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'SI.IMMARY'
9 Quantitative electron paramagnetic resonance

(EPR) studies of the primary events assoc1ated with
Photosystem I 1n.chloroplasts have been carried out at
'25°K. After illumination of either whole chloroplastsh
~'or‘Phot05ystem I subchloroplast fragments (D-1k4) with
T15-nm actinic light at 2S°K;Aeqha1 spin concentrations
of oxidized P700 and reduced bound iron-sul fur protein;
(bound ferredoxin) have been measured. Quantltatlve
determinatlon of. the concentration of these two carriers
by EPR spectroscopy after illumination at low ' temperature
indicates that éhotosystem I fragments are enrlched in
P?OO and the bound' iron-sul fur - prote1n as compared with
unfractlonated chloroplasts. These results 1nd1cate

that PTOO and the bound iron-sulfur protein functxon as

the donor-acceptor complex of chloroplast Photosystem I.

INTRODUdTION.

Altheugh many of the ghotbreactions of the electron
carriers in the chlorppiast photdsynthetic electron .A ;
ttansport ehein have been studied in great detail, the |
.Anatute of the pripary:reactants, i.ee,'the chemical

species formea directly as a result of photon capture{
is less well understood. In Photosystem I, PTOO a
'specialized form of chlorophyll a, has charactetlstics
compatible with a role as the primary electron donor172;

while ih Photosystem II a new component, CSSO, has been.

suggested to be the primary electron acceptor3’h.

¢
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In_p%evious communications we reported the

digcovery of a new~é1ectrqn carrier involved in priﬁary
chloroplast photosynthetic rgactions.. Tﬁis carrier was
identified on the basis of its loQ-temperatufe electron
.péramagn;tic resonance (EPR)Aspect;um and has been
referred to as a bound iron-sulfur protein, or géggg
ferredoxin, to distinguish it from the previously
characterized‘soluble ferredo*inY. Thé existence of
. this new bound iron-sulfuf protein has recently been
confirmed in other laboratdriess-lo.
N The.bo;ﬁd ifon-;ulfur protein in chloroplasts can
be photoreduced at a temperature where chemical reactions
do not commonly occur (77°K or 25%k), a findiné which
suggested the associatioﬁ'of this carrier with #
primary photochemical reaétiéns. Further studies
showed this carrier could be photoreduced as effectively
with farffed light (X > 700 nm), associated with
Photosystem I, as with red light. In ;ddition, the
bound iron-sulfur protein was found in.subchloroplast
fragmehts enriched in‘Photoéysteh I (ref. 6,10);  These
findings led to the prOposa16 that this bound iron-sulfur
. protein serveé as the primary electron acceétor.of :
Photosystem I in chloroplast photosynthesis.

In this communication we rep;ft quantitaéﬁve EPR
:studies of the primary event associated'wit%{;hotosystem I

in chloroplasts. We have measured the concentrations -

of the presumed electron donor (P700) and acceptor
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- (the,bdunq.iroé-sulfﬁr protein).bf'Photoéystem I by EPR
. spectroscopy after illumination of chiogoplaét preparations
at 25°K with faf-red iight.‘ If thesé two compénents.
- function as a donbr;acceptéf pai;,_the cﬁarge sgparatidn
| prodﬁceqlp§ each absorbed photoq!would yield two
unééifed élec;rons, one associated with PT700 and ‘the
"Asecond with Bougd'ferredoxin. Our findings are discussed
in terms of the nature of the primary eléctron donor and

acceptor of PhotosySCeh I in chloroplasté.
'MATERIALS AND METHODS

Materials

A
v

© . Whole chloréplésts were‘preb#réd frqm greenhouse

spinach. The leaves wefe harvested 1-2 h before each
experiment, washed with distilled>water, and Stdred #t

- 4% toretain£heir.turgidity. Approximately 25 g of
leaves were freed of midribs and disrupted in a Waring
blendor for.approximately 15 s (at ‘4°C) in 75 al of the -
following solution: 0.3 M sucrose, 50 mM Tris;HCI
bﬁffér (pH 7.8); 10 oM NaCl; 10 mM sodium ascorbate,
1 mM sodium-EDTA (pH 7.8), ana 2 mg/ml bovine serumA
‘albumin, The slufr& was squeezed ;hrough four 1ayérs~of
fiifering silk and the filtrate centrifuged at 2500 x g
for 1 min.. The:preéipitaté, whicii contained whole
chlorép}asts, was resuspended in a minimugf&oihme of thé4
ABlending solution immediately before use to give a |
final chlorophyll concentratién of 3-5 mM. The chlproplastg‘

" were used within 1 h of preparation.
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Subchloroplast fragments enriched in Photosystem I
were prepéred by the digitonin procedure described by

" Hauska et 1.1;

