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ABSTRACT The x-ray structure analysis of photosystem | (PS I) crystals at 4-A resolution (Schubert et al., 1997, J. Mol. Biol.
272:741-769) has revealed the distances between the three iron-sulfur clusters, labeled Fy, F,, and F,, which function on the
acceptor side of PS I. There is a general consensus concerning the assignment of the F, cluster, which is bound to the PsaA
and PsaB polypeptides that constitute the PS | core heterodimer. However, the correspondence between the acceptors
labeled F, and F, on the electron density map and the F, and Fg clusters defined by electron paramagnetic resonance (EPR)
spectroscopy remains controversial. Two recent studies (Diaz-Quintana et al., 1998, Biochemistry. 37:3429-3439; Vassiliev
et al.,, 1998, Biophys. J. 74:2029-2035) provided evidence that F, is the cluster proximal to Fy, and Fg is the cluster that
donates electrons to ferredoxin. In this work, we provide a kinetic argument to support this assignment by estimating the rates
of electron transfer between the iron-sulfur clusters Fy, F,, and Fg. The experimentally determined kinetics of P700* dark
relaxation in PS | complexes (both F, and F are present), HgCl,-treated PS | complexes (devoid of Fg), and P700-F, cores
(devoid of both F, and Fg) from Synechococcus sp. PCC 6301 are compared with the expected dependencies on the rate
of electron transfer, based on the x-ray distances between the cofactors. The analysis, which takes into consideration the
asymmetrical position of iron-sulfur clusters F; and F, relative to Fy, supports the F, — F, — Fg — Fd sequence of electron
transfer on the acceptor side of PS I. Based on this sequence of electron transfer and on the observed kinetics of P700*
reduction and F,~ oxidation, we estimate the equilibrium constant of electron transfer between Fy and F, at room
temperature to be ~47. The value of this equilibrium constant is discussed in the context of the midpoint potentials of F, and
F,, as determined by low-temperature EPR spectroscopy.

INTRODUCTION

Photosystem | (PS ) of oxygenic photosynthesis is a mem- X-ray structure analysis of PS | crystalks4aA resolution
brane-bound protein-cofactor complex that functions as #Schubert et al., 1997; Klukas et al., 1999) has revealed the
light-dependent plastocyanin (or cytochroogeferredoxin  distances between the three iron-sulfur clustersHs, and

(or flavodoxin) oxidoreductase. Light-induced electronF,, which function on the acceptor side of PS I. There is a
transfer takes place in a series of reactions between neiglgeneral consensus on the assignment of thel&ster that
boring electron carriers that are embedded in this proteins bound to the PsaA and PsaB polypeptides that constitute
complex. The electron carriers include a dimeric chloro-the PS | core heterodimer. However, the correspondence of
phyll (Chl), which functions as the primary electron donor the F, and F; clusters defined by the x-ray data to thednd
(P700); a monomeric chlorophyll, which functions as theFg clusters defined by their electron paramagnetic reso-
primary electron acceptor (X an intermediate quinone nance (EPR) spectra and cysteine ligands on PsaC remains
electron carrier (4); and three [4Fe-4S] clusters(FF,,  controversial (reviewed in Brettel, 1997; Kamlowski et al.,
and F), which operate as the terminal electron acceptors1997; Vassiliev et al., 1998). In particular, the definite
The cofactors P700, A A;, and F are bound to the two assignment of k and R to electron density depends on
main polypeptides, PsaA and PsaB, and the terminal eled@onsymmetry elements in the polypeptide backbone of
tron acceptors f and K are bound to the small PsaC PsaC, which are difficult to resolve on the 4-A map.

subunit (reviewed in Go|beck, 1995; BretteL 1997; The fOIIOWing are the main kinetica”y based findings
Fromme, 1999; Manna and Chitnis, 1999). concerning the function of the iron-sulfur clustersdnd
in PS I

1. Removal of PsaC by treatment with chaotropic agents
leads to the loss of NADP photoreduction. Rebinding of
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4. Cluster F can still be photochemically reduced despite 1995). Isolated PS | preparations were resuspended in 50 mM Tris buffer,
the absence of f-(Golbeck and Warden, 1982; Fuijii et al., pH 8.3, with 15% glycerol, frozen as small aliquots in liquid nitrogen and
1990) and can donate electrons to methyl viologen added iffored at-95°C before use. The preparation gffess, Hg-treated TX-PS
high concentrations (Fujii et al., 1990; Vassiliev et al., 1998)| complexes and the reinsertion of thg Fon-sulfur cluster were per-

. ‘formed as described previously (Jung et al., 1995) by adaptation of the
5. Both the amp“tUde and the decay rate OIBGAOf original protocol developed for higher plants (Sakurai et al., 1991) to

