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Summary 

Electron-spin resonance echoes are used to s tudy the complex overlapping 
ESR spectra of  whole chloroplasts. By varying the repeti t ion rate of  the  micro- 
wave pulse sequence, delay time, and pulse width, signals with different longi- 
tudinal and transverse relaxation times were extracted. We have identified the 
echo signals due to plastocyanin and ferredoxins. In addition, we have found 
a strong signal at g = 4.3, that  possibly arises from distorted cytochrome,  and 
weak signals in the region g = 6--9. The strong echo signal at g = 2.0047 (Signal 
II), is made up of  at least three 'dark'  components  that  differ in their relaxa- 
tion times. Upon illumination at 1.2 K several of  the  echo signals including 
Signal II show reversible light-induced components .  The kinetics of  these 
transients depend on the addition of  3{3,4-dichlorophenyl)- l , l -dimethyl  
urea. Part of  the transients are believed to arise from cyclic electron flow 
around Photosystem I. 

Int roduct ion 

ESR has proved itself a valuable tool  in the  s tudy o f  electron transport  com- 
ponents  in photosynthesis  (for a recent comprehensive review see Ref. 1). In 
an earlier report  we have illustrated the merits of  pulsed electron spin reso- 
nance (ESR) or electron spin echo techniques for certain applications [2].  In 
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this communicat ion we report  on electron spin echo studies of  electron trans- 
port  components  in whole chloroplasts. The advantages of  electron spin echo 
above c0.n~entional ESR,,may be enumerated as follows: (i) electron spin echo 
records the  absorption × directly, and thus is especially suited for the detec- 
tion of  the  broad ESR signals found in many transition metal containing 
proteins that  participate in electron transport  reactions; (ii) it is much easier 
with ESE than with conventional ESR to discriminate between components  of  
overlapping spectra having different longitudinal and/or  transverse relaxation 
times; (iii) analysis of  the echo decay curve yields information on hyperfine 
couplings that  are poorly  resolved in inhomogeneously broadened conventional 
ESR spectra; (iv) microwave excitation occurs with very short pulses, permit- 
ting a faster response than attainable with a conventional ESR spectrometer  
(a response t ime shorter than 1 ps is commonly  attained in electron spin echo 
spectrometers).  In our previous paper some of  the applications mentioned 
above have been illustrated in a s tudy of  so-called Signal II [2].  By using 
electron spin echo to discriminate between species with different T1 and/or  T~ 
we have been able to obtain evidence that  Signal II is composed of  two radical 
species (tentatively identified as a chromanoxyl  and a semiquinone), each of  
which may be located in a number  of  different environments. 

In this communicat ion,  electron spin echo spectra of  electron carriers in 
dark-adapted whole chloroplasts, and in material after illumination at 1.2 K 
are presented. Many of  the electron carrier electron spin echo show reversible 
changes in their ampli tude upon repetitive illumination at 1.2 K by  8 ms light 
pulses. These changes are partly due to light-induced enhanced relaxation and 
partly to low temperature electron transport  around Photosystem I. 

A preliminary account  of  this work was presented at the 6th International 
Biophysics Congress, 1978, Kyoto ,  Japan [3].  

Materials and Methods 

Preparations and instrumental 
Chloroplasts were obtained from market  spinach. Leaves were washed and 

disrupted in a cooled blender for approximately 30 s in a solution of  pH 7.8 
containing 50 mM Notris(hydroxymethyl)methylglycine (Tricine), 0.4 M 
sucrose, 10 mM KC1 and 2 mM MgC12. The homogenate was filtered through 
four  layers of  nylon cloth and the filtrate briefly centrifuged at up to 8000 × g. 
The chloroplast pellet was resuspended in 1 ml of  the same buffer solution and 
stored at 0°C in the dark before use. In order to avoid crystallization of  the  
sample at low temperature,  glycerol was added to the chloroplast suspension to 
a concentrat ion of  50%. 

All samples were exposed during handling for about  one minute to weak 
white light (~40  pW/cm~), then left in the  dark for several minutes, and sub- 
sequently frozen in a stream of  cooled N2 gas (~ 100 K). For some experiments 
30 pM of  the  electron transport  inhibitor 3(3,4-dichlorophenyl)- l , l -dimethyl-  
urea (DCMU) was added. 

