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ABSTRACT. We have postulated that the orientation of PsaC on the photosystem | core involves electrostatic
interactions between charged residues on the core binding site and the subunit [Rodday, S. M., Jun, S.-S.,
& Biggins, J. (1993)Photosynth. Res. 3@—9]. We, therefore, changed eight acidic residues on PsaC

to arginine and examined the efficiency of the mutant subunits in the reconstitutiogeefR coresin

vitro. Reconstitution of the cores by the mutant subunits was determined by analysis of the kinetics of
recombination reactions betweenof® and reduced acceptors as measured optically. Restoration of
complete forward electron transfer, indicative of efficient subunit binding, was estimated from the ca. 30
ms decay component in the flash transients. Slightly reduced levels of reconstitution were observed for
the mutants D24R, E46R/D47R, D61R, and E72R. In contrast, mutants D9R, E27R, and D32R showed
significantly lower efficiencies. The presence of the ir@ulfur centers, fFand kg, in these three mutant
subunits was confirmed by low-temperature EPR spectroscopy indicating that the polypeptides had folded
correctly. We conclude that the introduction of positively charged side chains at positions 9, 27, and 32
seriously disrupts PsaC binding. However, when the wild-type acidic residues in these positions were
changed to alanine, only mutant D9A showed a reduced level of reconstitution, suggesting that this aspartate
is the most important residue participating in the electrostatic interaction with the core. The results are
discussed in relation to the photosystem | crystal structure and support an orientation of PsaC on the core
such that centergdris proximal to .

The primary photochemical reactions catalyzed by the PS confirmed the feasibility of the proposal which was then
I reaction center occur on a core heterodimer composed oftested experimentally. We reported thajPFx cores,
the subunits PsaA and PsaB and a small subunit, PsaC. The@repared by removal of PsaC and other small subunits by
primary donor and acceptorzg@and Ay, respectively, and  chaotrope treatment, could not be functionally reconstituted
the transient acceptors phylloquinone andréside on the  using PsaC after chemical modification of arginine residues
core, whereas the terminal acceptorgHg are located on  and tryptic cleavage of the cores (Rodday et al., 1993). These
PsaC (Golbeck, 1992, 1993). We have been engaged in aesults supported the model that was then tested more directly
detailed study of the interaction between the PsaC subunitby the site-directed mutagenesis of residues in the putative
and the core heterodimer in order to identify the binding binding site on the core (Rodday et al., 1994, 1995).
site for PsaC, the mechanism of the Ps@Gre interaction, Results obtained from two species showed that the

and, ultimately, the orientation of PsaC in the binding site. |igonucleotide-directed mutagenesis of the arginine residue
We developed a working model for the proteisubunit  occypying the central position in the Foop of PsaB resulted
interaction based upon predictions of the structure of a4 5 60% reduction of assembly of PS ISynechocystisp.
domain on the core heterodime_r in the vicinity of the F pcc 6803 (Rodday et al., 1994) and no assembly of PS I in
cluster (Rodday et al., 1993). Briefly, we proposed that the Chlamydomonas reinhardtiiRodday et al., 1995). The
two conserved regions between the cysteine ligands of the4qos-assembled PS | iSynechocystisvas found to be
Fx cluster on PsaA and PsaB (CDGPRGGTC) are two ypstable, and thia vitro reconstitution of the mutant/R—
flexible loops that form a s_urface-exposed cavity to accom- g, cores using wild-type PsaC was incomplete. A similar
modate the PsaC subunit. Molecular modeling studies jnsiapility of PS | and impaired interaction between the core
and PsaC was demonstrated @ reinhardtii when the
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J.B.) and by the National Institutes of Health (GM 30353), the Human were changed to A560, L560, and L564. Recently, Hallahan

Frontier of Science Program, the United States Department of Agri-
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versity of Connecticut Research Foundation (to H.A.F.). P576L of C. reinhar.dtii anc! obtained evidence for thg
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*Brown University. . - .
s University of Connecticut. Collectively, our results indicate that the oop in PsaB
® Abstract published irAdvance ACS Abstract#ugust 15, 1996. is involved in binding PsaC, and the mechanism of binding

