ee-
1ino tendency to saturate. mlent between expected alnd observed values.
erimiielnts, varied amiiounts The rates of net oxygentuptake in the lighlt (llIe

s) were ti)pedl from the to unbalanced uptake andl plro(luction in thle exclhange
;sels (luring illunmination, reactioln wrere not clependlelnt on thle concentrations of
livalent to approximately ascorbic acidl between 2 and 8 ,A'moles per vessel. TIn
(Itiinonie ha(l been meas- Vessels containing ascorbic acidlplus 3 cc chloroplast

ssel sidearm-is were tipped suspenisioni, there xvere no detectable pressure changes

ate as rapidly as possible in the d(:rk, but on illumination ther-e wvas measurable
tble to that of mass spec- oxygen uptake: wxith 2 Mmiioles of ascorbic aci(d ini
rinsinig xvas impossible. the vessel the rate of oxygen uptake was 0.16 itd per

consumption of oxygen iminute, xvhile witlh 8 /ilmoles of ascorbic aci(l in the
%vas calculated assuming vessel the rate of uptake xvas 0.13 Jul per miitnute.

There xv-as no measurable pressure change in these

TI vessels (luring (lark perio(l folloxving illumlination.
In vessels conitainiing nio ascorbic aci(l tlhere vere ino

TION OF ASCORBIc ACID niet changes in pressurle in the ligh1t or in the (lark.
NONE, REDUCTION It ha(l been assume(l that the capacity for light-

(le )en(lenit oxi(lation of ascorbic acid is associate(l with
rOTAL OXYG,EN UPT\NKE OR

ROi)UCL(TION- AFTER ASCORBIC the Hill activity of the cliloroplast prewariItiOnSNvlienl
ACID TIP, (lI me(liate(d these reactions. To test this assumlption.

the rates of these reactions with active chloroplastsOBSERVED_ E_ PE_TED_ wvere comlpared to rates wvith heat-inactivated prepara-

+40 +39.6 tions (heated for 2 lhr at 750 C0. Active chloroplasts
+21.5 +29.4 were freshly thawed aln(d (lilutedl aliquots of the chloro-
+ 8 +11.3 plast prel)arations used for heat-inactivatel controls.
-20 - 9.1 Even this relatively1 long heatinig (I(I lnot coml)letely
-29 -29.0 (lestrov the capacity of these chloroplast l)replarations

to carry out reactionls of the Hill type, or to ie(liate
7oplast suspensio~n (0.5 mg

0 to( 8 urmoles ascorbic acid the plhotooxi(latioln of ascorbic aci(l (see table T11 ).
However. lheat treatment (li(l re(luce all the activities

Ascorbic Acid tipped

-~~~~ ~~~~,

, *' *
0

;1 '0

-
, * - Light >
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TABLE III
EFFECTS OF HEAT-INACTIVATION ON CHLOROPLAST ACTIVITY

QUINONE
RATE
,ul/min

% OF MEHLER OR
ACTIVE EXCHANGE RATE,
RATE ,lI/min

% OF RATE AFTER
ACTIVE ASCORBIC ACID
RATE TIP, ,ul/min

A. Quiinonie-Mlehler + ascorbic acid
100 % -0.91 100 %

-0.93
0% T

B. Mehler + ascorbic acid
. . . -1.53
*.**-1.23

-0.09
... 0

100 %

0 %

C. Quinone-stisnztlatcd exchange + ascorbic acid
+2.02 100 % -0.41 100 %

0.39 19%*-...*

-3.32
-3.23
-0.44
-0.56

-2.26
-1.94
-0.27
-0.11

-1.81
-0.20

* Unreduced quinone still in vessel.
Vessel contents: 3 cc chloroplast suspension (0.21 mg chlorophyll), 6 /Amoles quinone (present in A & C), 6

,umoles ascorbic acid, 6 mg catalase (present in A & B), 0.1 cc 50 % ethanol (present in A & B).

measured to a small fraction of those of active chloro-
plasts, and these experiments support the hypothesis
that the capacity of chloroplast preparations to medi-
ate the photooxidation of ascorbic acid (whether or

not quinone is added to the reaction mixture) is de-
pendent on their Hill activity.