Electron spin echo measurements were performed at X band (~-9 GHz) at 
a temperature  of  1.2 K. The apparatus, a modification of  a Varian V-4502 
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spectrometer,  has been described by  Botter  et al. [4,5].  The power  of  the signal 
oscillator is 1 Watt in pulsed superheterodyne operation. It can be switched by  
two 30 dB HP3735B PIN modulators  actuated by  a Bradley 176B pulse gener- 
ator to a level of  1 ~W; the minimum pulse width is 50 ns. The signal reflected 
from the cavity is first amplified by  a Varian VTX 4276JL low noise travelling 
wave tube  amplifier which also serves as a limiter for the  driving pulses. Then it 
is detected through a Varian XBH-7-30-12-50 balanced mixer connected to a 
Philips 2K25 klystron, acting as a local oscillator and yielding an intermediate 
frequency (IF) of  30 MHz. The intermediate frequency signal amplified by  a 
Varian ITA-34-30-08-50 IF amplifier is fed into a PAR 160 Boxcar integrator. 
By a simple change the spectrometer  can be converted from electron spin echo 
mode to conventional ESR operation,  wi thout  affecting the sample or its 
temperature.  This permits a direct comparison of  the  conventional ESR speco 
t rum with the electron spin echo spectrum. 

Illumination 
Actinic light was provided by  a Philips SP or Osram HBO 1000 Watt mercury 

arc or by  an Osram XBO 900 Watt xenon lamp, combined with a filter system 
consisting of  a solution of  100 g/l, CuSO4 (10 cm) and Schott  KV 520, Chance- 
Pilkington HA3 heat absorbing and Balzers Calflex C heat reflecting filters. 
Light pulses of  8 ms duration were produced by  a Compur m electronic 
shutter. The light intensity was adjusted with Schott  neutral density filters 
(NG series) to an intensity of  80 mW/cm 2 at the sample position as measured 
with a YSI model  65 radiometer.  We checked for average sample heating by  
measuring with conventional ESR the susceptibility at 1.2 K of  a paramagnetic 
dummy sample having similar light absorption characteristics as the chloro- 
plast suspension. No effect of  cont inuous or pulsed illumination was observed. 
However, even when the average temperature of  the sample, which is immersed 
in superfluid helium, does not  rise measurably, local heating may occur as a 
result of  light absorption by  the paramagnetic molecules themselves. Electron 
spin echo is more sensitive to such local effects than conventional ESR because 
of  its exponential dependence on the spin-lattice and spin-spin relaxation rates, 
which may be strongly temperature dependent .  We have measured these 
relaxation rates in the dark and under cont inuous illumination. No change in 
T2 and a decrease of  T1 {~5%) was observed. The latter effect  may cause an 
increase in the electron spin echo intensity when the repetit ion rate is close to 
T~ 1 (see below). 

Spin echo generation and its sampling 
A brief explanation of  the spin echo method [6--8] as we have used it is 

given in Ref. 2. As illustrated in Fig. 1, an initial 90 ° pulse of  the microwave 
driving field lasting for a period tp such that  17Hlltp = ~ ('~ is the  gyromagnetic 
ratio), rotates the net  magnetic moment  M to the  equatorial x'y'  plane in a 
coordinate system rotating with the resonance frequency about  the Zeeman 
field H0 (the z' axis). When the driving field has been switched off  (H1 = 0), 
the magnetic moments  of  the  individual spin packets start to dephase in the  
x'y'  plane as a result of  different local fields experienced by the individual 
spins. A 180 ° pulse applied at t ime r after the 90 ° pulse inverts the  accumu- 
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Fig.  1. The  f o r m a t i o n  of  t he  t w o  pulse  e l ec t ron  sp in-echo  in the  r o t a t i n g  f r a m e .  1. In i t ia l ly ,  all sp ins  are  
a l igned  a long  the  z t axis ,  wh ich  is t he  d i r e c t i o n  o f  t he  s ta t ic  field H 0. W h e n  the  m i c r o w a v e  field H l is 

app l i ed ,  a 90  ° pulse  r o t a t e s  t h e  ne t  m a g n e t i c  m o m e n t  M in to  the  equa to r i a l  x~y t p lane .  A f t e r  the  r e m o v a l  

o f  H l , t he  m a g n e t i c  m o m e n t  v e c t o r  b e g i n s  to  fan  o u t  in  th is  p lane .  2. At  t = ~ the  m i c r o w a v e  field H l is 
aga in  app l i ed .  BY a 180  ° pulse  the  m a g n e t i c  m o m e n t s  are  r o t a t e d  qu ick ly  by  180  ° a b o u t  the  d i r e c t i o n  o f  
H l i n to  the  s a m e  p lane .  The  d i r e c t i o n  o f  t he  f a n n i n g  m o v e m e n t  is n o w  reversed  and  the  m a g n e t i c  m o -  

m e n t s  are  r e f o c u s s e d  a long  the  nega t i ve  x ~ axis .  At  t = 27" a ne t  r e su l t an t  m a g n e t i z a t i o n  a p p e a r s  a long  th i s  
ax is ,  whe re  the  echo  s ignal  can  be  d e t e c t e d  by  a m i c r o w a v e  rece iver .  3. T h e  r e f o c u s s e d  m a g n e t i z a t i o n  
a long  the  nega t ive  x ~ ax i s  beg ins  to  sp read  o u t  and  decay  d u e  to  the  t r a n v e r s e  sp in-spin  r e l a x a t i o n  ( T  2) 

and  the  l o n g i t u d i n a l  sp in- la t t i ce  r e l a x a t i o n  ( T  1 ). 

lated phase lags, and after a further period ~ the moments  are refocussed which 
causes the transverse magnetization to reappear along the negative x' axis at 
time 2r. The 90°--180 ° pulses are applied with a repetition rate R and the 
signal is sampled by a Boxcar integrator at t = 2r. The width of  the 90 ° pulse 
{in this work 80--200 ns depending on the species studied) defines the shortest 
t ime at which the magnetization can be sampled. This t ime should be distin- 
guished from the shortest t ime at which an echo can be seen, which amounted 
to 1.1 ps for this work. 