The lhh.OOO X g precipitate (D-1L1)
was suspended in a solution cpﬁtaining-O.B M sucrose,
50 mM Tris-HCl buffer (pH 7.8), 10 mM NaCl, and 2 mM-
'sodium-iﬂ%A'(pH 7.8). The final chlorophyll concentration
was 3-l4 mM. fheAfragments were storgd at -20%3prior to
use. |
Total,éhlorophyll concentrations and chlorophyll
a:b ratios wereldetermihed by tﬁe method of Arnonle.
Digitoqih and crystalliﬁe,bovide.serum Albumin were.
purchased fromitﬁe“Sigma Chémical Company. -
;2,2-Diphgny}-1fpicryihydrazyl (DPPH) was purchased from
Easﬁman‘Organic<CHémicals énd'potassium nitrosodisul fonate
(NDS) from Aifa.Inorganics. TEMPOL
(2,2,6,6-tetrémethy1-h-ﬁydroxypiperidine) was a gift of

Professor A. D. Keith.

. EPR ‘techniques

1. Ihstrumentation. X-band EPR Spectra'were
-recérded Qsing ; modified JEOL ME-1X spectrométer wi;h
a Tﬁ011fmode'cylindrical'cavity operating at a frequency
of 9.26 GHz, First;derivative spectra were recorded »
using 100 kHz modulation of the magnetic.field and
'phase-éensitive detection at that. {requency. .A 3 dB.
:improvement in'signa1~to-nqise ratio, as ﬁéésd%ed.by
_ observations on "weak pitch," was obtained by substiéu?ingA

a "hot-carrier" diode (Hewlett-Packard 5082-2757) for
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"~ _the 1N23F detector diode and by selécting low-noise
transistors (2N929, espeéially selected for favorable

2

noise characteristics) in the%input stages of ‘the 100

kHz preamplifier. g—valﬁes were measured as preViohsly

dgscribeq?f 

- Samples in standard X-band quartz EPR.tubes (3 mm
" i.d.) were cooled to 25°K by a stream of *He gas boiled
15 a storage deQar and passed through a quartz dewar
assembly placed in the cavity. The sample temperature
was controlied to within # 1%k at ZSOK by the use ofia
carbbnlresistance thermometer ahd by the control of

. éowér to the boiloff resistor in the liquid heliud

a
v

storage dewar. -

2. Microwave power, modulation ‘amplitude, and

amplifier settings. In performing quantitative EPR

measurements it is important that the lineshape not be

perturbed by overly large microwave power (saturation

effect) or by use of a modulation amplitude that is too

large (modulation broadening). Since the EPR signal of
'PTO0 was found to be easily saturated at 25°K, auxiliary
power-saturation studies were carried out at this

temberature. To overcome the variation in the detection

dfode characteristic ("linear" vs “square-law"),

saturation studies were done by introducing a .mechanical

microwave attenuator in the diode arm of the microwave
bridge and keeping the power -incident on the diode
constant while the microwave power to the cavity was

. increased. Microwave power to the cavity was monitored
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:by-a -20 dB directional coupler and A:Héwleét-Packard
;. b32A micfowave powerlmeter.‘ The free-ra&ical'signal
: associatéd.with P700 in whole chloroplasts and D-1L4
vshbchloréplasc frégments had slightly different :
'poéér-saéﬁfation ﬁropertiés at 25°K; 0.1 mW is a suitable

nonsaturating power for studies with whole chloroplasts

but less power, 0.02 mW, was necessary in the experiments

with D-lhh §ubchloroplast fragments. The bound ferredoxin

signal is less'susceptible.to*powe:'saturation than is
ﬁhé P700_signa1;.a poﬁer of 15 mW,(to the cavity) was
'used in all éaseslas.no.differénce in.saﬁgration7
properties could S; seen between‘ﬁhe’bound ferredoxin
signal“ih whole chléroplasts andiin'suSchloroplast
.fragments.

To ﬁreserve accurate lineshapes apd to permit
VAccurate quantitétion of therfirst-derivative EPR -
signals, the modulatioﬁ‘amplitude must be small |
.comparéd td the Iinewidth; Preliﬁinary-me;shrements
and comparison to Gaussian and Lorénztian lineshapes

showed that the P700 radical had a Gaussian lineshape,

. well-fitted by a peak-to-peak linewidth of 8.0 gauss.

