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Damage to Spinach Chloroplasts Induced by
Dark Preincubation with Ferricyanide 1 2, 3

John M. Brewer ' and Andre T. Jagendorf
McCollum-Pratt Institute and Department of Biology, The Johns Hopkins University, Baltimore

While ferricyanide has been used as an electron
acceptor for light-induced electron flow in chloro-
plasts since the early work of Hill and Scarisbrick
(14), an oxidant this strong might be expected to
have additional effects. Indeed, Lumry and Spikes
(21) in a careful kinetic analysis of the Hill reaction,
found that ferricyanide when used at concentrations
above 1 mm seemed to inhibit the light step(s) of
the Hill reaction, and to stimulate the limiting dark
reaction in a manner which we would now suspect ot
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4 Present address: Department of Chemistry, Bio-
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5 Abbreviations include: STKM, 0.4 M sucrose, 0.02 M
tris-HCl, pH 8.0, 0.01 M KCl, 0.001 M MgC12;
TCPIP, trichlorophenolindophenol; CMU, p-chlorophenyl
dimethyl urea; PMS, phenazine methosulfate; p32,
radioactive isotope of phosphorous as orthophosphate,
FeCN-K3Fe(CN)6.

being related to uncoupling. A rather large number
of studies have been carried ou,t in which ferricyanide
was used to effect a dark oxidation of one or another
component of the electron transport chain, either in
chloroplasts (1, 4, 13, 16, 17, 18, 20, 22, 24) or in bac-
terial chromatophores (7, 8, 11, 20).
We noticed that preincubation of chloroplasts with

ferricyanide in the dark, at the concentrations ordi-
narily employed to measure the Hill reaction,
appeared to have a deleterious effect on the subse-
quent rate of photoreduction. The present work is
an attempt to explore this and related phenomena
more systematically.

A preliminary account of this work has appeared
(5).

Materials and Methods

Chloroplasts were prepared from commercial
spinach by grinding briefly in a Waring blendor in
STKM5. The resulting homogenate was filtered
through cheesecloth and centrifuged at 1200 X g in
a refrigerated centrifuge. The chloroplast pellet was
resuspended, and either used without washing or
washed once in fresh STKM.

In experiments where chloroplasts were preincu-
bated with ferricyanide solutions and washed prior
to assay, 3 ml aliquots of untreated chloroplast sus-
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pension were pipetted into plastic centrifuge tubes,
each containing 35 ml of the preincubation solutions.
Chloroplasts and media were generally incubated for
20 minutes at 4° in complete darkness. The chloro-
plasts were then collected by centrifugation, resus-

pended in fresh STKM, and washed once prior to
assay. All operations connected wvith chloroplast
preparation and storage were carrie(l out at tempera-
tures of 0 to 4°.

In other experiments wlhere the Hill reaction
was measured in the same suspension used for ferri-
cyanide preincubation, the reaction mixture contain-
ing chloroplasts and ferricyanide was made up and
test tubes loaded in room light of 10 to 15 ft-c. The
preincubation condition was started by turning off
the light (or adjusting the light intensity to some

known level), almost simultaneously adcling tri-
chloroacetic acid to the 0-time control tubes.

In the standard assay for ferricyanide redluction,
0.1 ml aliquots of washed chloroplasts at a known
concentration were pipetted into a series of 12 X 75
mm test tubes, and then 2.3 nml of reaction mixture
ad(le(d as quickly as possible to eachi by meains of a

repeating syringe (Clay-Adams Aupipette). The
reaction mixture, containing 40 ,g of chlorophyll,
40 pmoles tris-HCl (pH 8.0), 140 ,umoles of KCl
and 1.5 ,mmoles of K3Fe(CN), in a total volume of
2.4 ml, was illuminated for 1.5 to 5 nminutes at room

temperature. The incident light intenisity was usually
about 2000 ft-c, provided by a 100 wv tungsten lamp,
and filtered through 10 cim of a solution containing
acid ferrous ammoniuml sulfate. Lower light inten-
sities were achievedl by interposing- mletal screenis of
known percent transmission. At the end of the
reaction 0.6 ml of 12 trichloroacetic acid xvas added,
the chloroplasts removed by centrifuging, and the OD
determinedl at 420 m,u to estimate chlanges in ferri-
cyanide concentration. In somne experiments, small
amounts of ferrocyanide were measured by the method
of Avron and Shavit (3) using 1,10 phenanitlhroline
as the chelating agent.

