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ABSTRACT: The PsaC subunit of Photosystem I (PS I) is tightly bound to the PsaA/PsaB heterodimer via an
extensive network of ionic and hydrogen bonds. To improve our understanding of the design of the PsaC—
PsaA/PsaB binding interface, variants of PsaC were generated, each lacking a key binding contact with the
PsaA/PsaB heterodimer. The characteristics of the reconstituted, variant PS I complexes were monitored by
time-resolved optical spectroscopy, low-temperature EPR spectroscopy, and electron transfer throughput
measurements. In the absence of the ionic bond forming contacts R52¢ or R65¢, a markedly slower charge
recombination occurs between P7oo " and [Fa/Fg]~. The addition of PsaD leads to the restoration of native
recombination kinetics in a fraction of the PS I complexes reconstituted with R52A¢, but not with R65Ac.
Contrary to expectation, the absence of Y80, which forms two symmetry-breaking H-bonds with PsaB, does
not significantly affect the binding of PsaC as judged by the rate of charge recombination between P4y, " and
[Fa/Fg] . However, the removal of the entire C-terminus results in a dramatic decrease in the rate of charge
recombination. Low-temperature EPR spectra of the variant PS I complexes indicate that the magnetic
environments of F 5 and Fy are altered when compared to that of native PS I. The slowing of the rate of charge
recombination in the variant PS I complexes could be due to an increase in the distance between Fy and F5/Fg
as the result of non-native binding or to an altered reduction potential of the iron—sulfur clusters, which
would result in a different rate of thermalization up the electron acceptor chain. The most significant finding is
that the variant PS I complexes support lower rates of light-induced flavodoxin reduction and that the rates
deteriorate rapidly on exposure to dioxygen due to the degradation of F, and Fg. We suggest that the
extensive set of ionic bonds and H-bonds between PsaC and the PsaA/PsaB heterodimer has evolved to ensure
an exceedingly tight binding interface, thereby rendering the [4Fe-4S] clusters in PsaC inaccessible to dioxygen
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at the onset of oxygenic photosynthesis.

Photosystem I (PS I)! is a membrane-bound pigment—protein
complex that catalyzes light-induced electron transfer for the
purpose of generating NADPH. Cyanobacterial PS I consists of a
trimer, wherein each monomer consists of 12 protein subunits.
Nine of the subunits (PsaA, PsaB, PsaF, Psal, Psal, PsaK, PsaL,
PsaM, and PsaX) are primarily o-helical and span the membrane.
PsaC, PsaD, and PsaE are bound to the surface of PS I, forming a
“stromal hump”, which provides a docking surface for the
soluble electron acceptors ferredoxin and flavodoxin (/, 2).

The electron transfer chain begins at P4, a special pair of
chlorophyll a (Chl a) molecules that, according to the current
paradigm, functions as the primary electron donor (however, see
ref (3) for an alternative hypothesis). The electron transfer chain
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immediately bifurcates into two branches, each containing two
Chl @ molecules, A_;5 and Aga (A_;g and Agp), the latter of
which functions as the primary electron acceptor. The initial
Pago " Aga~ (P70 "Aop~) charge-separated state is stabilized in
time by rapid electron transfer to a phylloquinone molecule, A5
(Ap). The branches converge at the [4Fe-4S] cluster Fy, at which
point the electrons are transferred linearly through F and Fy to
ferredoxin or flavodoxin (4). The cofactors Pyq through Fx are
located on the heterodimeric core of PS I (P7o-Fx core), which is
comprised of PsaA (83 kDa), PsaB (83 kDa), and seven smaller
membrane-spanning proteins. The [4Fe-4S] clusters that serve as
the terminal electron acceptors, F and Fyg, are located on PsaC
(9 kDa), which is bound on the stromal surface. PsaD (15 kDa)
and PsaE (8 kDa) flank PsaC on either side on the surface of PS 1.

In vitro rebinding studies (5—7) and in vivo genetic deletion
studies (8—10) have shown that the membrane intrinsic P;go-Fx
core is fully formed prior to the assembly of the stromal subunits,
which dock in a well-defined order: PsaC first followed by PsaD
and then PsaE. Electron paramagnetic resonance (EPR) studies
indicate that F and Fg undergo three distinct changes in their
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magnetic properties during the assembly of PS I: the two [4Fe-4S]
clusters appear magnetically equivalent in unbound PsaC, they
become inequivalent when PsaC binds to the membrane intrinsic
P.90-Fx core, and they gain the properties of the native PS I
complex after the binding of PsaD (7). PsaE has no influence on
the magnetic properties of F5 or Fg (7).

PsaC binds directly above the Fx binding site (//), with the F 5
cluster proximal to Fy (//—13). PsaC is bound via an intricate
network of ionic bonds (Figure 1A) consisting of one Lys and two
Arg residues on PsaC, and four Asp residues on PsaA/PsaB, two
of which are part of an extrinsic loop that also provides the Cys
residues that coordinate the Fx cluster. The network of Asp-Arg/
Lys ionic contacts is highly C,-symmetric; R52 forms five ionic
bonds with D568, and D579, and K51¢ and R65¢ form five
ionic bonds with D555 and D5665 (14). If PsaC were rotated
(in silico) 180° about the C, axis of symmetry, R52¢ would still
form five ionic bonds, but with D555 and D566y, and K51 and
R65¢ would still form five ionic bonds, but with D568, and
D579, (14). The equal division of the 10 ionic contacts between
PsaA and PsaB represents a highly symmetric and extremely tight
binding surface for the PsaC protein.

PsaC also forms three H-bonds (Figure 1B) in a region of the
Pooo-Fx core distant from the ionic contacts, which break the
symmetry, locking PsaC into one of the two possible orientations
on the PsaA/PsaB heterodimer. These bonds are formed between
T73c and Y80c on the C-terminus of PsaC and Q678g, K7025,
and P703p on a surface-located segment of PsaB (/4). Unlike the
symmetric ionic contacts, a symmetry-related binding pocket
for the C-terminus of PsaC does not exist on the comparable
surface-located segment of PsaA. Thus, the three H-bonds
between the C-terminus of PsaC and PsaB break the otherwise-
perfect binding symmetry between PsaC and the PsaA/PsaB
heterodimer.

The PsaD protein adjoins PsaC on the stromal surface and has
extensive interactions with PsaC and the PsaA/PsaB heterodimer.
The N-terminus of PsaD covers the surface of the binding site of
the C-terminus of PsaC with PsaB, forming multiple contacts with
both PsaA and PsaB (11, 14). The C-terminus of PsaD wraps
around the stromal-facing surface of PsaC and attaches to the
stromal interface of PsaB. The so-called “C-clamp” of PsaD fixes
the PsaC subunit into its final configuration and additionally serves
to define the binding site for ferredoxin and flavodoxin (2, 15).

