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SUMMARY 

Light-induced absorption changes associated with the primary photochemical 
reaction and dark relaxation in Photosystem I were measured at various low tem- 
peratures. A possible temperature-dependent long-range electron tunneling process 
was suggested to account for the unique temperature dependence of the dark decay 
process. The kinetics of the light-induced absorption changes are in good agreement 
with the light-induced EPR changes reported earlier (Ke, B., Sugahara, K., Shaw, 
E.R., Hansen, R.E. ,  Hamilton, W. D. and Beinert, H. (1974) Biochim. Biophys. 
Acta 368, 401-408) for the same Photosystem I subchloroplast fragments at com- 
parable temperatures. 

All absorption changes between 400 and 725 nm at 86 °K have identical 
kinetics. The light-minus-dark difference spectrum is very similar to that of P-700 at 
room temperature, with an additional prominent positive change at 690 nm. Possible 
contributions by P-430 to the blue and red spectral changes were discussed. 

It was demonstrated that the intensity of the measuring beam has a drastic 
effect on the light-induced absorption changes of Photosystem I at low temperatures. 
Various pretreatments of the Photosystem I fragments such as those that photo- 
chemically (or chemically) oxidize the primary donor or photoreduce the primary 
aceeptor abolish the subsequent photochemical reaction. Continuous illumination of 
the Photosystem I fragments before and during freezing has the same effect. 

In the temperature range of --20 to --60 °C, an unusual counter absorption 
change as well as a counter EPR change were observed. 

INTKODUCTION 

Low temperature photooxidation of P-700 was reported earlier by Calvin and 
Sogo [1 ] from EPR measurements and by Mfiller and Witt [2] from measurements of 
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absorption changes; the reaction was considered as irreversible at --150 °C. A sub- 
sequent EPR study by Cost et al. [3] and a study of absorption changes by Witt [4] 
also showed that P-700 photooxidation was practically irreversible near 110 °K. In 
some of the more recent reports [5-7] on the EPR signals of photoreduced iron- 
sulfur proteins, it was implied that the photoreaction of Photosystem I was largely 
irreversible at liquid nitrogen temperature. However, Malkin and Bearden [5] 
mentioned that the EPR signal of photoreduced ferredoxin had a half-life of about 
8 h, and Yang and Blumberg [8] showed that the EPR signal of P-700 was partially 
reversible upon cessation of illumination at 77 °K, and that it took days for the signal 
to decay to the 50 ~ level. 

Low temperature reactions of P-700 had also been reported earlier by others 
[9, 10]. While we observed a completely reversible light-induced absorption change 
due to P-700 in the Triton Photosystem I subchloroplasts at 77 °K [9], Mayne and 
Rubinstein [10] observed that photobleaching of P-700 at 77 °K was partially 
reversible in the blue-green alga, Anacystis nidulans and in spinach chloroplasts. 
Warden et al. [11 ] examined the temperature dependence of P-700 + decay by EPR 
spectroscopy and reported that in the temperature range 150-270 °K it follows first- 
order kinetics, whereas below approx. 150 °K only 10-30 ~ of the signal was re- 
versible. Lozier and Butler [12] estimated from P-700 absorption changes that 
approx. 50 70 of the change was reversible at 77 °K, and the EPR signal was approx. 
35 70 reversible at 93 °K. 

More recently, Visser et al. [13] and Ke et al. [14] made refined EPR and 
optic spectroscopic measurements of the photooxidation of P-700 and its decay in the 
dark over a wide temperature range. The former group studied these changes in 
spinach chloroplasts and in intact algal cells [13], the latter group used the Triton- 
fractionated Photosystem I subchloroplasts from spinach [14]. While there exist 
small differences in details, both groups found P-700 photooxidation to be partially 
reversible at low temperatures, and a greater proportion of the change became irre- 
versible with lowering temperatures. With the subchloroplasts, Ke et al. [14] found 
the light-induced EPR signals due to P-700 + as well as reduced iron-sulfur protein to 
be completely irreversible at 13 °K. Thus, at intermediate low temperatures, the 
decay appears multiphasic and the rates of the separate decay courses appear to be 
temperature independent. Visser et al. [13] and Ke et al. [14] correlated the decay 
kinetics of P-700 + and the reduced iron-sulfur protein and found the kinetic data to be 
consistent with the view that the iron-sulfur protein acts as the primary electron 
acceptor of Photosystem I. 