" Abbreviations, DTT, dithiothreitol; IPTG, isopropyl-o-thioga- —  hropaply involves electrostatic interactions between R561
lactopyranoside; PAGE, polyacrylamide gel electrophoresis; PS |,

photosystem |; SDS, sodium dodecyl sulfate; TMPEN,N',N'- in Synechocystior the corresponding R566 i@hlamy-
tetramethylp-phenylenediamine; Tris, tris(hydroxymethyl)aminomethane. domona¥and a surface-exposed acidic domain on the PsaC
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Table 1: Design of Oligonucleotides Used for the Site-Directed Mutagenesis of PsaC

mutant wild-type codoh mutagenic oligonucleotidé@
D9R GTC BGCCGATGCAAGTGCGGTAAATCTTGACCG
D9A GTC 5GCCGATGCAAGTGGCGTAAATCTTGACCG
D24R ATC BGGGCACCATTTCCAGTACACGGAGAGGGCACGCCCG
E27R TTC BCCCAAGGCACCATTCTCAGTACATCGAGAGGGC
E27A TTC BCCCAAGGCACCATTGCCAGTACATCGAGAGG
D32R GTC B5CCGGCTTTACAGCCGCGCCAGGGCACC
D32A GTC BCCGGCTTTACAGCCGGCCCAGGGCACC
E46R/D47R ATCTTC BGCTTACAGCCCACACACCGTCGGGTTCGCGGAGAAGCAGCG
D61R GTC 5CCCGAATGCTCAAAAAGCGCGTGGGGCAAGCCG
E72R TTC BCCCATGCTGCGCGTCGTTCTGGCACCCAGGTAGACCCG

2 The nucleotide sequences are of the complementary strand bggsa@eas subcloned into the mutagenic vector in the inverted orientation.
b The site-directed changes were as underscored.

subunit. We have suggested that ion pairs between residueindly provided by Dr. J. H. Golbeck and Dr. M. P. Scott as
on the PsaC subunit and the core binding site serve to orientan insert between th&fllll and BanHl| restriction sites of a
PsaC during assembly of the PS | reaction center. Once thepET 3d vector (Novagen Inc., Madison, WI). For site-
subunits were correctly oriented, hydrophobic interactions directed mutagenesis Sal-BanH| fragment containing the
between residues on the contact surfaces of the PsaC subunjiseC insert was subcloned in the inverted orientation into
and the core binding site then stabilize the overall structure the pAlter-1 vector of the Altered Sitesih vitro mutagen-
(Rodday et al., 1994). esis system (Promega Corp., Madison, WI). The manufac-
We have now extended our experimental strategy to testturer’'s protocol using a double-stranded template was used
these proposals further by changing all the acidic residuesexactly except that electroporation was used for cotransfor-
on PsaC to arginine or alanine by site-directed mutagenesismation of Escherichia coliES 1301 after the mutagenesis
with the aim of identifying the interaction domain on PsaC. reaction. Complementary strand oligonucleotides obtained
In a preliminary report, we presented data indicating that from Operon Technologies (Alameda, CA) of the sequences
the PsaC mutant D9R was only partially effective in the shown in Table 1 were used for the mutagenesis of targeted
reconstitution of wild-type cores whereas the mutant E72R codons of acidic residues on PsaC to codons for arginine or
had a wild-type response (Biggins et al., 1995). We alanine as indicated. The mutagenic oligonucleotides were
concluded that an N-terminal domain including residue D9 purified via urea-PAGE before use, and the site-directed
is probably involved in the subunitore interaction butthe  changes were confirmed directly by dideoxy-DNA sequenc-
C-terminal extension of PsaC containing E72 is not impli- ing using Sequenase T7 DNA polymerase (USB Corp.,
cated. We now report on the complete set of PsaC arginineCleveland, OH).
mutants, D9R, D24R, E27R, D32R, E46R/D47R, D61R, and  production and Purification of Wild-Type and Mutant

