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ABSTRACT. Recombinant PsaC was reconstituteditro and investigated by UV/vis, EPR, afid NMR
spectroscopy. Its UV/vis and EPR spectroscopic properties correspond to those of the wild-type protein.
Fast repetition 1D and 2EH NMR spectra allowed the sequence-specific assignment of the hyperfine-
shifted proton resonances of the cluster-ligating resonances, taking advantage also of chemical shift analogies
with other 4 and 8 Fe ferredoxins and a structural model for PsaC. Th€g&-S—Fe dihedral angles

of the cluster ligands could be estimated from the chemical shifts and relaxation properties BCtHeir
protons. All NMR-derived structural information on PsaC confirms its similarity to smaller 8Fe ferredoxins
serving as electron transfer proteins in solution. Partial reduction of PsaC leads to an intermediate species
with strongly exchange broadenéld NMR resonances. The intermolecular electron exchange rate is
estimated to be in the 2610* s™! range, the intramolecular electron exchange rate between the two
[FesSq] clusters to be higher than 48 1. The consequences of these findings for the electron transfer

in photosystem | are discussed.

In the photosynthetic electron transport chain of cyano- the ligating cysteines of PsaC indicated that clustgr F
bacteria and higher plants the photosystem | reaction centercorresponds to the C-terminal cluster angl 6 the N-
(PSI hereaftet)catalyzes the light-driven electron transfer terminal cluster of bacterial 2[g8,] ferredoxins (Zhao et
from cytochromecs or plastocyanin to ferredoxin or fla-  al., 1992; Mehari et al., 1995). In all structurally known
vodoxin [see Golbeck (1994) for a review]. Two structural ferredoxins with two clusters the folding of the polypeptide
features are conserved in all type | photosynthetic reaction chain around the [R&;] cofactors is very similar (Adman
centers: (i) a membrane-bound homodimeric or pseudo- et al., 1976; Stout, 1989; 1993; Daiet al., 1994; Bertini et
homodimeric core to which the primary photosynthetic al., 1995; Moulis et al., 1996). This justifies posteriori
pigment, the intermediate electron-acceptos@Ad A, and  the early structural modeling of PsaC based on the X-ray
the [FaSy] cluster Fx are bound; (i) a 2[F£5] protein whose  structure ofPeptostreptococcus asaccharolyticRi=e,Sy]
iron—sulfur clusters, denominated Bnd kg, are the terminal  ferredoxin (Oh-oka et al., 1988a; Dunn & Gray, 1988) despite
electron acceptors of the reaction center. the low sequence identity betwePra. ferredoxin and PsaC

In PSI, R and K are harbored by the membrane- (about19%). Recently, the structurefaf. ferredoxin was
associated subunit PsaC. This protein is highly conservedmodeled into the low-resolution crystal structure of PSI
among cyanobacteria, algae, and higher plants and sharegKrauss et al., 1996).

similarities with soluble 2[F£,] ferredoxins in terms of The three [FgS] clusters of PSI (i.e. E Fs, Fx) are clearly
molecular mass and the presence of two CysXXCysXX- y;siple in the low-resolution crystal structures of PSI from

CysXXXCysPro [FgSy] cluster-binding motives in its pri- S
L2 " ynechococcus elongat(i&rauss et al., 1993, 1996). They
mary sequence (Golbeck, 1994). Site-directed mutations ofform an irregular triangle with one cluster (either &1 Fs)
15 A and the other 22 A apart from cluster &nd a distance
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C.p. Clostridium pasteurianumC.au, Clostridium acidi-uricj P.a, Yu et al., 1993), and, in addition, the existence of electron

