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PsaC Subunit of Photosystem | Is Oriented with Iron-Sulfur Cluster Fg as
the Immediate Electron Donor to Ferredoxin and Flavodoxin
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ABSTRACT The PsaC subunit of photosystem | (PS I) binds two [4Fe-4S] clusters, F, and Fg, functioning as electron carriers
between Fy and soluble ferredoxin. To resolve the issue whether F, or Fg is proximal to Fy, we used single-turnover flashes
to promote step-by-step electron transfer between electron carriers in control (both F, and Fg present) and HgCl,-treated
(Fg-less) PS | complexes from Synechococcus sp. PCC 6301 and analyzed the kinetics of P700™" reduction by monitoring the
absorbance changes at 832 nm in the presence of a fast electron donor (phenazine methosulfate (PMS)). In control PS |
complexes exogenously added ferredoxin, or flavodoxin could be photoreduced on each flash, thus allowing P700" to be
reduced from PMS. In Fg-less complexes, both in the presence and in the absence of ferredoxin or flavodoxin, P700™* was
reduced from PMS only on the first flash and was reduced from F5 on the following flashes, indicating lack of electron transfer
to ferredoxin or flavodoxin. In the Fg-less complexes, a normal level of P700 photooxidation was detected accompanied by
a high yield of charge recombination between P700" and F, in the presence of a slow donor, 2,6-dichlorophenol-indophenol.
This recombination remained the only pathway of F, reoxidation in the presence of added ferredoxin, consistent with the lack
of forward electron transfer. F, could be reoxidized by methyl viologen in F5-less PS | complexes, although at a concentration
two orders of magnitude higher than is required in wild-type PS | complexes, thus implying the presence of a diffusion barrier.
The inhibition of electron transfer to ferredoxin and flavodoxin was completely reversed after reconstituting the Fg cluster.
Using rate versus distance estimates for electron transfer rates from F to ferredoxin for two possible orientations of PsaC,
we conclude that the kinetic data are best compatible with PsaC being oriented with F, as the cluster proximal to F and Fg
as the distal cluster that donates electrons to ferredoxin.

INTRODUCTION

PsaC is a photosystem I-bound, 8.9-kDa polypeptide thaDh-oka et al., 1988) in which the first three cysteines in one
contains two [4Fe-4S] clusters termed land K (Ha-  motif cooperate with the fourth cysteine in the other motif to
yashida et al., 1987). Although its three-dimensional struchind one cubane cluster. The location qf &d F relative to
ture has not yet been solved, the main-chain folding patterithe cysteine ligands was first deduced by in vitro mutagenesis
of PsaC is presumed to be similar to the small bacteriabtudies (Zhao et al., 1992) and has been confirmed using in
dicluster ferredoxins fromPeptococcus asaccharolyticus vivo mutagenesis (Yu et al., 1997; Jung et al., 1997; Mannan
(Adman et al., 1976) (formerli?. aerogenesandClostrid- et al., 1996). k with principalg-values of 1.86, 1.94, and 2.05
ium acidi-urici (Duee et al., 1994), which contain two and a midpoint potential of~540 mV is identified as the
a-helices near the iron-sulfur clusters and two regions otluster ligated by cysteines 21, 48, 51, and 54w#h prin-
two-stranded antiparallgB-sheet. In common with these cipal g-values of 1.89, 1.92, and 2.07 and a midpoint potential
proteins, PsaC is likely to possess a pseuds@nmetry  of —590 mV is identified as the cluster ligated by cysteines 11,
axis that is oriented perpendicular to a distance vector connect4, 17, and 58 (for review see Brettel, 1997).
ing the two iron-sulfur clusters, JFand K. The amino acid An electron paramagnetic resonance (EPR) study of
sequence of 2[4Fe-4S] ferredoxins usually contains two Cxxmembrane-oriented photosystem | (PS 1) complexes (Guigli-
CxxCxxxCP iron-sulfur binding motifs (Dunn and Gray, 1988; arelli et al., 1993) provided the first indication that the-IF;

axis was tilted from the membrane plane, implying that elec-

tron transfer from E to ferredoxin occurs sequentially through
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There are thus two possibilities for arranging &nd F 1995). Preparation ofgless TX-PS | complexes by treatment with HgCl
in the sequence of electron transfer fromts ferredoxin or and reinsertion of thedmron-sulfur cluster using FeGINa,S, andp-mer-

; - captoethanol were performed as described previously (Jung et al., 1995).
flavodoxin. 1) The SequenceXF% FB — FA was invoked Recombinant ferredoxin frorBynechocystisp. PCC 7002 was overpro-