E72R, and three PsaC alanine mutants, D9A, E27A, andpggC Apoproteins The mutanpsaC genes were subcloned
D32A. into pET 3d vectors and established in the expression host
E. coli BL21(DE3) pLysS for protein production. Large
MATERIALS AND METHODS scale growth of the host was conducted in 10 L batch cultures
Biological Preparations PS | was isolated from spinach ~ ©n LB medium supplemented with 3@ of ferric ammonium
according to Anderson and Boardman (1996) using high- sulfate per milliliter, 50ug of amp!c!l!ln per m|I_I|I|ter, and
grade digitonin from the Gallard-Schlesinger Industries Corp. 34.5ug of chloramphenicol per milliliter in a Microferm 14
(Carle Place, NY). The D-144 fractions were stored as fermentor (New Brunswick Scientific Co., Edison, NJ). The
pellets at-80°C. The concentration of fwas determined ~ expression opsaCwas induced using 0.4 mM IPTG, and
by difference spectrophotometry using extinction coefficients Protein overproduction was continued for 4 h (Zhao et al.,
of 64 000 Mt cmt at 700 nm (Hiyama & Ke, 1972) and  1990; Li et al., 1991). The cells were harvested, washed,
6500 Mt cm ~* at 820 nm (Mathis & Sif, 1981). Poo— and suspended in 50 mM Tris-HCI (pH 8.3) containing 10
Fx cores were prepared fresh when required by dissociation«d of DNase per milliliter and stored frozen.
of the low-molecular mass subunits from PS | using urea as  Wild-type and mutant PsaC apoproteins were purified as
described previously (Rodday et al., 1993). After urea follows. The E. coli cells were broken by three passes
treatment, the PS | preparation was passed through athrough a French pressure cell at 20 000 psi. Inclusion
Sephadex G-75 sizing column equilibrated with 50 mM Tris- bodies containing PsaC were isolated by centrifugation of
HCI (pH 8.3) to desalt the&—Fx cores and to remove PsaC  the homogenate at 76§®@r 5 min and washed three times
subunits and other small polypeptides. Functional reconsti- using 20 mM Tris-HCI (pH 8.3) and 10 mM NacCl and once
tution of the Boo—Fx cores using PsaGn wuitro was with the same buffer containing 1 M urea. The washed
performed at 4°C by modifications of the procedure inclusion bodies were then solubilized using 7 M urea, 50
developed by Golbeck and co-workers (Parrett et al., 1989, mM Tris-HCI (pH 8.3), and 10 mM DTT €100 mg of
1990; Li et al., 1991) as described previously (Rodday et protein in 10 mL) for 1 h at room temperature. The protein
al., 1993). The PS | dissociation and the extent of recon- was then diluted to a concentration . mg/mL with 7 M
stitution of Roo—Fx cores were followed by flash kinetic  urea, 50 mM Tris-HCI (pH 8.3), and 2 mM DTT (UTD
spectrophotometry as described below. buffer) and held at £C overnight. The preparation was
Plasmids and Site-Directed Mutagenesis. @s&om centrifuged at 2700 for 10 min, and PsaC protein was
Synechococcusp. PCC 6301 (Herman et al., 1994) was recovered from the dilute supernatant by ion exchange.
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Excess DEAE-Sepharose CL-6B was added to the superna- Spectroscopy Flash kinetic spectrophotometry was per-
tant at a low protein to exchanger ratio to minimize formed at either 700 or 820 hm to monitor the recombination
aggregation upon binding (¥380 umol/mg of protein, kinetics betweenf¢" and reduced acceptors following flash
typically ca. 16-20 mL packed volume) and the mixture activation using standard procedures (Hiyama & Ke, 1972;
stirred gently at room temperature for 1 h to bind PsaC. The Mathis & Seif, 1991) and apparatus and signal-processing
exchanger with bound PsaC was then recovered by low-speednethods as described (Biggins, 1990). EPR spectroscopy
centrifugation and washed once using 5 volumes of UDT was performed using a Bruker ESP300 instrument with an
buffer. The washed exchanger was then loaded onto theER 023 signal channel, an ER 032 M field controller, an
surface of an equivalent volume of DEAE-Sepharose in an ER 4102 STO standard rectangular cavity with a 100% light-
FPLC column and washed further with UTD buffer until the transmitting front flange, and an ER 041 MR bridge.
eluate was free of protein. PsaC was chromatographed usingoperating system version 9 (0S9/680) was used with a 1
UTD buffer containing 0.1 M NaCl, dialyzed against 20 mM MB base memory. An Oxford ITC4 helium temperature
Tris-HCI (pH 8.3) and 0.2% 2-mercaptoethanol, and then controller and an ESR 900 cryostat were used to achieve
frozen in aliquots (ca. 50@g/mL) for storage at-80 °C. the low temperatures. The EPR conditions were as fol-