Peptostreptococcus asaccharolyti¢termerly Peptococcus aerogenes transfer between fand ks has so far not been unambigu-
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ously demonstrated. Detailed kinetic analyses of the electronTS buffer containing 6.8 M urea and 0.1% mercaptoethanol
transfer reactions around the iregulfur clusters at room  at room temperature and concentrated by ultrafiltration on a
temperature have so far been precluded by the fact that thes&/ M3 membrane (Amicon). At this step a pure apoprotein
centers cannot be unambiguously distinguished by standardvas obtained as judged by SBSolyacrylamide gel elec-
spectroscopic techniques [see Brettel (1997) for a review]. trophoresis. Approximately 20 mg of purified apoprotein
Recent photoelectric measurements on oriented PSI particlesyas routinely obtained fra 1 L of culture.

however, which were interpreted as to include linear electron

transfer reactions from,Fvia Fs to Fa, point toward the ~ Reconstitution and Purification of PsaC

existence of linear forward electron flow between the three  , subsequent steps were performed under anaerobic

iron—sulfur clusters of PSI (Sigfriedsson et al., 1995; Leibl . n4itions in a glove box containing an oxygen-free methane/
etal., 1995). hydrogen atmosphere. PsaC apoprotein was made anaerobic
Over the last years, NMR spectroscopy has become aby storage in an oxygen-free atmosphere for at least 12 h
powerful tool for the investigation of ironsulfur electron  and the iror-sulfur centers were subsequently reconstituted
transfer proteins. The information that can be obtained essentially as described previously (Mehari et al., 1991): the
ranges from the identification of the positions of the*Fe  denatured protein was diluted to a final concentration of
and Fé* ions in [FaS,)*" clusters to solution structure  about 10ug/mL in oxygen-free 50 mM Tris (pH 8.3) and
determination (Banci et al., 1993; Bertini & Luchinat, 1% mercaptoethanol. Subsequently, Re@s added to a
1996a,b; Babini et al., 1996; Bertini et al., 1996). In the final concentration of 0.3 mM followed by addition of b&
case of dicluster ferredoxins, additional information on the to a final concentration of 0.3 mM. The reconstitution
intra- and intermolecular electron transfer in the one-electron mixture was allowed to incubate anaerobically in darkness
reduced form can be obtained from exchange spectroscopyfor at least 16 h.
(EXSY) on partially reduced samples, as demonstrated for For purification of the holoprotein, the reconstitution
C. pasteurianun2[Fe,;S;] ferredoxin (Bertini et al.,, 1990,  mixture was applied to a 25 mL Q-Sepharose ion-exchange
1992). For the same protein, eatff NMR measurements  column equilibrated with buffer A (25 mM sodium phos-
permitted to calculate the difference of the redox potential phate, pH 8.0, 0.1% mercaptoethanol) under anaerobic
of the two clusters (Packer et al., 1975). conditions. The column was washed with buffer A contain-

The present study of reconstituted, unbound PsaC froming 0, 100, and 175 mM NacCl, and PsaC was subsequently
PSI aims at the spectroscopic characterization of this €luted by a step of 250 mM NaCl in buffer A. The brown-
important subunit of PSI in order to obtain structural Yellow protein solution was excessively concentrated by
information and to gain a better understanding of the two ultrafiltration under nitrogen to concentrations ef2 mM,
clusters [k and R with respect to their function for the ~ shock-frozen, and stored in liquid nitrogen until further use.
electron transfer from fFto the soluble acceptor protein  Solvent exchange to D, as desirable for NMR spectros-

ferredoxin or flavodoxin. copy, was performed by repetitive dilution of the concen-
trated sample with deuterated buffer A containing 250 mM

MATERIALS AND METHODS NacCl followed by ultrafiltration. To estimate the protein
concentration, an extinction coefficient Bfoo = 6000 M1

Expression of the PsaC Apoprotein cm~twas used (Armengaud et al., 1995) for the reconstituted

) , PsaC andE,7s = 9500 Mt cm™! was employed for the
The genomic Sau3Al fragment froBh elongatusarrying — hojgprotein. The latter coefficient was calculated from the
the psaC gene (EMBL accession No. X63767) was modified 5mino acid sequence (Mlenhoff et al., 1993).