HgCl,-treated particles are very similar to that of untreatedcyanobacteria. To obtain kinetic confirmation for the removal of a single
particles, with lifetimes in both cases 6f40—45 ms (He iron-sulfur cluster, we employefiAg,, measurements and a multiple flash
and Malkin, 1994); excitation protocol developed by Sauer and co-workers (1978). An inde-
6. The amplitude of the photovoltage change is lower jnPendent estimation of fand F content is provided by low-temperature
HgCIZ-treated PS | complexes than in the presence BOf FEPR spectroscopy. Both approaches showed that treatment of the cya-

. . nobacterial PS | complexes with HgGksulted in 90% destruction of the
(Mamedov et al., 1998; Diaz-Quintana et al., 1998). Fg iron-sulfur cluster and in the retention of 80% of thg Fon-sulfur

7. In spinach, inactivation of clusteg®y HgCL inhibits  ¢jster (data not shown). Damage to thedfuster during the PS | complex
electron transfer to the water-soluble electron acceptogolation and subsequent HgGteatment can be best assessed by estimat-
ferredoxin. However, the restoration of Fh PS | does not ing the contribution of the £ back-reaction to P700reduction in the
lead to the restoration of ferredoxin and NADPReduction  presence of methyl viologen. As follows from the kinetics measured in
(He and Malkin 1994) previous work (Vassiliev et al., 1998) for the same material as used in the

b 3 " . ) ) 0, . . . .
8. In cyanobacteria, reconstitution of iron-sulfur cluster PéSent Work, ess than 8% ofand F is missing in the control, and less
. . . . than 10% of k is damaged in the Hg-treated sample.
Fg with B-mercaptoethanol, inorganic iron, and sulfide re-
sults in restoration of NADP (Jung et al., 1995), ferre-
dOXin, and ﬂaV(-)(-jOXin (Jung et al., 1995, Dia.Z-QUintana et'rime_resolved absorbance spectroscopy
al., 1998; Vassiliev et al., 1998) photoreduction.

These findings imply that fE FA and |:2 = FB' A ia}mgl?fs for lc_>|péi(;al.experi{nents \;\;ere §;Jhspg?dﬁtci ?naerobi?ra!lty inXZTOrSM
similar conclusion regarding the positions of Rnd R ris buffer (pH 8.3) in quartz cuvettes with airtight stoppers. Triton X-1¢

lati E has b hed usi ite-di d was added to a final concentration of 0.04% to reduce light scattering.
re_ ative to X .as een regc ed using site-directe I’nUta'n@,6-Dichlorophenol-indophenol (DCPIP), sodium ascorbate, and methyl
with substitutions of th.e ||gar!d3 toaFand FB (Golbeck,  viologen (all from Sigma, St. Louis, MO) were added where indicated. The
1999) or charged amino acids surrounding Bnd K solutions were prepared in an anaerobic chamber using oxygen-free dis-
(Fischer et al., 1997, 1999). tilled water, with air replaced in a Thunberg tube by high-purity nitrogen.

A|th0ugh arguments have been put forward which state The kinetics of the absorbance changes at 832 &Ay{,) and at 811
that F, is distal to K (values of redox potentials ofjand "™ @As1,) were measured in a 10 m 4 mm cuvette placed in a

A X . A laboratory-built spectrophotometer described previously (Vassiliev et al.,
Fg, the a_b_sence of photoreductlon of i chloroplasts Wlth. 1998). The kinetics of the absorbance changes in the visible region were
Fsz modified by diazonium benzene sulfonate; Malkin, measured with a custom-built single-beam spectrophotometer. A colli-
1984, and others; see Brettel, 1997, and Scheller et almated beam derived from a 400-W tungsten bulb was passed through a
1997, for discussions), the kinetic data are largely consisterf)rC“; V‘{g:ﬁff"lt:f\fl:la’:\‘ﬂj)a Jag‘:LASh ?On?cgrgmat‘” (slits set © ptLOV'deh5'”TO

. . . andwidths, , and the collimated beam was passed through a
with Fhe assignment O.fEFaS the terminal electron acceptor mm X 10 mm cuvette containing the sample. An identical monochromator
(pamCE'ar'y the reqlwrement of the presence of r  \as placed between the sample and a negatively biased photodetector
NADP™ photoreduction and the accessibility of Eo ex-  (PIN-10D; United Detector Technology, Hawthorne, CA). The photocur-
ogenous (Q, |\/|V) and endogenous (ferredoxin, fIavodoxin) rent was converted to voltage with a 10-kesistor and amplified 500-fold
acceptors). with an EG&G model 113A amplifier (bandwidth 100 kHz). The kinetics

. . . were averaged 32 times and digitized with a Nicolet 4094A oscilloscope
A general consideration of the effect of distance on th%nterfaced via a NB-GPIB/TNT board (National Instruments, Austin, TX)

rate of electron transfer has been applied by Brettel (1997} a Macintosh 7100/80 computer. To reduce exposure of the sample to
to the analysis of structure-function relationships in PS lactinic light, a Uniblitz VS25 shutter (Vincent Associates, Rochester, NY)
and, in particular, to electron transfer between the ironwas placed between the first monochromator and the sample. The shutter
sulfur clusters. Here we further elaborate on these consid¥@s opened 5 ms in advance of the excitation flash for a total period of 100