We found that the above procedure could not be used forlows: field modulation frequency, 100 kHz; field modulation
purification of the PsaC double mutant E4A6R/D47R because arnphtude, 14.2 G, r(:alcé‘ewer gam,x’Ll_OG; sv_veepg(r)nz{,aZO.W q
it had a much higher tendency to aggregate, particularly S; time constant, 5.12 ms; conversion time, 20.48 ms; an
during elution on the anion exchange column. Therefore, temperature, 10 K. All spectra were the average of 10 scans.
inclusion bodies isolated from the E46R/D47R mutant were RESULTS
solubilized in 6 M guanidine hydrochloride, 50 mM Tris-
HCI (pH 8.3), and 10 mM DTT at a concentration of 10 mg
of protein per milliliter. After centrifugation at 270@dor
10 min to remove the insoluble material, a sample (30 mg
in 3 mL) was loaded onto a Superose 12 sizing column (2.5
x 40 cm) equilibrated with UDT buffer and eluted with the L
same bui‘fe(rqataflow rate of 0.5 mL/min. The E46R/D47R acceptor(s), kiFs, by flash kinetic spect_rophotometry at
mutant PsaC eluted at ca. 1.5 void volumes. The concentra-{oof' fir;‘;?Sr?gjcrghbT;‘:;‘?gzag?;isbg&Zalliﬁ,s;ﬁgv g((_j a
tion of urea was then lowered gradually by stepwise dialysis 2 inatl lon b R .
versus 6, 4, 2, and 1 M urea and finally against 50 mM Tris- (Parrett et al., 1989), and reconstitution of the cores using

HCI (pH 8.3) and 0.2% 2-mercaptoethanol. We found that \évllgj:-ttr)(/)%etrl:;iasfcerrzssusltf?gvyr: EOTepI?atgerrisgr?{ itflggec:)flfgrzward
it was essential that the protein concentration be less than 5 yrep

. . . : . “ms decay kinetics with a 30 ms component (Zhao et al., 1990;
/mL before dialysis to avoid aggregation of the protein | . . .
ﬁgring removal ofythe chaotrope.ggTh% purity of th(leo wild- Lietal, 1991). The optical transients observed (not shown)

) - were similar to those reported previously with regard to
E/Xgénd mutant PsaC apoproteins was verified by SDS signal to noise ratio and decay kinetics (Rodday et al., 1993,

o 1994, 1995). As shown in Figure 1, complete reconstitution
Large Scale Reconstitution of;fgg—Fx Cores for EPR of the Po—Fx cores required an excess of 35 wild-type
Spectroscopy PS | equivalent to 1 mg of chlorophyll was  psaCs per reaction center for the assay conditions used. The
treated with 7 M urea (3 mL final volume) for 1.5 h at room  effectiveness of the mutant PsaC subunits in the reconstitu-

temperature and then passed down a Sephadex G-100 sizingon of P,os—Fx cores was compared with that of wild-type
column (2.5x 40 cm) to remove excess urea and the low- psaC, and the data (Figure 1) represent the entire experi-
molecular mass subunits that had dissociated fromthe-P  mental results obtained involving manyFx core samples