The large number of contacts between PsaC and the PsaA/
PsaB heterodimer ensures an exceedingly tight binding interface
between the protein subunits, which is demonstrated by the high
concentration of chaotropic agents required to dissociate PsaC,
PsaD, and PsaE from the P,y-Fx core (5). Nevertheless, it is not
entirely clear whether the presence of all of the ionic bonds and
H-bonds between PsaC and the PsaA/PsaB heterodimer are
necessary for efficient electron transfer from Fy to Fa/Fp or if
there is redundancy in the network of contacts. Namely, what
happens if one or more of the PsaC—PsaA/PsaB contacts are
missing? We approached this question by generating in vitro
variants of PsaC followed by reconstitution onto Pqy-Fx cores in
the absence and presence of PsaD. This two-step procedure
allowed us to probe not only the issue of the symmetric ionic
bonds in the vicinity of Fx and the symmetry-breaking
C-terminus of PsaC but also the role of the PsaD protein in the
final assembly of PS I.

In this paper, we attempt to gain a better understanding of how
the absence of certain binding contacts affects the assembly of
PsaC during the final stage of PS I assembly. The results of this
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PsaA

FiGuRE 1: (A) Symmetric network of ionic bonds between PsaC and
the PsaA/PsaB heterodimer. (B) Symmetry-breaking hydrogen
bonds between PsaB and the C-terminus of PsaC (Protein Data Bank
entry 1JBO).

study are discussed in the context of understanding the design
philosophy of the extensive PsaC—PsaA/PsaB binding interface
as a strategy for protecting the F5 and Fj clusters from oxidative
denaturation at the onset of oxygenic photosynthesis.

MATERIALS AND METHODS

Isolation of Intact PS I Complexes and Preparation of
PS I Cores. PS I complexes were isolated from Synechococcus
sp. PCC 7002 membranes using Triton X-100 and purified by
density gradient ultracentrifugation (7). The stromal subunits
were removed by adding 6.8 M urea to freshly isolated PS
I complexes, yielding P,gy-Fx cores (9).

Site-Directed Mutagenesis of the psaC Gene. Site-directed
mutants of psaC were constructed using a QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA). The
C-terminal deletion mutant of PsaC was generated by introdu-
cing a stop codon (TAA) after the Gly70 codon (GGT). PCR
primers were designed on the basis of the sequence of the psaC
gene from Synechococcus sp. PCC 7002. The mutant psaC
construct was verified by DNA sequencing. The plasmids were
subsequently transformed into Escherichia coli BL21-DE3 com-
petent cells for protein expression.

Purification and Reconstitution of Recombinant Pro-
teins. Recombinant PsaC (wild-type and variant) and PsaD
were expressed in E. coli and purified as previously described (7).
The iron—sulfur clusters were inserted into the PsaC apoprotein
by the addition of FeCls, Na,S, and 2-mercaptoethanol (16).
Recombinant flavodoxin from Synechococcus sp. PCC 7002 and
recombinant cytochrome cq from Synechocystis sp. PCC 6803
were purified as described previously (17, 18).
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Time-Resolved Optical Spectroscopy in the Near-Infra-
red Region. Optical absorbance changes in the near-infrared
region were measured using a laboratory-built spectrophot-
ometer based on a 16-bit A/D converter (National Instruments,
Austin, TX) and LabView (/9). The samples were placed in a
quartz cuvette with a path length of 10 mm. The sample
contained P7qy-Fx cores at 50 ug/mL Chl in 50 mM Tris-HCI
(pH 8.2), 10 mM sodium ascorbate, 4 uM 2,6-dichloropheno-
lindophenol (DCPIP), and 0.04% Triton X-100. The samples
were prepared in an anaerobic chamber with an atmosphere of
10% hydrogen and 90% nitrogen (Coy Laboratories, Grass
Lake, MI). The kinetic traces were analyzed by fitting a multi-
exponential decay using the Marquardt least-squares algorithm
(Igor Pro, Lake Oswego, OR).

Low-Temperature X-Band EPR Spectroscopy. Low-tem-
perature EPR spectroscopy was conducted using a Bruker-ECS
106 X-band spectrometer equipped with an Oxford liquid helium
cryostat and temperature controller. The spectrometer condi-
tions were as follows: microwave power, 100 mW; microwave
frequency, 9.47 GHz; receiver gain, 20000; modulation ampli-
tude, 20 G at 100 kHz. The signal-to-noise ratio was improved by
averaging eight scans. Unbound PsaC samples were exchanged
into 100 mM glycine buffer (pH 10.0) and chemically reduced
using 10 mM sodium hydrosulfite. All samples that were assayed
for light-induced electron transfer contained 10 mM sodium
ascorbate and 300 uM DCPIP as the external electron donor and
mediator, respectively. Actinic illumination was provided by an
argon ion laser, which was operated at 2.0 W in all-lines mode. In
all cases, the dark spectrum (sample frozen in darkness) was
subtracted from the light-induced spectrum to generate a light-
induced difference spectrum of the reduced iron—sulfur clusters.

Steady-State Rates of Flavodoxin Photoreduction. Stea-
dy-state rates of light-induced flavodoxin reduction were mea-
sured in a 400 uL reaction mixture using cytochrome cq as the
immediate electron donor to P;y. Sodium ascorbate was in-
cluded as a sacrificial donor. The reaction mixture contained
reconstituted PS I complexes at 1.5 ug/mL Chl ¢, 50 mM MgCl,,
5 mM sodium ascorbate, 15 uM cytochrome ¢4, and 15 uM
flavodoxin. The reduction of flavodoxin was monitored at
467 nm using a Cary 50 Bio UV—visible spectrophotometer with
appropriate blocking filters for the actinic and measuring beams.
The actinic illumination was provided by high-intensity red light-
emitting diodes (Hansatech Instruments).

RESULTS

Mutagenesis of the psaC Gene. To probe the role of the
symmetric ionic contacts between PsaC and the PsaA/PsaB
heterodimer, a number of site-directed point mutants of the psaC
gene were generated. The targeted residues were R52¢, which
forms all five ionic bonds with D568 4 and D579,; K51, which
forms one ionic bond with D5665; and R65., which forms four of
the five ionic bonds with D555 and D566y (/4). In all instances,
the basic residue was replaced with an Ala residue (R52Ac,
K51A¢, and R65A(). A KSIA/R52A¢/R65Ac triple variant
was also constructed to eliminate all of the ionic contacts, leaving
the nonsymmetric H-bonds intact.