by polymerase chain reaction using a modifying primer
(TTACTCCATGGCTCACACTG) and the T7-primer to EPR Spectroscopy
create anNcd restriction site at the start codon. The
fragment was inserted into tiécd and BanHlI restriction
sites of theEscherichia coliexpression vector pET15b
(Studier et al., 1990). The correctness of the construct wa
verified by DNA sequencing. PsaC was expressdsl. icoli
strain BL21(DE3) growing in media M9ZB supplemented
with 50 uM FeCk as described previously (Studier et al., Several samples of reconstituted PsaC were used for the
1990). Cells were harvested by centrifugatib h after NMR experiments with protein concentrations ranging from
induction with 1 mM isopropy-p-thiogalactoside, washed 1 to 1.5 mM. The protein was dissolved in buffer A

in TS buffer (50 mM Tris, 100 mM NaCl, 2 mM EDTA, containing 250 mM NaCl in 99.9% 4O (pH uncorrected

pH 8.0), resuspended in TS buffer, and broken by two cycles for the deuterium isotope effect). One sample was in the
in a french pressure cell at 700 bar. The brown inclusion same buffer in 90% kD/10% D:O. All sample handling
bodies were collected by centrifugation and separated fromwas done anaerobically under an argon atmosphere. Reduc-
the bulk membranes by repetitive centrifugation through a tion of PsaC was accomplished by addition of aliquots of
10% sucrose cushion in TS buffer at 15d0r 10 min. The freshly prepared 25 or 50 mM sodium dithionite in degassed
inclusion bodies were solubilizedrfé h atroom temperature 0.2 M sodium phosphate (pH 8) or by addition of a small

in 50 mM Tris (pH 8.0) containing 6.8 M urea and 1% amount of solid sodium borohydride to the protein solution.
mercaptoethanol as described, and insoluble material wasBenzyl viologen was also dissolved in 0.2 M sodium
subsequently removed by centrifugation (Li et al., 1991). phosphate (pH 8) prior to addition to the NMR tube. If
PsaC apoprotein was purified by FPLC gel filtration chro- necessarya 1 M potassium phosphate buffer (pH 10.5) was
matography on a 1.& 70 cm Sephadex G-100 column in  used to adjust the pH of the sample solution.

EPR spectra were recorded on a Bruker ESP300E X-band
spectrometer fitted with an Oxford Instruments liquid helium
gCryostat and temperature control system.

NMR Spectroscopy
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All 'H NMR spectra were recorded on Bruker spectrom-
eters working at a proton resonance frequency of either 500
or 600 MHz (DRX 500 or AMX 600). 1D spectra were
generally acquired with a superWEFT pulse sequence
(Inubushi & Becker, 1983). 1D NOE difference spectra were
obtained upon selective irradiation of hyperfine shifted, fast
relaxing signals of oxidized PsaC according to previously
described acquisition schemes (Johnson et al., 1983; Banc
et al., 1989) in DO solution using irradiation times of 95
ms and a repetition rate of 5.4'sover a spectral window
of 32 ppm. Non-selectivé; relaxation times were derived
from an exponential three-parameter fit of the data obtained
in a series of inversion recovery experiments (Vold et al.,
1968) with delays from 0.25 to 150 ms. Two fast repetition
WEFT-NOESY (Chen et al., 1994) spectra for the detection
of dipolar connectivities of the hyperfine shifted signals were
recorded at 300 K over a spectral window of 34 ppm with
the following parameters: (i) 10 ms mixing time, 4K data
points inF2, repetition rate 2.473, 256 increments irfr1,

512 transients per increment; (i) 5 ms mixing time, 2K data
points inF2, repetition rate 5.474, 256 increments irfr1,

1K transients per increment. The data matrices of these 2D
spectra were processed to a final size ofX1KK data points
using shifted squared sine window functions prior to Fourier
transformation.