Fx cores. The Ro—Fx cores were then diluted to 50 mL  and several productions of the wild-type and mutant PsaC
using 50 mM Tris-HCI (pH 8.3) including 5 mg of wild-  apoproteins. All seven PsaC arginine mutants promoted
type or mutant PsaC apoprotein of interest and placed in alower levels of functional reconstitution of the cores in
50 mL Amicon protein concentration apparatus fitted with comparison to the wild-type PsaC, but they fell into two
a YM-100 membrane. The cap of the cell was retrofitted distinct categories shown in the two panels of Figure 1. The
with a port (Swagelock) which could accept either a serum mutants D9R, E27R, and D32R (Figure 1, left panel) showed
cap to facilitate the introduction of reagents during low- significantly lower levels of reconstitution and a final value
pressure purging of the reactants with inert gas or a steelof ca. 60% of that of the wild-type PsaC. These mutants
plug for the high-pressure concentration of the product after also saturated at about 35 subunits per reaction center. The
protein folding, FeS cluster insertion, and reconstitution of right panel of Figure 1 shows the response of the second
the cores. Prior to protein folding and cluster insertion, the category of PsaC mutants, D24R, E46R/D47R, D61R, and
reconstitution mixture was flushed with argon for 1 h and E72R, which promoted a much higher level of reconstitution.
the following reagents were then added at 30 min intervals: The final level of reconstitution of these four PsaC mutants
0.3% 2-mercaptoethanol, 150 FeCk, and 15«M Na,S. was generally between 80 and 90% of that of the wild type;
The reaction mixture was stirred anaerobically overnight at however, we frequently observed wild-type responses for
room temperature. The mixture was concentrated to 10 mL, E72R and D24R, whereas D61R was always the least
adjusted to 0.1 M glycine (pH 10.3) using a 1 M stock effective. We consider these mutants (Figure 1, right panel)
solution, and concentrated further to 1 mL. Samples were to be basically wild type, and the slightly reduced level of
transferred anaerobically to EPR tubes, reduced using 2 mMreconstitution of the Bo—Fx cores by these mutants might
sodium hydrosulfite, frozen in liquid nitrogen, and stored at be caused by minor changes in the tertiary structure of the
—80 °C. holoproteins affecting binding and reaction center stability.

Reconstitution of Wild-Type/i—Fx Cores Using Mutant
PsaC Subunits with Arginine Replacement$ie interaction
of the mutant PsaC subunits with the.f>Fx core was
determined by measuring the extent of the recovery of the
recombination reaction between;f® and the terminal
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Ficure 1: Reconstitution of Ro—Fx cores by wild-type PsaC and PsaC arginine mutants. Reconstitution was measured by flash kinetic
analysis to determine the recombination reactions betwegh &d the acceptors(F and R ~/Fg~ after a flash. The percent reconstitution

was estimated from the signal amplitude of the ca. 30 ms component of the absorption transients representing the extent of restoration of
the Rogt—Fa~/Fg~ recombination. The samples contained-1@ xg of chlorophyll per milliliter, 5 mM ascorbate, 1M TMPD, and

PsaC protein as indicated. Left pané);, wild type; ®, DOR; v, E27R; andll, D32R. Right panel:O, wild type (data as in left panel®,

D24R; v, E46R/DA7R A, D61R; anda, E72R.

Table 2: Reconstitution of &—Fx Cores by PsaC Alanine - E §
Mutant$ - -

PsaC mutant % reconstitutidn
D9A 71.7+ 3.4

E27A 95.1+ 2.1 ____/
D32A 95.8+ 2.0 wT /,//

a Experimental conditions as noted in the legend to FigureThe
values listed are for saturating concentrations of mutant PsaC protein. D32R

In contrast, the three PsaC mutants shown in the left panel
of Figure 1 promoted significantly reduced levels of recon-
stitution that could be caused by factors such as a major
change in PsaC protein conformation, an alteration in the R S S
FeS ligand motifs affecting the assembly of the FeS centers, 3000 VI 3800
or a change in the binding of PsaC to thgsPFx core. agnetic fleld streng!