By the initial 90 ° pulse the system is brought into a non-stationary state and 
it will tend to return to thermodynamical  equilibrium. In the usual Bloch 
formalism this is described by the two characteristic relaxation times T1 and 
T2. In this description the longitudinal magnetization returns to its equilibrium 
value at a rate T~ 1 and the total transverse magnetization decays to zero with 
a rate T~I. 

However, we are not  dealing with a system of  spins having a single resonance 
frequency, but instead the absorption line is ' inhomogeneously broadened'  and 
consists of a distribution of  'spin packets' with different resonance frequencies. 
As a result, the decay of  the transverse magnetization with time as sampled in 
an electron spin echo experiment, cannot be represented by a simple exponen- 
tial with a rate T~'. In fact, the decay of  the echo height I as a function of the 
delay ~ will show a modulat ion pattern that  represents the Fourier transform 
of the absorption line shape [8,9]. Nevertheless, smoothing out  the modula- 
tion, one may define an effective spin memory time TM from the echo decay 
curves via the relation I(~) = I0 exp(--2~/TM). 

The spin lattice relaxation time T1 is at low temperature much longer than 
T2. If the repetition time R -1 is made shorter than T1, the net magnetization 
along the z axis is reduced and the observed echo intensity decreased. By a 
stepwise increase in R one, thus, may gradually eliminate those components 
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of a composi te  signal that  have T~ I < R.  
Mims has discussed the complex problem of the relation between the echo 

intensity and the microwave field strength HI for inhomogeneously broadened 
lines [8].  In accordance with his results we find that  for the value of  HI used 
in this work,  the relative contr ibut ion of  different paramagnetic species to 
the echo signals varies with the pulse duration tp. This effect  was employed as 
an additional means of  discriminating between different paramagnetic species. 

Results 

Electron spin echo spectra 
The two-pulse Hahn echo height as a funct ion of  magnetic field gives the 

absorptive part of  the magnetic susceptibility, which corresponds to the 
integral of  the customary ESR derivative signal. Three spectra of  fresh spinach 
chloroplasts, taken with different pulse width and (or) repetit ion rate, are 
shown in Fig. 2. The observed spectra are spread over a wide range in magnetic 
field f rom 500 to 4500 Gauss and show greatly different relative intensities of  
the various components  depending on the conditions. It follows that  whenever 

Fresh Chloropiosts. 
A 50Hz (80ns +160ns) 

i g= 2.00 

187 

g=~.3 

B 50 ~z 1160ns÷320nst 

g--~3 

C lkHz 1160ns ÷ 320ns) 

1.94 

1.87 

i ~ ~ ~ i L i ~ ~ I ~ i i i i ~ ~  ~ . ~ . ~ = ~  - - -~  ~ . . ,  ~ i , ~ ~ ~ , ~ i ~ 

1000 2000 3000 000 
Magnetic field (Gauss) 

Fig. 2. E lec t ron  spin echo spectra in the da~k of  fresh untreated spinach ch lorop las t s  at  1,2 K. Chloro- 
phyl l  c o n c e n t r a t i o n  3 m g / m l .  I n s t r u m e n t  set t ings:  scan ra te  2 0 0  Gauss / ra in ;  m i c r o w a v e  peak  p o w e r  1 W; 
repetition ra te  in A and  B 50 Hz, in C 1 kHz ;  d u r a t i o n  for  90  ° pulse In A 80 ns, in B and  C 1 6 0  ns;  de lay  

t i m e  (~') 1.2 Vs. 
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Fig. 3. E l ec t ron  spin echo  spec t ra  Of aged ch lorop las t s  at  1.2 K. The  sample  in sucrose  b u f f e r  so lu t ion  had 
b e e n  k e p t  in the  d a r k  at  - - 5 ° C  for  30  days .  Af t e r  mel t ing ,  g lycerol  was ad d ed  (50% v /v) .  Then ,  t h e  s ample  
was  qu ick ly  f rozen  to 77 K. Chlorophy l l  c o n c e n t r a t i o n  3 m g / m l ,  I n s t r u m e n t  set t ings:  scan ra te  500 
Gaus s / m i n  ; r epe t i t i on  ra te  50 Hz;  d u r a t i o n  for  90  ° pulse in A 80 ns, in B 140  ns;  de lay  t ime  1.2 Vs. 