from the preferential g photoreduction in the presence of duced inEscherichia colistrain BL21 cells harboringetF in the expres-
chemically reduced f(Heathcote et al., 1978) and the lack sion plasmid pSE280 (Mhienhoff et al., 1996). Recombinant flavodoxin
of F, photoreduction upon g=destruction by diazonuim from Synechocystisp. PCC 7002 was overproducedncoli strain BL21
benzene sulfonate (Malkin, 1984). This arrangement als@ells harboringsiB in the expression plasmid pSE280 (Menhoff et al.,
complies with the fact thatfis more electropositive than (1996). Fe(;redoxin and flav)odoxin were purified as described elsewhere
" - . Bottin and Lagoutte, 1992).
Fa. Addltlonal.ev!dence for this arrangemem fOllQWS fro.m PS | complexes were suspended to a €lkebncentration of 5Qug/ml
stgdles of_repmdmg of a mutant PsaC with specific fam_'nom a 10-mmx 4-mm quartz cuvette. Kinetics of absorbance changes at 832
acid substitutions around the two iron-sulfur cluster bindingnm (A,,,) were measured with a spectrophotometer described previously
sites. Based on the premise of electrostatic interaction bavassiliev et al., 1997), except that the detection beam (power, 30 W;
tween D9 in PsaC (which is in close proximity gfJFland an 832 nm) was provided by a PMT-25 laser diode assembly (Power Tech-
arginine of one of the external loops of either PsaA or PsaBnology Inc., Little Rock, AR). Single turnover flashes were provided by a
Biggins et al. (1995; Rodday et al, 1996) suggested thiTerin it (8 T B e View, CA) t & flash
most favorable orientation (,)f,PsaC ha@@ th,e prOX|maI energy of 10 mJ. Multiple flash excitation at 15-ms intervals was provided
cluster _to K. The lack of efficient reconstruction of a PS | by a Xenon flash lamp (FWHM, 1Qs, flash energy~5 mJ) Model
core with a loop-deleted PsaC (Naver et al., 1996) als®100e-72 (Photochemical Research Associates, London, ON, Canada).
favors the ik — Fgz — F, sequence. 2) The sequenge  The multiexponential fits of\A4, kinetics were performed by the Mar-
Fn — Fg was invoked from the EPR data on efficient quardt algorithm in Igor Pro v. 3.03 (Wavemetrics, Lake Oswego, OR) on
photoreduction of E in the presence of chemically reduced @ Power Macintosh 7100/88 computer. In multiple flash experiments (Fig.
= (Cammack et al.. 1979: Nugent et al 1981) and neg“_l), the four kinetics were analyzed by a global two-exponential fit to an
: ’ e o . equationA(t) = A, X exp(—tit) + (Ag — A, — Ag) X exp(—t/mp) + Ag,
gible Fg photoreduction in the.presence of Ch_emlca‘”y '€-in which 7, andr, are the global lifetimes of the componemg,is the free
duced B (Bearden and Malkin, 1976). Studies on Hg- yynning amplitude of the first componem; is the free running baseline
treated PS | complexes provide the strongest arguments famplitude, and, is the global sum of all amplitudes; the amplitude of the
tk;2F, as the K-proximal cluster. Sakurai et al. (1991) second componer&, is represented b, — A, — A,
reported that E was more easily extracted by HgGteat- Treatment of cyanobacterial PS | complexes with HgQhder the
ment, whereas Fwas left almost intact, consistent with conditions specified in Jung et al. (1995) resulted in 90% destruction of the
lower steric hindrance of £ The steady-state rates of Fg iron-sulfur cluster and in the retention of 80% of thg Fon-sulfur

. cluster when assayed by low temperature EPR spectroscopy (data not
electron transfer from plastocyanin to NADR to ferre- shown). To obtain kinetic confirmation for the removal of a single iron-

doxin in spinach PS | (He and Malkin, 1994) and from gyitur cluster, we usedA 45, measurements and a multiple flash excitation
cytochromec, to NADP™ or to flavodoxin inSynechococ-  protocol (Sauer et al., 1978) that enables quantitation of the number of
cussp. PCC 6301 PS | (Jung et al., 1995) were inhibited byphotoactive electron acceptors at room temperature in PS I. This approach
~70% upon HgCl-treatment. In the latter study, NADP i_s based ona selected combination of two experimental conditions. The
rciucion was completely restored upon rebuiding f F 1% ¢on0ton = e e of e et clecron door o P Gduced PS)
cluster. This implies that f~functions as the terminal elec- the back-reaction of (FF)~ but slower than the back-reaction of, F
tron acceptor bpund toPSI complex. However, th6§§ resul@iven that the lifetimes of the back-reaction fromy(Fg) ~ are~10 and 80

are not unambiguous because a lower quantum efficiency gfis (1:4 amplitude ratio) and the lifetimes of thg Back-reaction (in the
electron transfer might not be apparent in a steady-statgesence of £ and F;) are 450us and 1.5 ms (5:1 amplitude ratio)
measurement and therefore cannot be excluded as an altéyassiliev et al., 1997), the 6-ms electron donation from;8@ PMS

native interpretation of low NADP reduction rates seen in Provides a favorable forward electron transfer time. The second condition
HgCl,-treated samples is the use of excitation flashes fired at time intervals (15 ms) that are
2 .