TRACER EXPERIMENTS TO DETERMINE NATURE OF
ASCORBIc ACID EFFECTS: The manometric experi-
ments described above demonstrated that light-depend-
ent oxidation of ascorbic acid by chloroplast prepara-
tions resulted in accelerated oxygen uptake. It was

necessary to utilize tracer techniques, however, to
determine whether stimulated rates of net oxygen
consumption after addition of ascorbic acid are in-
dependent of the products of photolysis, i.e. super-
imposed on the oxygen uptake and production asso-
ciated with Mehler and exchange reactions; or

whether ascorbic acid is oxidized by the oxidized
product of photolysis (or another precursor of
oxygen).

Aliquots of the same chloroplast preparation were
used in all the experiments described below. Each

reaction mixture contained 0.21 mg clhlorophyll and
experimental conditions such as concentration and
volume of other components of the reaction mnixtures,
intensity of illumination, temperature, and oxvgen
tension were held as constant as possible. At least
six replicate experiments were run of each of the
following types: I. Addition of ascorbic acid to an
unstimulated Mehler reaction: II. Addition of as-

corbic acid to a quinone-stimulated Mebller reaction,
and III. Addition of ascorbic acid to a quinone-
stimulated exchange reaction. In all cases, ascorbic
acid was added during the period of illumination
and after stable rates of light-dependenit oxygen con-

sumption and production had been nmeasured for at
least 20 minutes.

I. ADDITION OF ASCORBIC ACID DURING UN-
STIMULATED MEHLER REACTION: The time course

of one representative experiment of this type [show-
ing partial pressure changes of ordinary oxygen (mass
32) and tracer oxygen (mass 34)] is illustrated by
figure 7. The average rates calculated from six such
experiments are sumnmarized in table IV. These ex-

LE IV
EFFECTS OF ADDING ASCORBIC ACID TO UNSTI-MULATED MEHLER SYSTE-M

UPTAKE, Al/min PRODUCTION, ,l/min NET, ,ul/min
Unstimulated Mehler rates -1.33 ± 0.33* +0.64 + 0.14 -0.75 ± 0.24
Rates after adding ascorbic acid -1.96 ± 0.18 +0.72 ± 0.14 -1.25 ± 0.18
% of rate before adding ascorbic acid 148 % 113 % 167 %

* Mean of six determinations + standard deviation of meani.
Vessel contents: 3 cc chloroplast suspension (0.21 mg chlorophyll), 6 mg catalase, 0.1 cc 50 % ethanol, 6 iAmoles

aiscorbic acid (in sidearms).

CHLOROPLAST
SYSTENM

Active
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+1.48
+1.46
+0.12
-0.12

Heated

Active

Heated

Active
Heated

% OF
ACTIVE
RATE

100 %

15 %

100 %

9 %

100 %
11 %
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FIG. 7. Effect of addition of ascorbic acid on time
courses of normal and tracer oxygen in the Mehler re-

action. Vessel contents: 3 cc chloroplast suspension
(0.21 mg chlorophyll), 6 mg catalase, 0.1 cc 50 % ethanol,
6 Asn-oles ascorbic acid (in sidearm). To convert partial
pressure units of the ordinate to microliters oxygen mul-
tiply by 3.02 for mass 32, by 1.00 for mass 34.

FIG. 8. Time courses of normal and tracer oxygen
during quinone reduction, quinone-stimulated Mehler re-

periments showedl that inlcreases in rates of net uptake
of oxygen after adding ascorbic acid to Mehler re-
action mixtures resulted from two changes in the
pattern of oxygen metabolism: rates of both uptake
and production of oxygen were accelerated. After
adding ascorbic acid to the reaction mnixture, rates
of oxygen production increased by 13 % x-hile rates
of oxygen consumption increased by 48 '. Because
rates of both uptake and pro(lutctioiu of oxygen were
changed (rather than only the rate of oxygen con-
sumptioni) it is more probable that ascorbic acid is
oxidized via the interiedliarv reactionis of the prod-
ucts of photolvsis, rather thani via chloroplast-imedi-
ated oxidation which is in(lepeni(lelnt of the Hill ac-
tivitv of the chloroplasts.