Reduction of trichlorophenol indophenol (TCPIP)
was performed similarly, in a reaction volume of 3.0
ml containing 0.1 ,umole of TCPIP. OD was mea-

sured at 625 m, directly in the cuvette without de-
naturing the chloroplasts, an(I the mlillimolar extinc-
tion coefficient was taken to be 25. Reaction time
for dye reduction was usually 30 seconds.

Reduction of NADP wvas measured in a 1.0 ml
reaction volume, containing 25 ,umoles of tris-HCl
(pH 8.0), 25 umoles of KCl, 0.2 to 0.5 ,tmole of
NADP at pH 8.0, and spinach ferredoxin (photo-
synthetic pyridine nucleotide reductase) as indicated
in the text. When phosphorylating reagents were

usedl, these consisted of 5 or 18 umoles of phosphate,
0.33 umole of ADP at pH 8.0, and either 0.67 or

2 ,tmoles of MgCl2, with or without added p32. Ab-

sorbancy was determined at 340 mn, before and after
illumination, and compared to a dark control. With
reduced TCPIP as electron source rather than water
the reaction mixture was the same, with the addition

of 0.05 miole of TCPIP, 6 ,umoles of ascorbate at pH
8.0, and 0.02,umole of CMU.

Phosphorylation with PMS as cofactor was mea-
sured in 2.4 ml reaction volumes, containing Tris and
KCl as above, and in addition 4 to 5 ,umoles of ADP
at pH 8.0, 10 ,umoles of MgCl]., 0.15 ,umole of PMS
and 13 to 40 ,umoles of potassium phosphate at pH
8.0, containing radioactive phosphate witlh 105 to 106
cpiml. Uptake of P32 into organic form was mlea-
sured by a slight mo(lification of the Lindberg ancl
Ernster procedure (19). MAodifications includwee re-
placing the silicotungstic acid with 12 % trichloroace-
tic acid ancd increasing somewhat the amount of
ammonium molybdate in order to complex larger
amounts of phosphate. The residual wvater layer was
pipetted onto a planchet, dried and counted.

Fluorescence excitation spectra of chloroplasts
were determined by Dr. WV. Butler, U.S.D.A., Belts-
ville as previously (lescribed (6). Clhloroplhyll was
measured by the procedure of Arnon (2). Spinach
ferredoxin (previously called PPNR) was prepared
by the metho(d of San Pietro (23) throughl the
Dowex-bentonite step. The Dowex-bentonite super-
natant was then purified and concentrated by chroma-
tography oI (liethylamliinoetlhylcellulose (Whatmlan
DE). Protein concentrations were estimated1 fronm
the OD of the solutions at 280 and 260 m,t using eno-
lase as a standard. Redox potential determinations
were made using a Beckman Model G pH-meter, wvith
a platinum electrode replacing the glass electrode.

ADP, NADP, PM/IS, and Tris were from the
Sigmiia Corporation; ascorbate andl 1,10 phenantlhro-
lene were purchased froml the Fisher Scientific Com-
pany; TCPIP (practical) from Eastman Kodak; atnd
p32 from Squibb.

Results

Low Ferricyan ide Conicentrationis. Figure la
shows the rates of ferricyanide photoreduction by
chl'oroplasts preincubated in the (lark at roomii tem-
perature, either wvith or without ferricyanidle at
0.5 mai. An inhibition due to the preincubation with
ferricyanide is evident. In various experiments the
inhibition ranged from 20 to 50 %.

Onset of this inhibition is quite rapid, witlh most
of the effect accomplished (luring the first 4 imiinutes
at room temperature (fig 2). More extended experi-
ments, at 00, show a slightly more complex picturre
(data not shown). The initial fast inactivation is
followed by a slower one that is seen only wlhen the
assay is run in the presence of either phosphorylating,
reagents or uncoupling reagents. This continuing
slow inactivation (from 25 % at 10 min to 35 % at
60 min) is accompanied by a slow uncoupling effect
which increases the basal rate. The 2 together
counteract each other to produce a spurious equilib-
rium in measurements of the basal rate.

