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Photoplhosphorylation by isolate(i chlioroplasts has
been reportedl and studied in several species (21), but
no publislhed evidence of the reaction by maize chlioro-
plasts coul(l )e foundl. In a stu(ly of this reaction by
maize chlioroplasts initial experiments using existing
isolation techniques (2, 12) failed to give active chlor-
oplasts. One previous report of a smiliar inability to
demonstrate photophosphorylation has been miadle by
Heber (11) who was unable to obtain chloroplasts
capable of photophosphorylating from Vicia faba.
In this case a substance whiclh inhibited the reaction
by spinach chloroplasts was found in the bean cell sap.

The aims of this study w,ere to determine if maize
leaf tissue contained a component that inhibite(d
chloroplast activity and to (levise nmethods of extrac-
tion that would permit the isolation of chloroplasts
from mnaize leaf tissue which would be capable of
carrying out the Hill reaction and cyclic and(l non-
cyclic photophosphorylation.

Materials & Methods
MIaize (Zea wtays L. WF9 X M114) tissue was ob-

tained from plants grown in soil in the greenhouse.
All the leaf tissue from plants. 2 to 4 weeks old, was
use(l. Spinach (Spinacia oleoracca L.) w\as pur-
chased fromii the supermarket. Spinach leaves (5 g)
were grounid in 30 ml of 0.01 AI NaCl, 0.05 AI tris4
pH 7.8. and 0.4 M sucrose (basic grinlding mediunm)
in an Omnimilixer for 30 seconds at low speed (40 v
on the -ariable transformer) and for 30 seconds at
high speed (90 v). The homogenate was then filter-
ed through eight layers -of cheesecloth and centrifuged
at 2,000 X g for 7 minutes. The pellet was resus-
pended in 10 ml of grinding medium and recentri-
fuged at the same speed. The chloroplast pellet was
finallv taken up in 1.5 ml of grinding medium. Al-
though this procedure was satisfactory for spinach
tisstue, mlaize chloroplasts isolated by the i(lentical
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techni(lue were not active. In fact the supernatant
fluid (miiaize leaf extract) frolmi the first centrifuga-
tion was used as a source of inhibitor.

The reaction mix used for cyclic photoplhosphoryl-
ation contained the followxing (in ,umoles) : tris buffer
pH 7.8, 26; sodium chloride, 23; magnesiunm chloride,
4; potassium phosphate pH 7.8, 4; glucose, 33; ATP,
1; PMS, 0.3: excess hexokiinase, and chloroplasts
containing 8 to 15 ,ug chlorophyll, all in a final
volume of 1 ml.

The reaction was run in 25 ml test tubes placed
in a water batlh with Plexiglas sides and illuminated
froml both si(les by six 100-w incandescent bulbs
placedl 4 inches from the tubes. The temperature
was maintained at about 16 C by running tap water.
The reaction was continued for 5 minutes and stop-
ped by turning off the light and adding 2 ml of 10 %
TCA. The precipitate was spuIn down and the super-
natant fluid assayed for inorganic phosphate esteri-
fied. Initially, the Fiske and Subbarow (8) method
was used. Later experiments were (lone using p32
in the reaction mediuml (at a conicenitration of ca.
100,000 cpm per ml of mediuimi) an(d labelled organic
phosphate counted at the termination of the experi-
ment using Avron's (3) miiodificatioin of the Nielsen
and Lehninger technique (16). Chlorophyll concen-
tration was measure(d by the mnetlhod of Arnon (1 ).

All manipulations during isolation wvere donie at
as near 0 C as possible using ice buckets an(l re-
frigerated centrifuges.

Results
Inhibition Studies: Mixture experimiients were

carried out. The addition of either spinach leaf ex-
tracts or aqueous extracts of spinach chloroplasts to
maize chloroplasts did not stimulate phosphorylation.
However, addition of mlaize leaf extract to spinach
chloroplasts inhibitedl (66 c ) their activity (table
I). Incubation of spiinach chloroplasts in miiaize leaf
extract in the cold for short periods reduced their
ability to phosphorylate (table 1 ).

Results pertaining to properties and characteristics
of the inhibitory component(s) of maize leaf extract
are presented in table II. The heat stability of the
inhibitor is demonstrated in experiment a. The leaf
extract was boiled for 5 minutes, filtered through
glass wool and added to the reaction mix. Experi-
mlenit b shows that the inhibitor could be removed by
adsorption onto activated charcoal. Charcoal (1 g)
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Table I
Inhibition of Cyclic Photophosphorylation in
Spinach Chloroplasts by Maize Leaf Extract

Treatment Rate*

Added to complete reaction mix
MIaize leaf extract** 120
Extracting medium** (control) 360

Preincubated with spinach chloroplasts
Maize leaf extract*** 211
Extracting medium*** (control) 310

*amnle.c of nhnqr)hqte ec,terifledl ni-r mi rhlnrnnhvlrl

**

/A'ILVVC U1 PIlU3PIldtIC IC.-3LIC1 CU pt:1 1l1g FJ11U1 PLIlYI
per hour.
0.2 ml added to 1 ml of reaction mix containing
spinach chloroplasts.
3 ml of maize leaf extract were added to 3 ml of
spinach chloroplasts and incubated 10 minutes at 2 C.
The chloroplasts were then spun down and incubated
in the reaction medium.