II. ADDITION OF ASCORBIC ACID DURING QUI-
NONE-STIMULATED M\EHLER REACTION: In this group
of experiments quinone w-as equilibrate(d in the dark
with the components of the M\Iehler reaction mixture
to insure maximum quinone stilultlatioin (8). The
time course of a representative experimleint of this
group is showni in figure 8. At the beginninig of
illumination, there wvas an increase in the relative
partial pressure of mllass 32, wxlbile there was no chanige
in partial pressur-e of imass 34. This incdicate(d that
only quinone wvas being re(luced by the reduced prod-
uct of photolysis. As soonl as the reductioin of qui-
none was comiiplete, net uptake of both nmass 32 and
mass 34 began. Adding ascorbic aci(l to the reaction
mixture resultedl in a marke(d increase in the rate of
uptake of mass 32. By comparison, the change in
slope of the milass 34 curve wX-as very smlall. After
adl(lition of ascorbic acidl. rates of net oxygen uiptake
increase(l an average of 91 c'. Thlis change in nIet
rate of oxygen uptake was the consequenice of a 32 %
increase in oxygentuptake and(l a 46 d(lecrease in the
rate of oxygen prodluctioni (see table V). Once
agaiil, the nmore I)lausible mechanismn of ascorbic acid
oxidation was its reaction wx ith the oxidize(d pro(duct
of photolysis or solmie ilntermiie(liate in the pathway to
oxygen prodluctioni.

III. ADDITION OF ASCORBIC ACID DURING QUI-
NONE-STI'MULATED ExCHANGE REACTION: As in the
previous set of experimenits. qIiiinonie xas equilibrated
with chloroplasts in the (lark. At the beginning of

action and photooxidation of ascorbic acid. Vessel con-
tents: 3 cc chloroplast suspension (0.21 mg chlorophyll),
6 mg catalase, 0.1 cc 50 % ethanol, 6 ,umoles quinone, 6
/umoles ascorbic acid (in sidearm). To convert partial
pressure units of the ordinate to microliters oxygen mul-
tiply by 3.27.

FIG. 9. Time courses of niormal and tracer oxygen
during quinone reduction, quinone-stimulated exchange,
and photooxidation of ascorbic acid. Vessel contents:
3 cc chloroplast suspension (0.21 mg chlorophyll), 6
,umoles quinone, 6 ,umoles ascorbic acid (in sidearm). To
convert partial pressure units of the ordinate to micro-
liters oxygen mutltiply by 2.86.
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TABLE \T
EFFECTS OF ADDING ASCORBIC ACID TO QUTNONNE-STIMULATED MIEHLER SYSTEM

UPTAKE, jul/min PRODUCTION, Al/min NET, ,l/min
Quinone-stimulated Mehler rates -3.19 ± 0.19* +1.42 + 0.21 -1.79 ± 0.08
Rates after adding ascorbic acid -4.20 + 0.28 +0.77 + 0.15 -3.42 4- 0.21
% of rate before adding ascorbic acid 132 % 54 % 191 %,

* Mean of six determinations + standard deviation of
Vessel contents: 3 cc chloroplast suspension (0.21 mg

quinone (equilibrated in dark with reaction mixture), 6

illumination, partial pressure changes characteristic
of quinone reduction were observed (for time course
of a typical experiment see fig 9). On completion of
quinone reduction, the balanced oxygen uptake and
production of the exchange reaction began. In this
reaction the rate of oxygen uptake (due to reduction
of oxygen by the reduced product of photolysis) is
just balanced by the production of one-half equivalent
of oxygen by the action of endogenous catalase on

the peroxide thus formed and a second one-half equiv-
alent from the oxidized product of photolysis. Both
mass 32 and mass 34 are consumed in the initial re-

action with the reduced product of photolysis. Oxy-
gen produced by the action of endogenous catalase is
composed of mass 32 and mass 34 in the proportions
of their occurrence in the oxygen consumed; the oxy-

gen produced from the oxidized product of the split-
ting of water is almost entirely mass 32 because of
the overwhelming preponderance of H,O16 over
H,018 in the milieu. Hence, during the exchange
reactioni (in which there is no net change in the par-