When compared to a simulated spectrum in which the
computef program-inputs are the three g-values, the
microwéve frequéncy, the field settings of th;
'Zspecérometer; and the lineéidth, the signal of the
bﬁund ferredoxin is best fitted with a peak-to-peak
lingwidth of;20'gauss. Therefore, a modulation

‘amplitude of 2.0 gaussvwas chosen for the quantitative



‘.1-EPR studies., The spectra of the P7OO radical taken
with modulat1on amplitudes of l 0 or 2. O gauss could
.be superimposed after scaling to compensate for the
' increased 51gnal due to the larger modulation amplltude
The use of the same modulatlon amplitude for both the
P7OO rad;cal and the signal from the reduced bound
~'ferredoxinvremoved the*necessity for corrections due to-'.
dlfferlng modulation amplitudes
The stab111ty of the preamplifier in the lOO kHz

.-channel, the accuracy of the galn controls (a variable
‘.attenuator placed between the preamplifler and the main, -:
| amplifier) and the linearity of all components of the dnl
'4100 kHz channel from the detector to the analog-to-digital
'. converter of the computer were checked and found to be

,'well wlthin 1% in accuracy and resetabllity. A 29-b1t

resolutlon analog-to digital conversion with 500 data

"-points per 25-s scan (for the 51gnals of both PTOO and

the bound ferredox1n) allowed "s1gnal-averag1ng" for 10 |
to S0 scans.' Digitized spectral data could be numerically,
integrated heights measured, scallng done, spectra
subtracted from or added to one another, and data plotted
or stored for retrleval in magnetic tape cassettes. A 1A
versatile program written by Mr. H. Holmes provxdednthis
.'important-system, wrthout_whxch this quantitation
experiment would have been nearly impossible.;/

3. Use of standards. Two different types of EPR

standards were - used a primary set of standards for

. determination of absolute‘spin concentratlons and
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g-values and an internal secondary standard for comparison :

of the number of PT00 spins with the number of bound

:ferredox1n spins. For determination of spin concentrations,

'%eak pitch "3, 3 x 10 kg pitch in KCl (Varian Associates,
Palo Alto) and DPPH were employed Weak pitch, as
Asupplied by the manufacturer, contains 10 13 spins per cm
k of length (+ 15%). " The vertical-axis sen51t1vity of the
cyIindrical microwave cavity was mapped with a small
| 31ngle crystal of DPPH, then, by usxng the relative
vertlcal-axxs sen51t1v1ty, the effective number of
..spins (1.0 x 10 3) presented by the standard could be
determined The spin concentration with DPPH in benzene
solution was calculated on the ba51s of the extinctlon
: coefficient at 525 oo (11.9 aM loea” 1, ref. 13) and by
the use of-double-numerical'integration

NDS and TEMPOL were used to calculate the gfvaluen'
..for the light induced PTOO free~rad1ca1 EPR signal
NDS dissolved in a saturated solution of sodium carbonate
bas a g-value of 2.0057 (ref lh) and a hyperfine V
‘splitting of 13,0 gauSS° TEMPOL in ne=butanol has a ~-1 A =
g-value of 2. 0059 and a hyperfine splitting of 16 1 |
gauss (ref. 15) '

The placement of annaligned spherical single-crpstal
" ruby (2 am d) - near the“cavity wall and'the
observation of the Cr(III) EPR signals from’ this
room-temperature standard 6 18 were used to rélate the .
~spin concentrations‘in P?OO to bound-ferredoxin and to

' relate either of these.spin concentrations to the primary

<.
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»standards (weak pitch and DPPH)":Wnen the g-axis of a
‘magnetically dllute ruby is aligned by optical means,
fparallel to the steady magnetlc field axis of the
spectrometer (H ), resonances occur at low and hlgh
fields, w1th the region from 2000 to LOOO gauss free of
_'absorption.. A resonance at 4300 gauss displayed
Gaussian lineshape_with a peak-to-peak linewidth of

36 ganss; no ruby resonances interfered with.signals
produced in the g-regions of interest. The U300 gauss
ruby resonance has the advantage that it nay be recorded
_under. the same instrnmental conditions_acathose of the. :
chloroplast sanple§ simply oy changing the intencity of
. the maéneticAf;eld.: The ruby sxgnal wzll then reflect
any'changes in’ 1nstrumeutal cond1t1ons,‘1 e., detector
'nonllnearitx,cavity Q,filling factor, power, etc. The
- advantage of thie typepof standard, aloays in place, is
readily.apparent in these experiments where two different
EPR. signals are to be compated each signal hav1ng
different EPR-instrumentatlon requlrements'] microwave
: power, Emplifier~gain, field scan. Use of the ruby |
.Vstandard in the sequence of measurements will be

discussed more fullp below. |

k, Experlmental procedure. In a typical experlmental

'run nine different EPR spectra-are recorded in sequence,
~all at 25 °K and all with the ruby and the sample tube
containing elther whole chloroplasts or subchloroplast