In this stud d sinale-t turating flash thorter than the lifetime of P700(F,/Fg)~ but longer than the forward
n this study, we used single-turnover saturaling lasnes g, ter of electron donation from the exogenous donor. When these

room temperature to promote a step-by-step electron trangpngitions are satisfied, the first two flashes lead to sequential reduction of
fer to the terminal electron acceptor in control (containingF, and F; that remain reduced during the time interval before the third

both F, and i) and R-less PS | complexes in the absenceexcitation flash. Hence, after the first two flashes, P706 reduced
and presence of electron acceptors. By analyzing the kinef)_rimarily from PMS, whereas on subsequent flashes P7i80reduced

. . . . primarily from . The presence of the 6-ms component can therefore be
ics of P700° reduction kinetics from external donors used as an indicator of active forward electron transfer frgnioFone (or

(phenazine methosulfate (PMS) and 2,6-dichlorophenol-inpoth) of the terminal clusters. If a soluble electron acceptor is present in the
dophenol (DCPIP)), we find thatgHs required for forward  media, the efficiency of forward electron transfer frog Will depend on

electron transfer to ferredoxin or flavodoxin. This result the ability of F, and F to be oxidized by this component.
addresses the structural twofold uncertainty in the orienta-

tion of PsaC on the PS | complex by supporting the follow-

ing sequence of electron transfer; - F, — Fg. RESULTS

The global multiexponential fit of the kinetics of control PS
MATERIALS AND METHODS | complexes (Fig. 1) yields two major components, which

Trimeric PS | complexes frorBynechococctsp. PCC 6301 were isolated W€ denote as the, ;-component £, 468 MS) and the PMS-
using Triton X-100 and sucrose gradient ultracentrifugation (Golbeck,component{, 6.1 ms). Ideally, the multiple flash protocol
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Integral PS | HgCl,-treated HgCl,-treated
complex Fyless PS1 Fyreconstructed PS |
complex complex

FIGURE 1 Kinetics of absorbance
change at 832 nm\Ag;,) of integral
(left columr), HgCl-treated (niddle
column, and F-reconstructedr{ght
columr) PS | complexes upon excita-
tion with trains of four consecutive
flashes at 15 ms intervals; flash num-
bers are indicated near the traces. The
samples were suspended in 25 mM
2-[N-morpholino]ethanesulfonic acid
buffer, pH 6.3, with 0.02% Triton
X-100, 50 uM PMS, and 2 mM so-
dium dithionite and incubated in the
dark for 1 min before excitation.
Three sets of four-flash trains sepa-
rated by 1-min intervals were applied
to each sample; then ferredoxiand
and3rd rows was added to the media
at concentrations indicated in the fig-
ure, and four-flash trains were again
applied at 1-min dark intervals. Fla-
vodoxin @th row) was added to a
new sample instead of ferredoxin in
identical experimental conditions.
The kinetics in response to the flash
trains were acquired as single traces,
which were then averaged and cut
into individual kinetics. The results of
the global two-exponential fit are
shown assolid lines

No ferred.
or flavod.

+16 uM
ferred.

+48 uM
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1,2,3,4
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calls for the appearance of the PMS-component only aftesequent flashes, which are nearly identical (Fid3)1The
the first two flashes and the appearance of thecémpo-  contribution of the PMS-component is 64% on the first
nent on all subsequent flashes. In practice, mixed kineticash, whereas on the next three flashes it has lower values
occur in the experiment, which are due, in part, to theof 46, 45, and 46%, respectively. This indicates that unlike
relatively close lifetime of the f back-reaction and the the control sample that has different contributions of the F
forward electron donation time from PMS to P700The  back-reaction on the second and subsequent flashes, the
presence of the J=component on the first two flashes is Hg-treated PS | complex has identical contributions of the
also a consequence of the unavoidable chemical reductidf, back reaction on the second and subsequent flashes.
of a fraction of K, and/or K, and the presence of the Therefore, the k cluster acts as an efficient electron accep-
PMS-component on subsequent flashes indicates that PM8r from K, at room temperature as well as cryogenic
overrides the reduction of P700rom Fy also in a small temperatures (Jung et al., 1995). A higher contribution of
percentage of reaction centers. Finally, the small fraction othe PMS-component in HgGlreated is due to a slight
reaction centers with both clusters reduced is increased omcceleration of the back-reaction between P7@0d F,
the second flash due to photochemical reduction of thevhich was uncovered in single-flash excitation experiments
second PsaC-bound cluster in those centers where one of tire the presence of a slow external donor to P7(8ee
clusters was chemically prereduced. This leads to an evepelow; Vassiliev et al., 1997).
higher contribution of the f~component on the second The addition of 16uM ferredoxin affects the kinetic
flash. The net result is that the contribution of the PMS-pattern of theAAg;, kinetics in the control but not in the
component is 67% on the first flash and 46% on the secont#igCl,-treated PS | complexes (Fig. D, and E). An in-
flash, whereas on the third and the fourth flashes it drops tarease in ferredoxin concentration up to 481 does not
26 and 16%, respectively. affect the kinetics in the HgGitreated complexes (Fig. G
Consistent with the results of Sakurai et al. (1991), theand H). Addition of 21 uM flavodoxin as an alternative
kinetics of the HgCJ-treated PS | complex on the first flash electron acceptor also leads to a complete elimination of the
differs dramatically from those on the second and all subflash-number-dependency in the control but not in the BgCl
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treated PS | complexes (Fig. 1andK). A large increase in
flavodoxin concentration up to §8M has no additional effect
on the HgCl-treated complexes (not shown). To show that the
lack of effect of ferredoxin and flavodoxin on HgQteated
complexes is due to the loss of thg Eluster and not to <~
damage to the ferredoxin/flavodoxin docking site, we recon- § 1
structed the f cluster in the Hg-treated PS | complexes and 3 | A
repeated thdAg;, kinetic measurements. As shown in Fig. 1 15
C, the normal flash number dependency is almost completely ]
restored, and the addition of either ferredoxin (Fig-Bndl) ]
or flavodoxin (Fig. 1L) leads to the complete loss of the flash 0
number dependency. 107 10" 10° 10’ 10° 10° 10*
Additional evidence for the lack of electron transfer to Time, ms
ferredoxin and flavodoxin in HgGltreated PS | complexes
is provided by single flash experiments in the presence of
reduced DCPIP, a slow electron donor to P700nlike our
previous study (Vassiliev et al., 1997), we used aerobic
rather than anaerobic conditions so as to provide oxygen ag~
an electron trap when using methyl viologen as the imme- e 2
diate electron acceptor. Under aerobic conditions the termi- 3
nal iron-sulfur cluster of PS | is reoxidized by oxygen
present in solution, and the contribution of the component