DCMU added Chloroplasts 110 molg2/chl mole} 2.00 2.05 
i 

AlOO g=67Hz (160ns÷320 nS)g~Z,.3 ~ 1 " 

~ ~ ,  , , , ,-, I g=67 /~%'~ _ ~ _ J  . . . . . . . .  . . / ' I  

B.1 kHz (160ns*320ns) / 

/ 

~ ~ 1  I s I I ~ 1  I I I I I I I I I ~ t 
1000 2000 3000 4000 

Mognetic field (Gauss.) 
Fig. 4. E l ec t ron  spin echo  spec t ra  at  1.2 K of  ch lorop las t s  t r e a t ed  wi th  DCMU.  Ch lo rophy l l  c o n c e n t r a t i o n  
2.5 m g / m l ;  DCMU c o n c e n t r a t i o n  30  ~M. I n s t r u m e n t  set t ings:  scan  ra te  500 G a u s s / m i n ;  r e p e t i t i o n  ra te  in 
A 100  Hz,  in B 1 k H z ;  d u r a t i o n  for  90  ° pulse 160  ns; de lay  t i m e  1.2 ~us. 
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comparing relative intensities of  several paramagnetic species, one must take 
the electron spin echo measuring conditions into account.  Since a repetition 
rate R in excess of  the relaxation rate T~ 1 of a given component  leads to a 
reduction of  its contribution to the echo intensity, the fast repetition rate 
spectrum contains a smaller number of signal species than the slow repetition 
spectrum. 

At magnetic fields around 3200 Gauss one can distinguish three different 
signals in the spectra of  Fig. 2, with g-values of  about 2.05, 2.0047 (Signal II 
[2] ) and 1.94. Signal II is more intense for low R and wider pulses. This 
means that  this signal includes a species with a relatively long T~ and large 
inhomogeneous width. The three signals show different behaviour under 
varying R (Fig. 2). At R = 50 Hz also low field signals at g = 4.3 and 6 are 
observed. At R = 1 kHz these signals are very weak. 

The signal at g = 2.05 is attr ibuted to oxidized plastocyanin, the ESR signal 
of  which is characteristed by g± ~- 2.05 andg~ ~ 2.2 to 2.3 [10--13]. The elec- 
tron spin echo signal which shows a peak and a shoulder at g = 1.94 and 1.87 
is ascribed to reduced ferredoxin [11,13--16]. Corresponding conventional 
ESR signals were observed in the dark in untreated spinach chloroplasts 
[11,13]. 

As shown in Figs. 3 and 4, the addition of DCMU, or aging, strongly 
enhances the low field signal at g = 4.3 and to a somewhat lesser degree that  at 
g ~ 6 (Fig. 4a). Warden found low field signals at g = 5.66, 6.12 and 6.74 in 
spinach chloroplasts in the presence of  5 mM ferricyanide [ 17 ]; from potentio- 
metric analysis he assigned the signal at g = 6.12 to cytochrome b-559. The low 
field signals in Figs. 2--4 possibly include a small contribution from oxidized 
cytochrome b-559. The spectra in Fig. 4b and in Fig. 2c can be compared 
directly since they were taken with the same sampling conditions. As follows 
from the variation with the sampling rate in these figures, the DCMU treat- 
ment  causes a species to appear at g = 4.3 which has a shorter T~ than that  
originally present. 

The strong narrow signal at g = 2.0047 is due exclusively to Signal II, in spite 
of  the fact that  the same sample gives a strong Signal I in the conventional ESR 
spectrum. The reason for the absence of  Signal I is its short T~. Recently, 
employing a faster response form of our spectrometer we have been able to 
observe P-700 ÷ having a strongly modulated phase-memory decay curve with a 
T2 of 0.5 #s, in good agreement with recent data obtained by Thurnauer et al. 
[18]. For this T~ we would detect  only 4% of P-700 ÷ at the shortest delay time 
(1.1 #s) attainable during this work. 

Spin-lattice relaxation times 
The spin-lattice relaxation times T~ of the various magnetic components  in 

fresh chloroplasts were measured using a three-pulse sequence method [8]. 
The first 180 ° pulse changes the magnetization vector from M0 to --M0 along 
the z axis. During the time interval At this negative magnetization relaxes 
toward the original positive direction. The Hahn echo pulse sequence that  
follows probes the value of  the longitudinal magnetization at the time At 
via the echo height. Logarithmic plots of  the echo intensities versus At 
observed at 3100 and 3300 Gauss are given in Fig. 5 together with a com- 
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Fig. 5. Echo  in tens i ty  as a f u n c t i o n  of  t he  t i m e  in terval  At ,  fo l lowing a ( 1 8 0 ° - ~ t - 9 0 ° - 1 8 0  ° )  pulse  
s equence  at  1 .2 K at  3 1 0 0  Gauss (p l a s tocyan in  reg ion)  and  3 3 0 0  Gauss  ( f e r r edox in  region) .  C o m p o n e n t s  
of  the  spin-lat t ice r e l axa t ion  t i m e  T 1 are ind ica ted  in the  figure.  I n s t r u m e n t  sett ings:  r epe t i t i on  rate  
10 Hz;  d u r a t i o n  for  90  U pulse 100  n s ; d e l a y  t i m e  1.2 ~ts, 