Figure lb shows that the inhibition is observed
equally well if the dark period (3 min, in this ex-
pleriment) is interposed in the middle of the ferri-
cyanide Hill reaction. On the other hancl, in every
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experiment, once a -rapid rate of the Hill reaction
had been established in the light, no diminution of
activity was seen during time periods sufficient to
cause inactivation in the dark. This suggest-ed that
illumination protects the chloroplasts from damage by
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FIG. la (above). Inhibition of ferricyanide reduction

by dark preincubation with ferricyanide. Chloroplasts
and reaction mixture as described in Methods s-ection

were incubated in the dark at ro-om temperature for 5

minutes wvith ferricyanide added ei"ther before or just

after the dark incubation period. The entire 18 ml mi.x-

ture was exposed t-o light, and duplicate 2.4 ml aliquots

removed at the times shown for assay of residual ferni-
cyanide at 420 mju. The concentration of chloroplasts

was 17 1Ag per ml, of ferricyanide was 1.0 mm. The

calculated rates were 279 and 153 gmoles per mg chloro-

phyll per hour, respectively for control and pretreated

chl-oroplasts in this treatment.

FIG. lb (below). Reaction conditions as above. In

section k, chloroplasts and reaction mixture were ex-

posed to light: without dark preincubation. This tube

kept in the dark for 3 minutes, then illumination and

withdrawal of samples was continued in section k2. Sec-

tion k3 represents the absorbancy of samples removed

from a mixture to which ferricyanide had been added

only just before the second illumination of the first tube.

The slopes of the lines calculate out to the following

rates in /Amoles per mg chlorophyll per hour: klc, 315;

k2, 140; k3, 252.

ferricyanide, a fact demonstrated directly in figure 2.
The light intensity needed to give complete protec-
tion was found to be only 200 ,iw per sq cm, or ap-
proximately 10 ft-c (fig 3). This intensity drives
the Hill reaction at only 2 % of its maximal rate,
and is itsel-f one-twelfth the intensity needed for 50 %
of the maximal -rate (see also fig 5).

The effects of ferricyanide described so far are not
shared by ferrocyanide at the -same -concentrati-on, or
by TCPIP.

Higher Ferricyanide Levels. If ferr-icyanide con-
centrations of 50 mm are used the damage is mor-e
extensive (table I and fig 2) with inhibition rapidly
reaching 70 % and continuing up to 90 %. Also,
some of the inhibitory effect is shared by ferrocyanide

_J~~~~~~~[Fe (CN)'i

Z 60D040I______1 NO 05mM D
LU 20 Fe(CN)6F CN

0 2 4 6 8 10 2 4 6 8 2 4 6 a 10

MINUTES
PREI NCUBATION

FIG. 2. Time course for onset of inh-ibi:tio-n by ferni-
cyanide. Six test tubes containing the standard reaction
mixtures with phosphorylating reagents were placed in
a rack shielded by black shutters, in an almost completely
dark room. At stated time intervals before illumination
a 0.10 ml of -chloroplast suspension was injected into each
tube with a Hamilton microliter syringe. In the series
wvithout ferricyanide, the reagent was added just before
illuminatic,n to all tubes simultaneously by means of a
battery of 6 syringes, 1 ml each, held in a supporting
rack with fuse clips. Ferricyanide concentratf on was
0.5 mm, final illumination time 1.5 minutes.
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FIG. 3. Light intensity curve for protection of chloro-
plasts from damage by ferricyanide. The reaction mix-

tures were made up as indicated in Methods, without a

wash between pre-ncubation and exposure to high inten-

sity light. Preincubation at various light intensities was

for 3 minutes, followed by 1.5 minutes bright light. The

Hill reaction at preincubation light intensities was esti-

mated from the extent of reduction in 2 tubes removed

just prior to the high intensity illumination period. Full

light intensity was 4 X 10' /AW/CM2, or about 2000 ft-c

A A Hill reaction; protection.
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Table I. Extent of Iniactivation by 0.5 or 50 mM Ferricyatide and by 40 ,in-m Ferrocyamide'
The control and 0.5 mm ferricyanide preincubation mixtures contained 0.1 M NaCl in addition, to make their osmotic

strength equivalent to that of the 50 mm ferricyanide solution. The third set of values were taken from a second ex-
periment usinlg ferrocyanide as well. All incubations at O0 with the chlorophyll concentration at 22 ug/ml, at pH 8
with tris KCl. Other conditions as in Materials and Methods.

Preincubation Time Iihibition Inhibition
mixture me Basal + Pi*

FeCN conc

0 15 188** ... 273 ...

0.5 mm 127 32 178
50 mAi 75 60 81 70
0 45 190 ... 300 ...

0.5 mmI 122 36 162 46
50 mM 31 84 31 90
0 15 237 ... ...