Control + {DCPIP, Asc]
+ 50 uM methyl viologen

Control + [DCPIP, Asc]

HgCl,-treated

+[DCPIP, Asc]
+ 5 mM methyl viologen

HgCl,-treated
+ [DCPIP, Asc]
\ % + 430 uM ferred.

arising because of direct reduction of P706om DCPIP ] :‘g[glégﬁaf:q

(4- to 10-s lifetime) is 35 to 45% (Fig. 2), which is about ] B hg o

two times higher than under anaerobic conditions (Vassiliev B DO B B A MR N
et al., 1997). Addition of 30—10QM ferredoxin leads to a 1% 10" 10° 10t 10® 10°  10f
significant increase (up to 75%) of the contribution of the Time, ms

DCPIP-mediated component in the control PS | Comple)%IGURE 2 Kinetics ofAAg4;, decay in control &) and HgCl-treated B)

(Figs. 2Aand 3A). In the HgCl-treated PS | complex, most gy mijexes in 25 mM Tris buffer, pH 8.3, with 0.02% Triton X-100,
of the back-reaction is derived fromFwith life times of 17 10 mm sodium ascorbate, and v DCPIP in the absence and in the

and 91 ms (47 and 27% amplitude, respectively) and with gresence of ferredoxin or methyl viologen upon laser flash excitation,

negligible contribution of the slower DCPIP-component average of 12 traces acquired at 150-s intervals. Multiexponential fits are

that can be resolved in most of these experiments only as #own assolid lines

baseline (5 to 8% amplitude). The remainder of Kfe,,,

decay is brought about by components with lifetimes of 61

us (11%) and 1.9 ms (10%), which arise because of backp|scuUSSION

reactions of A and K. The contribution of the latter two

Components is lower than we found in the Hg@bated Even though E and FB were among the first bound electron

sample in our previous work (Vassiliev et al., 1997) andtransfer cofactors discovered in PS I, the issue of whether

indicates an even greater retention qf i these samples. electron transfer proceeds from F F, — Fg or from

Unlike the control PS | complex, addition of ferredoxin up Fx — Fg — F, remained unclear. The reason for this

to 430uM has no effect on the kinetics of the Hg@teated  uncertainty lies mostly in the identical optical signatures of

PS I complex (Figs. B and 3B). F, and K, which disallows the use of time-resolved optical
Methyl viologen is an efficient electron transport media- spectroscopy to distinguish one acceptor from another at

tor between the acceptor side of PS | and molecular oxygeroom temperature. Consequently, most of the functional

(Hiyama and Ke, 1971). As the photo-reduced terminaldata on the photoreduction of the iron-sulfur clusters has

acceptor of PS | cannot participate in the recombination readseen provided by EPR measurements performed at cryo-

tion because of its efficient oxidation by methyl viologen (Figs. genic temperatures. However, even thoughaRd R have

2 Aand 3B), greater than 90% of P700s reduced by DCPIP  distinguishableg-tensors, the time resolution of EPR is

in the presence of 5@M methyl viologen. This concentration insufficient to perform the requisite kinetic measurements.

of methyl viologen has no effect on Hg@leated complex, In attempting to resolve this issue, we examine our ki-

but an additional increase of its concentration to the millimolametic data in the context of previous work and in light of the

range results in more than 80% of P70@duction occurring  two possible orientations of PsacC.

from DCPIP (Fig. 3B; also see Fuijii et al., 1990). Hence, A possible orientation of PsaC would be that firg i§

unlike ferredoxin or flavodoxin, methyl viologen has the abil- proximal to F. In the absence of f~the electron transfer

ity to accept electrons from & but only at a concentration between k and F, would need to span a center-to-center

nearly two orders of magnitude greater than is required irdistance of 22 A. The distance betweeg &nd the iron-