To probe the role of the nonsymmetric H-bonds between PsaC
and PsaB, variants were constructed in the C-terminal region of
PsaC. Y80 was previously predicted to play a critical role in the
binding process because it forms two of the three H-bonds with
PsaB (20). A Y80A( variant was generated to test the prediction
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FiGURE 2: EPR spectra of chemically reduced, recombinant PsaC
proteins: (A) PsaCwt, R52Ac, R65A¢, Y80A(, and PsaCc_ermy and
(B) K51Ac and K51A/R52A¢/R65Ac. The inset of panel B shows
low-field resonances characteristic of an S = 3/, ground spin state
shown in the case of the K51 A¢ variant. The wild-type and variant
PsaC apoproteins were reconstituted with iron—sulfur clusters using
the protocol described in Materials and Methods. The sample
was reduced with 10 mM sodium hydrosulfite in 100 mM glycine
(pH 10.0) buffer. Spectrometer conditions: temperature, 15 K (4.3 K
for the inset of panel B); power, 100 mW; microwave frequency, 9.47
GHz; receiver gain, 2000.

that the absence of these H-bonds should prevent PsaC from
binding. It has also been proposed that the interaction between a
Gly-Leu-Ala-Tyr sequence on the C-terminus of PsaC and a
Pro-Val-Ala-Leu hydrophobic pocket on PsaB drives the binding
of the two proteins through hydrophobic (i.e., entropic) interac-
tions (74, 21). To test this prediction, the C-terminal deletion
variant of PsaC devoid of residues 71—80 and thus lacking all of
the symmetry-breaking interactions with PsaB was constructed.
This PsaC variant (PsaCc.ierm) contains only the C,-symmetric
network of ionic contacts.

Low-Temperature EPR Spectroscopy of the Unbound
PsaC Variants. Figure 2 shows the EPR spectra of the unbound,
chemically reduced wild-type and variant PsaC proteins. The
magnetic properties of F5 and Fy depend on the protein environ-
ment, with the consequence that an altered EPR spectrum usually
reflects a change in structure. The R52Ac, R65A¢, Y80AG,
and PsaCc, variants exhibit a typical Fo /Fg~ magnetic
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interaction spectrum with resonances at apparent g values of
2.05, 2.00, 1.95, and 1.89 (Figure 2A). The resonances are nearly
identical to those in wild-type PsaC (PsaCwr). Given the high
degree of similarity of the EPR spectra, we can conclude that the
amino acid changes do not significantly affect the magnetic
properties of the Fo and Fp iron—sulfur clusters. Hence, the
structural integrity of the variant proteins appears to be well-
maintained in spite of the altered residues.

In contrast, the K5IA¢ variant and the K51Ac/R52A¢/
R65A¢ triple variant show a simple, axial-like spectrum
(Figure 2B) that is usually found in proteins that contain a single
S = !/, [4Fe-4S] cluster or in dicluster ferredoxins that contain an
S = '/, [4Fe-4S] cluster in one site and an S > 3/, [4Fe-4S] cluster
in the other site (22). A search at very low temperatures and high
microwave powers for the presence of an S > °/, [4Fe-4S] cluster
yielded resonances between g = 5 and 8§ characteristic of a high-
spin ground state (in the inset of Figure 2B, note that the
amplitudes of the resonances are one-tenth that of the g ~ 2
resonances). Thus, it appears that the magnetic properties of
the iron—sulfur clusters are altered such that one remains in the
S = '/, ground spin state and the other assumes an S > */,
ground spin state.

Charge Recombination Kinetics of Reconstituted P
Fy/Variant PsaC Complexes. In native PS 1 complexes,
charge recombination between P,y © and [Fa/Fg]~ occurs with
a lifetime of 60—80 ms. Upon the removal of PsaC (and hence F 5
and Fp), charge recombination occurs between Poo ™ and Fx~
with a lifetime of 1—2 ms. During the preparation of P;yy-Fx
cores, a small population of P;qy-A; cores is formed due to the
inadvertent degradation of the Fx cluster. Because PsaC cannot
bind in the absence of the Fx cluster (23), the small fraction of
P790-A | complexes continues to undergo charge recombination
between P70~ and A, with a lifetime of 10 us, which accounts
for ~10% of the absorbance decay after the flash-induced
formation of P+, . For the sake of clarity, this fast recombina-
tion between P-o " and A, is not shown in the decay kinetics of
the P,oo-Fx/variant PsaC complexes.

As shown in Figure 3A, ~75% of the charge recombination
between P, and [Fa/Fg]™ is restored upon the addition of a
1.5-fold molar excess of recombinant PsaCyr to P7oo-Fx cores.
The further addition of PsaD does not influence the charge
recombination kinetics (data not shown). There is a small
contribution to the decay (lifetime, 1500 ms; amplitude, 15%)
due to forward donation of electrons from DCPIP to Poo " in
PS T complexes that have lost an electron from [Fu/Fg] .
Although all samples were prepared under anaerobic conditions,
trace amounts of oxygen may be sufficient to accept electrons
from [Fa/Fg] ™. In these samples, the primary donor, P, is
slowly reduced by the exogenous electron donor, DCPIP, in
a time range of seconds.

R52 forms three ionic bonds with D579 4 and two ionic bonds
with D568 4 for a total of five ionic bonds with the PsaA protein.
Figure 3B shows the charge recombination kinetics after the
addition of a 10-fold excess of R52Ac to P;gp-Fx cores. The
dominant kinetic phase (lifetime of ~2 ms, amplitude of 65%)
represents charge recombination between Py~ and Fx~ and
therefore corresponds to a fraction of P7-Fx cores that do not
bind R52A¢. An additional kinetic phase (lifetime of ~500 ms,
amplitude of 25%) may be due to charge recombination between
Pso " and [Fa/Fg] . (These kinetics may represent an admixture
with that of donation of DCPIP to P+, in PS T complexes that
have lost an electron from [F5/Fg].) The addition of PsaD

Jagannathan and Golbeck

(Figure 3C) results in the appearance of an ~50 ms kinetic phase
(amplitude of 40%), which can be attributed to the charge
recombinant kinetics between Py and [F5/Fg]~. Thus, PsaD
imparts native PS I-like kinetics to a significant fraction of
the P79o-Fx/R52Ac complexes. To the best of our knowledge,
this represents the first instance in which the presence of PsaD
has been found to influence the lifetime of the charge-separated
state in PS 1.