50 mM 85 64
40 mM ferrocyanide 155 35

* Refers to the presence of phosphorylation reagents.
** ,umoles ferricyanide reduced per mg chlorophyll per hour.

when used at the same concentration; thus the effect
is probably due to characteristics of the moilecule not
directly related to oxidation-redluction properties.
And both the extra inhibition by ferricyanide as well
as that due to ferrocyanide, re(luire a pH of 8 or
more for full expression (fig 4). The inhibitory
effect of lower concentrations of ferricyanide is rela-
tively independent of pH between 6.0 and 8.5. The
pH curve shown in figure 4 also contains 2 isolated
points, showing apparent stimulation by 50 mat ferri-
cyanide, when applied in the dark at pH 6.0. This
is due to uncoupling (see below), and shows up as a
stinmulation because the assays were performed in
the absence of phosphorylating reagents. The fact
that an increase over the control rate can be seen
allso emphasizes that (lamage by 50 mAi ferricyanide

100*P.tr.d with 0005 M F*icymond.I2 N CIN.C
90 05SM

* 05bl Fe-rcy-ide x
0 + Phosphoryloti.g rtogeots in ossoy mixture x

80 /

z 70-

60 x

Z- 50 _ ;

20

60 65 7.0 7.5 80 85 9g0

AVERAGE pH's OF PREINCUBATION SOLUTIONS

FIG. 4. Effect of preincubation pH on inhibition by
ferricyanide. Chloroplasts were preincubated for 20
minutes at 0° in media of composition and average pH
as described in the figure, collected by centrifuging,
washed, and assayed for Hill reaction activity under
standard conditions. The curve represents results from
12 different experiments.

is much less extensive at the lower pH. Light does
not prevent the damage caused by 50 mmI ferricyanide
(see fig 2).

It can be noted that in the few experiments
attempted, chloroplasts previously broken in hypotonic
media responded in the same way to either 0.5 or
50mm ferricyanide as did whole chloroplasts.

Site of Damage. No shift of the pH optimum for
ferricyanide reduction was found with the ferri-
cyanide-treated chloroplasts, in contrast to the results
with some uncoupling treatments (15). However,
the inhibition tendecl to be greater at higher pH in
the assay medlium, suggesting a partial uncoupling.

In terms of the response to light intensity, 0.5 mM
ferricyanide has obviously affected a limiting dark
step only, whereas 50mmi ferricyanide pretreatment
inhibits equally at all light intensities and is therefore
affecting both a limliting light and a limiting dark
step (fig 5). In ratlher brief attempts at determin-
ing the action spectrum for ferricyanide reduction, no
apparent shift in sensitization could be detected fol-
lowing treatment witlh either 0.5 or 50 mAr ferri-
cyanide.

With the cooperation of Dr. Butler. a fluorimetric
analysis of control and treated chloroplasts was made
to determine whether ferricyanide pretreatment pre-
vented carotenoids or chlorophylls from transferring
their excitation energy to some "sink" or active site.
Such an effect would manifest itself in an altered
fluorescence excitation spectrum of chlorophyll a (6).

No change in the fluorescence excitation spectrum
was found due to pretreatment with 0.5 mm ferri-
cyanide. A generalized increase of about 12 % was
observed in the case of the 50 mm pretreatment, in-
dicating a general disconnecting of photosynthetic
pigments from their (luenching centers (active sites).
But again, no specific change in the action spectrum
for fluorescence was observed. This is strong, albeit
negative, evidlence that no specific pigments are barred
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from parti,cipation in effective light absorption due
to ferricyanide pretreatment.

Both TCPIP and NADP photoreduction are af-
fected a bit more than ferricyanide photoreduction by
the 50mm ferricyanide pretreatment, and somewhat
less by the 0.5 mM concentration (table II). (These
effects of ferricyanide damage on NADP photoreduc-
tion did not show up until sufficient quantities of'
spinach ferredoxin were supplied in the reaction mix-
ture. At rate-limiting quantities of ferredoxin, the
inhibitions are not seen.) By contrast, the reduction
of NADP with the ascorbate-TCPIP dye couple as

electron donor is either not affected or is (occasion-
ally) enhanced by these ferricyanide pretreatments
(table II).