We report here further details of the light-induced absorption changes asso- 
ciated with P-700 photooxidation and its dark decay over a wide temperature range, 
extended to below 77 °K, since such changes have not yet been reported in the 
literature to date. Some details on the decay kinetics and their temperature depen- 
dence, the extreme sensitivity of the low temperature absorption changes to the 
measuring beam intensity, and an unusual phenomenon of decay under illumination 
within the temperature range of --20 to --60 °C will be reported. 

EXPERI MENTAL 

Triton-fractionated Photosystem I subchloroplast particles were prepared 
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according to ref. 15. All chemicals were reagent grade whenever available, and were 
used without further purifications. 

Light-induced absorption changes at temperatures above 77 °K were mea- 
sured in a metal cuvette attached to a cold finger and placed inside a glass dewar as 
described in ref. 16. For measurements below 77 °K, a modified quartz dewar adapted 
to a helium refrigerator and an associated transfer line (Air Products Heli-Tran 
System LTD-3-110) was used. The temperature of the sample was measured with a 
copper-Constantan thermocouple and an iron-doped gold-Chromel thermocouple for 
temperatures above and below 77 °K, respectively. The subchloroplast was suspended 
in a buffer medium containing glycerol at a 50 % final concentration. 

The majority of the light-induced absorption changes were measured in a 
modified dual-wavelength spectrophotometer with provisions to eliminate the inter- 
ferences of fluorescence when measurements were made in the red region [17]. More 
rapid decay kinetics were examined by flash excitation, and the signals were averaged 
to improve the signal/noise ratio [16]. 
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Fig. I. Light-induced absorpt ion changes in Triton-fractionated Photosystem 1 subchloroplast  
fragments at various low temperatures. The fragments were suspended in 0.04 M Tricine buffer 
containing 50 % glycerol, pH 8.0. The sample also contained ascorbate (1 m M )  and T M P D  (40 #M).  
Cuvette pathlength, 1 ram. All measurements were taken at 700 nm vs. 725 nm. A polychromatic blue 
(400-460 nm) actinic light at an intensity of  5 • 104 ergs • c m -  2. s -  l was used for excitation. Light on, 
downward arrow; light off, upward arrow. See Experimental for other experimental details. 
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RESULTS AND DISCUSSION 

Light-induced absorption changes due to P-700 photooxidation at low temperatures 
As reported previously, the decay of the light-induced absorption changes at 

low temperatures is highly temperature dependent [13, 14]. Fig. 1 shows these 
changes at several temperatures above and below 77 °K. Although not shown in the 
figure, the decay rate was decreased substantially when the sample temperature was 
lowered from ambient to slightly above freezing. For instance, at 0 °C, the apparent 
t~ was approx. 0.5 s (vs. approx. 50 ms at room temperature). As the temperature was 
lowered, a biphasic decay profile resulted, as examplified by the absorption change at 
201 °K shown in Fig. I. In the meantime, a small fraction (approx. 5 %) of the absorp- 
tion change appeared irreversible at the end of 500 s. 

As the temperature was lowered further, only a slow decay phase remained. 
For instance, the decay at 188 °K (see Fig. 1) has an apparent t~ of approx. 20 s, and 
approx. 10 % of the absorption change was irreversible at the end of 500 s. This 
decay pattern persisted to approx. 160-170 °K. Below this temperature, the decay 
clearly consisted of a rapid portion and two slower portions, as shown by the change 
at 153 °K in Fig. 1. We previously reported t~ values of 3 and 75 s for the two slow 
decay phases [14]. These values compare reasonably with the values of 0.5 and 33 s 
reported by Visser et al. [13]. At 86 °K, the decay course maintained the complex 
multiphasic profile as at 153 °K, and the fraction of irreversible change increased to 
approx. 40 %. The t~ of the rapid decay phase was separately measured to be approx. 
2 ms. At 73 °K, only about 20 % of the total change decayed slowly; only a little 
rapid decay could be seen. At 52 °K, practically no decay occurred for the 500-s 
recording period. It should be noted that the decay kinetics measured here by optic 
spectroscopy agree well with those measured by EPR spectroscopy (cf. Fig. 1 in ref. 
14). It was found previously that 14 % of the EPR change recovered at 75 °K, and no 
recovery at 13 °K for 20 min. 