control PS | complexes. sulfur cluster on ferredoxin will likely be unchanged. Given
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80 F, is identical to that of the control (Jung et al., 1995). Any
] A * changes in the binding site for ferredoxin and flavodoxin
AT also should be irrelevant to the rates of reduction of methyl
\\ viologen. Given that this is likely to be a diffusion-mediated
[ process that does not require a docking site, it is difficult to
40 —/ *1 o 700" resuce rationalize the need for a two-order of magnitude increase in
from DCPIP the concentration required for electron acceptance frgm F
20 - P P P P PR P This orientation of PsaC is also incompatib]e with distance
_ ) -— e versus rate considerations. Although no direct data on the
- rate of F, photoreduction exist, analysis of various spectro-
o-+4— ———mr———rrm——rr——— scopic and electrometric data yields lifetime values of for-
0 40 10° 10 10° 102 ward electron transfer fromJranging between 50 and 800
ferredoxin concentration, M ns (Brettel, 1997). Assuming (a coefficient that depends
100 on the intervening medium in propagating the wave func-
tion) of 1.4 A~ for electron transfer in proteins and given
an electron transfer rate constant of3@t van der Waals
contact (Moser et al., 1992), a 7-A increase in distance leads
to a prediction of an about 18,000-fold increase in the
electron transfer time up to a value ranging from QG0to
14 ms (Fig. 4A for illustration). The P700 Fyx recombi-
nation kinetics in the HgGltreated PS | complex (with 100
mM dithionite) is mainly composed of two components
with lifetimes of 270us and 842us at approximately 1:1
o4— —rr———rr——rr——rrre ratio (not shown). Such kinetics are consistent with those
0 4p® 10° 107 107 107 found in integral PS | complexes with prereducedafd Ky
and in PsaC-devoid core preparations (Vassiliev et al.,
1997). Therefore, if the f-cluster is located between fand
FIGURE 3 The dependency of the amplitude of the slow (4 to 10 s)F,, the large increase of the forward electron transfer rate
component arising caused by direct reduction of P786m DCPIP onthe  from K, should have led to a measurable increase in the
concentration of ferredoxirA) and methyl viologeng) in control ircles) contribution of the k back-reaction.

and HgCl-treated $quare$ PS | complexes. The basic media consisted of . . .
25 mM Tris buffer, pH 8.3, with 0.02% Triton X-100, 10 mM sodium __“* S€cond possible orientation of PsaC would be that F

ascorbate, and 4M DCPIP. The amplitudes are normalized to the initial 1S Proximal to Fx. EPR studies in urea-ferricyanide-treated

amplitude of the absorbance change derived from the multiexponential fit
as shown in theénset

60 control

HgCl,-treated

Y

% P700 * reduced from DCPIP

% P700 " reduced from DCPIP

methyl viologen concentration, M

that the photoreduction of jFis highly efficient at both
cryogenic (Jung et al., 1995) and room temperatures (this
study), it is difficult in this model to rationalize the failure
of ferredoxin and flavodoxin to become reduced. Although
it might be argued that the binding site is destroyed by the
Hg-treatment, it would need to be a reversible loss asfs
steady-state rates of NADPphotoreduction (Jung et al.,
1995) and flash-induced ferredoxin and flavodoxin reduc-
tion (this study) are restored wheg 5 rebuilt with 3-mer-
captoethanol, inorganic iron, and sulfide. Additionally, the
binding site for ferredoxin and flavodoxin is likely to in- @ F
volve PsaD (and possibly PsaE) rather than PsaC (Chitnis et X
.al" 1995). In principle, Conformatlonal. changes in PsacFIGURE 4 Schematic representation of possible electron transport path-
induced by the loss ofg~could be transmitted to PsaD (and ways from F to exogenously added ferredoxin (Fd) and methyl viologen
perhaps PsaE). However, the absence of PsaD leads to largf) for two possible orientations of PsaC assuming that the cluster
changes in the EPR spectrum of Bnd R, implying that  proximal to F is Fs (A) or F, (B). The structural diagrams of PsaC are
the g-tensor is sensitive to protein conformation (Li et al., reprinted from Kamlowski, A., A. Van der Est, P. Fromme, N. Krauss, W.
1991: Chitnis et al., 1996). Therefore, ConformationaID' Schubert, O. Klukas, and D. Stehlik. 1997. The structural organization

. L of the PsaC protein in Photosystem | from single crystal EPR and x-ray
Changes in PsaC should have resulted in S|gn|f|cant Chang%ﬁ/stallographic studie®iochim. Biophys. Actd319:185-198, with kind

in the EPR spectrum of £ Yet, with the exception of @ permission of Elsevier Science—NL, Sara Burgerhastraat 25, 1055, KV
slight upfield shift of theg, resonance, the EPR spectrum of Amsterdam, The Netherlands.

22 A /900 ps — 14 ms?
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PS | complexes that preferentially retaip Father than §  tion of methyl viologen is required to overcome the diffu-
(Golbeck and Warden, 1982), kinetic measurements in Hgsion barrier to the buried fFcluster.

treated PS | complexes, which totally lack (Sakurai et al., The finding that K fails to donate electrons to ferredoxin
1991), and the restoration of NADPreduction after re- and flavodoxin when fis missing and that it succeeds in
constitution of i in Hg-treated PS | complexes (Jung et al., donating to ferredoxin and flavodoxin wheg I5 restored is
1995) provide the strongest arguments for & the best compatible with an orientation of PsaC with &s the
proximal cluster. The one lingering issue is that a lowerFyx proximal iron-sulfur cluster. The implied electron trans-
quantum efficiency of electron transfer caused by the irrefer sequence is thereforg, — F, — Fz — ferredoxin.
versible loss of the ferredoxin and flavodoxin docking siteNote that this orientation of PsaC involves an electron
cannot be excluded as an alternative interpretation of th&ransfer from Iz (E,, —540 mV) to a more electronegative
results of He and Malkin (1994) and Jung et al. (1995). Inacceptor, § (E,, —590 mV), which results in the presence
this study, we eliminated this contingency by showing in aof @ positive Gibbs free energy step in PS | (given that the
Fa-less PS | complex: 1) a normal level of photochemicalknown midpoint potential values for the [4Fe-4S] clusters
activity of P700, based on the amplitudes of the photoin-determined for PS | at cryogenic temperatures apply at room
duced absorbance change at 832 nm; 2) an unimpairé§mperature and that reduced Foes not influence the
functioning of F, at room temperature based on a high yie|ddeterm|nat|or1 of mldpmn.t potential ofBB:.. It is noteworthy