ponent  analysis based on the assumption that  the intensity recovery can be 
described by a sum of  exponentials. The measurements were done at a repeti- 
t ion rate of  10 Hz in order to improve signal to noise ratio for long At. At 
R = 10 Hz components  with T1 longer than about  200 ms are eliminated. 

The recovery curves observed for the signals at 3100 and 3300 Gauss are 
nearly exponential  in the time region beyond 6 ms, yielding characteristic 
times T1 of 22 and 18 ms respectively. For both curves the fast component  
that  remains after subtracting the contribution due to the slower component  
has a T1 value of  about  3 ms. The contribution of  these fast relaxing com- 
ponents to the total  echo intensity is about  30% and 15%, at 3100 and 3300 
Gauss respectively. As shown in Fig. 2, the signal at 3100 Gauss attributed 
to plastocyanin is quite intense in the 1 kHz spectrum which mainly samples 
species with T1 shorter than a few ms. The signal at 3300 Gauss attributed 
to ferredoxin is rather weak in the same spectrum. Therefore, the 3 ms com- 
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/ . . . . .  / 

I 

T~ =8 I.LS (1500 Gauss) 

1 I I I I I I I I i i i i I i i I I i i I I 

10 2.0 3.0 /..0 
Delay time, 1: (p.s) 

Fig. 6. Echo  in tens i ty  as a func t i on  of  de lay  t ime  I" a t  1 .2 K of  the  signals a t  g = 1 .94  ( 3 1 0 0  Gauss) ,  
g = 2 .05  ( 3 3 0 0  Gauss)  a nd  g = 4.3 ( 1 5 0 0  Gauss) .  The  re la t ive  in tensi t ies  o f  the  d e c a y  curves  are  no rma l -  
ized.  I n s t r u m e n t  set t ings:  r e p e t i t i o n  r a t e  50 Hz;  d u r a t i o n  for  90  ° pulse 80 ns. 
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ponent present in the recovery curve at 3300 Gauss may include a small part 
of  plastocyanin, of  which the tail extends somewhat beyond 3300 Gauss. 

The recovery curve measured for Signal II at 3200 Gauss is non-exponen- 
tial yielding three components with a T1 of  0.6, 3 and 20 ms, indicating that 
in the dark Signal II has at least three components with different spin lattice 
relaxation times [2]. 

Modulations in the echo decay envelope contain information on the hyper- 
fine interactions. Hence, this phenomenon is in principle an important tool 
for the assignment of  echo signals [8,19]. Previous work showed that the 
decay envelope of Signal II exhibited a different modulation pattern, when 
measured at different repetition rates [2]. This indicates that different T, 
components of  Signal II have a different spatial distribution of the unpaired 
electron, suggesting that these components of  Signal II represent at least 
two different radicals. 

Fig. 6 shows the decay envelopes of  the broad electron spin echo signals 
at 3100 and 3300 Gauss. The echo envelopes give nearly the same phase- 
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Fig. 7. Effects  o f  i l luminat ion on  the high field signals. (1)  Initial da~k spectrum of  dark adapted sample.  
Repet i t ion  rate 50 Hz.  Durat ion  for 90  ° pulse 1 6 0  ns. (2)  I l luminat ion  b y  weak  light increases the Signal 
II intens i ty ,  which  remains  cons tant  after cessat ion of  i l luminat ion,  wi th  the  same sampling cond i t i on  
as (1).  (3)  The same sample as (2)  was  measured at 5 k H z  repet i t ion rate. Dttration for  90  ° pulse  2 0 0  ns. 
(4)  I l luminat ion increased the signal intensit ies  reversibly over the w h o l e  region at the 5 k H z  sampling 

rate. 
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memory  t ime TM of  3.1 and 3.3 ps, respectively. For echoes taken at 1500 
Gauss, a distinct modulat ion in the envelope is observed. Smoothing leads 
to a relatively long memory  t ime of  8 Ms. 

Effect of continuous and pulsed illumination 
After taking the 'dark'  spectra, the samples were illuminated for 5 min at 

1.2 K. The effects of  this illumination on the echo spectrum are shown for 
two different repeti t ion rates of  50 Hz and 5 kHz in Fig. 7. The intensity 
of  Signal II for R = 50 Hz is seen to increase by  40% of the initial 'dark'  inten- 
sity. For this sampling rate, the  change in intensity is irreversible. On the other  
hand, a light-induced reversible change of  Signal II and the metalloprotein 
signals were observed for R = 5 kHz. The intensity change at 3100 Gauss 
(plastocyanin region) is rather smaller than that  observed at 3300 Gauss (ferre- 
doxin region). 