To facilitate the assignment of the observed NOEs between

the hyperfine shifted signals and resonances in the diamag-

netic shift range, several standaki2D NMR spectra were
recorded over a spectral window of 12.7 ppm at 300 K in
D,0O solution [DQF-COSY (Rance et al., 1983), CLEAN-
TOCSY (Griesinger et al., 1988) with 30 and 80 ms spin-
lock mixing time, and a 30 ms NOESY (Wider et al., 1984),
each with 4K data points if2 and 512 increments iR1].
They were processed to a final size of 2KLK data points.
Phase sensitivity was achieved for all 2D spectra by
application of the TPPI scheme (Marion & \tfuich, 1983).

All NMR spectra were calibrated assuming a chemical shift
of 4.79 ppm for the residual water signal at 300 K with
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Ficure 1: UV/Vis (panel A) and EPR spectrum (panel B) of

respect to DSS and processed with the standard Brukeneconstituted recombinant PsaC fradn elongatusThe UVAvis

software.

Structural Model of PsaC

A structural model of PsaC was built on the basis of the
high-resolution X-ray structure of the 2[f=&)] ferredoxin
from Clostridium acidi-urici(Duée et al., 1994) (PDB entry
1FDN). Appropriate mutations, an insertion of 8 amino acids
between Gly 26 and Asp 27 @f.au.ferredoxin, and a short
N-terminal as well as a long C-terminal extension were
introduced by means of the program SYBYL (Tripos Assoc.).
The resulting structure was energy minimizedacuousing
the AMBERA4.0 (Pearlman et al., 1991) program package.
During the energy minimization the positions of the cluster
ligating cysteines and of the two irersulfur clusters were
kept fixed. The minimized structural model was used as
input for the program PROCHECK (Laskowski et al., 1993).
It was found to exhibit satisfying Ramachandran plot
statistics and side chain geometries.

RESULTS

Characterization of the Recombinant PsaC Holoprotein

The UVNis spectrum of purified reconstituted PsaC shows
a broad maximum at 390 nm and a broad shoulder at 320

spectrum was recorded in the oxidized state, and the EPR spectrum
was recorded in the fully reduced state. Complete reduction of PsaC
was achieved by adding 5 mM sodium dithionite at pH 10.0.
Instrument settings for the EPR experiment: temperature, 15 K;
microwave power, 6.7 mW; microwave frequency, 9.42 GHz;
modulation amplitude, 1 mT.

nm (Figure 1A) similar to those of typical 2[F®] ferre-
doxins (Armengaud et al., 1995). The spectral ratigy/

Aogo is 0.65, a value similar to PsaC purified from spinach
thylakoids (Oh-oka et al., 1988a). Upon reduction with
sodium dithionite at pH 8.0, the absorption in the entire
visible region is decreased and the broad spectrum typical
of fully reduced ferredoxins is observed (not shown). This
effect is reversed in contact with air. The EPR spectrum of
the recombinant protein in the fully reduced state is shown
in Figure 1B. Very similar EPR spectra, although with
drastically reduced intensity, were obtained from the PsaC
inclusion bodies, indicating that they contain insoluble PsaC
with partially assembled ironsulfur clusters (not shown).
The spectrum in Figure 1B closely resembles those reported
previously for PsaC purified from spinach PSI (Oh-oka et
al., 1988b; Mehari et al.,, 1991). Cluster reconstitution
experiments performed on the isolated spinach PsaC resulted
in significant line broadening and hence less well-resolved
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FiIGURE 2: 600 MHz 1DH NMR spectrum of oxidized PsaC froB: elongatugrecorded at 298 K in 25 mM sodium phosphate (pH 8.0),
250 mM NacCl, 0.1% mercaptoethanol in 99.9%) shows a set of downfield-shifted resonances that are typical for 8Fe ferredoxins. The
small inset shows the partial resolution of signakendf at 310 K.