Reconstitution of Wild-Type;R—Fx Cores Using Mutant FiGuRe 2: Low-temperature EPR spectra ofrobFx  core

X ) : preparations reconstituted with wild-type (WT) PsaC and three PsaC

PsaC Subunits with Alanine ReplacementBhe results  arginine mutants as indicated. The signals inglve 2.00 region
above show that the introduction of positively charged were removed from the spectra for clarity. The EPR conditions
residues at positions 9, 27, and 32 resulted in a much reducedvere as described in Materials and Methods.
ability of the PsaC subunits to reconstitutgd™>Fx cores.

The experiments were then extended to determine whetherand D32R which show significantly lower levels of restora-
the loss of negative charge alone at each position wastion of electron transfer function, as determined in the core
significant. The acidic residues at positions 9, 27, and 32 reconstitution assay, were deficient in the FeS redox centers,
were, therefore, changed to alanine, and the resulting PsaGr, and kg, was tested directly by conducting EPR spectros-
mutants were tested in the core reconstitution assay. Thecopy on the holoproteins after protein folding and cluster
results in Table 2 show that the mutants E27A and D32A insertionin vitro. Figure 2 shows low-temperature EPR
were similar to wild-type PsaC whereas D9A reconstituted spectra of Ro—Fx cores reconstituted using wild-type and
ca. 70%, a level slightly higher than that for D9R (Figure 1, mutant PsaC subunits in the absence of PsaD. These
left panel). This indicates that the reconstitution ofoP conditions were identical to those used for the preparation
Fx cores by PsaC requires the negatively charged side chainof samples for flash kinetic measurements but on a larger
at position 9 in the subunit, but not at positions 27 and 32. scale followed by concentration of the material and chemical
However, the introduction of positively charged residues at reduction using hydrosulfite at pH 10.3. The EPR spectra
positions 27 and 32 interferes with the reconstitution. of the preparations reconstituted with the mutants D9R,
Verification of the Insertion of the /=g Centers in the E27R, and D32R are very similar to those of wild-type PsaC
Mutant PsaC Holoproteins by EPR Spectroscopihe with clearly defined high-field resonances due to theaRd
question of whether the three PsaC mutants, DIR, E27R,Fg clusters ag = 1.888 and 1.910, although thyenisotropy
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is less resolved than that seen in previously published spectra
of the same PsaC clone in the absence of PsaD [in Li et al.
(1991), see Figure 7B]. These control experiments confirm
that the s and Fg clusters were successfully introduced into
the three mutant PsaC proteins, and the inability of the three
mutant subunits to fully reconstitute;do—Fx cores was,
therefore, not a result of major changes in the conformation
of the proteins. We conclude that the observed decreases
in the level of reconstitution by the mutant PsaC subunits
reflects a reduced ability of the subunits to bind to theP

Fx core. Ficure 3: Tertiary structure of the ferredoxin &. aerogenesis
a simulator for PsaC showing the main chain and the two FeS
DISCUSSION centers. The left view shows the orientation of the subunit with

The results presented show that, when the PsaC residuehe cluster analogous toxFproximal to  on the PS | core as
D9, E27, and D32 were changed to arginine by site-directed proposed by Kamlowski et al. (1995). The representation on the

. S - — right is a—90° y-axis rotation of the left structure. The two views
mutagenesis, thix vitro reconstitution of Pho—Fx cores by 5respond to the irregular triangle (left) and vertically aligned

the mutant subunits was significantly reduced. This suggests(right) arrangement of the FeS centers shown by Krauss et al.
that the acidic side chains at positions 9, 27, and 32 on the(1993). The residue numbers shown are the predicted PsaC positions

subunit may be involved in the mechanism of PsaC binding. based upon sequence alignment.
However, when the same three residues were changed to
alanine, only the mutant D9A showed a reduced level of
reconstitution. We interpret these results to indicate that the
presence of a negatively charged residue at position 9 is
required in the mechanism of binding PsaC to the core.
However, the introduction of an arginine residue at position
27 or 32 reduces then wuitro reconstitution of the core
presumably because the large positively charged side chain
in the interaction domain causes sufficient charge repulsion
to disrupt the favorable ion pairing between D9 and the core. 'y