of charge recombination on the tens-of-ms time scale pethat ferredoxin reduction is not affected in the K52S/R(53)A
tween P700 and F; 3) lack of direct electron transfer from Mutant of PsaC in which the preferential photoreduction of
Fx to either ferredoxin or flavodoxin; and 4) a decreased’s IS attributed to a more negative redox potential gf F
efficiency of methyl viologen reduction in the absence of (Fischer et al., 1997). Recent studies indicate that small
F.,, which implies a diffusion barrier but a normally func- POSitive Gibbs free energy changes may be common in
tioning F, cluster. In the absence of,Rthe electron transfer Multicofactor enzymes; examples are found in two seg-
between § and F would remain at a center-to-center ments of mitochondrial respiratory chain (Ohnishi and Sal-

distance of 15 A. This is compatible with the efficient erno, 1982), [NiFe] hydrogenase (Fontecilla-Camps, 1996),
reduction of F. at both cryogenic (Jung et al., 1995) and and the tetraheme cytochromes of bacterial reaction centers
A "

room temperatures (this study). The distance betwegen F(NitSChke etal, 1993). The relevancg, i any. of this uphill
and ferredoxin is difficult to judge given that the three- electron transfer step to PS | function is unknown. The

dimensional structure of PsaC as well as the binding site anlmportant issue for an efficient electron transfer from the

. . ) primary donor of PS | to ferredoxin is a net negative change
orientation of ferredoxin on the PS | complex are only. . . . .
L . in Gibbs free energy from Ato ferredoxin, which still
known to approximation. Assuming for the purpose of ar-oceurs in the A— Fy, — Fn — F5 — ferredoxin sequence
gument that the distance vector betweenahd the [2Fe- X TTA B '
2S] cluster in ferredoxin passes through, Bn additional
distance of 12 A would need to be spanned without particWe thank Art van der Est, Petra Fromme, Andreas Kamlowski, Norbert
ipation of a cofactor if E is absent (Fig. 43)_ Reduction of Krauss, Wolf-D!eter Schubert, and Dletmgr Stehl'lk for helpful c.omments
both ferredoxin and flavodoxin involves complex formation on the work. This work was funded by National Science Foundation Grants
, , pie> MCB-9696179 and MCB-972366.
preceding electron transfer, which follows multicomponent
kinetics (Hervas et al., 1992; Medina et al., 1992). Three
phases with halftimes of 500 ns, 26, and 100us have =~REFERENCES
be,e_n att”bUtec_l to reduction O]f ferredoxin Qn a Smgle_ ﬂaShAdman, E. T., L. C. Sieker, and L. H. Jensen. 1976. The structure of a
(SHif and Bottin, 1994). The increased distance (without pacterial ferredoxind. Biol. Chem251:3801-3806.
mediation by a redox-active cofactor) leads to the predictiorBearden, A. J., and R. Malkin. 1976. Correlation of reaction-center chlo-
of a 2.1 10’-fold increase in the electron transfer time to _rophyll (P-700) oxidation and bound iron-sulfur protein photqreducnon
. . .. in chloroplast photosystem | at low temperaturBgchim. Biophys.
~10 s for the fastest phase of ferredoxin reduction. This iS acta. 430:538-547.
about two orders of magnitude slower than the P76Q Biggins, J., S. Rodday, and L. Do. 1995. Interaction of the subunit PsaC
back-reaction and would result in neg||g|b|e quantum y|e|d with its binding site on the PSI core heterodimer.Photosynthesis:
. . . . . from Light to Biosphere, Vol. 2. P. Mathis, editor. Kluwer Academic
of ferredoxin reduction, which agrees with the _experlment. Publishers, Dordrecht, 111-114.
The recovery of photoreduction Of ferredoxin and fla- gottin, H., and B. Lagoutte. 1992. Ferredoxin and flavodoxin from the
vodoxin on a single turnover flash (this study), as well as the cyanobacteriunBynechocystisp PCC 6803Biochim. Biophys. Acta.
recovery of steady-state NADPphotoreduction mediated 110I1:§81§g-7 o o and e redox oot
. . rettel, K. . Electron transfer an arrangement of the redox cofactors
by ferredoxin aqd fIavodoxm.(Jung et al., 1995), correlgte? in photosystem IBiochim. Biophys. Actal318:322-373
ywth the restoration ofa funf:tlonagl%luster as an essential cammack, R., M. D. Ryan, and A. C. Stewart. 1979. The EPR spectrum of
intermediate electron carrier. A small molecule such as iron-sulfur center B in photosystem | &hormidium laminosum. FEBS
methyl viologen with a mass of 186 is capable of accepting h'-e“- 107:422-426. ) . o .
: Chitnis, P. R., Q. Xu, V. P. Chitnis, and R. Nechushtai. 1995. Function an
the eI?Ctron from f but at_a Conc,entra,ltlon of two orders of organization of photosystem | polypeptid&hotosynth. Regl4:23—40.
magnitude greater than is required in the control. We atepiis v.p. v. s. Jung, L. Albee, J. H. Golbeck, and P. R. Chitnis. 1996.