. . . . ms. In both NIR and visible kinetic measurements, single turnover flashes
erations to assign the,fland K |r0n-s_ulfu_r clustersin PS1 | 1o provided by a frequency-doubled 632 nm), Q-switched (FWHM,
to F, and R. It is shown that the kinetics of P700dark 10 ns) Nd-YAG laser model DCR-11 (Spectra-Physics, Mountain View,
relaxation in Hg-treated (only Fs present) PS | complexes CA) at a flash energy of 10 mJ. The intervals between the flashes were 9 s
from Synechococcusp_ are consistent with the identifica- for the P700-k core and 50 s in all other preparations. The multiexpo-
tion F. = F.. Thus the analysis of flash-induced kinetics of nential fits of AAgs, kinetics were performed by the Marquardt algorithm

1 A . . . in Igor Pro, version 3.14 (Wavemetrics, Lake Oswego, OR).

P700" based on rate versus distance relationships strongly

supports the following sequence of electron transfer on the

acceptor side of PS I:;F— F, — Fg — Fd. RESULTS

Kinetics of P700* dark relaxation in control (F,
MATERIALS AND METHODS and Fg present) PS | complexes in the presence
Isolation of PS | complexes of a slow donor (DCPIP)

PS | complexes frorSynechococcusn. PCC 6301 (TX-PS I) were isolated  F19- 1 shows typical kinetic traces of the flash-induced
using Triton X-100 and sucrose gradient ultracentrifugation (Golbeck,absorbance change at 832 nm in an integralRg) TX-PS |
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4 and/or midpoint potentials of the acceptors (see Brettel,
0.10 ] 1997). Because freshly isolated membranes show flash-
0] induced kinetics with almost exclusively the millisecond
-0.10 %amp.  and second components present (Vassiliev et al., 1997), the
18 100 faster phases in TX-PS | complexes most likely result from
642 ps 14ms ] differential damage to the iron-sulfur clusters in a minority
/ . -
3+ 80 of detergent-isolated PS | complexes. The slower millisec-
1 X ond components~10 and 200 ms) are due to charge
g ] L 60 recombination between [fg]~ and P700. The slowest
® 27 intact PS | complex | (seconds) component was assigned to the reduction of
< 832 nm ’ 40 P700" by DCPIP (for discussion see Vassiliev et al., 1997).
1 —
1 F20
5 Kinetics of P700 dark relaxation in HgCl,-treated
Y (Fg-less) PS | complexes in the presence of a
10° 10?7 10t 10° 10" 10? 10°  10* slow electron donor for P700*
Time, ms

Fig. 2 shows the kinetic trace of the absorbance change at
FIGURE 1 Kinetics of absorbance changes at 832 nm in integrdiF 832 nmin a TX-PS | complex treated with Hg@b remove
TX-PS | complexes fronSynechococcusp. PCC6301. Reaction medium the Fg iron-sulfur cluster. The multiexponential fit of these
(anaerobic): 25 mM Tris buffer (pH 8.3), 0.04% Triton X-100,uM kinetics shows components with characteristic lifetimes of
DCPIP, and 10 mM Na_ ascorbat_e. G_hlc_oncentratiop, SQLg/mI_. Each ~12 ps, 208us, 3 ms, 18 ms, and 112 ms and amplitudes
component of the multlexponent.lal fit is plot_teq with a vertical _off.set of ~19.3, 8.3, 7.8, 44.2, and 18.2%, respectively. The
relative to the next component (with a longer lifetime) or the baseline; the . . .
offset is equal to the amplitude of the latter component. slowest component is approximated by a baseline that con-
tributes 2.2% to the overall amplitude. Thus the main effect
of the HgC}, treatment is an increase of the contribution

_ from the millisecond components of the P700ark relax-
complex fromSynechococcugp. PCC 6301 in the presence of 4iion at the expense of the slow (seconds) component due to

DCPIP and ascorbate. T, kinetics, which reflects the - p7og+ reduction by DCPIP. The fraction of these millisec-
P700" dark relaxation, is presented on a logarithmic time scalg,,4 components is increased fror5% in control TX-PS |
so that the charge recombination from #rough F can be complexes to-70% in a TX-PS | complex treated with HgCl

visualized. The multiexponential fit of these kinetics shows at  The result of the effect of HgGbn the kinetics of P700
least five different components with characteristic lifetimes of y5,k relaxation agrees well with similar results obtained for

~13 us, 642us, 14 ms, 98 ms, and 3.2 s and amplitudes of
~14, 5.6, 14.5, 40.3, and 25.1%, respectively.