Phosphorylation with PMS as cofactor was

affected very little by pretreatment with 0.5 nM fer-
ricyanide (table III). Correspondingly, the P/2e
ratio for phosphorylation accompanying ferricyanide
reduction was not at all affected. On the other hand,
50mM ferricyanide pretreatment inhibited PMS-sup-
ported phosphorylation severely, and caused a signif-
icant depression in the P /2e ratio during ferricyanide
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FIG. 5. Rate of the Hill reaction as a function of
ligh.t intensity, with chloroplasts pretreated with 0.5 or

50 mm potassium ferricyanide. Light intensities were

measured with a silicone diode photocell, calibrated
against an Eppley thermopile. Reactions were run for
3 minutes in cuvette immersed in a constant temperature
water bath at 250.

Table II. Effect of Dark Ferricyantide Pretreatment on Reduictiont of FeCN, TCPIP, and NADP

Rates are shown in ,umoles substrate reduced per mg chlorophyll per hour. With TCPIP as electron donor, it was

kept reduced with ascorbate, and CMU was added as indicated in Methods section. 0.1 M NaCl was present in both
the 0 mM and 0.5 mM preincubation solutions.

FeCN Pretreatment
Electron Electron Pi 0 mM 0.5 mM 50 mM

acceptor donor Rate Inhibition % Inhibition %

FeCN HO0 151 37 48
FeCN H2O + 236 39 52
TCPIP H2 240 23 73

FeCN H20 209 45 59
NADP H20 107 19 66
NADP H O + 162 29 77

FeCN H2 234 35 59
NADP TCPIP - 32 (72)* (75)'*
NADP TCPIP + 64 (16)* (20)*

* Rate stimulations.

Table III. Effect of Ferricyanide Pretreatmentts o01 Phosphorylation
In the preincubation, 0 and 0.5 mm ferricyanide contained also 0.1 M NaCl.

Redox Pi Preincubation FeCN Reduction Phosphorylation
dye conc mm Rate Inhibition % Rate Inhibition %o P/2e

FeCN - 0 197* ... ... ... ...

0.5 130 34 ... ... ...

50.0 33 83 ... ...

FeCN + 0 269 ... 148* ... 1.09
0.5 167 38 89 40 1.07

50.0 39 85 17 89 .87

PMS + 0 306 ... ...

0.5 256 16 ...

50.0 113 63 ...

* /Amoles product formed per mg chlorophyll per hour.
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photoreduction when the gross electron flow rate was
inhibited 85 %.

The response to added ammoniurn chloride was
the same in photoreduction by control chloroplasts
and in those treated with 0.5 mai ferricyanide. After
50 mm ferricyanide preincubation, however, the con-
centration of NH4Cl needed for maximum stimulation
of the Hill reaction was shiifted from 5 X 10-4 down
to 1.5 X 10-4 M; and the amount of stimulation was
much less than for the controls (data not shown).

Nature of the Damage. Inhibition by ferri-
cyanide was found not to be reversed by washing, by
illumination, or by the addition of reducing reagents.
The inhibition was, however, prevented by the simul-
taneous presence of ferrocyanide, leading to a lowered
redox potential. The relation between redox poten-
tial of the preincubation solution and extent of sub-
sequent damiiage is shown in figure 6. In these ex-
periments the total ferri- plus ferrocyanide was kept
constant at 10 mAI. The preincubations were per-
formedl at pH 7.2, however, where there is very little
differenice between the effects of 0.5 ancl 50 mat ferri-
cyanidle, so the results pertain primarily to the low
ferricyanide inactivation process. Control experi-
ments showe(d that even the lowest ferricyanide con-

0

o .150
04

Eh OF PREINCUBATION SUPERNATANT IN VOLTS

FIG. 6. Effect of redox potential of pre.ncubation
media on chloroplast inactivation. Chloroplasts were

preincubated in media with the following composition
and redox potential as measured both before and after
the incubation period:

Ferricyanide Ferrocyanide Eli
No. conc conc Initial

2

3
4
5
6

M

0.005
0.0025
0.001
0.00333
0.001
0.000033

I

0.005
0.0075
0.009
0.0099
0.010
0.010

0.441
0415
0.385
0.356
0.332

.

Eli
Final

0.435
0 417
0.378
0.344
0.315
0.208

Each reaction mixture contained, in addition, 0.1 NI NaCl
and 0.02 M Tris-HCl, pH 7.2. The pH of the pre'ncuba-
tion media was 7.13 or 7.14 in almost every case; being
7.10 in solution 1 and 7.18 in solutioni 6 at tlhe cend of the
incubatioin.

centration used in figure 6 (.033 miM) would lhave
caused full inactivation in the absence of added ferro-
cyanide; thus the results do not simply reflect a ferri-
cyanide concentration curve.