tribute this to steric hindrance in which a higher concentra- Mutational analysis of photosystem | polypeptides: role of PsaD and the



Vassiliev et al. PsaC Subunit of Photosystem | 2035

lysyl 106 residue in the reductase activity of photosystera. IBiol. Krauss, N., W. D. Schubert, O. Klukas, P. Fromme, H. T. Witt, and W.

Chem 271:11772-11780. Saenger. 1996. Photosystem | at 4 Angstrom resolution represents the
Duee, E. D., E. Fanchon, J. Vicat, L. C. Sieker, J. Meyer, and J. M. Moulis. first structural model of a joint photosynthetic reaction centre and core

1994. Refined crystal structure of the 2[4Fe-4S] ferredoxin f@lws- antenna systenNat. Struct. Biol.3:965-973.

tridium acid urici at 1.84 Angstrom resolution]. Mol. Biol. 243: Li, N., J. Zhao, P. Warren, J. Warden, D. Bryant, and J. Golbeck. 1991.

683—-695. PsaD lIs required for the stable binding of PsaC to the photosystem-I core

Dunn, P. P. J., and J. C. Gray. 1988. Localization and nucleotide sequence Protein of Synechococcusp PCC 6301Biochemistry 30:7863-7872.
of the gene for the 8 kDa subunit of photosystem | in pea and wheaMalkin, R. 1984. Diazonium modification of photosystem I: a specific

chloroplast DNA.Plant. Mol. Biol. 11:311-319. effect on iron-sulfur center BBiochim. Biophys. Acta/64:63—69.
Fischer, N., P. 9€, and J. D. Rochaix. 1997. Targeted mutations in the Mannan, R. M., W. Z. He, S. U. Metzger, J. Whitmarsh, R. Malkin, and
psaCgene ofChlamydomonas reinhardtipreferential reduction of & H. B. Pakrasi. 1996. Active photosynthesis in cyanobacterial mutants
at low temperature is not accompanied by altered electron flow from with directed modifications in the ligands for two iron-sulfur clusters in
photosystem | ferredoxirBiochemistry36:93—-102. the PsaC protein of photosystemBMBO J.15:1826-1833.
Fontecilla-Camps, J. C. 1996. The active site of Ni-Fe hydrogenasesMedina, M., M. Hervas, J. A. Navarro, M. A. De la Rosa, C. Gomez-
model chemistry and crystallographic resulds. Biol. Inorg. Chem. Moreno, and G. Tollin. 1992. A laser flash absorption spectroscopy
1:91-98. study of Anabaenasp PCC 7119 flavodoxin photoreduction by photo-

Fuijii, T., E. Yokoyama, K. Inoue, and H. Sakurai. 1990. The sites of System I particles from spinacREBS Lett.313:239-242.
electron donation of photosystem | to methyl violog&mochim. Bio- Moser, C. C., J. M. Keske, K. Warncke, R. S. Farid, and P. L. Dutton.
phys. Actal1015:41-48. 1992. Nature of biological electron transféature.355:796—802.

Golbeck, J. H. 1995. Resolution and reconstitution of photosystdm |. Muhlenhoff, U., J. D. Zhao, and D. A. Bryant. 1996. Interaction between
CRC Handbook of Organic Photochemistry and Photobiology. P. S. photosystem | and flavodoxin from the cyanobacteriymechococcus
Song and W. M. Horspoool, editors. CRC Press, Boca Raton. sp PCC 7002 as revealed by chemical cross-linkiagy. J. Biochem.
1407-1419. 235:324-331.

Golbeck, J. H., and J. T. Warden 1982. Electron spin resonance studies dfaver, H., M. P. Scott, J. H. Golbeck, B. L. Mgller, and H. V. Scheller.
the bound iron-sulfur centers in photosystem |: photoreduction of center 1996. Reconstitution of barley photosystem | with modified PSI-C
A occurs in the absence of centerBochim. Biophys. Act&81:77—84. allows identification of domains interacting with PSI-D and PSI-A/B.

Guigliarelli, B., J. Guillaussier, C. More, P. & H. Bottin, and P. J. Biol. Chem271:8996-9001.

Bertrand. 1993. Structural organization of the iron-sulfur centers inNitschke, W., M. Jubaultbregler, and A. W. Rutherford. 1993. The reaction
Synechocysti$803 photosystem-l: EPR study of oriented thylakoid center associated tetraheme cytochrome subunit femomatium vi-
membranes and analysis of the magnetic interaction®iol. Chem nosumrevisited: a reexamination of its EPR propertiBsochemistry.
268:900-908. 32:8871-8879.