R65¢ forms two ionic bonds with D555 and two ionic bonds
with D566 for a total of four ionic bonds with the PsaB protein.
Figure 3D shows the charge recombination kinetics after the
addition of a 10-fold excess of R65A¢ to Pgo-Fx cores. The
kinetics are similar to those found in Poo-Fx/R52A¢ complexes,
showing lifetimes of ~2 ms (70%) and ~500 ms (20%). However,
unlike the case for the P7qy-Fx/R52A complexes, the addition of
PsaD results in no additional changes (data not shown).

The addition of the K5S1A¢ or KS1A/R52A¢/R65A¢ variant
to P;oo-Fx cores resulted in no alteration of the ~2 ms kinetic
phase attributed to charge recombination between P, " and
Fx~ (data not shown). The addition of PsaD resulted in no
further changes. It is noteworthy that these variant PsaC proteins
exhibit non-native EPR spectra in the unbound state, reflecting
most likely a significant change in their three-dimensional
structures.

Figure 3E shows the charge recombination kinetics after the
addition of Y80A to P7qo-Fx cores. Surprisingly, the kinetics are
similar to those of the reconstituted P;oo-Fyx/PsaCywr complexes,
which suggests that the absence of the two H-bonds to PsaB does
not significantly affect the binding of Y80A . However, addition
of a 3-fold molar excess of Y80A ¢ to P;go-Fx cores was required
to achieve the maximum effect, as compared to a 1.5-fold molar
excess of PsaCyr. The addition of PsaD resulted in no additional
changes (data not shown).

Figure 3F shows the charge recombination kinetics after the
addition of the PsaCc_p, Variant to Poo-Fx cores. Despite the
addition of a 10-fold excess, a significant fraction of P;pp-Fx
complexes retain the ~2 ms kinetic phase (amplitude of 40%),
which indicates that they do not rebind PsaCc.erm. A nearly
equivalent fraction (amplitude of 50%) showed charge recombi-
nation kinetics greater than 800 ms, which might originate from
bound PsaCc.erm. The addition of PsaD resulted in no additional
changes (data not shown).

It should be noted that the amplitude of the flash-induced
absorption change at 820 nm is the same in all P;yy-Fx/variant
PsaC complexes, indicating that the relative amount of long-lived
(i.e., > 1 ms) Py formed is nearly identical in all the samples.

Low-Temperature EPR Spectroscopy of Illuminated
Proo-Fx|Variant PsaC Complexes. The slower kinetic phases
(those with lifetimes greater than 500 ms) could arise either from
donation of DCPIP to P+, " in PS I complexes that have lost an
electron from [FA/Fg] ™ or from charge recombination between
[Fa/Fg]™ and P7g0". We conducted low-temperature EPR spec-
troscopy to verify electron transfer to Fo and Fg and thus to
clarify the origin of the slower kinetic phases. Additionally, EPR
spectroscopy provides information about the magnetic environ-
ment of F 5 and Fy during the different stages of PST assembly. In
native PS I, freezing a sample in the dark with subsequent
illumination at 15 K allows promotion of one electron from
P to either F or Fg, but not both, in a given PS I complex (24).
Under these conditions, the resulting EPR spectrum is a super-
imposition of the resonances from F,~ (g values of 2.05, 1.95,
and 1.85)and Fg~ (g values of 2.09, 1.93, and 1.88). P;oo-Fx cores
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FIGURE 3: Flash-induced absorption changes of P7o, ™ reduction monitored at 820 nm in (A) P-go-Fx/PsaCwr, (B) P7g0-Fx/R52A¢, (C) P7g0-Fx/
R52A¢/PsaD, (D) P7po-Fx/R65A¢, (E) P700-Fx/Y80A(, and (F) P7go-Fx/PsaCc_ierm complexes. The PS I core concentration was 50 ug/mL Chl a.
All samples contained 10 mM sodium ascorbate and 4 uM DCPIP as the electron donor and mediator, respectively.

do not exhibit strong EPR resonances from Fx ~ at the tempera-
tures employed for this measurement, but they retain the g = 2.00
feature from the oxidized primary donor, P7g ™.

The EPR spectrum of reconstituted P;q-Fx/PsaCwt com-
plexes that were frozen in the dark with subsequent illumination
at 15 K shows resonances at g values of 2.07, 2.03, 1.97, 1.94, and
1.87 (Figure 4A). The individual resonances are considerably
broader than those in native PS I complexes. The addition of
PsaD causes the resonances to sharpen, assuming line widths
approaching that of F5~ and Fy~ in native PS T complexes
(data not shown) (7).

Figure 4B shows the EPR spectrum of P7gy-Fx/R52A¢ com-
plexes after illumination at 15 K. The g values of the resonances
are similar to those of the P;-Fx/PsaCwt complexes. The
detection of light-induced EPR resonances indicates that electron
transfer to F5/Fp occurs even at low temperatures. Thus, the
~500 ms kinetic phase observed at room temperature can likely

be attributed to the charge recombination between P;q, * and
[Fa/Fg] . The alteration in the EPR spectrum of the Pqo-Fx/
R52A¢ complexes compared to that of the Pqg-Fx/PsaCwrt
complexes signifies a change in the environment of the F5 and Fy
clusters. The addition of PsaD sharpens the EPR resonances in
the reconstituted Pqo-Fx/R52A¢ complexes, resulting in line
widths similar to that of native PS I (Figure 4C). The alteration of
the EPR spectrum in the presence of PsaD correlates with a
change in the room-temperature charge recombination kinetics
described earlier.

The P;po-Fx/R65A¢ complexes fail to exhibit light-induced
resonances of F and Fp, in spite of the fact that one PsaC—
PsaB ionic bond remains intact between K51 and D566.
The addition of PsaD results in no additional changes. How-
ever, when the P7qy-Fx/R65Ac/PsaD complexes were illumi-
nated during freezing, low-amplitude resonances were observed
at g values of 2.05, 2.02, 1.97, 1.94, and 1.88 (Figure 4D).
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FIGURE 4: Light-induced EPR spectra of (A) P700-FX/PsaCWT, (B) P700-Fx/R52Ac, (C) P700-Fx/R52Ac/P53.D, (D) P700-Fx/R65Ac/PSHD,
(E) P79o-Fx/Y80A(, and (F) P7go-Fx/PsaCc.erm complexes. The samples contained 10 mM sodium ascorbate and 300 uM DCPIP as the electron
donor and mediator, respectively. Samples A—C, E, and F were frozen in the dark and illuminated in-cavity at 15 K using an argon ion laser. Sample
D was illuminated during freezing to 77 K in a glass dewar. The spectra depicted are the differences between the illuminated and dark-adapted
samples. Spectrometer conditions: temperature, 15 K; power, 100 mW; microwave frequency, 9.47 GHz; receiver gain, 20000. The isotropic g =
2.00 signal due to P " is distorted due to the low temperature and high modulation amplitude required to detect the iron—sulfur clusters.