The curves obtained in experiments such as fig-
ure 6 resemble that of a redox titration for a comil-
pound with a miiid-poinlt potential of +0.38 v. The
slope of the curve suggests involvement of 2 or 3
electrons in the reaction.

Evidence for the oxidation of some internal chloro-
plast conmponent by ferricyanide during preincubation
was found from the observation of ferrocyani(le
production in the dark (table IV). A distinctly re-
producible difference between control and ferricyani-
ide-treatecl chloroplasts was found, with the pre-
treated chloroplasts producing from 0.08 to 0.12 nimole
less ferrocyaniide per munole of chlorophyll. This
number sets an upper limit oni the number of nmolecules
whose oxidation may have led to the change in bio-
chemiiical status of the chloroplasts.

A decrease in absorbancy in the blue regioni va.i
noted in 80 % acetone extracts of ferricyanide pre-
treated chloroplasts (fig 7). This decrease occurred
only uncler aerobic conditioins, although the inactiva-
tion procee(led to exactly the same extent whe,ther
chloroplasts were incubated anaerobically or aero-
bically (data not shown). Following anaerobic
incubation of the chloroplasts with ferricyanidle,
ascorbate was added inimediately to reduce the ferri-
cyanide. In this way the results were not due to the
continuing effect of residual ferricyanide during the
period between the preincubation and the actual reac-
tion measurement. The absorbancy decreases showedl
peaks at 440 ancl 470 m,u, with a shoulder at 420 imiu.
These data suggests that we lhad observed an oxi(la-

+ .05
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FIG. 7. Carotenoid loss under aerobic but not anae-

robic conditions. Chloroplasts containing 1 mg of chloro-
phyll were preincubated as in table VI, collected by
centrifugation, and the pellets extracted 3 times witlh
100 % methanol (13 ml total) and 2 times with diethyl
ether (3 ml total). The combined extracts were made
up to 50.0 ml in a volumetric flask with 100 % methanol.
Each extract was placed into a cuvette with ground
glass stopper for measurement of difference spectra,
which are shown using the ferricyanide-treated in the
sample position and the controls in the reference position
of Spectronic 505 recording spectropho,tometer. Dupli-
cate chloroplast samples in each case gave ident cal (lif-
ference spectra.
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tive destruction of carotenoid compounds due to dark
incubation with ferricyanide.

When the loss of carotenoids occurred, it was

closely correlated with the inactivation process de-
scribed above. Thus there was a positive and fairly
close correlation between the amount of absorbancy
loss and the extent of inactivation, when these were
aroused by ferri/ferrocyanide solutions of varying
redox potential (data not shown). The light inten-
sities needed to prevent inactivation by 0.5 mi ferri-
cyanide also prevented loss of blue absorbancy (data
not shown). As would be expected from the oxida-
tion-reduction characteristics, 50 mm caused na
greater decrease in blue absorbancy (or indeed any
further spectral shifts) than did 0.5 mm ferricyanide.

Treatment with 50mm ferricyanide, but not that
with 0.5 mm, causes the release of a small but signif-
icant amount of soluble protein from whole chloro-
plasts suspended in 0.40 M sucrose (table VII). This
amounts to 0.4 mg protein per mg chlorophyll, or
20 % of the total released by osmotic shock. Greater
protein loss is not accompanied by any perceptible
breaking up of the chloroplasts into smaller particles,
as shown by other differential centrifugation experi-
ments. Indeed it can be seen that the 50 mnm ferri-
cyanide also replaces sucrose, to a small extent, as an

osmotic protective reagent when the sucrose is absent.
Some extra protein (0.15-0.20 mg/mig chlorophyll)
is released by 50 mm ferricyanide from chloroplasts
previously subjected to osmotic shock (data not
shown). Other experiments showed that either
equivalent or up to 7 times higher concentrations of
NaCl did not cause extra protein release; hence this
effect is not simply a high ionic strength extraction.

Discussion

The present work has attempted to explore some

of the complexities of the damage caused to chloro-
plasts by incubation with ferricyanide ions. Half
mM ferricyanide caused, very rapidly, a partial inhi-
bition of the Hill reaction, and this was prevented
by dim illumination. The light intensities effective
in this function are considerably lower than those

needed for half saturation of the known light-driven
reactions of chloroplasts.