Li#ht-minus-dark difference spectrum of the Photosystem-I reaction at 86 °K 
The light-induced absorption changes were measured at other wavelengths and 

the complete difference spectrum was constructed. Absorption changes at three 
characteristic wavelengths, namely, one near the Soret maximum, 430 nm, one at the 
red band maximum, 700 nm, and one representing an absorption increase at 690 nm, 
are shown in Fig. 2. The onset of all changes is instantaneous at the time resolution 
used; the decay consists of an irreversible and a reversible portion, with the latter 
slightly greater than one half of the total change. The proportions of reversible and 
irreversible changes and the decay kinetics at all three wavelengths are consistent for 
the temperature used in the measurements (cf. Fig. 1). Although the absorption 
changes in some other spectral regions are smaller, all absorption changes measured 
between 400 and 725 nm appear to have the same kinetic profile. 

The difference spectrum constructed from these changes, as shown in Fig. 3, thus 
represents the species involved in the primary photochemical events of Photosystem I. 
The absorption changes, especially those in the blue region, probably include con- 
tributions from both P-700 and P-430. As the extinction of P-430 is much lower than 
that of P-700, and since the recombination between the two charged species at low 
temperatures provide no kinetic differentiation, it is not feasible to isolate the spectra 
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Fig. 2. L ight - induced  absorp t ion  changes  in Tr i ton- f rac t iona ted  subchloroplas t  f ragments  at three 
wavelengths  and  at  86 °K. Other  condi t ions  were the  same  as in Fig. 1. 

for the two separate species. It is interesting to note that because of the small size of 
the Photosystem I subchloroplast fragments used here, and consequently an unlikeli- 
hood of light scattering, the ratio of the blue to red band heights is nearly the same as 
found at room temperature for the same fragments. If any measurable "flattening" 
effect [18] occurred in the blue region, it is conceivable that some of the absorption 
changes in this region would be contributed by P-430. 

The spectral changes in the red region are complex and the low temperature 
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Fig. 3. The  difference spec t rum o f  the  l ight- induced photoreac t ions  o f  Pho tosys t em I. Exci tat ion 
condi t ions  the  s ame  as in Fig. 1, except  a po lychromat ic  red (650-750 nm)  actinic l ight was used for 
measu r ing  absorp t ion  changes  in the  blue region. In  the orange/green  and  blue regions,  610, 550 and  
446 n m  were used as the  reference wavelengths.  T he  different segments  were then  normal ized  wi th  
respect  to 725 n m  as the  reference wavelength  to yield the  complete  spect rum.  
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difference spectrum appears quite different from the room temperature one [19]. In 
addition to the usual bleaching at 701 nm and the band shift at 680 nm [20], a 
positive band located at 690 nm, which was first observed by Lozier and Butler [12], 
has been confirmed in the present work. The 690 nm band was accounted for by a 
band narrowing and extinction increase, and was interpreted as an indicator response 
for the redox state of the primary electron donor of Photosystem I [12]. Witt [4] 
observed a similar positive band (at 695 nm, however) and interpreted it as due to the 
reduction of an electron acceptor chlorophyll molecule. However, this appears 
inconsistent with the observation that the ferricyanide-oxidized difference spectrum of 
P-700 also showed a 690 nm-positive band [12]. 

P-430 may also make a small contribution to the absorption changes in the red 
spectral region. Recent measurements by Shuvalov et al. [21 ] showed that in addition 
to the absorption decrease in the Soret region found earlier [22], photoreduction of 
P-430 is also accompanied by an electrochromic spectral shift at 677 nm (decrease) 
and 690 nm (increase), and also a small absorption decrease at 717 nm. The 720 nm 
absorption change has been independently observed previously for soluble ferredoxin 
during its reduction [23]. 