Freezing intact PS I complexes during illumination pro-
motes multiple electron transfers, leading to the reduction of
both Fp and Fg. The magnetic coupling between the re-
duced F5 and Fy clusters results in an interaction spect-
rum with g values that differ from the simple sum of the

individual spectra of F5o~ and Fg~ (24). However, the result-
ing weak EPR spectrum of Po-Fx/R65Ac/PsaD complexes
is slightly different from that of native PS I and is consis-
tent with a low quantum yield of reduction of the F5 and
Fy clusters.
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Table I: Steady-State Rates of Flavodoxin Photoreduction Measured for P;oo-Fx/Variant PsaC/PsaD Complexes Using Ascorbate/Cytochrome ¢ as

the Electron Donor”

rate of flavodoxin photoreduction [#mol (mg of Chl) ™' h™]

complex 0h 16 h 32h 48 h
native PS I 450 440 455 435
P700-FX core 0 0 0 0
P700-Fx/PS‘dCWT/PSB.D 360 350 345 350
P1oo-Fx/R52A¢/PsaD 270 270 260 255
P200-Fx/R65A /PsaD 125 115 115 120
P1oo-Fx/Y80A/PsaD 300 290 295 305
P700-Fx/PsaCc.erm/PsaD 195 180 185 180

“The rates were obtained using an aliquot of the rebuilt complexes that were initially assayed for light-induced EPR activity and kept under strictly
anaerobic conditions. The samples were rapidly transferred from the EPR tube into a cuvette with a path length of 10 mm, thus ensuring minimum exposure to
oxygen (0 h). The rates of flavodoxin photoreduction were measured at several time points over 48 h, during which the samples were maintained under strictly

anaerobic conditions.

As expected, the addition of KS5IA¢ or KS51A¢/R52A¢/
R65A¢ to Pygy-Fx cores did not result in the appearance of
resonances from F or Fg when the sample was illuminated at
15K or frozen under illumination (data not shown). The addition
of PsaD led to no additional changes. These findings agree with
the room-temperature charge recombination data, wherein no
charge recombination is observed between Py " and [Fa/Fg] .

The EPR spectrum of P7g-Fx/Y80Ac complexes is almost
identical to that of P;oy-Fyx/PsaCwr complexes (Figure 4E), a
finding consistent with the room-temperature charge recombina-
tion data. Not surprisingly, the EPR spectrum of the P;po-Fx/
Y80A/PsaD complex is identical to that of the P7go-Fx/PsaCyy/
PsaD complex (data not shown), further indicating that the
absence of the two H-bonds between PsaC and PsaB does not
significantly influence the assembly of PsaC onto P,y-Fx cores.

Figure 4F shows the EPR spectrum of P;90-Fx/PsaCc.erm
complexes after illumination at 15 K. The resonances detected
at g values 0of 2.07, 2.02, 1.97, 1.93, and 1.88 are slightly different
from the resonances observed in Pgy-Fx/PsaCyt complexes.
Thus, the absence of the C-terminus does not preclude the
binding of variant PsaC to P;-Fx cores or electron transfer to
F5 and Fp. The addition of PsaD resulted in no additional
changes (data not shown), a finding consistent with the charge
recombination kinetic data.

It is difficult to accurately quantitate the EPR signals of F
and Fg~, given the signal-to-noise ratio, the complexity of the
spectral features, and the broad line widths of the resonances.
However, an attempt was made to compare the relative intensities
of the midfield resonances to estimate the efficiency of light-
induced charge separation to F,~/Fg~ at low temperatures. On
the basis of the qualitative comparison, we arranged the PsaC
variants according to the degree of reduction of F,/Fg in the
following order: PsaCywr > Y80Ac > R52A/PsaD > PsaCc.
term > R52A > R65A/PsaD. This trend is in good agreement
with the relative amplitudes of the charge recombination phase
between P;oy " and [Fa/Fg]™ in the P;o-Fx/variant PsaC com-
plexes.

Steady-State Rates of Light-Induced Flavodoxin Reduc-
tion. The throughput of electron transfer was studied at room
temperature in the reconstituted PS I complexes by measuring the
steady-state rates of flavodoxin reduction using ascorbate/
cytochrome ¢4 as the electron donor (Table 1). At the actinic
light intensity employed in this experiment, native PS I complexes
support a light-induced rate of flavodoxin reduction of 450 ymol
(mg of Chl)™ h™!, whereas Pog-Fx cores fail to show any

measurable activity. Reconstituted P7qo-Fx/PsaCywr/PsaD com-
plexes support a rate of 360 umol (mg of Chl)~" h™". The slightly
lower rate relative to that of the wild type is partly due to the
inability of PsaC to bind to P7-A; cores that are devoid of the
Fx cluster. Po-Fx/R52Ac/PsaD complexes and Proo-Fx/
R65A¢/PsaD complexes support rates of 270 and 125 umol
(mg of Chl)™" h™" respectively. The relatively low rate of light-
induced flavodoxin reduction observed with R65Ac is consistent
with both the kinetic and EPR data. The P;(-Fx complexes that
were reconstituted with Y80A¢ and PsaCc_erm support rates of
300 and 195 umol (mg of Chl)"" h™", respectively. It is clear that
the absence of Y80 does not significantly affect the rate of light-
induced flavodoxin reduction, but the removal of the entire
C-terminus results in a significant loss of activity. In all cases,
the native PS I and reconstituted P;yy-Fx/variant PsaC/PsaD
complexes retain between 90 and 95% of their original steady-
state rates of flavodoxin photoreduction for at least 48 h when
kept under strictly anaerobic conditions (Table 1).

The [4Fe-4S] clusters in unbound PsaC are sensitive to
degradation by dioxygen as a result of insufficient shielding by
protein (/4). When docked onto PS I cores in the presence of
PsaD, the [4Fe-4S] clusters of PsaC are stable in the presence of
dioxygen. However, the PsaC variant proteins may not bind in a
native configuration to P;oy-Fx cores, and the F and Fp clusters
in P;gp-Fx/variant PsaC complexes may therefore retain some
sensitivity to oxidative denaturation. To test this idea, steady-
state rates of light-induced flavodoxin reduction were measured
at several time points during a 48 h dark exposure of the original
samples to atmospheric dioxygen (Table 2). Over the course of a
48 h exposure, 95 and 90% of the original rate of flavodoxin
reduction are retained in native PS I complexes and reconstituted
Pg9-Fx/PsaCy/PsaD complexes, respectively. In contrast, only
20% of the original rate of flavodoxin reduction is retained in
reconstituted P7q-Fx/R52A¢/PsaD complexes over the same
time period. The decline is even more pronounced in P7yo-Fx/
R65A¢/PsaD complexes, which retain only 10% of the original
rate of flavodoxin reduction after 32 h. The greater sensitivity of
the R65A¢ variant compared to the R52Ac variant correlates
with the spectroscopic data described earlier.