tial pressure of oxygen) there is an increase in the
relative partial pressure of mass 32 and a decrease in
the relative partial pressure of mass 34. On addition
of ascorbic acid there was a change from net produc-
tion to net uptake of mass 32 accompanied by a slight
increase in rate of net uptake of mass 34. The aver-
age rates for six replicate experiments are summarized
in table VI. These data provide the most convincing
proof of the hypothesis that ascorbic acid is oxidized
via the oxidized product of the splitting of water:
the rate of oxygen production decreased by 47 % on

addition of ascorbic acid to the reaction mixture.
This decrease in oxygen production from the oxidized
product of the splitting of water is apparent from
the marked change in slope of mass 32 (from produc-

mean.
chlorophyll), 6 m. catalase, 0.1 cc 50 % ethanol, 6 umoles
,moles ascorbic acid (in sidearms).

tion to consumiiption). Uptake of mass 34 was only
slightlv accelerate(d following the ascorbic acid tip.

DISCUSSION
Viewed as a whole, these experiments show that

acceleratedl net oxygen uptake by illuminated chloro-
plasts on addition of ascorbic acid is the result of two
simultaneous changes, i.e. the change in net rate is the
result of changes in both uptake and production of
oxygen. The unequal effects of ascorbic acid on
rates of uptake and production can be explained by
a single reaction mechanism: the oxidation of as-
corbic acid by an intermediate on the oxidized side
of photolysis. This diversion of a portion of one of
the products of the splitting of water does not com-
pletely block the production of oxygen, and thus there
is evidence of a competition between ascorbic acid and
the normal enzymatic pathway to oxygen. The pro-
posed mechanism explains both the increased rates
of oxygen uptake observed in all cases and the ac-
celerated rates of oxygen production on addition of
ascorbic acid to an unstimulated Mehler reaction.
If the products of photolysis are produced more rapid-
ly than they can be transported along their normal
enzymatic pathways, then either of the following con-
ditions would result: A. A back reaction (or re-
combination of the oxidlized and reduced products of
the splitting of water) could remove an appreciable
fraction of these products from the system; or B. If
only one part of the enzyme system were limited, one

of the products of photolysis or a subsequent inter-
mediate might accumulate. Oxidation of ascorbic
acid by the oxidized product of the splitting of water
could affect either of the above conditions: more effi-
cient removal of this product would decrease the

TABLE VI
EFFECT OF ADDED ASCORBIC ACID ON QUINONE-STIMULATED EXCHANGE

UPTAKE, ,l//min PRODUCTION, ,ul/min NET RATE, ,ul/min
Quinone reduction -0.12 ± 0.18* +2.97 ± 0.27 +2.86 ± 0.33
Quinone-stimulated exchange -2.69 ± 0.39 +2.48 ± 0.26 -0.11 ± 0.08
After adding ascorbic acid -3.62 ± 0.39 +1.32 + 0.16 -1.15 ± 0.16
% of rate before adding ascorbic acid 135 % 53%..

* Mean of six determinations + standard deviation of mean.
Vessel contents: 3 cc chloroplast suspension (0.21 mg chlorophyll), 6 umoles quinone (equilibrated in dark with

reaction mixtures), 6 ,umoles ascorbic acid (in sidearms).
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probability of back reaction by remiioving from the
reaction system any accumlulated intermiediates in the
pathway to oxygen. Acceleration of the oxygen-con-
suming reaction in all three of the systems stu(die(d
(unistimulated Mehler reactioll, quinolne-stilmiulate(d
Mehler reaction, & quinone-stimulatedl exchange re-
action) in(licates that the extent of back reaction of
the products of photolysis is redluced. The rate of
oxygen production may be calculatedI from an ob-
served rate of oxygen consumption accor(ling to the
usual stoichiometry (20). In all thl-ee experimiental
conditions the rate of oxygen prodluction relative to
the observed O., uptake is (lecrease(l by ascorbate.
Even in the unstimlulatedl Mehler reaction (where
rates of oxygen productioni actually increased on
addition of ascorbic acid), the stoichiomnetry of the
reaction was changed, indicating that somiie oxygen
precursor was being diverted during the oxi(lation of
ascorbic aci(l.