The mutation of additi_onal residues in this domain to arginine FicUre 4: Tertiary structure of the ferredoxin & aerogeness

and the study of multiple mutants such as D9R/E27R would 5 simulator for PsaC shown with the cluster analogous go F
be desirable to clarify this point. Nevertheless, the findings proximal to F on the PS | core as proposed by Kamlowski et al.
are consistent with and complement our previous report on (1993). The representation on the right i$-80° y-axis rotation of

the effect of the structural change R561E on thddep of the structure shown on the left. Residue numbering is as in Figure
PsaB inSynechocystisp. PCC 6803 (Rodday et al., 1994).
The R561E mutation resulted in a phenotype with an unstable

PS | reaction center, and the mutangPFx core failed to li . b | dth d
reconstitute using wild-type PsaC. The two results provide crystallinec-axis (membrane .”0”“"?‘)' and they proposed two
) models for the absolute orientation of PsaC on the PS |

strong evidence that electrostatic interactions between spe- : . .
i ! o o reaction center. Their models depict two cases for when
cific negative charges on PsaC and a specific arginine on

= . ; either R or R is proximal to K, but they were unable to
':Dhse IP’OO Fx core play an important role in the structure of distinguish between the two possibilities because °180

In a recent report (Biggins et al., 1995), we presented the rotation around thez-axis of the subunit gave the same set

results of computer modeling of the interaction between PsaCOf angles. o ]
and the Ry—Fx core using the atomic structure of the  We now relate our results of the site-directed mutagenesis

ferredoxin ofPeptococcus aerogen¢ddman et al., 1972) of PsaC presen_ted above to the two models of Kamlowski
as a simulator for the PsaC subunit. The coordinates andet al- (1995). Figures 3 and 4 show the backbone structure
distances between the three FeS centgfBsFand K were of the P. aerogenederredoxin as a simulator for PsaC
obtained from the 6 A crystal structure of PS | (Krauss et aligned with either k (Figure 3) or fs (Figure 4) proximal

al., 1993). Although PsaC contains an eight-residue insertt0 Fx in the two orientations proposed by Kamlowski et al.
between strands three and four and a C-terminal extension(1995). For each orientation, we present two views, one
the overall protein fold is most likely very similar to that of ~ corresponding to the irregular triangle formed by the three
P. aerogenesferredoxin and other soluble ferredoxins FeS centers (view direction perpendicular to the-Fa/Fs
(Fukuyama et al., 1988; Kissinger et al., 1991) because thePlane) and the other corresponding td 96tation around
cysteine ligand motifs for the two 4Fe4S clusters are the the y-axes such that the three FeS centers align vertically.
same and the distance between the clusters is identical. The hese views correspond exactly to the two arrangements of
modeling results confirmed the possibility of several favor- the three FeS centers shown in t_he 6 A crystal structure of
able interactions between the arginine residues in the putative®S | [in Krauss et al. (1993), see Figure 4]. The eight-residue
binding site and predicted acidic residues on the surface ofinsert present in PsaC most likely enlarges the loop between
PsaC, and they were observed for both orientations of theStrands three and four.

subunit, placing either &or Fz adjacent to k. Recently, Examination of these two figures shows that positions 9,
Kamlowski et al. (1995) analyzed single crystals of PS | by 27, and 32 are localized on a surface-exposed domain in the
low-temperature EPR and experimentally determinedgthe vicinity of the N-terminal FeS cluster which has been shown