After successive 8 ms periods of  illumination, transient signals in DCMU 
treated chloroplasts were observed at magnetic fields from 1000 to 3600 Gauss 
with an echo sampling rate of  I kHz. The repetit ion rate of  the 8 ms illumina- 
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Fig. 8. L igh t - induced  t r ans ien t s  in DCMU- t r ea t ed  ch loroplas t s .  A,  B, C an d  D r e p r e s e n t  t rans ien ts  in the  
p l a s tocyan in  reg ion ,  Signal I I ,  t he  f e r r edox in  t y p e  i ron-sul fur  p ro t e in  reg ion ,  and  the  high spin i ron  
p ro t e i n  reg ion ,  r espec t ive ly .  U p w a r d  and d o w n w a r d  a r r o w  indica tes  the  beg inn ing  and  end o f  an 8 ms  
l ightpulse ,  respec t ive ly .  Measuring cond i t i ons :  averaging  512 t imes ;  d u r a t i o n  of  exci t ing  l ight  8 ms ;  l ight 
ene rgy  at  the  sample  pos i t ion  120  m W / c m  2 ( 3 5 0 - - 7 0 0  n m ) ;  r epe t i t i on  ra te  of  i l l umina t ion  1 Hz ;  micro-  
wave  p e a k  p o w e r  1 W; echo  sampl ing  ra te  as i nd ica t ed ;  d u r a t i o n  for  90  ° m i c r o w a v e  pulse 160  ns;  de lay  
t i m e  of  180  ° 0.6/~s; t e m p e r a t u r e  1.2 K. Chlorophy l l  c o n c e n t r a t i o n  2.5 m g / m l ;  DCMU c o n c e n t r a t i o n  
30  ~M. 
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tion was 1 Hz, which excludes reversible processes with a t ime constant  longer 
than a few seconds. The strongest transient signals were observed at 3100 Gauss 
(Fig. 8,A). It is at t r ibuted to plastocyanin on the basis of  its intensity and 
g-value (2.05). A logarithmic plot  of  its decay versus time initially does not  
yield a linear relation, but  for longer times the decay constant  amounts  to 
28 ms. The transient signal at 3300 Gauss (Fig. 8,C) is too  strong to ascribe it 
to the tail of  the plastocyanin signal, because the intensities of  the transient 
signals at 3100 and 3300 Gauss are quite similar. Therefore, the 3300 G 
transient is assigned to one or more iron-sulfur proteins [13--16].  Its decay 
is almost exponential  with a decay constant  of  35 ms. In DCMU treated chloro- 
plasts, the electron spin echo signal of  Signal II is very weak (Fig. 4) and conse- 
quent ly the transient measured at 3200 Gauss (Fig. 8,B) is mostly made up of  
contr ibut ions of  plastocyanin and ferredoxin). 

In the transient signal at 1500 Gauss (Fig. 8,D), one can clearly see a lag in 
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~ i  
0,1 0.2 0.3 0./. 
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F i g .  9 .  L i g h t - i n d u c e d  t r a n s i e n t s  i n  n o n - t r e a t e d  c h l o r o p l a s t s .  A ,  B ,  C a n d  D a s  i n  F i g .  8 .  L i g h t  e n e r g y  a t  
t h e  s a m p l e  p o s i t i o n  4 0  m W / c m  2 ,  c h l o r o p h y l l  c o n c e n t r a t i o n  3 m g / m l ,  o t h e r  c o n d i t i o n s  a s  i n  F i g .  8 .  
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the rise. The maximum intensity appears about  40 ms after illumination. At 
that  t ime about  half of  the  transient signal of  plastocyanin has already decayed.  
The exponential  rise time is about  30 ms and the characteristic decay t ime 
constant  amounts  to 35 ms. Thus, to within the experimental error, the  1500 
Gauss signal is characterized by a risetime that is equal to the decay time 
(28 ms) of  the plastocyanin signal and b y  a decay t ime equal to that  observed 
for the iron-sulfur protein at 3300 Gauss. 

The transient signals in untreated samples exhibit a complex behaviour 
which depends on the echo sampling rate (Fig. 9). Here, the most striking 
phenomenon is the  steep decrease that  follows an initial increase in all signals 
except  that  at 1500 Gauss, where a positive but  no negative transient is 
observed (Fig. 9,D). The negative transients decay with a characteristic t ime of  
about  80 ms. 