EPR spectral features (Mehari et al., 1991). This line Table 1: Assignment and Properties of the Hyperfine Shifted
broadening was interpreted as being due to an increased?esonances of Oxidized PsaC

conformational heterogeneity. The similarity of the spectrum
in Figure 1B to those reported for the isolated protein from
spinach and to those obtained on PsaC inclusion bodies
shows that cluster reconstitution into recombinant PsaC does
not induce increased heterogeneity as compared to thecysB(Cysn)

cysteiné signaP o°¢ (ppm) Ti(ms) _assignment ., stet
Cys A (Cys ) a 19.1 8.3 B, Cys 50 A
9.04 136
10.98 26.6 ket

o ; _ b 174 6.3 H, Cys13 R
unpurified, unreconstituted protein. Kk 949 108
The long-term stability of the holoprotein was investigated i 1010 2t Ha

by comparison of the UV/vis spectra of the protein after CysC(Cyslll) ¢ 165 7.6 B, Cys53 R
storage under different conditions. For determination of pH 55  ndf Hp-

effects, samples were stored anaerobically in 100 mM buffer 6.95 nd Ha
containing 250 mM NaCl and 0.1% mercaptoethanol. The CysD(Cysll) d 12-3 7(-12f H'731 Cysl6 k
protein was found to be very sensitive to low pH: samples 752 ?]df Hﬁz
stored at room temperature in darkness at pH 5.0, 6.0, and '
6.5 deteriorated completely within 12 h. AtpH 7.0 and 7.5, CysE (Cys1) 1(2):27 gg,g Eg; Cysar R
85% of the absorbance maximum at 390 nm remained after
12.0 5.2 Hp:1 Cys 10 [

4 days. For pH values above 7.5, more than 90% of the " 1017 859 Hp»
absorption maximum was still present after 2 weeks inde- CysG(CysV) g 117 83 B, Cys57 Fob
pendent of the nature of the buffer. The presence of 9.65 nd Hp1
mercaptoethanol was also found to be beneficial to the

; I : . CysHCys(IV) h 11.4 103 Cys20 Fa
protein stability. In its absenogodeclined to 85% after3 - ™) ss B H'gf Y :
days. Slml.lar Vé‘lues were obtained in the prese_nce of 1.7 aThe classification with roman numerals refers to the position of
mM ascorbic acid. NaCl was found to be essential for the the cysteine residue in the common cluster binding sequence motif
stability as PsaC deteriorated rapidly upon dialysis against ---C(I)xxC(ll)xxC(lll) ---C(IV)P---. ® The letter code is the same as for
NaCl-free buffer while samples were found to be stable in Figure 2.°Chemical shifts are given at 300 KCluster F of
the presence of 160400 mM NaCl. The protein is oxy- photosystem 1 is the C-terminal cluster of PsaC and clusids Ehe

L : N-terminal one ® Value was estimated from the null point in inversion
gen-sensitive: a completely anaerobic sample starts to de'recovery experiment$nd, not determined! ApparentT; relaxation

compose in contact with air after-3l h. time of overlaid signals? Assignment is tentative.

Cys F (Cys )

—_— e —

'H NMR Spectroscopy on Oxidized PsaC _ ) . . .
chemical shifts and relaxation properti€s palues in the