Table II
Cyclic Photophosphorylation Rates of Spinach

Chloroplasts As Affected by Treated
Maize Leaf Extract

Treatment* Experiment
a b c d

Control 284** 328 210 200
Unboiled extract 125 ... . .
Boiled extract 125 180 i16 70
Charcoal adsorption ... 325 ...
Collagen adsorption ... ... ... 110
Cation exchange resin*** ... ... 151 ...
Anion exchange resint ... ... 154
Chloroform ether extractiontt ... ... 148

* The leaf extract was treated in various ways and
thein 0.2 ml added to the reaction medium containing
spinach chloroplasts. For all controls the relevant
amounts of extracting medium were subjected to
the same treatment and then 0.2 ml added to the
reaction medium.

** Figures in the body of the table are rates (,umoles
of phosphate esterified per mg chlorophyll per
hour) of phosphorylation by spinach chloroplasts.

*** Dowex 50. pH of extract 2.8.
t Amberlite IRA 200. pH of extract 8.5.

tt Double extraction of leaf extract with equal volumes
of chloroform ether (1: 1 v/v).

was a(lded to 15 ml of extract and shaken for 10
minutes; the charcoal was then filtered off and 0.2
ml of the extract added to the reaction medium.
Further investigation showed that the substance was
not removed by anion (Amberlite IRA 200) or cation
(Dowex 50) exchange resins or by extraction with
chloroform ether (1: 1, v/v) (experiment c). Thus
it is unlikely that the inhibitor possesses strongly
charged groups or that it is a simple phenol or similar
hydrophobic compound readily soluble in chloroform
ether.

Clendenning et al. (5) have previously shown
that tannins are natural inhibitors of the Hill re-
action. Tannins may be adsorbed onto collagen (6,

17). Collagen was treated with chrome alum (17)
and 1.5 g of collagen (containing 70 % moisture)
were added to 5 ml of leaf extract and shaken for 10
minutes [table II (experiment d)]. The removal
of tannins alleviated part, but not all of the inhibition.

Development of an Isolation Procedure for Maize
Leaf Tissue: Since maize leaf extracts contained
chloroplast inhibitors attempts were made to isolate
active (photophosphorylating) chloroplasts using
protective agents. McClendon (15) has shown the
protective nature of Carbowax 40005 for chloroplasts
and Clendenning et al. (6) further demonstrated its
usefulness in isolating chloroplasts for the Hill reac-
tion, especially in plants having a high tannin con-
tent. The use of McClendon's medium in an attempt
to produce active chloroplasts was not successful.
Neither the addition of EDTA, ascorbate, glutathione,
nor cysteine to this medium brought any results. At
this stage the use of high concentrations of Carbowax
was abandoned.

Modifications of the basic grinding medium used
for isolating chloroplasts from spinach were made
by adding protective agents. Diethyldithiocarbamate
and cysteine, when added to this basic medium, led
to the isolation of active chloroplasts from corn.
Their separate effects were not additive, cysteine
alone being more effective (table III). Reduced
glutathione was also capable of protecting the chloro-
plasts during isolation. The results of differing con-
centrations of glutathione and cysteine are shown in
table IV. It can be seen that the optimal concentra-
tions for both substances was 0.005 M, neither sub-
stance being effective at high concentrations. The
slight advantage for glutathione was borne out in
sul)sequent experiments.

The results shown in table II suggest that at least
part of the inhibition is due to tannins. Because
Carbowax has been cited as blocking tannin absorp-
tion onto chloroplasts (6), theoretically it should be
beneficial. Carbowax was added to the glutathione

Table III
Enlhancement of Cyclic Phosphorylation in Maize Chloro-

plasts by Adding Cysteine & Diethyldithiocarbamate
to Isolation Medium

Addition to basic isolation medium** Rate*

None 3
+ 0.01 m diethyldithiocarbamate 53
+ 0.01 M cysteine 142
+ 0.01 M cysteine + 0.01 M diethyldithiocarbamate 75

* ,umoles of phosphate esterified per mg of chlorophyll
per hour.