The different components of P70ark relaxation can
be identified using preparations missing some or all of the 1
iron-sulfur clusters. P700 reduction in P700-F cores
(without F,/Fg) is dominated by kinetic components with
lifetimes of ~0.2 ms and 2 ms, which represent, either 010 ] %Ampl.
directly or indirectly (through A4), the back-reaction from ¥ —100
F~ (Vassiliev et al., 1997; see also Figs. 3 and 4 below). i
Similarly, P700" reduction in P700-A cores (without k 3]
and F,/Fg) is dominated by kinetic components with life- :
times of~10 and 70us, which represents, either directly or %
indirectly (through A), the back-reaction from A (Brettel HgCl,-treated
and Golbeck, 1995). In addition, the decay of the triplet § PS | complex,
state of chlorophyll (Brettel and Golbeck, 1995; Vassilievet 1] 832 nm
al., 1997) contributes to the tens-of-microseconds kinetic ]
phase, but this can be differentiated from the Back- ] e i
reaction by a flash saturation study and a wavelength de- O v — vy -0
pendence in the near-IR. Note that the above kinetic assign- ~ 10° 1% 10" 10° 10" 10* 10° 10
ments only apply to reaction centers with missing iron- Time, ms
sulfur cluste_rs; they do not pertain to reaction clugte_rs Withe | GURE 2 Kinetics of absorbance change at 832 nm in Hg@ated
prereduced iron-sulfur clusters, where electrostatic interacps | complexes fronsynechococcusp. PCC6301. The reaction medium
tions between iron-sulfur clusters may affect the kineticsis as in Fig. 1.

0 -

3ms

80

o
R
-~ .
X 7 18 ms
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spinach (He and Malkin, 1994) ar®ynechocystisp. PCC  nm (Fig. 4) and 445 nm (not shown) in the presence of
6803 (Diaz-Quintana et al., 1998). In previous experimentsnethyl viologen. Therefore these wavelengths represent the
on HgCl-treated PS | complexes fro®ynechococcusp.  cross-over points of the P700/P70@lifference spectrum.
PCC 6301 (Vassiliev et al., 1997), we reported a significanfThe absorbance change measured at these points in the
amplitude of the submillisecond component due to electrormbsence of methyl viologen should be ascribed entirely to a

transfer from K to P700° in RCs with a damaged JF
cluster. This component is practically absert10%) in

change in the & oxidation state. Fig. 4 shows a multiex-
ponential fit of kinetics measured at 415 nm. The major

preparations used in the present (this work) and previoudecay phase has a lifetime of 5a8 (61.4%); it is preceded
(Vassiliev et al., 1998) studies, attesting to the low amounby a 153us phase (23.9%) and followed by a 3-ms phase

of damage to f in these preparations.

Kinetics of dark relaxation in PS | core
(FA/Fg-less) complexes

(10.6%) and a slower decaying component approximated
with a baseline (4.1%).

The main difference between the measurement of
P700-F, core complexes at 415 nm and 811 nm is the
presence of a fast As component at 811 nm. As we have

To monitor the kinetics of the back-reaction betwegn F shown for both P700-+Fcore and integral PS | complexes,
and P700 we studied core PS | complexes where both F components with lifetimes of 10 us are not saturated with
and F; are absent. Fig. 3 shows the multiexponential fit offlash energies that saturate the major (hundreds of micro-

the kinetics of P700 dark relaxation in P700-F core

seconds to milliseconds) components and hence correspond

complexes measured at 811 nm. The observed absorbanigethe decay of the triplet state of chlorophyll (Vassiliev et

change has components with characteristic times ®fus,
103 pus, 576us, and 3.6 ms and amplitude®.2, 7.6, 71.2,
and 7.2%, respectively, plus a baseline contributi?g8%.
To definitely assign components of the P700ark relax-

al., 1997). It follows that the major kinetic components at
811 nm (576us and 3.6 ms) and 415 nm (558 and 3 ms)
arise from the reaction betweeg Fdirectly or via A)) and
P700". Note that the 25Qks kinetic phase of NIR absor-

ation to its reaction with f and to exclude A as a possible bance change in PS | complexes with&nd F; (but not F)
contributor to the observed kinetics, we measured the flashprereduced by dithionite before the flash was attributed to

induced changes in the blue region where therbn-sulfur

Al back-reaction and was explained assuming that the

cluster absorbs (Parrett et al., 1989; Franke et al., 1995). P700 F4 "~ state is lower in free energy than the P786Q

Both P700 and k contribute to absorbance changes instate when g and F; are prereduced (Brettel, 1989, 1997).
the blue region. Their individual differential spectra can beThis consideration does not apply to the experimental data
obtained by using methyl viologen, which functions as anpresented in this paper on PS | complexes devoid,cdikd
electron acceptor, preventing the back-reaction betwgen FFg.

and P700 (Yu et al., 1995). In the spectral region from 400

to 480 nm, we found virtually no absorbance changes at 415

0.04
0 —
0.04 %Ampl.
- Qus
] 103 us 100
7 80
] PSlcore, 811t nm |
o 1
2 1] 576 ys 60
x |
x 7]
S 40
: 3.6ms L
] 20
0 ~—rrrmm—rr PO
10° 102 10" 10° 10" 102 1w® 10!