The inhibition imposed by 0.5mm ferricyanide is
almost certainly due in the first place to an oxidation
of one of the chloroplast components. The effect is
not shared by ferrocyanide, and some dark reduction
of -the added ferricyanide can be seen (table IV).
It is also consistent for light to protect against inac-
tivation, since illumination will affect the redox state
of chloroplast electron carriers, and may be able to
keep the crucial one(s) in a redluced condition in
spite of the presence of ferricyanide.

Observations by many workers indicate that ferri-
cyanide may be reduced by chloroplasts (17, 18, 20,
22) or chromatophores (7, 8, 11) in a dark step.
Muller et al., for example, reported some results ob-
tained by chemical oxidation in the dark of chloro-
phyll a in intact chloroplasts with ferricyanide (22).
And Kok used ferricyanide to oxidize the pigment
P-700 in chloroplasts in the dark, and thus duplicated
the effect of far-red light (17, 18).

The shape of the curve demonstrating inactivation
as a function of the redox potential (fig 6) is what
might be expected if some internal oxidizable ma-

terial, with a mid-point potential of +0.38 v, were the
primary site of attack of ferricyanide. Components
with potentials near this level include cytochrome f,
at +0.36 v (13) and plastocyanine at +0.38 v (16).

However, the present effect, a 20 to 50 % inhibi-
tion of photoreduction, is apparently irreversible.
Oxidation of cytochrome f (13), plastocyanine (16),
the compound (s) exhibiting dark- or light-induced
absorption difference spectral changes (7, 18, 24), or
that giving an ESR signal in light or when oxidized
by ferricyanide (1, 20; see also 4) are known to be
easily reversible. Even if one of them is the primary
point of attack for ferricyanide, therefore, the data
require the postulation of a second and irreversible
step before the final result. It seems likely that in-
creasing redox potentials of the external solution
maintain an increasing proportion of the target redox
molecules in the oxidized state, permitting thereby
greater destruction of the final components.

The fact that only a partial inhibition is effected

Table IV. Dark Reduction of Ferricyanide by Treated Chloroplasts
After the usual preincubation (with 0.10 M NaCl pres,nt except with 50 mmr FeCN) chloroplasts were resuspended

for 20 minutes in complete darkness with 1.5 mm ferricyanide in the usual photolysis reaction mixture. Following that,
in the first column, the chloroplasts were centrifuged out before trichloroacetic acid was added to the supernatant.
This column shows the ferrocyanide free in solution formed during the second incubation. In the last column tri-
chloroacetic acid was added to the chloroplasts in the solution; the higher values show that trichloroacetic acid re-
leascs extra reducing materials from the chloroplasts. Thv middle column shows ferrocyanide formed wh^n chloro-
plasts are destroyed by trichloroacet:c acid first, before the ferricyanfde is added.

Preincubation Hill Ferrocyanide formed in dark by
FeCN conc reaction Chloroplast Denatured Untreated

mM supernatant* Chloroplast* Chloroplast*

0 250 0.38 1.85 2.06
0.5 166 0.26 1.72 1.93

50.0 104 0.19 1.72 1.83
* Numbers are gmoles ferrocyanide produced per ,umole chlorophyll.
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by 0.5 mm ferricyanide suggests either that 2 separate
electron pathways contribute to the Hill reaction,
or that only 1 pathway exists, but it is only partially
accessible to ferricyanide. In general, photoreactions
involving compounds other than ferricyanide (table
II, III) seem to be less inhibited than is photoreduc-
tion of ferricyanide itself by the 0.5 mM ferricyanide
pretreatment, while the converse is true for 50 mm
ferricyanide pretreatment. This is more rea(lily ex-
plainable by a hypothesis involving 2 electron path-
ways having somewhat different specificities, with
one being susceptible andI the other resistant to inhi-
bition by low ferricyanide concentrations.

The nature of the component finally destroyed is
nlot known. Although most experiments showed a
correlation between loss of activity and loss of a caro-
tenoid, the carotenoid compound cannot be responsible
for the lost activity in view of its retention under
anaerobic conditions (fig 7) where the same activity
losses occur as aerobically. The oxidation of chloro-
plast carotenoids, enhanced by ferricyanide among
other reagents, was previously demonstrated by
Friend an(l Nakayama (9). It seems likely that the
conditions which initiate inactivation studied here are
the same as those that initiate the oxidatioii of caro-
tenoids by O.,, in view" of the series of correlations
between the 2, such as protection by dim light and
relation to the redox potential of the solution. Al-
though some carotenoi(ds have been destroyed, fluo-
rescence excitation studlies by Butler showed that
energy transfer from carotenoids to chlorophyll was
not affected by ferricvyanide pretreatments (unpub-
lished data).