** Basic isolation medium was 0.1 Ai NaCl, 0.05 At tris,
pH 7.8, and 0.4 At sucrose.

5 Trade name for polyethylene glycol. Manufactured
by the Union Carbide Chemicals Co.
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Table IV
Comparison of Glutathione & Cysteine as Protectants

of Maize Chloroplasts During Isolation

Rate
Molarity

+

0.0001
0.0005
0.001
0.005
0.01
0.05

Glutathione*

32**
40
65
95
85
4

+ Cysteine
16
20
40
73
55
5

Glutathione and cysteine were added to 0.01 at NaCl
0.05 M tris pH 7.8, 0.4 At sucrose in the concentra-
tions indicated andl the maize chlioroplasts extracted
in that medium.

** Figures in the body are rates (,umoles of phosphate
esterified per mg chlorophyll per hour) of phos-
phorylation by maize chloroplasts.

enriched mediunm in various concentrations (fig 1).
Adldition of low concentrations of Carbowax gave
pronounced protection with chloroplast activities
(180-200 %) of controls. The actual optimunm was
in the range of 6 to 10 mlg of Carbowax added per
ml of medium (insert). This is low compared with
previously used concentrations of 400 mg of Carbo-
wax a(lded per ml of medlium (15). The shape of
the curve is unusual for it rises to a sharp maximiiumii
and then gradually dlecreases with increasing con-
centration. Table V" shows that the protections pro-
vided by Carbowax and glutathione are additive.

Recommended Procedure: On the basis of these
results the following teclilque has been used for

,E

1801-

160G

140F

J's \..

'<S0
160[

120

120F

I/
_/

//

0 4 8 12

0 20 40 60 80 100
CARBOWAX ADDED, mg/ml isolation med.

Fig. 1. Enhancement of cyclic photophosphorylation
in maize chloroplasts by adding Carbowax to the isola-
tion medium. The basic isolation medium was 0.01 M
NaCl, 0.05 m tris pH 7.8, 0.4 i sucrose, 0.005 M gluta-
thione.

routine isolation of maize chlioroplasts capab)le of
plhotophosphorylation.

MIaize leaves (2 g) are ground, with 30 ml of
0.01 M\ NaCl, 0.05 AI tris pH 7.8, 0.4 Mi sucrose,
0.005 MI glutathione with 6 nmg of Carbowax 4000
a(lde(l per ml, in an Omni-mixer at 40 v for 40 sec-
on(ls followed by a further 40 seconds at 100 v on the
-ariable transfornmer. The chloroplasts are then spun
down at 2,500 X g for 8 minutes. The pellet is re-
suspen(le(l in 5 nml of 0.01 Mi NaCl, 0.05 AI tris pH 7.8.
0.4 Mu sucrose, and(l then recentrifuged. The final
pellet is takenl up in 1.5 nml of the same medium.
WN'ith this technique rates of over 400 ,umoles of phos-
plhate esterified per nmg of chlorophyll per hour have
been achieved. This technique has also proved suc-
cessful for isolating chloroplasts for non-cyclic photo-
phosphorvlation, i.e., phosphorylation accompanying
the Hill reaction. In this case care must be taken
that the final preparation is free from glutathione.
WN'ith this precaution, results were obtainedl that gave
a muolar ratio of phosplhate esterified to ferricyanidle
redlllced of 0.5.

Table V
Addition of Carbowax & Glutathione to Isolation

Medium for Maize Chloroplasts

Additions to basic isolation medium**

Nonie
+ Glutathionie (0.05 m)
+ Carbowax (6 mg /ml)
+ Gluitathione (0.05 Am) & Carbowax (6 mg

Ratc*

0
58
90

nl) 135

a ,umoles )llosphate esterified per mg chlorophyll per
hour.

** Basic isolation mediumi as 0.01 Ai NaCI, 0.05 Mi tris
pH 7.8, 0.4 NM sucrose, 0.005 3r glutathione.

Discussion
This work, together with that of Heber (l.

demiionstrates that existing isolation techniques base(d
on simple salt or salt sucrose mliedia are not applicable
for the extraction of activ,e (photophosphorylatinig)
chloroplasts from all plant species. The failure of
these techni(lues dloes not ini(licate that the planits
have inactive clhloroplasts but that there are inhibitory
substanices present in leaf extracts. The inhibitioln
can be overcome in young miiaize plants by adding
glutathione (or cysteine') and( Carbowax to the iso-
lation mledium.

The inhibitory substances l)resent in maize leaf
extract have not been finally idlentified, but certain
pre(lictions are possible on the basis of the restults
in table II. It is likely that at least part of the in-
hibition is clue to tannins. Besides the evidence pre-
sentedl here it has been known since 1890 that tani-
nins are present in maize tissue (19). Further, they
have been found to inhibit that part of the chloroplast
system responsible for the Hill reaction (4, 5). It
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is also probable that more than one inhibitory sub-
stance is present in the leaf extract. This would
explain the additive effects of glutathione and Carbo-
wax.