fragments in place.- F1ve spectra are of the ruby

standard under experimental conditions identical with
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-the condit}ons‘of‘méasuremedt'fdr‘(l) P700 and (2) bound
;ferredoxin:signalé, respgctively; | |
'-The.ruby standard is run (Runil)‘at the segtinéS'
- (power, amplifier'gain,‘ﬁoduiatiop, field séan)‘useEA-
subseququiyvfor the ferreaoxiﬁ measurement. In addition,
.‘é rﬁﬁy spe;trﬁmiat an indicated mbduiation~amp1itude of
) 20 gauss (;he'actual 100 kHz modulatipn'amplitude at
the ruby position is less than 20 gauss by a factor
- (~L4) debeﬁdent only on the cavity geometry) (Run 2) is
aléo tékén. Run 3. is a record 6f the region of the
bound ferredogiq'signal'prior'tp illuéina;iﬁn.,-Tﬁe
énly variables ?etwéen Runé 1. and 3 are thé‘magnetic
field sgtting and the'amplifier gains; theAmodulatioui
.‘and éover‘afe kept constant. Néx;, the field scan is
éhanged to'a-pérrowef région’(: 50 gauss) to display'
the PTO0 signal, the power is reduced. to the'levél
necesgary to 5void power satﬁration'of the P700 signal,
. and the dark (Run 4) an& light (Run 5) data are collécted;
‘ Run 6 involves.re;urning the magnetic field intéﬁsity |
to tﬁeiruby value and changing the modulation amplitude
to 20 gauss. This.hiéher modulation is requiréd’to
, ob;erve the ruby sighél at the.iowér éower required_foi
the P706 measurement. Run 7, -the- light-bound ferredoxin
run, involve$ re;et:ing the magnetic field intensity tov'
the ferredoxin region (fesetting aécuracy §boué’0.5
 gauss) and then bringing the microwave pow;r back to |

15 oW, a level which can be monitored to + 1% with the

-'power meter. Runs 8 and 9 are repeats of Runs 2 and 1
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aé a check on instrument drifrs ouringeche course of
Athe<experiment; As each run is ﬁsignal-averagedﬁ forA
10-50 scans, the entire experimental procedure requireo
about 2 h. .fhe order of the rons is carefuily chosen
so that ”£2setﬁ operations.are minimized and those that
. are required may be done with the desired accoracy.
To otandardize theAilluminatioﬁ procedures; 1 min of'
T15-nm illumination (saturating light of intensity
2 x IO-h ergs-cm-2'sec-1) vas provided immediately
before each of the: “light" runs, as. the decay of the
photoxnduced 31gnals is of the order of several hours,
the signal,leveh may be considered.constant during the
‘ runs; Each run is made under optimai conditiona of
amplifier gain to maximize the signal-fo-noise ratio
and to fit the 'window" of the analog-to digital
conversion. The ampllfler gain factors were carefully
calibrated to within + 1%. ‘Runs 1, 2, 8, and 9 provide'
a ﬁeasure of,the'consranoy of conditions'duringithe
experiment; thoseruns agreed'fo within 2% of each other.
This procedure allows use of the ruby standard runs to
correct for any spectrometer aojuétmenf.necessary to
the running offthe P700 or %oond‘ferredoxin spectra.

5. Double integration of EPR signals and calculatlon
- ferredoxin:P700

of the/ ' ratio. Light minus dark spectra were

-
K

generated by subtraction of the appropriate digitized

gpectra soitabiy scaled to account for any difference in
amplifier gain settings. These ﬁerelthen stored on

.magnetic tape for future comparisons.
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The area of the PTOO light minus dark 51gna1 was |
calculated in two different ways: by numerical double
qintegra;ion of the SOO-point digitiZed data and by
' formulaAintegra;ibnl9 for the determination éf the spin -

concentration as represented by a first-derivative

‘Gaussian curve

5 ' Vs 2
Area = (1.0332)yE (AHPP)

The maximum aﬁplituderf tﬁe,figgt-derivativeb(y;) is
one-half the peak-to-peak height fead directly from the
digitized'spectrat“‘The'peak-to;peak linewidth in gaués,.
was dété;mipéd By comparison of céléulated Gaussian -
curvés to experimentél PfOO spectra} These two. methods
of computing the area for the P7OO spectra gave results
wh1ch_agreed to within + 10%.

Because of the interfering signals at g = 2 from

chloroplast free-radicals the area of the bound ferredoxin

iight minus dark signal had‘to.ﬁe calcﬁlated by numerical
integration of a_fitted simulated spectrum. Once the
. doubly integrated areas for the signals of P700 énd the
bound ferredoxin were measured, intercomparison was
made, assuming both were S = 1/2 states, by felati§n of
. these areas through the signal heights recorded w1th the
ruby run under each set of condltions. Also 1nc1uded in

./

this final calculation for each experlment was a factor

2

gferredoxlnl/g P700’ the experimental - ampllfler gains and

integratlon constants which adJusted the double numerical
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integtatio@s to formula integration methods. A computer
‘program was written to insure that these corrections

were uniformly made in all experiments.