FB

27

tensor orientations of the FeS centers with respect to the
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to be center g of PsaC (Zhao et al., 1992). The domain is Residues E27 and D32 are two of the eight residues in the
on the face of the subunit opposite the two one-tutmelices. loop that was deleted by Naver et al. (1996), and they
We have presented a strong case for the involvement of R561suggested that these charged residues may be involved in
of the PsaB interhelical loopS{ynechocysti$803) in the ion pairing with an arginine residue on the core and face
interaction with PsaC (Rodday et al., 1994), and assuming the thylakoid membrane. Our results with the PsaC arginine
ion pairing occurs between this residue and one or more mutants are in agreement with their observations and point
acidic residues on the subunit, then the results of the to the domain containing E27 and D32 being in the contact
mutagenesis experiments reported here are consistent wittregion with the core binding site. However, our observations
orientation of PsaC on the core such thati$proximal to with the corresponding alanine mutants, E27A and D32A,
Fx as shown in Figure 4. We have demonstrated that suggest that the negative charges provided by the side chains
conversion of residues 9, 27, and 32 to arginine interferes at positions 27 and 32 are not required for PsaC binding. It
with the reconstitution of PsaC on the core, and we proposeis not known for the mutants E27A and D32A whether the
that this is due to the inability of mutant PsaC subunits to residual negative charge at the other position may be
form favorable ion pairs with residues in the binding site. important. Clearly, the construction and examination of the
Examination of the positions of residues 9, 27, and 32 relative double mutant E27A/D32A could settle this point.
to Fx indicates that such negative interactions would occur  The question of whethersFor Fs is proximal to F and
readily for the orientation of PsaC shown in Figure 4. details of forward electron transfer through the centers of
However, rotation of the PsaC subunit 8Jong the axis  the PsaC subunit are presently unresolved. If electron
of the two FeS clusters so that 5 proximal to K (Figure transfer through the PsaC redox centers is serial, then placing
3) positions residues 9, and 27 and 32 in particular, beyond center s proximal to the core clusterxFis compatible with
any possibility of interaction with eithergFinterhelical loop  expectations based upon the redox potentials of the centers
on the Roo—Fx core [in Biggins et al. (1995), see Figure 1]. (Evans et al., 1974) and the greater extent of photoreduction

Although all three PsaC arginine mutants showed a of F, over F at cryogenic temperatures. On the other hand,
reduced level of reconstitution of the;lf?-Fx core, the  reports on the effects of the selective destruction of the center
conversion of the same residues to alanine revealed that onlyrg using modifiers such as ure#erricyanide (Golbeck &
D9A was impaired in interacting with the core. This suggests Warden, 1982) or mercurials (Kojima et al., 1987; Fuijii et
that the loss of negative charge at position 9 is critical, and al., 1990; Sakurai et al., 1991; He & Malkin, 1994; Jung et
therefore, D9 in wild-type PsaC is probably the most al., 1995) indicate that/is proximal to . The treatments
important residue in forming electrostatic interactions with ysed to selectively destroy one of the PsaC centers all result
the Poo—Fx core. At this stage, we cannot claim that D9 of in the destruction of & implying that this center may be
PsaC pairs specifically with an arginine in eithex F closer to the reaction center surface facilitating attack by the
interhelical loop, but this possibility is being tested by reagents. The cluster modification experiments also show
compensatory experiments in progress using the PsaCihat F can be photoreduced in the absence gftfut R is
mutants D9A, D9R, E27R, and D32R in reconstitutions with required for NADP photoreduction (Fujii et al., 1990; He
the PsaB core mutant R561E studied previously (Rodday et& Malkin, 1994; Jung et al., 1995). In the most recent study,
al., 1994). Jung et al. (1995) reported that rebuilding theckister after

We suggested that, following alignment of the PsaC destruction resulted in restoration of NADPhotoreduction
subunit on the Ro—Fx core by the electrostatic interactions and concluded that their data provided circumstantial evi-
discussed above, the overall structure be stabilized bydence for placing k£ proximal to K. The collective
hydrophobic interactions between residues on the contactstructural information we have presented in this report and
surfaces of the subunit and the core (Rodday et al., 1994). Itelsewhere (Rodday et al., 1994, 1995) is consistent with
is noteworthy that the orientation of the PsaC subunit shown grientation of PsaC on the reaction center core as shown in
in Figure 4, which is supported by the mutagenesis results Figure 4 with cluster f proximal to F, but the most
presented here, also aligns the structure such that 1ldefinitive evidence may only be forthcoming following

hydrophobic residues of PsaC are positioned on the lowerincreased resolution of the PS | crystal structure itself.
surface of the subunit adjacent to the core. These residues
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