Over the course of a 48 h exposure, 70 and 50% of the rate of
flavodoxin reduction are retained in P7qy-Fx/Y80A/PsaD and
P100-Fx/PsaCc_erm/PsaD complexes, respectively. Thus, the ab-
sence of the C-terminal contacts of PS I-bound PsaC renders the
Fa/Fg clusters sensitive to oxidative denaturation, although the
effect is less pronounced than when one of the symmetric ionic
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Table 2: Steady-State Rates of Flavodoxin Photoreduction Measured for P,g-Fx/Variant PsaC/PsaD Complexes Described in Table 1 after Exposure to

Atmospheric Oxygen at 4 °C in the Dark®

rate of flavodoxin photoreduction [#mol (mg of Chl) ™' h™]

complex 0h 16 h 32h 48 h
native PS I 435 450 445 440
P700-FX core 0 0 0 0
P700-Fx/PS‘dCWT/PSB.D 350 350 335 325
P1oo-Fx/R52A¢/PsaD 255 170 100 55
P200-Fx/R65A /PsaD 120 55 15 0
P1oo-Fx/Y80A/PsaD 305 250 25 210
P100-Fx/P5aCrm/PsaD 180 160 135 95

“The original samples were exposed to dioxygen for 48 h after being kept under strictly anaerobic conditions. The 0 h time point corresponds to the 48 h time

point of Table 1.

contacts is missing. Hence, although the H-bonds from Y80¢
do not affect the binding of PsaC, they play a role in stabilizing
PsaC by protecting the [4Fe-4S] clusters against denaturation by
dioxygen.

DISCUSSION

Altered Charge Recombination Kinetics. With one excep-
tion, the reconstituted PS I complexes with variant PsaC proteins
exhibit slower charge recombination kinetics between P¢ " and
[Fa/Fg]™ than the wild type. Before we discuss the details of
recombination kinetics, we briefly review the parameters that
govern the rate of electron transfer in proteins. According to
Marcus theory, the rate of electron transfer between a donor and
acceptor pair is a function of two independent parameters (25).

One parameter is the Franck—Condon factor, which relates the
change in Gibbs free energy between the donor—acceptor pair,
the reorganization energy, and the temperature to the rate of
electron transfer. The time-resolved optical experiments reported
here were conducted at a constant temperature. The reorganiza-
tion energy is assumed to be a relatively constant 0.7 eV in
proteins, although a value of 1.0 has been estimated for the
kinetics of electron transfer from A; to Fx (26). The change in
Gibbs free energy depends on the midpoint potentials of Fy and
Fa/Fg, which in turn depend on the protein environment.
Although the function of the protein environment in modulating
the midpoint potentials of iron—sulfur clusters is incompletely
understood, solvent accessibility and the orientation of charged
amino acids around the cluster are thought to play a major
role (27). It should be noted, however, that the charge recombina-
tion kinetics between Py " and [Fa/Fg]™ represents a more
complicated situation than simple electron transfer between a
donor—acceptor pair. The process most likely involves quasi-
equilibrium between the electron acceptors and in the wild type
proceeds by thermal repopulation of Fx~ and most probably
Aia /Aig (28, 29). The rate of recombination is driven by the
AG between Fy~ and [Fo/Fg] , by the AG between Ajx /A~
and Fx ', and by direct electron transfer from A;n /Ajg~ to
Poo ", with the necessary precondition of quasi-equilibrium
between the redox pairs. A change in rate in a Pyqy-Fx/variant
PsaC complex may thus reflect a change in AG, which is just
another way of stating an equilibrium constant with its attendant
forward and backward rate constants. Thus, an altered reduction
potential of the iron—sulfur clusters would result in a different
rate of thermalization of the electron acceptor chain, manifest in
this study as a slower rate of charge recombination of [Fa/Fg]~
with P7()0+ .

The other parameter is the matrix coupling element, which
relates the distance between the donor—acceptor pair to the rate
of electron transfer. The edge-to-edge distance between the
donor—acceptor pairs has a profound influence on the rate of
electron transfer; in proteins, there is a predicted 10-fold change
in the rate for every 1.7 A change in distance (30). The PS T crystal
structure (Protein Data Bank entry 1JB0) shows that Fx and Fa
are located ~15 A (center to center) from each other, a distance
that ensures a fast rate of forward electron transfer relative to the
rate of charge recombination between P;o * and Fx . A longer
distance would result in a slower rate of electron transfer between
[Fa/Fg]” and Fyx, which would result in a slower rate of
thermalization of the electron acceptor chain. This would also
manifest itself as slower rate of charge recombination of [F5/Fg] ™~
with P 700+ .

In the absence of structural information for the P;p0-Fx/
variant PsaC complexes, it is difficult to attribute the altered
charge recombination rates to a change in AG or a change in
distance. Given that the mutations introduced into PsaC affect
its binding to the PsaA/PsaB heterodimer as shown by low-
temperature EPR spectroscopy, and given the exceedingly high
sensitivity of electron transfer rate to distance, the alteration in
the charge recombination kinetics of reconstituted PS I com-
plexes may result from a subtle change in the distance between Fy
and F,/Fp as well as from a change in the redox potential(s) of
the iron—sulfur clusters.

Analysis of Contacts between PsaC and the PsaA|PsaB
Heterodimer. One unexpected finding was that the replacement
of a positively charged Lys residue with a neutral Ala residue
influences the magnetic coupling of the iron atoms within the
affected [4Fe-4S] cluster of the K51A( variant, leading to the
appearance of an S > */, ground spin state. Although the factors
that govern the coupling of the ferrous and ferric atoms in [4Fe-
48] clusters are incompletely understood (see refs (37) and (32) for
reviews), the protein environment plays a crucial role in deter-
mining the most energetically favorable ground spin state. It has
long been known that when the second cysteine residue in the
CxxCxxCxxxCP motif that ligates the [4Fe-4S] clusters in PsaC is
missing, an S > '/, ground spin state occurs (33). One way to
accomplish this is to substitute a Ser or an Asp residue for the
Cys residue (34, 35); another is to substitute a Gly residue, with
the result that 2-mercaptoethanol is retained when a synthetic
[4Fe-4S] cluster is inserted into the E. coli-expressed PsaC
apoprotein (22, 36). Because there are no nearby Ser or Asp
residues available to serve as a substitute ligand, we suggest that
the substitution of Lys for Ala in position 51 has altered the
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protein folding such that a 2-mercaptoethanol is retained during
the ligand exchange process. The implication is that one of
the protein-bound Cys residues, which would normally displace
the 2-mercaptoethanol, is unable to do so for steric reasons. The
altered ground spin state could therefore reflect an altered three-
dimensional structure, which in the case of K51Ac would be
sufficiently different from native PsaC to preclude binding to the
PsaA/PsaB heterodimer. Additionally, if the 2-mercaptoethanol
were to provide the ligand to one of the iron atoms, its presence
may sterically hinder the binding of the variant to the PsaA/PsaB
heterodimer.