The 298 K!H NMR spectrum of oxidized PsaC in,D 5—-10 ms range (Table 1)], due to the strong temperature
solution (uncorrected pk= 8) displays eight signals in the  dependence of their chemical shifts (uniformly of the anti-
11—-20 ppm region (Figure 2; labeleat-h). They can be  Curie type as expected for oxidized [Sq proteins; see
readily attributed toSCH, protons of its eight cysteinyl  Supporting Information) and due to the fact that they are
cluster ligands due to the hyperfine contribution to their not solvent exchangeable. In the high-field region, the PsaC
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spectrum exhibits two well-resolved resonangeg), each to a signal at 1.56 ppm. Signélshows a strong NOE to
with three-proton intensity strongly indicative of methyl signalj”. Bothj" andj" are fast relaxingT. < 10 ms) and
groups. can therefore be assigned as the geminal partnexsuodf,
Connectivities between tH#CH, protons and partially also  respectively. Further NOEs of signalnvolve resonances
with the Hx protons of the cluster-ligating cysteines were at 1.25 and-0.49 ppm £). The latter resonance belongs to
identified in 1D NOE difference experiments on the hyper- an isoleucine spin system with tReCH; group at—0.49
fine shifted resonances (see Supporting Information) and fastppm ). In the TOCSY and COSY spectra with slow
repetition NOESY spectra with short mixing timg 10 ms) repetition ratesz is correlated to K protons at 1.12 and
(data not shown). Signalshows dipolar connectivities with  1.40 ppm and to the Blat 1.35 ppm. The latter proton is
signalsi (10.98 ppm) and (9.04 ppm) as well as a weak connected to theCHs group at 0.40 ppm (signg). Dipolar
NOE with a resonance at 1.20 ppm. The assignmehtef  connectivities in the 30 ms NOESY and in a 1D NOE
geminal and ofi as vicinal partner ofa is based on the difference spectrum obtained after irradiationzodonfirm
relative intensities of the 1D NOEs and the longer the intraresidual assignments made above. Furthermore, the
relaxation time of, indicative of a Hx (Table 1). Irradiation methyl groupz is in close proximity to a td proton at 4.38
of i yields only a NOE to signdl Resonancé correlates ppm and an aromatic spin system with resonances at 7.60
in a dipolar fashion to resonang€10.10 ppm)k (9.49 ppm), and 7.35 ppm. The 2D maps suggest the assignment of the
and weakly to a signal at 1.23 ppm. Following the same latter Ho and of the aromatic ring to the same residue with
arguments as abovk,is assigned to the geminal andwvith the SCH; protons resonating at 3.25 and 2.95 ppm, respec-
the longerT; and the weaker NOE, to the vicinal partner of tively. Due to the upfield shift of signalit can be assumed
b. It should be noted that both of the cysteines representedthat this methyl group is situated above or below the plane

by a andb, respectively, are characterized by & Hroton of the aromatic ring in discussion.
with a chemical shift downfield of the second3Hproton Signalg representing the seventh cluster ligand shows a
and a considerably longer relaxation time than fieH, broad NOE to a resonance at 9.65 ppm which is assigned to

protons. Such a pattern is generally observed for cysteineits geminal partner. Further NOE connectivities with a
ligands Il and Ill in oxidized [F£5] ferredoxins (Donaire presumed Id proton at 4.14 and a resonance at 1.11 ppm
et al., 1994) since they have thehbointing away from the ~ were detected. Signah displays a similar 1D NOE
cluster as known from X-ray crystallography (Adman et al., difference spectrum with a connectivity to a broad resonance
1976; Stout, 1989; Deet al., 1994; Moulis et al., 1996; at 8.8 ppm (assigned to the geminal partnehpfand to
Fukuyama et al., 1988; Kissinger et al., 1991; Sery et al., resonances at 3.56 and 0.98 ppm. However, the latter NOE
1994; Macedo-Ribeiro et al., 1996) and solution structure is much weaker than the strong NOEg#vith the 1.11 ppm
determination (Bertini et al., 1995). resonance.