Hayashida, N., T. Matsubayashi, K. Shinozaki, M. Sugiura, K. Inoue, andNugent, J. H. A., B. L. Mgller, and M. C. W. Evans. 1981. Comparison of
T. Hiyama. 1987. The gene for the 9 kD polypeptide, a possible apopro- the EPR properties of photosystem | iron-sulfur centers A and B in
tein for the iron-sulfur centers A and B of the photosystem | complex, in  spinach and barleyBiochim. Biophys. Acta634:249—-255.

tobacco chloroplast DNACurr. Genet.12:247-250. Ohnishi, T., and J. C. Salerno. 1982. Iron-sulfur clusters in the mitochon-
He, W. Z., and R. Malkin. 1994. Reconstitution of iron-sulfur center B of  drial electron-transport chairin Iron-Sulfur Proteins, Vol. 4. T. G.

photosystem | damaged by mercuric chlorid&hotosynth. Res41: Spiro, editor. Wiley Publishing Co., New York. 285-327

381-388. Oh-oka, H., Y. Takahashi, K. Kuriyama, K. Saeki, and H. Matsubara.

Heathcote, P., D. L. Williams-Smith, C. K. Sihra, and M. C. W. Evans. 1988. The protein responsible for center A/B in spinach photosystem I:
1978. The role of the membrane-bound iron-sulfur centers A and B in isolation with iron-sulfur cluster(s) and complete sequence analysis.
the photosystem | reaction centre of spinach chloroplaischim. J. Biochem. (Tokyo)103:962-968.

Biophys. Acta503:333-42. Rodday, S. M., L. T. Do, V. Chynwat, H. A. Frank, and J. Biggins. 1996.

Hervas, M., J. Navarro, and G. Tollin. 1992. A laser flash spectroscopy Site-directed mutagenesis of the subunit PsaC establishes a surface-
study of the kinetics of electron transfer from spinach photosystem-l to exposed domain interacting with the photosystem | core binding site.

spinach and algal ferredoxinBhotochem. Photobiob6:319-324. Biochemistry.35:11832-11838.
Hiyama, T., and B. Ke. 1971. P430: possible primary electron acceptor oBakurai, H., K. Inoue, T. Fujii, and P. Mathis. 1991. Effects of selective
photosystem |Arch. Biochem. Biophy447:99-108. destruction of ironsulfur center B on electron transfer and charge re-

Jung, Y. S., I. R. Vassiliev, J. Yu, L. Mclntosh, and J. H. Golbeck. 1997.  combination in photosystem Photosynth. Re7:65-71.
Strains ofSynechocystisp. PCC. 6803 with altered PsaC .2. EPR and Sauer, K., P. Mathis, S. Acker, and J. A. Van Best. 1978. Electcorptors
optical spectroscopic properties of Bnd K in aspartate, serine, and associated with P-700 in Triton solubilized photosystem | particles from

alanine replacements of cysteines 14 and 51Biol. Chem.272: spinach chloroplast®8iochim. Biophys. Acté03:120-134.

8040-8049. Sdif, P. Q. Y., and H. Bottin. 1994. Laser flash absorption spectroscopy
Jung, Y. S., L. Yu, and J. H. Golbeck. 1995. Reconstitution of iron-sulfur  study of ferredoxin reduction by photosystem Hgnechocystisp. PCC

center fz results in complete restoration of NADPY photoreduction in 6803: evidence for submicrosecond and microsecond kin&ioshem-

Hg-treated photosystem | complexes fr@ynechococcusp PCC 6301. istry. 33:8495-8504.

Photosynth. Resl6:249-255. Vassiliev, I. R., Y. S. Jung, M. D. Mamedov, A. Y. Semenov, and J. H.

Kamlowski, A., A. Van der Est, P. Fromme, and D. Stehlik. 1997a. Low Golbeck. 1997. Near-IR absorbance changes and electrogenic reactions
temperature EPR on photosystem | single crystals: orientation of the in the microsecond-to-second time domain in photosystésiophys. J.
iron-sulfur centers £ and K. Biochim. Biophys. Actal319:185-198. 72:301-315.

Kamlowski, A., A. Van der Est, P. Fromme, N. Krauss, W. D. Schubert, O.Yu, J., I. R. Vassiliev, Y. S. Jung, J. H. Golbeck, and L. MciIntosh. 1997.
Klukas, and D. Stehlik. 1997b. The structural organization of the PsaC Strains ofSynechocystisp. PCC 6803 with altered PsaC .1: mutations
protein in photosystem | from single crystal EPR and x-ray crystallo- incorporated in the cysteine ligands of the two [4Fe-4S] clustgrarfel
graphic studiesBiochim. Biophys. Actal319:199-213. Fg of photosystem 1J. Biol. Chem272:8032—8039.

Krauss, N., W. Hinrichs, I. Witt, P. Fromme, W. Pritzkow, Z. Dauter, C. Zhao, J., N. Li, P. Warren, J. H. Golbeck, and D. A. Bryant. 1992.
Betzel, K. S. Wilson, H. T. Witt, and W. Saenger. 1993. 3-Dimensional  Site-directed conversion of a cysteine to aspartate leads to the assembly
structure of System-I of photosynthesis at 6 Angstrom resolutian. of a [3Fe-4S] cluster in PsaC of photosystem- |: the photoreduction of
ture. 61:326-331. F, is independent of & Biochemistry.31:5093-5099.