R65¢ is involved in the remaining four of the five symmetry-
related ionic contacts with PsaB (/4). The absence of electron
transfer between Fx and F5 when R65A¢ is added to Prgp-Fx
cores demonstrates the importance of these crucial binding
contacts. The loss of electron transfer can be attributed to altered
binding or, alternatively, to a complete inability of R65A¢ to
bind to P-oy-Fx cores. The former would involve either increasing
the distance between Fx and F or altering their redox potentials
such that charge recombination between Py, and Fx~ would
outcompete forward electron transfer from Fx~ to F/Fp. The
addition of PsaD to P;yy-Fx/R65A¢ complexes results in a weak
set of EPR resonances from F /Fg~, but they are only visible
after a multiple-turnover photoaccumulation protocol. It is
possible that in a small fraction of the reconstituted PS I
complexes, PsaD clamps R65A¢ tightly onto the P,y-Fx core,
thereby decreasing the distance between Fx and F, or altering
their redox potentials, thereby allowing forward electron transfer
to outcompete charge recombination.

R52¢ participates in five ionic bonds with PsaA and is
responsible for one-half of the symmetry-related contacts be-
tween PsaC and the PsaA/PsaB heterodimer (/4). Unlike the
complex with R65¢, the Prop-Fx/R52Ac complex is able to
support electron transport to Fp and Fg, albeit with a charge
recombination rate slower that that of native PS I complexes.
Interestingly, the addition of PsaD imparted native PS I-like
properties to a significant fraction of the P7go-Fx/R52A¢ com-
plexes. In the 2.5 A X-ray crystal structure of PS I (Protein Data
Bank entry 1JB0), the C-terminus of PsaD has extensive inter-
actions with the N-terminus of PsaC, which is positioned very
close to the F cluster (71, 14). Because R52¢ is part of the F4-
coordinating CxxCxxCxxxCP motif, it seems possible that the
absence of the PsaC—PsaA contacts is compensated to some
degree by the extensive PsaC—PsaD contacts.

Computational studies involving a geometric simulation algo-
rithm have predicted that the C-terminus of PsaC binds first to
the specific binding pocket on PsaB (20). The algorithm simulates
large-scale motions in proteins and was used to provide a
snapshot of possible intermediates in the binding of PsaC. It
was proposed that Y80 is critical to the binding process, given
that it forms two of the three symmetry-breaking hydrogen bonds
with PsaB (20). However, on the basis of our studies, it appears
that Y80 is not essential for PsaC binding, although it may add
to the strength of the interactions between the C-terminus of
PsaC and PsaB.

It has also been proposed that hydrophobic interactions
between a Gly-Leu-Ala-Tyr sequence on the C-terminus of PsaC
and a Pro-Val-Ala-Leu sequence on PsaB drive the binding of the
two subunits (14, 21). A PsaC variant that lacks the C-terminus
(residues 71—80) still binds to P;oo-Fx cores, although the
reconstituted P7gp-Fx/PsaCc.erm complexes exhibit markedly
slower charge recombination kinetics than native PS I complexes.
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The C-terminus of PsaC is longer than in typical bacterial
dicluster ferredoxins and is proposed to be involved in the initial
stages of PsaC assembly, wherein it locates the hydrophobic
binding pocket on PsaB (74, 21). It appears from our studies that
the interactions between PsaB and the C-terminus of PsaC are
necessary to attain a native conformation. We therefore conclude
that the symmetric ionic bonds in the vicinity of the Fx cluster
are by themselves not sufficient for PsaC to bind in a native
configuration on the P5((-Fx core.

Factors Contributing to the Oxygen Stability of PS
I-Bound PsaC. (i) Structural Features. It has been pro-
posed that the sensitivity to dioxygen of the [4Fe-4S] clusters
in unbound PsaC is a result of inadequate shielding at its
N-terminus, which is positioned perpendicular to the pre-C-
terminus (residues 62—68) and away from the F4 cluster (14, 16).
In PS I-bound PsaC, the N-terminus is parallel to the C-terminus
and positioned closer to the F, cluster. It forms an antiparallel
p-sheet with the pre-C-terminus, a motif typical of most bacterial
dicluster ferredoxins (37). Because of the long C-terminal exten-
sion, the pre-C-terminus of PsaC is the only region that corre-
sponds to the C-terminus of typical bacterial ferredoxins. It
should be noted that the N-terminus of PsaC contains a minor
extension of two amino acids when compared to typical dicluster
ferredoxins. The rearrangement of the N-terminus has been
predicted to provide better shielding to the F cluster and prevent
oxidative degradation of the [4Fe-4S] clusters in PS I-bound
PsaC (14). To the best of our knowledge, the [4Fe-4S] clusters in
all known dicluster bacterial ferredoxins are oxygen-sensitive.
The antiparallel 3-sheet between the N- and C-termini is present
in the dicluster ferredoxins from Clostridium pasteurianum and
Peptococcus aerogenes (38, 39), yet their [4Fe-4S] clusters degrade
rapidly under aerobic conditions (40, 47). Their structures
(Protein Data Bank entries 1CLF and 1DUR) (Figure 5A,B)
show that a bridging u-sulfido atom of the Fa-like cluster is
solvent-exposed despite the proximity of the N-terminus and thus
may be susceptible to oxidation by dioxygen (42). The F cluster
in unbound PsaC (Protein Data Bank entry 1KO0T) also contains
a bridging sulfide atom that seems to be relatively poorly shielded
by the protein (Figure 5C). It appears from the X-ray crystal
structure of PS I-bound PsaC (Protein Data Bank entry 1JB0)
that the minor extension of the N-terminus and the extended
C-terminus act as a steric barrier that prevents access and thus
stabilizes the [4Fe-4S] cluster under aerobic conditions
(Figure 5D). The 50% decrease in the light-induced rates of
flavodoxin reduction observed after the P,yo-Fx/PsaCc.ierm/
PsaD complexes have been exposed to oxygen is consistent with
the proposal that the C-terminus plays a role equally as im-
portant as that of the N-terminus in the oxygen stability of the
[4Fe-4S] clusters. In the absence of the extended C-terminus, the
structure of PsaC in the vicinity of the F, cluster is likely very
similar to typical dicluster ferredoxins, with the bridging sulfide
atom relatively more solvent exposed.