Sensitivity of  the low temperature Photosystem I absorption changes to the measuring 
beam intensity 

In kinetic spectrophotometry the intensity of the measuring beam is usually 
kept sufficiently low, so that it does not bring about a photochemical change of the 
system under investigation before the actinic light is applied [16]. This requirement 
becomes even more important for a photochemical reaction at low temperatures, 
since part or all of it may be slowly reversible or irreversible. Prolonged exposure of 
the system to a measuring beam of moderate intensity may have a dramatic effect on 
the subsequent light-induced absorption changes, as illustrated by low temperature 
P-700 absorption changes shown in Fig. 4. 

Signals A and B in Fig. 4 are absorption changes due to P-700 photooxidation 
at 86 °K monitored at 700 nm, one at a very weak and one at a relatively strong 
measuring beam intensity. With a weak measuring beam, the decay is partly reversible 
and partly irreversible, whereas with the stronger measuring beam, a predominantly 
reversible dark reaction was observed. One might suspect that the irreversible portion 
of the absorption change was already effected by the strong measuring beam itself, as 
signal B coincides well with the reversible portion of signal A. 

The effect of a strong measuring beam on the absorption change may be 
directly demonstrated, as shown by signal C in Fig. 4: a polychromatic blue actinic 
beam of 20 ergs. cm - z .  s -x, with sufficient time, brought about the irreversible 
change; a subsequent stronger actinic beam (3.2 • 104 ergs • cm -z • s-1) immediately 
produced a rapid and predominantly reversible absorption decrease, with a magnitude 
comparable to that of signal B. 

In Fig. 5 the magnitude of the total initial absorption change at 700 nm and 
that of the irreversible portion are plotted against the measuring beam intensity. It can 
be seen that the measuring beam had a detectable effect even at an extremely low 
intensity. For instance, at an intensity of 1 erg • cm -2 • s -x, nearly one-fourth of the 
irreversible change was effected. Of course, this magnitude also depends on the time 
for which the sample was exposed to the measuring beam. 
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Fig. 4. Effect of measuring beam intensity on the light-induced absorption changes in Photosystem I 
fragments at 86 °K. Other experimental conditions were the same as in Fig. 1. Measuring beam 
intensities for curves A and B were 0.63 and 20 ergs • cm -2 • s-x, respectively. Both change~ were 
excited with a polychromatic (400460 nm) beam at an intensity of 5 • 104 ergs • cm-2 .  s - t  for × 10 s. 
(The difference in the noise level between signals A and B was due to a high photomultiplier voltage 
required in recording signal A because of a lower transmitted light level from the weak measuring 
beam). Measuring beam intensity for curve C was 3 ergs • cm-2 .  s-1. At point a, a blue actinic 
beam at an intensity of approx. 20 ergs • cm -2 • s-  1 was turned on. At point b, the weak blue actinic 
light was turned off. At point c, a strong blue actinic light (3.2 • l 0  4 ergs • cm -2 • s-  1) was turned on, 
and off at point d. 

T w o  ear l ie r  r epor t s  on  l igh t - induced  a b s o r p t i o n  changes  o r  E P R  changes  in 

P h o t o s y s t e m  I at l ow  t e m p e r a t u r e s  s h o w e d  the  ent i re  change  was revers ib le  [9, 11 ]. 
The  c o m p l e t e l y  revers ib le  a b s o r p t i o n  change  [9] was p r e s u m a b l y  the  resul t  o f  h a v i n g  
used  a s t rong  m e a s u r i n g  b e a m  w h i c h  b l eached  the  i r revers ib le  p o r t i o n  p r io r  to  the  

m e a s u r e m e n t ,  a n d  in the E P R  s tudy [11], the  sample  was b leached  de l ibe ra te ly  p r i o r  
to  m e a s u r i n g  the  revers ib le  p o r t i o n  only.  