Discussion 

Spectral assignments 
As expected,  the  echo signals obtained in chloroplasts arise from a number  

of  paramagnetic species. By a comparison with the results of  optical and ESR 
measurements at low temperature a number  of  likely candidates for the species 
giving rise to the electron spin echo signals may be suggested. In this report  
we will discuss the signals outside the  g ~- 2.00--2.01 region. An account of  
our electron spin echo experiments on Signal II centered at g = 2.0047 is given 
in Ref. 2. 

In untreated chloroplasts light-inducible conventional ESR signals at g = 
1.86, 1.94 and 2.05 have been observed that were ascribed to reduced ferro- 
doxin [11,13--16] .  Our dark spectrum of the region to high field of  g = 2 
clearly shows shoulders at g = 1.87 and 1.94. One should recall that  by  electron 
spin echo one measures the total  absorption,  whereas in conventional ESR 
broad anisotropic lines merely yield signals at the  turning points at gx, gy and 
g~. This means that  all ferredoxins which were reduced prior to freezing will 
contr ibute to the electron spin echo intensity around g = 1.9. As seen in 
Fig. 7, illumination does not  enhance the intensity at g = 1.9 as measured with 
R = 50 Hz, but  at R = 5 kHz, an appreciable enhancement is produced.  This 
increase is partly reversible. Apparently,  only the contr ibut ion of  the  fast- 
relaxing ferredoxins is enhanced by  illumination. We believe that  this contri- 
but ion is due to one of  the primary acceptors of  Photosystem I, the so-called 
species A [11,15] .  Another acceptor  of  Photosystem I, the ferredoxin species 
B, with g values of  2.05, 1.89 and 1.92, is difficult to produce by  light in 
untreated chloroplasts [14--16] .  We have seen its electron spin echo signals 
in samples prereduced with dithionite,  which also showed stronger peaks at 
g = 1.87 and 1.94 than observed in Fig. 7 (data not  shown). Because of  the 
uncertainties in ampli tude of  ferredoxin type  signals arising from primary 
aeceptors and soluble ferredoxin, it is difficult to quant ify the relative contri- 
but ion of  A to the total  electron spin echo amplitude around g = 1.9. 

The electron spin echo signal peaking at g = 2.05 is at t r ibuted to plasto- 
cyanin. The conventional ESR spectrum of this copper  containing protein 
arises from an axially symmetric g-tensor with g. -- 2.05 and g~ = 2.2--2.3, i.e. 
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the bulk of  the intensity in the electron spin echo absorption mode spectrum of  
plastocyanin should be found at g = 2.05. A small contr ibution may arise from 
the low field tail of  the ferredoxin powder  spectrum, which extends just 
beyond  g = 2.05. In spinach chloroplasts, plastocyanin is known to occur in 
dimeric form, each subunit  containing one Cu atom. As we have seen in Fig. 7, 
at g = 2.05, two T1 components  are found with TI of  3 and 22 ms. These two 
species may arise from the two Cu 2÷ ions, which may have a different spin 
lattice relaxation owing to environmental influences, or they  may correspond 
to different types of  plastocyanin dimers with different T~. 

Signals at g = 4.3 are not  uncommonly  found in biological material. Their 
origin is usually not  specified; the g value indicates that  the signal is due to 
high-spin paramagnetic ions, e.g. iron, in a tetrahedral or distorted octahedral 
environment [19].  The signal is especially strong in aged samples and also 
enhanced in samples to which DCMU has been added {Figs. 3 and 4). This 
fact, and its behaviour under pulsed illumination {see below),  suggests that this 
signal does not  originate from non-specific, protein-bound, iron but  from some 
electron transport  component  and that  the electron transfer to this compound 
is hindered in aged chloroplasts. A candidate for the g = 4.3 signal is a ferric 
hemoprotein  that  has undergone a conformational  change [20].  The ESR 
spectra of  ferric hemeproteins are sensitive to such a change, as evidenced by  
the experiments of  Yonetani and Schleyer [21].  The hemeprotein might be 
cy tochrome b-6 because this cy tochrome is readily autooxidized at room 
temperature in the dark [ 22].  Cytochrome f seems to be excluded, because it is 
not  trapped in its oxidized state by slow cooling, nor photo<)xidized at low 
temperature.  DCMU inhibits the reduction of  photo-oxidized cy tochrome f in 
the  interval between preillumination and freezing to 77 K [22].  This may 
explain the intensity increment over the wide region from g = 6 to g = 2 in the 
spectrum of  the sample with DCMU. 

The possibility that  the g = 4.3 signal is due to rubredoxin is unlikely. 
Peisach et al. [23] have shown that the g = 4.3 resonance of  rubredoxin in 
Pseudomonas oleovorans is an excited state transition and that at temper- 
atures below 2 K the ground state transition at g = 9.4 becomes predominant.  
In contrast,  from Figs. 2--4 it is clear that  in our case even at 1.2 K the ampli- 
tude of  the g = 4.3 signal is much larger than the intensity at g ~ 9. 