(ii) Binding Interface. This study shows that the extensive
network of symmetric ionic contacts and asymmetric hydrogen
bonds is necessary for positioning PsaC on the PsaA/PsaB
heterodimer so as to support high rates of electron transfer from
P+oo to the Fa/Fp clusters. These contacts also ensure that the
association between the protein subunits is extremely tight,
thereby rendering the binding interface inaccessible to solvent
and/or dioxygen. The latter would serve as an electron acceptor,
and its ability to oxidize the bridging u-sulfido atoms would
initiate the degradation of the [4Fe-4S] clusters in PsaC (42).
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FiGure 5: Structures of (A) C. pasteurianum ferredoxin (Protein Data Bank entry 1CLF), (B) P. aerogenes ferredoxin (Protein Data Bank entry
1DUR), (C) unbound PsaC (Protein Data Bank entry 1K0T), and (D) PS I-bound PsaC (Protein Data Bank entry 1JB0). The termini (N- and C-)
and the solvent-exposed bridging u-sulfido atoms (S) are indicated. The view for PS I-bound PsaC is shown from the perspective of the Fx cluster.
The F4 cluster in PS I-bound PsaC is likely protected against oxidative degradation by three features: a minor N-terminal extension of two amino
acids, the extended C-terminus, and the tight binding of the protein with the PsaA/PsaB heterodimer.

In support of this idea, the P;y-Fx/variant PsaC/PsaD com-
plexes supported lower rates of flavodoxin photoreduction after
exposure to dioxygen, most likely due to the degradation of the
Fa and Fy clusters. The altered binding of the variant PsaC
proteins may not provide the level of shielding at the PsaC—
PsaA/PsaB interface that is required to protect the [4Fe-4S]
clusters from dioxygen.

The F, cluster may be more sensitive to oxidative denatura-
tion than the Fy cluster, if only because the latter appears to be
better shielded by protein (/6). Because all of the symmetric ionic
contacts between PsaC and the PS I core are formed in the
vicinity of the F, cluster, the removal of these contacts may
render this [4Fe-4S] cluster particularly susceptible to oxidative
denaturation. The absence of R65¢ shows the strongest effect; the
reconstituted P7p-Fx/R65A¢/PsaD complexes lose their ability
to reduce flavodoxin at a faster rate than the other PsaC variants.
The degradation of the F 5 /Fj clusters should proceed even faster
in a living cell that is actively engaged in photosynthesis and is
thus supersaturated with dioxygen.

In work that was conducted prior to the elucidation of the
2.5 A X-ray crystal structure of PS I, Fischer and colleagues (43)
addressed the role of K52 and R53¢ in a series of PsaC variants
generated in vivo in Chlamydomonas reinhardtii. They found that
the K52Sc/R53A¢ double mutant accumulated PS I to 30% of
wild-type levels while the K52Sc/R53D¢ and K52P¢/R53D¢
double mutants resulted in a strong destabilization, and hence
little accumulation, of PS I. The in vivo generated K52S¢/R53A¢
and K52S¢/R53D¢ mutants in Ch. reinhardtii were photosensi-
tive when grown aerobically but could grow photoautotrophi-
cally under anaerobic conditions (43). It was proposed that
solvent accessibility is important for the stability of the iron—
sulfur clusters, which are denatured by oxidizing substances
such as superoxide (43). Our data support a similar mechanism

involving oxidative denaturation except that because the loss of
electron transfer throughput occurs in the dark, dioxygen is
the denaturant rather than superoxide. We further speculate that
organisms with mutations on PsaA or PsaB that are unable
to grow photoautotrophically may have similarly lost the tight
interface with PsaC due to subtle changes in their three-
dimensional structure(s) (see ref (44)).

The purpose of the extraordinarily tight binding interface
between PsaC and the PsaA/PsaB heterodimer in excluding
oxygen is also consistent with an analysis of its homologues in
homodimeric type I reaction centers of anoxygenic phototrophs.
In Heliobacterium modesticaldum, PshB is bound to the PshA
homodimeric core without the extensive ionic contacts present
between PsaC and the PsaA/PsaB heterodimer (45). The same is
the case for the binding of PscB to the PscA homodimeric core in
Chlorobium tepidum (46), although a PsaD-like subunit (PscD)
has been proposed to stabilize PscB on the membrane core (47) .
These PsaC equivalents are loosely bound and are dissociated
from the homodimeric reaction centers at relatively low ionic
strengths (48, 49). The critical difference is that unlike plants and
cyanobacteria, Chlorobium and heliobacteria are strict anae-
robes. The PsaC analogues PscB and PshB would not require a
tight binding interface with the membrane-bound reaction center
core to protect their F5 and Fy clusters from denaturation by
photosynthetically generated dioxygen.

It is widely accepted that heterodimeric PS I reaction cen-
ters evolved from an ancestral homodimeric type I reaction
center (50, 51). The need to protect the F and Fy clusters from
oxidative denaturation would have occurred at the onset of an
oxygen-containing atmosphere, which according to most esti-
mates, occurred ~2.7 billion years ago (52, 53). Our proposal
is that the transition to oxygenic photosynthesis involved the
tightening of the interface between the membrane-intrinsic
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reaction center core proteins and the membrane-extrinsic diclus-
ter ferredoxin to render the latter immobile, thereby protecting
Fa and Fy against oxidative degradation. This would have been
achieved by the development of an array of charged residues
around the Fx and F/Fg clusters, thus facilitating the formation
of an exceedingly tight-binding interface between PsaC and the
PsaA/PsaB subunits. The elaboration of the PsaC subunit also
involved the addition of a hydrophobic C-terminal extension to a
preexisting bacterial dicluster ferredoxin, which oriented the
PsaC protein relative to the newly formed PsaA/PsaB hetero-
dimer and additionally ensured that the [4Fe-4S] clusters were
protected against oxidative denaturation. The unintended con-
sequence of the tight binding of PsaC is that an additional
protein, an oxygen-insensitive electron carrier, would have been
needed to transfer the electron from the acceptor side of PS I to
the proteins that require electron reduction. This would have led
to the evolution of the oxygen-insensitive [2Fe-2S] ferredoxin,
which was one of the very first electron transfer proteins to be
discovered in oxygenic photosynthesis.
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