Time, ms

FIGURE 3 Kinetics of absorbance change at 811 nm in PZp@dre

complexes fronSynechococcusp. PCC6301. The reaction medium is as

in Fig. 1.
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FIGURE 4 Kinetics of absorbance change at 415 nm in PZp@dre
complexes fromSynechococcusp. PCC6301 in the absencboftom
curve and in the presencecirve in the centgrof 280 mM methyl
viologen. The reaction medium is as in Fig. 1, but the &bbncentration
was 8ug/ml.
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It is generally assumed that the monomolecular backiransfer in photosynthetic proteins. According to this for-
reaction between a particular acceptor and P700 shoulchulation (Moser et al., 1995), the logarithm of the rate
follow monoexponential kinetics, but in many instancesconstant of intraprotein electron transfer between two elec-
(see Figs. 1-4) the experimental data are best fitted by twtron carriers with edge-to-edge distariRean be described
or more components. The nature of this heterogeneity in thby the following equation:
dark relaxation of P700is not fully understood, but it may
be related to the existence of different conformational (sub) logk = 15— 0.6R — 3.1AG" + A)’/A @)
states in the reaction clusters. Such a heterogeneity has begRereR is the distance in AAG® is the standard reaction
reported in PS | (Schlodder et al., 1998) and RCs fromfree energy in eV, and is the reorganization energy in eV.
purple bacteria (McMahon et al. 1998). The most essential consequence of this dependency is a

In the following calculations, we use the average timegne-order change in the rate of electron transfer in proteins
determined asiA; + A, + TA/(AL + Ay + Ag), where  with a change of distance of 1.7 A.

7; are the lifetimes andy are the amplitudes of the single  Schiodder et al. (1998) estimated from the temperature
exponentials, corresponding to the same reaction'al@®k  dependence of electron transport that the reorganization
reduction. Using the multiexponential analysis data fromenergy for the reaction betweenlAnd K has a value of
FIgS 3 and 2, we estimate the average lifetimes to be usedl eV. In the fo||owing calculations, we assume= 1 eV

in further calculationsiryp ~ 0.85 ms [= (0.576- 71.2+  for reactions between all iron-sulfur clusters in PS 1.

3.6+ 7.2)/(71.2+ 7.2)] for the F, — P700" back-reaction By applying Eq. 1 to the acceptor side of PS I, we can
in P700-F; cores andpp ~ 40.7 ms [= (3- 7.8+ 18-44.2+  estimate (Fig. 5) that the rate of electron transfer between
112 - 18.2)/(7.8 + 44.2 + 18.2)] for the B — P700°  F_and F, and between Fand F, is faster than 1Qus (see
back-reaction in HgGttreated ([-less) PS | complexes.  also Brettel, 1997). The distance betweenafd F, and
P700 exceeds 35 A, which requires the experimentally
observed millisecond reduction of P70By these acceptors
DISCUSSION to occur indirectly via thermal repopulation of FThere-
Data from x-ray structural analysis of PS | and

low-molecular-mass [4Fe-4S] ferredoxins

The preliminary x-ray structure analysis of crystals of PS | 127
depicts the geometry of iron-sulfur clusters on the acceptor Aops
side of PS | (Schubert et al., 1997; Fromme, 1999; Klukas 4 | \

et al., 1999). The center-to-center distance is 15 A between FF F
E 1— 2 <1ps
8- \
Fx—F; é/ F2

Fx

F, and K and 12 A between Fand F,. The x-ray data do
not allow one to determine the identity of end F, (see
Brettel, 1997, and Kamlowski et al., 1997, for a full discus-
sion). The distance between Bnd F, can be modeled by

,s™)

. . . . 6+ P700
the bacterial ferredoxins for which precise x-ray structural
analysis has been carried out. For example, in the [4Fe-4S
4

og (Rate constant

ferredoxin fromPeptococcus asacharolyticigrmerly P.
aerogenesAdman et al., 1976), the closest edge-to-edge= | F—F,
distance between the iron atoms in different clusters is 8 A,
while the center-to-center distance is 12 A, which is in good

agreement with the 12-A distance determined between clus-

ters F and K in PS I. T T e s B LA o
0 5 10 15 20
Distance, A

Application of the relationship between electron FIGURE 5 Dependence of the logarithm of the rate of electron transfer

transfer rate and distance among the electron in biological systems on the distance between cofactors described by Eq. 1
carriers on the acceptor side of PS | and the suggested rate constants of electron transfer between the acceptors

. of PS |, based on data of x-ray structural analysis. Valuessfl eV and
The rate of electron transfer between electron carriers dexg® = o ev were used in calculations to draw the theoretical line. The

creases exponentially with distance, and this dependenceige-to-edge distance between iron sulfur centers (indicatecettigal
has been tabulated for different reactions in proteins (seéipes) is assumed to be equal to the center-center distance minumgel.
for example Likhtenshtein. 1988: Moser et al.. 1995: GrayScheme of electron transfer in the PS | derived from application of the