The signal at g = 2.0047 is clearly due to Signal II [2].  Considering the con- 
ditions of  sample preparation and cooling, the 'dark'  signal observed at 1.2 K_ 
belongs mostly to SIIu (the stable component  of  Signal II) whereas the light- 
induced signal at g = 2.0047 is most likely SIIs (a light-induceable slowly decay- 
ing component  of  Signal II). At 1.2 K we have found five components  of  
Signal II, which have different T1 and different photoactivity.  The origin of  
the various components  of  SII is discussed in our earlier report  on electron spin 
echo of  Signal II [2].  The various T1 values probably arise from differences in 
environmental structure, e.g. a varying distance to transition ions, resulting 
from variations in the  location of  plastoquinone in the frozen pool  of  plasto- 
quinones mediating electron transport  from Photosystem II to Photosystem I. 

Light-induced transients 
All electron spin echo signals exhibit a light-induced rise in electron spin 
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echo amplitude, that  is dependent  to a variable extent  on the sampling rate. 
This change may result from a temporary  faster TI arising from local heating, 
f rom light-induced electron transport  giving rise to an increase in concentrat ion 
of  one or more TI components  of  the various species, or from a combinat ion of  
both  effects. As the electron spin echo intensity is proport ional  to 1 -- exp(--1/  
RT~), a decrease in T1 resulting from heating will result in an increase in signal 
intensity at fixed R.  We have observed that T1 may change as much as 5% upon 
illumination at 1.2 K with white light at an intensity of  80 mW/cm:.  Using our 
measured values of  the TI values and their relative contributions to the spin 
lattice relaxation, one finds that  a 5% decrease in all components  (a worst case) 
leads to an electron spin echo signal increase of  0.5--6.5, 1.5--5.0 and 2.0-- 
5.0% at repetit ion rates between 50 and 5000 Hz for Signal II, plastocyanin 
and ferredoxin, respectively. This means that  even when the sample is cooled 
in superfluid helium appreciable positive changes in electron spin echo may 
occur  owing to local heating effects. However, the lag in the rise observed at 
1500 Gauss (Fig. 8,D) indicates that  at 1500 Gauss the change is caused by  
electron transport,  and not  by  a heating effect. For the other  signals we must 
reserve an opinion to what extent  the rise in electron spin echo amplitude is 
caused by  electron transport  until more work is done on samples in which one 
or more redox components  are eliminated by  redox ti tration or fractionation. 
At any rate, it is clear that  whenever background electron spin echo signals are 
present, the effects of  local heating should be taken into account  when study- 
ing with electron spin echo the t ime-dependent  behaviour of  light-induced 
radicals at low temperature.  

Following a light-induced fast rise in amplitude, samples not  treated with 
DCMU show a decrease in amplitude below the original level. In principle, a 
negative change in electron spin echo amplitude upon illumination may arise 
because of  a temperature  induced decrease in T:. The electron spin echo 
intensity is proport ional  to exp(--2~ T~) ,  so that  at fixed ~ a decrease in T2 
will result in a decrease in signal intensity. We have measured T2 in the dark and 
under illumination at 1.2 K with white light (80 mW/cm:).  No change in T: 
was observed. This, together with the fact that  in DCMU-treated samples 
(Fig. 8) the negative changes in electron spin echo intensity are absent,  suggests 
that  the decrease in samples not  treated with DCMU (Fig. 9) results from low 
temperature electron transport.  Such reversible transport must arise either from 
a cyclic reaction, or from a series of  back reactions. The recovery time, about  
80 ms, makes the  latter possibility less likely, as the back reaction between the 
first ferredoxin-type acceptor  (X) and P-700 ÷ takes about  0.7 s at 10 K [24].  
Since at cryogenic temperatures,  light induced absorption changes related to 
Photosystem II are irreversible [25--27] ,  electron transport  reactions should 
occur in Photosytem I, so that  the  postulated cyclic flow should involve parts 
o~ the linear chain of  Photosystem I, together with one or more cyclic carriers 
represented by  the g = 4.3 signal (possibly cy tochrome b-6) and Signal II 
(plastoquinone),  respectively [28].  Very recently, Velthuys [29] has shown 
that  not  only is cy tochrome b-6 involved in cyclic electron flow in Photo- 
system I [30--32] ,  but  that  its oxydat ion/ reduct ion is correlated with con- 
comitant  reduct ion/oxydat ion  of  plasto(hydro)quinone.  This lends additional 
credence to our proposal [28] that even at low temperature cyclic flow in 
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Photosystem I involving cytochrome b-6, plastoquinone and plastocyanin is 
possible, be it with low efficiency. The inhibitory effect of  DCMU on the cyclic 
flow at low temperature is unexplained at present. Again, more work needs to 
be done on samples in which parts of  the cyclic redox chain are eliminated, to 
chart low temperature cyclic electron flow in Photosystem I. 
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