The site of inhibition by 0.5 milm ferricyani(le is
likely to be in or near the mechanism for evolution
of oxygen. This is supported by the failure to in-
hibit NADP reduction from reduced TCPIP as elec-
tron donor (table II) and the relatively mild effect on
PMS-supported phosphorylation (table III). It is
of some interest therefore that the kinetics of the re-
sulting Hill reaction with respect to light intensity
show that only a dark step has been made more limit-
ing (fig 5). Almost all other reagents or treat-
ments which inhibit oxygen evolution appear to affect
the light step as well (10).

The extra inhibition of the Hill reaction causedl
by the combination of 50mm ferricyanide and a pH
of 8 or above is probably due to considerations in-
volving the charge on the ferri- or ferrocyanide anion.
The inhibitory site can again be placed on the oxygen
evolution pathway, because of the lack of inhibition
of electron flow from reduced TCPIP to NADP
(table III). In this case, however, the more familiar
result is found( of apparent inhibition of a limitiing
light stel), probably superimposedl over the effect of
the lower concentration (fig 5). An additional dif-
ference from the inhibition produced by 0.5 mM ferri-
cyanide is the lack of protection by light (fig 2).
Finally, the release of extra protein (table VII) is
specific for the higher ferricyanide concentrations.

The actioin of high ferricyanide concentrations in
causing uncoupling is very likely identical Nwith the
uncoupling by highi concentrations of anions already
described by Good (12). The uncoupling here seems
more prominent at lower pH (fig 4).

Apart from any theoretical implications of the
work, our results may suffice to explain discrepancies
in the literature concerning the ferricyanide Hill
reaction. Assay procedlures which include preincuba-
tion of chloroplasts for as little as 2 minutes in (lark-
ness with even the lowest ferricyanide levels, or in
room light with the 10 to 50 mi ferricyani(le, can
be expected to cause one or more of the aberrations
(lescribedl here.

Summary

Three effects of ferricyani(le on isolated spinacl
chloroplasts have been distinguished experimentally.
and characterized. A) Ferricyanide (0.5 mM) causes
a partial inactivation of the Hill reaction, apparently
at a dark step associatedl with the oxygen evolution
site. This inactivation is not dependent on pH over
a broad range, and is prevented by sufficient ferro-
cyanide. The inactivation varies with redox poten-
tial in suchl a way as to suggest that the initial site
of attack is an internal component with an E'o of
+ 0.39 v. Light at about 10 ft-c prevents the inacti-
vation completely. Oxygen is not needed, althouglh
in air loss of some carotenoid is associatedl with the
inactivation. B) Ferricyanide (50 mM ) causes a

Table \. Release of Soluible Proteini from Chloroplasts as Affected by Osmiiotic Shock antd by Fcrricy\'nide
Chloroplasts containing 3 mg of chlorophyll were added to 30 ml of 0.01 -i NaCl, with sucrose and/or ferricyanide at

the concentrations shown. After incubation for 20 minutes in the dark at 0°, the chloroplasts were spun out at 12,000 x
g. Protein in the supernatant solutions was precipitated by 2 % trichloroacetic acid with the aid of freezing and thaw-
ing, collected by centrifuging, washed once, then dissolved in 0.1 m NaOH-2 % Na2CO3. Protein was estimated from
the OD at 260 and at 280 m,, as in (16).

Sucrose Ferricyanide concentration
coIc Experiment I Experimenit I I

al 0 nmi 0.5 mM 50mm 0mM 50mM

0 2.03* 1.83 1.31 2.20 1.47
0.20
0.40

0.28
0.18

. . .

0.21
0.57
0.61

0.29
0.27

0.53
0.60

* mg proteini releasedl per riug chlorophyll.
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more extensive inactivation of the Hill reaction, in-
hibiting (in addition to the above) a light step asso-
ciated with oxygen evolution. This larger degree
of inactivation is not prevented by light, is accom-
plished by ferrocyanide equally well, and proceeds to
a greater extent at pH 8 and above. A greater ex-
tractability of protein appears to accompany this
effect. C) Both ferri- and ferrocyanide have un-
coupling effects on chloroplasts. The uncoupling is
rapid in 50 mm ferricyanide and slow in 0.5 mM.
The uncoupling action is more evident at pH 6 than
at pH 8.
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