Effects of various pre-treatments 
Var ious  t r e a t m e n t s  o f  the  P h o t o s y s t e m  I r eac t ion  mix tu re  p r io r  to  f reez ing  the  

sample ,  especia l ly  those  tha t  a l ter  the  r e d o x  s ta te  o f  one  o r  b o t h  o f  the  p r i m a r y  
reac tan ts ,  w o u l d  be expec ted  to  affect  the  p r i m a r y  p h o t o c h e m i c a l  events .  F o r  ins tance ,  
w h e n  the r eac t ion  mix tu r e  was  f rozen  d u r i n g  the  p h o t o c h e m i c a l  a c c u m u l a t i o n  o f  
P-700 +, i.e. by i l l umina t ing  the  r eac t ion  mix tu re  c o n t a i n i n g  m e t h y l  v io logen ,  or,  w h e n  
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Fig. 5. Plot of the attenuation of light-induced absorption changes (total change and the irreversible 
portion) as a function of the measuring beam intensity (Ira). Experimental conditions similar to those 
in Fig. 4. At intensities of 0.3 and 0.15 ergs • cm -2 • s -1, the required photomultiplier voltage 
exceeded 700 V, and fluorescence artifacts appeared. The irreversible portion could be measured, 
but the total absorption change at zero measuring intensity could only be estimated by extrapolation. 

it was frozen during the photochemical accumulation of reduced P-430, i.e. by 
illuminating an anaerobic reaction mixture containing phenazine methosulfate in the 
presence of excess dithiothreitol, no light-induced absorption changes could be 
observed upon subsequent actinic illumination. When P-700 in the reaction mixture 
was chemically oxidized by ferricyanide prior to freezing, subsequent light-induced 
absorption change was similarly abolished. 

When the primary acceptor is gradually reduced chemically, as in a redox 
titration, the absorption change is attenuated, and the extent of attenuation depends 
on the fraction of the primary acceptor being reduced. This is the basis for the determi- 
nation of the redox potential of the primary acceptor of Photosystem I [24]. However, 
one anomaly was associated with this titration, namely, a residual rapid-decaying 
absorption change appears to persist even at the lowest potential used. This phenom- 
enon is being examined further. 

One interesting case of the abolition of the primary photochemical event 
(monitored by absorption changes) was by freezing the reaction mixture (which was 
poised with ascorbate and TMPD) during illumination. Such a situation was observed 
previously by other workers for chloroplasts [12] as well as photosysthetic bacterial 
reaction centers [25]. McElroy et al. [25] suggested two possible explanations for 
this so called "freezing in" of the light-generated charged primary donor, (1) when 
electron is removed from the P+ • X-  complex, leaving the P+ • X complex frozen in, 
or (2) when a conformational change occurs in the reaction centers during illumina- 
tion at room temperature, and that the new conformational state that is frozen in 
requires a very long time for the charge recombination to take place. Since under 
our experimental conditions the reduced primary acceptor is not expected to lose 
an electron but rather to recombine with P-700 +, a conformational change in the re- 
action centers as suggested above [25] may be applicable. 
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With a similarly treated chloroplast sample, namely, that frozen under illumi- 
nation, Evans et al. [26] reported a different observation by monitoring the EPR 
changes. They observed a rapidly decaying free radical signal when the frozen sample 
was illuminated again. However, no concomitant EPR change due to the reduction 
of iron-sulfur proteins could be observed. This observation led the authors to suggest 
that a component other than the iron-sulfur proteins is the primary acceptor. 

A partial decay during illumination in the temperature range --20 to --60 °C 
When the temperature of the Photosystem I reaction mixture was lowered from 

ambient to about 20 °C, a small counter absorption change began to appear while the 
sample was still under illumination. We have previously also observed a similar 
kinetic anomaly in the light-induced EPR changes of P-700 + in Photosystem I in 
tb.is same temperature range (ref. 14, and unpublished experiments of Ke and Beinert). 
This counter change, which may be attributed to the reversal of the oxidized P-700 +, 
caused a truncation in the absorption change transient, as shown for the change at 
--25 °C in Fig. 6. The rate of this counter reaction increased progressively as the 
temperature was lowered further, and then gradually decreased again, and the counter 
reaction finally ceased at slightly below --60 °C. 

It was subsequently found that such counter changes during illumination were 
not observed if only ascorbate or one of the oxidized dyes, DCIP or TMPD, was 
present alone in the reaction mixture. The counter change was observed only in the 
presence of the reduced dye (with excess ascorbate). Furthermore, at a given ascorbate 
concentration, the rate of the counter change apparently increased with increasing 
concentration of the reduced secondary donor dye, as shown in the third column of 
Fig. 6. These data suggest that within this temperature range, the reduced dye can 
efficiently donate electrons to some photooxidized P-700 +, and consequently a small 
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Fig. 6. A partial decay of the absorption change in Photosystem I fragments during illumination in 
the temperature range of --20 to --60 °C. All samples also contained ascorbate (1 mM) and TMPD 
(40 pM). Righthand side column: absorption changes measured at --45 °C. The samples contained 
1 mM ascorbate and 20/~M DCIP (top) or 100 #M DCIP (bottom). 