It has not been establishedl if the lighlt-dependent
oxi(lation of ascorbic aci(d by clhloroplasts is an en-
zymatic reaction. The absence of a normial type of
ascorbic acid oxi(lase is certainly apparenit. Botlh
manometric and tracer oxygen measuremiienlts indicated
that oxidation of ascorbic acid was in all cases a light-
dependent reaction: it occurre(d only when chloroplast
preparations were illuminate(d anid stoppedl inmiiiediate-
ly when lights were turned off. It is possible that
chloroplasts contain an ascorbic acid plhotooxidase
but it is not necessary to postulate its existence in
order to explaini the experimlental results.

The stimulatory effects of quinonie w-ere (liscussed
in a previous paper (8). In the light of recenit isola-
tion of naturally-occurring (quinonies frolmi chlloro-
plasts by Bishop (2) andl Cralle (6) and the (lemiion-
stration that such p-(quinone derivatives al-e necessary
for Hill activity, it is not surprising that quinone
should enhlanice the overall activity of chlolroplast re-
action systems. Tracer experiments have (lemon-
strated that quinolie stimiiulatioln (loes niot chlanige the
stoichiometry of the Mebler or exchange reactions
(8) : in both reactions the ratios of uptake to prodluc-
tionl of oxygen remiiailne(d the samiie as those observed
in unstimulated reactionis. It is p)ossible that the
naturally-occurring quinonies (or beluzoquinone added
to the reactioni mlixture) are directlV responsible for
ascorbic aci(d oxidation. Light an(l Hill activity of
the clhloroplasts would be reqIuire(l by this reaction
mechanismii for oxidation of ascor-bic acid via a cyclic
reoxidationi of reducedl quiilonie by the oxidizecl prod-
tuct of photolysis.

SUMATMARY

Tlle light-dependlenit oxidation of ascorbic acid by
chloroplast preparations was investigated using mano-
mletric an(l tracer technliqlues. Suchl phlotooxidations
of ascorbic acid bv 'Mehler or exchange reaction mix-
tures result in increase(l rates of net oxygen uptake.
Botlh the MIehler and(l exclhange reactiolns are acceler-
ate(l by pre-vious re(luctiotn of quiinone, and their ac-

tivity in the me(liation of ascorbic aci(d oxidlation is
similarly enhanced following quinone reductioin. Ex-
periments with tracer oxygen indicate that increased
net oxygeni coinsumption after addilnlg ascorbic acid to
chloroplast reaction systems is the consequence of
simultaneous increase in oxygen consumlption aind
(lecrease in oxygen production. According to the
postulated reaction meclhanisml, oxi(lation of ascorbic
acid results from a reaction xx ith the oxidize(d pro(duct
of photolysis via a cyclic oxidlationl and reduction of
either endogenous quinones or- benzoquinone added
to the reaction mixture.
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VARIATIONS IN STARCH & TOTAL POLYSACCHARIDE CONTENT OF PINUS
PONDEROSA NEEDLES WITH FLUORIDE FUMIGATION'
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INTRODUCTION
Stoklasa (10) reported that leaves of plants show-

ing symptoms of chronic sulfur dioxide injury have
a lower starch content than normal leaves. Hasel-
hoff et al (4) suggested that lowered starch content
was associated only with chronic sulfur dioxide in-
jury, since, in the instance of acute injury, the starch
level is fixed at the level which existed at the time
of the cell destruction. This hypothesis was not
experimentally substantiated. Swain (11) stated
that repeated mild, daily, non-marking sulfur dioxide
fumigations resulted in no reduction in carbohydrate

I Received revised manuscript December 1, 1960.
2 Present address: Department of Chemistry, Florida

State University, Tallahassee.

content of the leaves. Katz and Pasternack (6)
studied the effect of concentrations of sulfur dioxide
insufficient to produce leaf markings and found an
increase in sulfur content, but no significant change
in starch concentration.

No similar studies have been found in the literature
relating (a) starch and polysaccharide levels in plant
leaves with (b) fluoride fumigation. This work was
undertaken to provide information on the relation
between (a) starch and polysaccharide content of
Pinus Ponderosa needles and (b) fluoride exposure
level and sequence of fumigation.

EXPERIMENTAL
FLUORIDE FUMIGATION PROCEDURES: Five groups

of ponderosa pine (Pinus ponderosa Laws) were
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