Irradiation of signalc yields a weak NOE tal clearly
identifying these two signals as belonging to the two Cys
Il cluster ligands. The available structural data on dicluster  The structural model of PsaC derived in this work and
ferredoxins suggest that only these cysteines are close enougbhemical shift analogy withC. p. like 8Fe ferredoxins
in space to allow for a NOE between g3tbf Cys Il of (Bertini et al., 1994) can be used to establish a sequence or
cluster | and a K of Cys Il of cluster Il (Adman et al., position-specific assignment of all cluster ligating cysteines
1973, 1976; Stout, 1989; Daeet al., 1994). This feature in PsaC. Cys C and D were already identified as the two
of 7Fe and 8Fe ferredoxins reflects their highly conserved Cys Il residues of both clusters. Cys C is assigned to Cys
internal pseudo 2-fold symmetry which is also known to be 53 on the basis of the independent observation that resonance
maintained in PsaC from the low-resolution X-ray diffraction c is the first one to decrease in intensity when reduction of
data on PSI (Krauss et al.,, 1996). The further dipolar PsaC by dithionite is tried (Figure 3, traces a and b).
connectivities ofc [NOEs with resonances at 6.95, 5.5 Therefore, it has to belong to the more reducible clusier F
(broad), 1.33, 1.11, and 0.73 ppm] are consistent with its which was identified in previous site-directed mutagenesis
assignment to on8CH, proton of a cysteine Il ligand. Its  studies (Zhao et al., 1992; Mehari et al., 1995) as the
geminal partner can be assigned to the resonance at 5.5 ppnt-terminal cluster of PsaC. Thus, Cys D must be Cys 16
and the correspondingdto 6.95 ppm due to chemical shift  or Cys Il of cluster ls. These sequence specific assignments
analogy withClostridium pasteurianurtype 8Fe ferredoxins  are also consistent with the dipolar connectivities expected
(Bertini et al.,, 1994) and the above mentioned general for the far-shifted i protons of Cys 16 and Cys 53 from
property of the chemical shift ratios in oxidized 4Fe and 8Fe the PsaC structural model. A Cys 16 ¢) gives NOE to
ferredoxins (i.e. moderately relaxedxdf cysteines Il and the Hx of Cys 53 and weakly to a resonance at 1.11 ppm
Il downfield of the second H). The 1D NOE difference  tentatively assigned to a methyl group of Leu 254;KCys
spectrum of signabl is similar to that ofc. It exhibits 53 (¢) is in close contact to the same methyl group of Leu
resonances at 7.52 ppm (assigned to the vicinal partner of25 and to one of the methyls of Leu 62 that is therefore
d), 6.95 ppm (the & of Cys C), and 6.3 ppm (broad, tentatively assigned to the resonance at 0.73 ppm experienc-
assigned to the secongbtéf Cys D). In the aliphatic region, ing 1D NOE fromc.
however, only one weak NOE with a resonance at 1.11 ppm  After the two Cys Il residues of PsaC were assigned, Cys
could be detected. A and B must be identified as Cys Il residues due to the

Signalse andf overlap at 300 K (Figure 2). However, above mentioned characteristic chemical shift and relaxation
1D NOE difference experiments on the partially resolved behavior of their k. protons. Cys A and B can be assigned
peak pair at 310 K (see Figure 2, inset) unambiguously as Cys 50 and Cys 13, respectively, due to their differences
identified their individual dipolar connectivities. Resonance in chemical shift. It is a general feature of oxidized 8Fe
e exhibits a strong NOE to signglland a weak connectivity ~ ferredoxins that the p of Cys Il of the C-terminal cluster

Specific Assignments of the Cysteines
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Ficure 4: Determination of the &-Cs;—S—Fe dihedral angles for
the cysteine ligands of the two [F®]?* clusters of oxidized PsaC
from Synechococcus elongatughe hyperfine shifts of th8CH,
protons,d; andd,, were calculated from the chemical shift values
in Table 1 minus 2.8 ppm (Bertini et al., 1994). Their relative
relaxation ratef®,/R; are given by thd; relaxation times in Table

1 or were estimated from the linewidths in 1D and 1D NOE
difference spectra. The figure depicts the relationship between
and o, for various dihedral angles, as represented by numbers in
the ribbon (Davy et al., 1995). The shaded part of the ribbon
represents values &4/R, < 1, and the open ribbon values Bf/

R, > 1. Cysteines wittR/R, < 1 (®) and cysteines witlR,/R, >

1 (O) are indicated. The indices 1 and 2 refer to the stereospecific
assignments in Table 1.

e 57 is in the vicinity of the second methyl group of Leu 62,
which could account for the strong NOE of with a
resonance at 1.11 ppm, wherea$,Hys 20 has no close
interresidual contacts to aliphatic protons. Therefore, we
tentatively assign signg@to Cys 57 and signdl to Cys 20.
Ficure 3: 600 MHz 1D*H NMR spectrum of oxidized (trace a),  Following these lines, the NOE gfat 4.14 ppm corresponds
partially reduced (traces-), and fully reduced (trace e) PsaC to Ho. Asp 60 and the 3.56 ppm NOE bfto Ha Asp 23.