- RESULTS

4 vt :
- In this study we have confined our investigation

to the primary photochemical event associated with
' Photqsystem I in chl&roplasts. ‘Because far-red light
is known to activate exclusively Photosystem I in
.chlol;'oplastszo-23 and our light-induced studies are
carried out at_25°K (a temperature which precludes
ordinaryicheﬁical_éeactiénS),lwé,éan effectively:isoléte
;he-light-inducéa changes ;ssociated solely with the
priméry.photoqhemicai reaétion_of Photosystemnl.‘
I1lumination of whole chiorop1asts with 715-nm
ac;inic light at-25°K produced light-induced changes at
g-values of 2.05, 1.9%, and 1.86, as indicated in:
Pié. 1. The light giggé dark spéctrum,‘shown in the
-lowé:~po;tion of the figure, indicates most‘clearly the
light-induced changes, although the region at g =2.00 :
is obscu:ed by the lafge (off-scale) free-radicﬁl signals

observed at this gain setting. The free-radical region

of the same sample is shown in the EPR spectra in Fig. 2.

A rather complicated signal is present in the dark in
. whole chloroplaéts; the nature of the component

. : VN . .
responsible for this signal is not understood, although

- some of this signal may be the same as the “Signal 1"

f‘previouély observed in EPR studies of free radicals in
<

Fiq. &
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éhloroplasié at room temperature?h-26._ The‘chloropiast
;sample also shows a light-inducea ghange in this fieid
'fegidn aftér,illﬁ@ination with 715-nm a;tinic light,

- and the light minus dark différeﬁce spectrum shown in

the lower;bOttion of the figure indicates the
pﬁotoprbduction of a free-radical signal. Since this

frée rad;cal.is photoinduced at iow temperature after
illumination with far-red light and has EPRAproperties
identicallto‘those previousiy reported for P700 (ref.
2&,27,28), the reaction-center chlorophyll of Photosystem I,
‘we gré confident of our‘aséignment of this signal to the

oxidized form of P70O. -

. The ;ésults of.a study of light;induced changes in :
.subchlbrﬁplasﬁ fragments enriched in Photosystem I
| (D-144) are shown in Figs. 3 and 4. The changés in.the i:\q,‘B
ferredoxin region (Fig. 3) are similar to those o3serv¢d ' qu, L{ B

with unfractionated chloroplasts. The EPR spectrum of . _ -
the free-radic#l fegion (Fig.'h) shows oﬁe‘significant

'diffgrence, howeQer, when compéred with the spectrum of

: unfractioﬁatea'chloroplasts. Tﬁe dark signaliat g =2.00

is almost completely absent in the D-1Lk preparation

.(?ig. L, top specftum),-indica;ing'thatAthe componenﬁ(s)

reéponsibie for tﬁis signél is ﬁoSt likely“associated

with Photosystem II. Aftér illumination at 25°K, a

Iafge light-induced free-radical change majibé/observed;A

similar to the change induced in whole chlorbplasts.
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'A comparison of the light giﬁggpdark spee;ravand.
;compute:-simdlated'spectre'pf the bound ferredoxin and.
-PT700 (obtained in an,expe;imedc with D-144 subchloroplast _ _
fragments) is shown in Figs. 5 and 6. The simulated ° - | ?14.57
ferredoxgg'epectrum was generated using the following : F‘q .QA
-experimentally derived ﬁarameterse - #>1.86,
f gx = 1.9, g, = 2.05; linewidtﬂ? 20 gauss. As shown in
Fig. 5, the agreement between the calculated and<ex§erimenta1
spectra is good over most of the séectral region
. although some_mipor.componente of g = 1.89 and 1.93 are
‘presedt‘in the.light minus dark specttum;” The origin
of these componente is not known, but they contribute
only a small amoun;'to che total.integreted intensity
of.tde~ex§erimental ferredexin‘spectrum. The PTCO
.;spectrumv(Fig. 6) wes-generated using a Gaussian curve
o with a linewidth of'8;0 gauss. The'gfvelue of the PT00
signal was found to be -2_,0'03‘ + 0.001 using NDS and
TEMPOL as g:Qélue markere;
The simulated light minus dark ferredoxin spectrum
and the light minus dark P700 spectrum wefe used in the
calcqlatipn of the relative amounts of ferredoxin and
PT00. The results of eight different-ekperimenCS,_five
with whole -chloroplasts and three with chloroplast
Phot-osysﬁem I fragments, are summarized i'nf'i'ebi’e I. In - T'a\:\e T
each of‘cheseAexperiments,:the ereas of the light minus
dark.ferredoxin_and PT00 spectra were calculated'as‘