. . « " correlation between rate of electron transfer and x-ray distances between
and Winkler, 1996)‘ The most detailed “ruler” has beenthe cofactors to the data of x-ray structural analysis. The rates of electron

suggested by Dutton and co-workers (Moser et al., 1995)ansfer from K to P700 and from Fto P700 are significantly slower than
who deduced this relationship from an analysis of electromack-reactions via £ (directly or via A).
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fore the distances between the cofactors strongly support lés solution, with the initial conditions [PFy F,](0) = 1 and
linear chain of electron transfer betweeg,F;, and E  [P"F«F;](0) = 0, can be written in the following general

during the dark relaxation of P700 form:
P700—F, < F < F, 2 PR = + kax g BT Kix ot
x il _ _
Fig. 5 (nse) shows the scheme of electron transfer in PS | n- K nTr 5)
that takes into account these considerations. K K
PRF =& — e
PRF = n- K

Identification of F, as F,, based on an analysis of
the kinetics of P700* dark relaxation in PS | wheren = —o — Vo” — p,p= —o + Vo’ —p,ando =

(kxp + Kix T Kx1)/2, p = KyxKkyp. Wheno? => p, then and
w1 can be approximated by the following simple expressions:
We now analyze in detail the kinetics of electron transfer

complexes containing only F,

between the iron-sulfur clusters of PS |I. We make no a n=—-20;, p=-—pl2o (6)
priori assumptions about the sequence of electron transfer; . _ o

The linearity of electron transfer betwee,FF,, and Fand ~ dark relaxation of flash-induced P (= [PTFF,] +
the noncontroversial identification ofHeads to only two  [P"FxF1]) according to Scheme 3 is described by two
alternatives, either f£= F, or F, = F,. Depending on the exponential component§ Gtands for the reIatwe_amphtudp
assumption about the identity of thg Eluster, the kinetics  ©Of the fast component, arfstands for the relative ampli-
of the dark relaxation of P700 should be different because ofude of the slow component):

the asymmetrical positions, and hence different distances, of

F, and FE, relative to K. The results of our theoretical cgpq _n +kix + ka gt — ot kit ka
calculations with experimental observations are compare nT M nT M
below. ()

According to Eqg. 7 the fraction of the fast component of
P700" dark relaxation is

et = Fer + Se

Assumption that F, = F,

Let us assume, first, that,F= F,. In this case the center- F=(n+ kg + Kky)/(n— ) (8)
to-center distance betweeg Bnd F, = F, is short,~15 A,

and the edge-to-edge distance can be as short as 11 A.For the case considered herg (£ F,) the estimated rate
Applying the rate versus distance dependency to this caseonstant of electron transfer betweep &nd F (10°-10°
(Fig. 5), we find that the rate constant of electron transfe ) is significantly larger than the rate constant of the
between these clusters is in the range 0t-10° s %, i.e., back-reaction from f~ to P700 (10>-10* s™%), ie,,
this electron transfer is significantly faster than the backKx1 => kxp. From Eq. 6 it follows that in this casg ~
reaction from k to P700" (r ~ 0.85 ms in P700-F core  ~(kxa + Kix + kxp), i =~ —kypkyx/(kxs + kix). Using
complexes). In this case electron transfer in Hg-treated PSthese approximations and Eg. 8, we find that the fraction of
complexes during dark relaxation can be represented by tH&e fast component is very small:

following scheme (we ignore the very small minority of PS

| complexes with damaged,F F =~ kel (ki + kax) <1 (©)
ke ke Thus the kinetics of P700dark relaxation according to
PRF,<—P'Fy F,=P'FF, (3)  Scheme 3is described by a “slow” exponent with a lifetime,

kix
Tg = — 1l = (keq + Kyx)/(kxpk 10
Here P stands for P70R,p, ky,, andk, y are the respective ° b= (ka + ok (10)

rate constants of electron transfer. The system of differentiafhis lifetime of P700 dark relaxation can be derived by
equations describing the kinetics of electron transfer accordassuming equilibrium between iron-sulfur clustess d&nd

ing to Scheme 3 is F, during dark relaxation (see, for example, Shinkarev and
dP*F; F.] WrFaight, 1993)._ _ N
= —(kep + ke)[P*Fx Fu] + ko[ P*FxF ] rom Eq. 10 it follows that the time of the slow _m|II|-
dt second component (2-200 ms) of P700ark relaxation,
d[P"FxF;] 74, is determined by the lifetime of electron transfer from

= k><1[P+F>Z Fl] - le[P+FXFI]

dt F¢ to P700, 7«p, and by the equilibrium constarit,,

(4) (= ky/kyx) responsible for redistribution of the electron
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between k and F = F,: a significant fraction of slow component(s)70%) coin-
cides well with other results (Fujii et al., 1990; He and
7o = Txp(1 + L) (11)  Malkin, 1994; Vassiliev et al., 1997; Diaz-Quintana et al.,

The fast partitioning of the electron betweepdnd F, in 1998).