93 

fraction of reduced P-430- would be accumulated. Tile counter reaction occurs 
possibly because of some phase transitions in the reaction medium within this temper- 
ature range which facilitated the electron transport from the artificial donor. 

CONCLUDING REMARKS 

The close agreement between the kinetics of light-induced absorption changes 
reported here and the light-induced EPR changes [14] obtained earlier with the same 
Photosystem I subchloroplasts at low temperatures indicate that the same primary 
photochemical events were measured by the two techniques. Furthermore, the close 
agreement between our measurements with subchloroplasts and those of Visser et al. 
[13] with unfractionated chloroplasts as well as whole algal cells indicate that the 
primary photochemical process remains unaltered in the detergent-fractionated sub- 
chloroplast fragments. 

The unusual decay kinetics in Photosystem I at low temperatures have been 
observed by various workers [5, 8, 10-14, 27]. Over a short observation period, 
approximately equal portions of reversible and irreversible changes have been ob- 
served at 77 °K. This result had led to a conclusion that two kinds of Photosystem I 
reaction centers exist, thus accounting for the reversible and irreversible decays. 
It was further suggested [12] that the bound iron-sulfur protein(s) might be secondary 
acceptor(s) which, upon reduction, could serve to stabilize the photochemical charge 
separation, thus accounting for the irreversible portion of the reaction. 

When the temperature was varied, a dependence of the irreversible fraction 
was subsequently observed, and the multiphasic nature of the decay was also recog- 
nized [13, 14]. By studying the dark decay of Photosystem I at low temperatures, 
three groups of workers [13, 14, 27] have independently observed that the dark 
reaction involved the recombination of P-700 + and a reduced iron-sulfur protein with 
g-values at 2.05, 1.94 and 1.86, and that the two species bear a stoichiometric relation- 
ship. 

The multi-phasic decay kinetics and the temperature dependence of the 
irreversible fraction may best be interpreted by a temperature-dependent long-range 
electron tunneling process. Electron tunneling in Photosystem I has been suggested 
previously by other workers [13, 28]. Visser et al. [13] suggested three different types 
of reaction centers to account for the three first-order reactions. It is possible that 
there may be a wider distribution of donor-acceptor distances among the Photo- 
system I reaction centers, and, in that case, tile long-range electron tunneling should be 
accountable by the logarithmic decay kinetics [29 ]. Dark decays over longer periods of 
time must be measured to confirm this possibility. 

Although the kinetic correlation between P-700 + and reduced iron-sulfur 
protein during dark decay at low temperatures established the involvement of these 
two species in the recombination and that the observation is consistent with the view 
that the iron-sulfur protein functions as the primary acceptor [13, 14, 27], recent 
reports suggest that other possibilities may also exist. The free-radical signal, attrib- 
uted to P-700 photooxidation and observed upon illuminating a sample previously 
frozen under illumination [26] or a sample previously reduced chemically by dithio- 
nite [30], however, contradicts the view that one of the iron-sulfur proteins is the 
primary electron acceptor. Evans et al. [30] further showed that under the above 
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condit ions,  a change in the EPR spectrum at g ---- 1.75 [28] was also observed. More  
recently, Blankenship et al. [31 ] reported the observat ion of  a t ransient  EP R  emission 
signal upon  flash excitation of chloroplasts at r oom temperature,  and  they suggested 
that  at room temp: ra tu re  the pr imary photochemistry of Photosystem I proceeds via a 
triplet state of chlorophyll,  and  that  the emission signal represents the counter  
radical produced by P-700 photooxidat ion,  and  would thus correspond to the pr imary  
electron acceptor of Photosystem I. It appears that  a clarification and  reconcil iat ion 
of  the diverse findings on the Photosystem I pr imary photochemical  process are much  
needed. 
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