Adescribed in Materials and Methods. In the studies with
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. whole chioéoplasté, a ratio of 1.2:1 for photoreduced
'ferredoiiﬁ:phofooxidized §7bo was 6btainea, and a ratio of
'0.931 was obtaingd in fhe'experiments with D-144 fragments.
fhese e#pe:imental results, conéidered in the context of the
possible érrors in thisvzype‘of quantitation (see:DiscﬁssiOn),
.indicate that after illumination at.ESéK with far-red light
thé'amounts of reduced'bound ferreaéxin and oxidized é?OO are
identicél.. |
In addition to the relative am&un;s of photoreduced ferredoxin
apd photooxidized P700>shown iﬁ'Tablé I, the concentrations of these
‘componengs in ghe.Qiffgrenﬁ prepar;tiéng is given, »Iﬁ meésurements
Awith weak pitch’aﬁd DPPH as séin concentratiqﬁ standards, the
concentratibn.of P70b Qas found to aQeragé l.per'hBO.:VTS'chlorophyll
molecules in whole chloropiasts;fin thé'Photoéystem»I fragments the .
. avefageAwds'l P7OO per 160 + LS.chlorophyli molecules. Similar

values for the concentration of bound ferredoxin were also found

in the two preparations. ‘ , E v o I

The estimation of thelPTOQ conggggratidn Qf
'éhloroﬁlasbs by EPR spectroscopy does not necessitate
the knowigdge of an extinction coefficient_for the
pigment and thgrefore has one ad&antage 6ver:the more
widely used bpticél'techniéue (see refs. 29,30). By
oé;ical techniﬁues,.in unfractioﬁated'chloroplasts‘
approximately one PT00 per 40O chlorbph&ll moi?cules
h#s been determined and in digitonin Photoé;égem 1
‘subchloroplast fragments'one P700 per 200 chlorbphyll

1,31-33

moleculeé has been found .. Our estimations based

b e eimtme & - dmmm
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..on spin cogdenttations, assuming no secondary reactions .
Fof PT00 occur at 25°K, are similar to the above-reported
vaiues, a result whiéh indicates the photoreaction has
gone ‘to completion at 25°K.

s

DISCUSSION
Before considering the significanée of the vélues

obtained in_ou:'eétimates of ETQO and bound ferredoxin

at'QSOK, we must consider in some detail the accuracy

and errors involvedin our quantitative EPR procedures.

As éeséribéd in Materié}s~and Héthods; because the.
éstimations arg bésed pgimérily on amplitudes, the
-accuracy ofycompariSon.via our internal ruby éténdard
is within 1-2%. Iﬁ the case of the PT00 light-induced
signal, an additioﬁal factor besides the amplitude in

" the afea determination is the square of the linewidth;
but the results in Figﬂ_6 with a simulated spectrum
indicate thatvﬁhe linewidth is known to within # 0.2
gauss.; fherefore, our formula ihtééiations for the area -
of the PT00 signal may':esdlt in an error of approximately
5%. Howevér, we ﬁavé also calculated ﬁhe ligh;.giggg
‘.Y‘Qa:k PTOO area by a pumeri;al_doubie-integration procedure;
-the.values obtained by this method were within 10% of
those bf the formula method. - We -velieve the formula.
" method permits greatef precisioﬁ in the a;gaf/
determination sinéé only the amplitude an; linewidtﬂvqf

the signal must be known and any slight baseline drift

may be:ignored.
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The eetiqatioc of the area of the light minus dark'
ferredoxin signai most likely was the scufce of the'
;iargest error in our quantitative measuremente} We
caiculated this aree by two different methods, and the

results agree to within * 10%. One method uses the

siﬁdlated spectrum procedure described in detail in .

iv Materials and Methods, while the second'is a numerical
: double-integration of the light minus dark spectrum. In
,the latter procedure it was necessary to correct the
g}= 2.00 regiod‘because of the‘largegofffscele free-radical
signals.” This type of correction'introduced some
.uccertaidty ané, ic generai,:ve.maf Have o§eresti§ated
‘the.ferredoxid area in the. calculations based on this
method. Tﬂese considerations lead us to believe that
our ferredoxin areas may contain an error as great as
"10%-but‘tﬁat a larger error is unlikely.

The above dlsc0551on is taken to indicate that we
belxeve the ratios we have obtained are accurate to
+ 10-20%. Other errors; such as thc;e“cue to varlatlon
in temperature;_are also present,,but these contribute

relatively smaller amounts. Slnce our exper1menta1

results 1nd1cate -a.ratio: of ferredoxin: PTOO of 1.2:1

,,,,,,

in.whole chloroplasts and 0.9:1 in Photosystem I

fragments, -it is clear that withid'experimentél error

e
A

" this value may be considered to be one.
The ratio of bound ferredoxin to PT00 determined
in these experiments after low-temperature illumination |

A differs significantly from the results of Yang and
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".Blumberg9.:'IheseAﬁorkéfs'observed'a'ferredoxin signal '

3

' with an area only 10% of that of the free-radical signal

e

' produced at low temperature. iﬁowever,’in that report,
details of the method of éuantitation of the EPR signa1§
and éoudi;ibns of EPR.Spectroscopy,are ﬁot présepted.