Scheme 3 leads to the absence of any significgntdin- Similarly, this scheme predicts that the relative amplitude
ponent €2 ms). This agrees well with measured kinetics ofOf the fast component must be greater than 92%. Our

P700" dark relaxation in PS | complexes treated with HgClI exper?ments (Fig. 2) show that no more tha.B'S% OT th?
(Fig. 2), where the slow millisecond JA=; component submillisecond (0.2-2 ms) phase is present in the kinetics of
(2_2'00 ,ms) s 70% ATE PS | after treatment with HgGl This is significantly less

than 92%, which should be observed in this case.

Therefore, we must draw the conclusion that the identity
Assumption that F, = F, F, = F, suggested above is inconsistent with the experi-
. _ mental data. Only the identity F= F; can explain the
Let us now assume that,F= FZ' In this case = Fg is absence of a significant fast submillisecond (0.2-2 mg) F
d?maged by HgGJ and the d|stanc_e betweer fnd _FA component and the presence of a significant millisecond
will be 22 A .(18"& edge-to-edge distance). According 10 ; 5n ms) k/Fg component, providing a reasonable, non-
Fig. 5 this d'Star_‘CG corres_ponds to an O,Pf'm“m _rate 0Eontradictory description of the dark relaxation of P700
e_Iectron transfer in the region of 160 10°s %, i.e., life- observed experimentally in HgCtreated PS | complexes.
times of ~10-100 ms. The electron transfer betwegn F Even with the large uncertainties in the theoretical treatment

zndkFA - _FZ Il? this C;i;e d'SP%SGm'?j”y slower tran the(the value of\, the geometry of the cubane clusters, and
ack-reaction betweeryran ,andwe can no longer  popce the precise edge-to-edge distance), we suggest that

assume a fast equilibrium betweep &nd F,. The scheme o e jation between the rate of electron transfer and

of electron transfer in PS | after a single flash will be aSgistances between cofactors and the theoretical analysis of
follows: electron transfer in PS | strongly supports the following
kxp ko sequence of electron transfer; ~ F, — Fg — Fd. The
PRF,<—P'F F,=P'FKF, (12)  above considerations are summarized in the flow chart
fx shown in Fig. 6.

. . . From the chart in Fig. 6 one can see that the above
This scheme is analogous to Scheme 3 considered above. .
) . conclusion for the sequence of electron transfer on the
Therefore, the general solution for P70@dark relaxation accentor side of PS | will be valid insofar as the rate
(Egs. 5-8) is valid here, too, if one repladgg with ky, P

andk, , with k,. However, in the case considered here theconstant of electron transfer betweeR Bnd P is larger

rate of electron transfer betweeq Bnd P700 is essentially than the rate constant for the electron transfer between F
and F, and less than the rate constant of electron transfer
larger than the rate of electron transfer betwegrafd F,,

. . ie. > >
i.e.,Kyp => ky,. In this casen ~ —(kyp + Kox + Kyo), o =~ between k and R, i.€.,ka > kep > iz, OF
—k,x, and the fraction of the fast component is close to 1:

zﬁz 1 (13)  Assuming the validity of Eq. 1, we can solve the latter
Kep + kxa inequality for AG® + A\)?A:

Thus, for the case considered here, the fast component will
have a time~ 7y, and a relative amplitude of,/(1x, +

Txp) =~ 1. Usingry, =~ 10-100 ms (estimated from Eq. 1 or Assuming thatAG® = —0.1 eV, we have the following

from_ Fig. 5) andry, ~ 0.85 ms, we can estimate that the range for reorganization energies for which this inequality
fraction of the fast component must be greater than 0.92 anghi hold (we used here the relationshi@® + A)/A ~ A +

the slow component smaller than 0.08. Thus we see that tthGo which is valid wher{A| = [AG®]): 0.56= A = 1.92.
assumption that £ = F, leads to the conclusion that the 1,5 5y conclusion about the sequence of electron trans-

amplitude of the slow £10 _and 200_ ms) components port will hold for a wide range of reorganization energies.
should be practically zero. This contradicts the experimental

data on the kinetics of P700dark relaxation in HgGH
treated PS | complexes presented in Fig. 2. The fraction
the millisecond components-(L0 and 200 ms) of P700
dark relaxation in these preparations-i80%. This fraction
will become even higher after exclusion of the fastest comThe established sequence of electron transfer between the
ponent (12us) that arises from eithetChl formation or iron-sulfur clusters in PS | allows one to determine the value
from damage to some of the PS | clusters. The presence aff the equilibrium constant of electron transfer betwegn F

log(kx,) > log(1/7yp) > log(kx.) (14)

=

0.36= (AG® + M)A < 1.72 (15)

0IfEstimation of equilibrium constant of electron
transfer between Fy and F,
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Estimation of distances between cofactors
from X-ray analysis

!