It is presumed that the beneficial effect of reducedl
glutathione is due to the protection of sulfhydryl
groups. The presence of such groups is imiiplied by
the inhibition of photophosphorylation by p-chloro-
mercuribenzoate (2) and similar sulfhydryl poisons
(13). Glutathione has previously been found to
stimulate photophosphorylation by chloroplast frag-
ments when added to the reaction mediunm (14).
The need for glutathione or cysteine is also in accord
x-ith work on the isolation of various enzymes from
mlaize leaf tissue showing that 0.01 M cysteine or
glutathione was required for active preparations (9).

Creswell (7) has shown that adding cysteine to
the isolation me(lium is mandatory for extracting
nitrate reductase from maize, tobacco, and tomato
leaves. No activity could be observed in the absence
of cysteine. Thus it appears that certain plant
species, including maize. contain substances that will
inhibit enzymles or enzyme systems that contain
sulfhydryl groups. Therefore, negative results with
respect to isolation of enzymes and enzyne systems
fronm such plants may only reflect the lack of pro-
tective agents during the extraction rather than the
absence of the enzyme from the tissue.

Carbowax has the following known effects: A,
it increases the osmotic pressure (15) ; B, it protects
against tannins (6), and C, it precipitates proteins
(20). For the previously reported osmotic pressure
effects a high concentration of Carbowax was used.
It is unlikely that the small amounts added to a rela-
tively high concentration of sucrose would so alter
the osmotic pressure as to give the observed stimiiula-
tion. Carbowax added at a concentration of 400
mg/ml removed the majority of the protein from
the supernate of the first centrifugation. This con-
firms the work of Stocking (20). Even at the low
concentrations used, some protein may be precipitated
onto the chloroplasts. Whether or not any deposition
of protein on the chloroplasts would be beneficial is
open to question. Hanson (10) has found that in-
cubating mitochondria with protein (zein or bovine
serum albumin) decreases their activity and that in-
cubation with proteolytic enzymes causes a stimula-
tion. From this, it was concluded that adsorbed
cytoplasmic protein interferes with oxidative phos-
phorylation either by limiting diffusion rates or by
steric hinderance. It is suggested that a similar
phenomenon may occur when higher levels of Car-
bowax cause the precipitation of proteins onto the
chloroplast. Such protein might impede the flow of
reactants (ADP & ATP) between the reaction medi-
um and the active sites in the chloroplast. High
Carbowax concentrations stimulate rather than in-
hibit the Hill reaction (6) while inhibiting phos-
phorylation, and thus it is presumed that they have
an uncoupling action. Here again protein adsorption
may be implicated, for experiments with plant mito-

chondria (18) have demonstrated the uncoupling
nature of basic proteins. Thus by a process of eli-
mination and on the basis of the data in table II the
conclusion may be reached that the sole beneficial
effect of Carbowax may be ascribed to its action in
blocking the a(dsorption of tannins onto the chloro-
plasts.

The Carbowax concentration curve (fig 1)
consists of two parts. The second part, the gradual
decline in activity, may be explained by Carbowax's
property of protein precipitation, as discussed above.
It is thought that the curve could, therefore, be the
result of the sumnmation of the stimulatory effect of
tannin removal and the gradual inhibition due to
protein adsorption onto the chloroplast.

The final isolation technique described should
prove useful as a basis for isolating chloroplasts, in
an active state, from other species known to contain
tannins or other natural inhibitors (4). The opti-
mum concentrations of Carbowax may well have to
be adjusted for species and age of tissue. Prelimi-
nary work with older field grown maize tissue has
indicated that the optimlum concentration of Carbo-
wax is higher (up to 20.0 nmg/mil) than that for the
material used in these experiments.

Summary
Extraction of chloroplasts from maize (Zea iniays

L.) leaf tissue by existing techniques failed to yield
chloroplasts that were capable of cyclic and non-
cyclic photophosphorylation. Further, extracts from
maize leaves have been found to inhibit photophos-
phorylation by spinach (Spinacia oleoracea L.)
chloroplasts. Some facets of this inhibition were
studied.

A procedure has been developed that will permit
the isolation of chloroplasts, from young maize
leaves, that will carry out the Hill reaction and cyclic
and non-cyclic photophosphorylation. Leaves are
ground in an isolation medium of 0.01 M NaCl, 0.05 M
tris pH 7.8; 0.4 M sucrose; 0.005 M glutathione with
6 mg of Carbowax 4000 added per ml. The re-
mainder of the procedure is sinmilar to previously
used methods. The stimulation by glutathione and
Carbowax is maximal at the concentrations indicated,
notably higher concentrations of either, inhibit ac-
tivity. Their effects are separate and additive. The
possible mechanisms of stimulation are discussed.
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