The latter afe particularly important beéause the
free-radical signal.satufates very readily at low
temperatures and the measurementsof fang and Blumberg
weré carried out at 1.5°K; It is clear that Yang and
Blumberg did not use monochfomatic light for illuminétion
of tﬁeirfchloroplast‘samples and that no';t;empt was

made to exclude possible contributions from primary

Py
v

evehts associated with PﬁofoSysﬁem II. We feel the
expefiméntal design used .in our mgasuréments eliminatés
any photoinduced changes associated with Photosy#tem 11
and allows study of pfimary reactions associated solely
with Photosystem I. B |

‘The quan;itative eéfimates based on spin determination
‘of bound ferredoxin and PT00 in unfractionated chloroplasts
and PhotosyStem I fragments‘confirm our previously |

published qualitative daﬁa that the bound ferredoxin is

AP

‘ associated with Photosystem I and previous reports from
other laboratories that D-1lk fragments are enriched in
PT0O (ref. 31-33).. The quantitative determinations of

the bound ferredoxin and P700 concentration§ in these

Pl 4

preparations indicate that the reaction under investigation
" at 25°K has essentially gone to coﬁpletion. Thus, our

"results are not based on a small percentage of the
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' total poSSLble cnange in either of these carriers.

A comparison of the light minus dark ferredoxin.
spectrum with'calculatedvspectra indicates that thee
exoefimentai spectrum can.be reasonably fit with only .
Athtee.gryélues: ‘55 - 1.86, gx.= 1}9&;1and g, = 2.05.
Additional absorotions are, however; present in the
experimentai light minus dark spectfum at g = 1.89 and
1.935. It has been suggestedlo that these two absorptioms
4indicate a reduced iron-suifur protein signal and that
'this component.represents a secomd,electron-accepting'
'site in the brimaty eleetton,aeceptor; 6ur guahtitative
measurements indicate these two absofptibns represent
relatively minor components and‘do mot contribute
significant amounts to the‘total integrated intensity
'of the light giggg dark ferredoxin signal, a result -
which does not support'a'multielectron-aecepting centet
‘as the primary eleetron;acceptor.

~.Inech10rop1asts, PTOO has been consideted.to be the
teaetion-centet chlorophyll\of-Photosystem I sinee the
discovery and characterization of this pigment by Kok
and co-workersl’2.l Although this pigment was 1nitia11y
Eﬁa;acterized on the basis of a photobleaching at 700 nm;
the‘association of the oxidized form of P7OO with a
free-radical 51gna1 detectable by EPR spectroscopy has
also been demonstrated based on oxidation;teéoction
- behaviorB"Bs, light behavior? =38 » temperature-insensitivity

28,39,40

of the photoreaction , and studies with algal
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~mutants lacklng P?OO (ref. hl) Reéeﬁt kinetic
measurements have supported the a531gnment of this
- free~radical signal to_the oxidized form of P7OO
(ref. L2).
.;intﬂe basis of the above-mentioned findings,

tﬁére_i# widesgread'agreemeﬂt that P700 functions as

the primary donér moleéule of Photosystem I but thé
nature of the primary-acéeptor is not clear. The first
measurements of the ratio of the light-induced free-radical
signal to photooxidized PTCO gave values of 1:4 (ref..
28), while more recent measurements have indlcated a
ratio’ near‘ong at room tempefaggreh2;u3.' No EPR signal
- resulting fro@ ény péssible écceptoriwas ideﬁtified'on
the basis of thesekroom-temperaﬁure studies. We have,
however, recently discovered an EPR 31gna1 of a reduced .
iron-sulfur protein that can only be detected at
‘temperatures below hOOK (ref. 5,6). The previously
described propertles of thlS new component are con51$tent
Vlth a role as the primary glectron acceptor of
'Photosystem I (ref. 5,6).

» The results of our quantita;;ve estimations of

- fggggg*gg{gggg;{ggéégfg%déégéjésoK are.consisten; Qifh
these carriers functioning as an acceptor-donor complex
in Photosystem I. According to rhis interpreéation,

the prim#ry light act would consisﬁ of a cﬂéfge separation
Aresulting in reduced ferredoxin and oxidized PT00;

equivalent amounts of oxidized P700 and reduced iron-sulfur
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proteln'would be expected to accumulate at a temperature
where further chemical reactlons cannot occur.