Estimation of rates of electron transfer from
distances between cofactors

v

Conclusion from application of rate-
distance correlation
Rate of electron transfer between Fy and F, is
faster than rate from Fx to P
Rate of electron transfer between Fy and F, is
slower than rate from Fx to P

I

Prediction of kinetics of electron transfer for
each sequence

N

If FyF,F; sequence If FxFyF, sequence

of electron transfer, of electron transfer,

then Fx component then Fy component
of P700 dark of P700 dark

relaxation is small relaxation is large

NS

Comparison with kinetics of P700 dark
relaxation in HgCl, treated complexes of PS I

v

Conclusion
Only sequence FyF,Fy agrees with
experimentally observed small Fy component
of P700" dark relaxation in HgCl, treated
complexes of PS I

Shinkarev et al.

Fx (1xp):

Tg— T T
LXA:u%i (16)

TxXp Txp

Based on the kinetics of the P70Q-Eore complex (Fig.

3), we estimate that,, ~ 0.85 ms. Based on the P700
reduction kinetics of the HgGltreated PS | complex (Fig.
2), we estimate that,p ~ 41 ms. ThusLy, = (41 —
0.85)/0.85~ 47. This value corresponds to a100-mV
difference between the midpoint potentials gf &d F, at
room temperature. Note that this calculation uses data from
preparations where J~and where Ek/Fg are missing,
thereby avoiding problems with electrostatic interaction
from prereduced electron acceptors. A considerably higher
value of this equilibrium constant is estimated based on the
generally accepted midpoint potentials of the iron-sulfur
clusters (k, —705 mV (Chamorovsky and Cammack,
1982); F,, —540 mV (Evans and Heathcote, 1980)),
measured using EPR at low temperaturds;,, =
10(7057 540)/60 562.

This discrepancy cannot be resolved by using the lifetime
of the main (largest) component of thé Reduction by
instead of the average time used above for the calculation of
equilibrium constanty,. Indeed, according to the data in
Fig. 4 this time is equal to 0.55 ms, which corresponds to an
equilibrium constanty, = (41 — 0.55)/0.55~ 73.5.

One possible reason for the discrepancy is that the mid-
point potential of i may be affected by electrostatic inter-
action with F, and k5. This potential was determined by
low-temperature EPR under conditions where bothaRd
Fg were prereduced (Chamorovsky and Cammack, 1982). A
proper comparison with the kinetics of P700ark relax-
ation should use the measurement of midpoint potential of
Fy under conditions where both,Fand F; are oxidized.
The influence of an electrostatic interaction between the
iron-sulfur clusters on the kinetics and thermodynamics of
electron transfer is consistent with the fact that the F
back-reaction, measured under conditions where bqth F
and K are reduced by dithionite, is consistently faster than
when measured in a P70Q-Eore complex. In control and
HgCl,-treated TX-PS | complexes in the presence of dithio-
nite at pH 10, where F and K (when present) are both
reduced, they, ~ 0.35 ms and 0.56 ms, respectively (data
not shown).

This agrees well with the lower value of the midpoint

FIGURE 6 The flow chart of the logic for determining the sequence of potential of i (—670 mV) estimated for the P70Gfeore

the electron transfer in the PS I, based on the analysis of the kinetics gFOMplex by trar_'s_ier_]t optical spectrqscopy (Parrett et al.,
P700" dark relaxation. 1989). The equilibrium constant estimated using the lat-

ter value of the midpoint potential of \F (Lyy =

10670~ 540080 < 147) is closer to the value estimated here
and F, from the kinetics of P700 dark relaxation. Accord- from the kinetics of P700 dark relaxation at room temper-
ing to Eq. 11 the equilibrium constant of electron transferature. The other reason for the discrepancy may be a pos-
between k and F, (Lyx,) can be estimated from the values sible temperature dependence of the equilibrium constant of
of the lifetimes of P700 dark reduction by k= () and by  electron transfer between Fand F,.
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Rationale for uphill electron transfer on the relaxation, we estimate that the equilibrium constant be-
acceptor side of PS | tween Kk and F, at room temperature is-47 in HgCh-

— : . treated (5-less) PS | complexes.
The values of midpoint redox potentials of iron-sulfur clus- (B ) P

tersin PS | (540 mV for F, and—590 mV for R) indicate

the presence of an uphill electron transfer betwegraifd  Note added in proof: On the basis of a comparison between experimental
Fs. This needs to be examined from a functional point ofand theoretical values of spin relaxation enhancement effects on"R700
view. Such an uphill electron transfer step assumes that thfg> ! particles containing and lacking the, Eluster, Lakshmi, Jung,

T . . Golbeck, and Brudvig recently showed that iron-sulfur clusteiscloser
redox equmbrlum betweenﬁFand Fs will be shifted toward to P700 than the g-cluster. This agrees with the orientation for &d K

Fa. Low-potential exogenous acceptors of electrons in PS fetermined in the present study. Biochemistry 1999, 38: 13210-13215.
can interact with oxygen and produce superoxide ®he
interaction of 5 with oxygen is slower than with g~(at _ _ _
least in the presence of MV) (Fujii et al., 1990: Vassiliev etTh|s work was supported by a grant to JHG from the National Science
ol ’ Foundation (MCB-9723661).
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