Using the method of low-temperature (25°K) EPR
o spectroscopy, where both the,oxidieed PT00 free-racicaf
signal ang the reduced iron-sulfur protein signal can be
'observed, we have experimentally verified this expectation
f-by the determination’of equal spin concentrations of |
PTOd'and bound ferredoxin. . This result lends the
strongest support to'our previously proccsed;role of
' bound ferredoxin as the primary electron acceptor of

Photosystem I (ref. 6).
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- ABBREVIATIONS

EPR, electron paramagnetic tesodance' NDS, potassium

@

-nitrosodisulfonate; DPPH 2 2'-d1pheny1 l-plcrylhydrazyl,

 TEMPOL, 2,2,6,6- tetramethyl-h hydroxyplperldlne.
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AMOUNTS OF P7oo AND BOUND FERREDOXIN IN CHLOROPLASTS AND PHOTOSYSTEM 1 FRAGMENTS (D-1LlL) -

DETERMINED BY EPR SPECTROSCOPY AFTER ILLUMINATION AT 25 °K WITH T15-nm ACTINIC LIGHT

Bound ferredoxin/PTOO Chlorophyll  P700 Chlorophyl1/PT00  Chlorophyll/bound ferredoxin
' | mM | uM | o ’ |
: ' ;;
Whole chloroplasts j}; |
| (1) f237' L0 6.8 : ' 590 Ai?ﬂ» 430 N
(2)A A 125 5.0 15.1' | -386 300 |
() i1 3.7 9.8 380" 340
() i?éz 2.5 5.4 460 380
(5) i.eo ) 12.1 340 280
| Average -1;25 L30475 350450
D- lhh subchloroplast fragments
(1) 1.11 3.0 15.8 190 170
(2). o o;ia 3.3 20.6 16o 210
(3) QE?“ ' 3.7 26.4 140, 150
- Average 3 160115 175:?0

0'\;‘. 9}.

.82

The ratio of reduced bound ferredoxin to oxidized PTO0 at 25°K was measured as described in Materials and Methods.

These ratios are the experimental values without error considerations.

The probable errors are of the order of

iﬂ0-20% (see Discussion). The PTOO concentration was determined using wcak pitch and DPPH as spin standards., The

'f
ratios of chlorophyll to PT00 anu ‘bound ferredoxin were calculated from these measurements.
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'LEGENDS TO FIGURES

Fig. 1.: Light-induced EPR changes of bound

ferredoxin in whole chloroplasts_after'illumination at

25°K with T15-nm actinic light. Chlorophyll concentration,
4.1 mM. First-derivative EPR spectra recorded at 2S°K

with the following instrument settings: frequency,

9.26 GHz ; powér, 15 oW; modulation amplitude, 2 gauss;

scan rate, 10 gauss/s. Data in all figures are
photoreproductions of original chart-recorder traces.

‘Fig. 2. nght-lnduced EPR changes of PYOO in whole

: chloroplasts after 1llum1natlon at 25 K with T15<nm

- actinic light. ¢The same sample used for the study in

Fig.ul was used for the study of PT00 changes.

Conditlons of EPR spectroscopy: frequency, 9.26 GHz;

power, 0.1 oW; modulation amplitude, 2 gauss; scan rate,
4 gauss/s.
Fig. 3. Light-induced EPR changes of bound ferredoxin

in Photosystem 1 subchloroplast fragments (D lhh)

- -~ 7 - =

: after illumination at 25 °x wlth 715-nm actinic llght.

Chloropﬁyll concentration, 5.7 mM. Prior to freezing,

10 umoles of sodlum ascorbate were added to the chloroplasts.

,’J::_’..'. X Tl 1._'. o - _, - . e . \7 Lt '
TR R . SEIETCH t_:.L, \r‘,__’ EE) r LT e ST ;‘,_..

on ~of ‘EPR’ spectroscopy ‘as in Fig. l.

Fig. 4. Light-induced EPR changes of P700 in

' Photosystem- I subchloroplast fragments (D-lhh) after

illumination at 25 %k with T15-nm actinic llght. The

same sample used for the study in Fig; 3 was used for

. the measurcment of P7CO changes. -Conditions of EPR
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spectroscopy as in Fig. 2 except for microwave power

of 0.02 oW,

Fig. S. Comparison'of experimental (light minus

vdark) and calculated bound ferredoxin EPR spectra. The

light minus dark bound ferredoxin Spect*um (....) was

obtained Qlth D-144 fragments at 25 °R." The calculated

. spectrunm (

) was obtained using the following
parameters: g = 1.86, gz = 1.9k, &, = 2.05; linewidth,

20 gauss; § = 1/2 state.

Fig. 6. Comparison of experimental (light minus

- dark) and’ calculated P700 EPR Spectra., The light minus

dark PTOO Spectrum was obtalned with D- lhh fragments at

3

25 K. The calculated spectrum was’ generated from a

AGau551an curve with a linewidth of 8.0 gauss; § = 1/2

state.
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