from S. elongatusThe spectra in traces a, b, and ¢ were recorded . .
at 278 K, and the spectra in traces d and e were recorded at 300 K. At the present stage signatsandf are assigned to the

Signals of the intermediate species that are close to the oxidizedCys | ligands in PsaC by exclusion. Firm grounds for the
form are marked with an asterisk (*) in trace c. sequence specific assignment of Cys F as Cys 10 are

provided by the dipolar connectivity éto the upfield-shifted

is more downfield shifted than the corresponding proton of methyl groupz, which is then connected to an aromatic spin
the N-terminal cluster (Bertini et al., 1994; Huber et al., system. The latter methyl is part of an isoleucine spin system
1995). The 1D NOEs ofa and b with one aliphatic (see above). According to the PsaC model, the only pair of
resonance each are then tentatively assigned to a methylsoleucine-aromatic amino acid neighbors which is close
group of Val 48 (1.20 ppm) and to one of th€H, protons enough to a Cys I ligand to account for the NOE< aihd
of lle 11 (1.23 ppm), respectively, on the basis of the PsaC z is lle 6—Phe 61 in the vicinity of Cys 10. Thus, sigrel
structural model. corresponds to the remaining Cys 47 and its 1.56 ppm NOE

The strict conservation of a type Il turn following the corresponds to the side chain of Val 24. A summary of the
remote Cys IV ligand in all structurally characterized cubane above assignments for the cluster-coordinating cysteine
ferredoxins (Bertini et al., 1995) permits the assignment of residues of PsaC is given in Table 1.
Cys G and H to the Cys IV residues of PsaC (Cys 57 and In order to obtain local structural information on the
Cys 20). The turn initiates with a proline after Cys IV and geometries of the cluster ligands we have applied to PsaC a
is stabilized by H-bonding between the carbonyl oxygen of recently proposed approach to determine the-C;—S—
the latter cysteine (residug and the backbone amide proton Fe dihedral angles of cysteines coordinatingfé* clusters
of residuen + 3. Owing to this turn, the B of Cys IV is from the chemical shifts and relaxation rates of th#H,
very close to the Kl of residuen + 3 so that a NOE between  protons (Bertini et al., 1994; Davy et al., 1995). The dihedral
them is expected. As signaisandh are the only hyperfine-  angles of most cysteine residues have values that are
shifted resonances exhibiting 1D NOEs to protons in the compatible with the previously derived relationship between
typical Ha. chemical shift range, they can be assigned to the the hyperfine shiftsdi, d,) of the SCH, protons and their
two Cys IV residues. In the PsaC structural modei, Bys relative relaxation rateRy/R, (Figure 4). Minor deviations

55 S0 45 40 3 30 25 a0 15
Chemical shift (ppm)
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Scheme 1 be consistent with what was observed in the case of
Cluster | Ox clostridial-type ferredoxins (Bertini et al., 1992, 1994).

Cluster Ii Red Attempts to slow down the intermolecular electron ex-

@ change of PsaC by lowering the temperature and raising the
pH or to speed it up by addition of the mediator benzyl
Cluster | Ox Cluster | Red viologen did not appreciaply improve_the quality of the
Cluster Il Ox Cluster Il Red spectra although a narrowing of the signals was observed
(1) (4) upon temperature decrease. Therefore, it is not possible to
calculate the difference in redox potential between the two
PsaC clusters from the shift ratios of the intermediate species
with respect to the fully reduced and oxidized forms as done
before forC.p.ferredoxin (Bertini et al., 1992). However,
the spectra of the intermediate PsaC species display a set of
signals relatively close to those of the oxidized form as well
as signals relatively close to those of the fully reduced species
(cf. Figure 3c and d; in Figure 3c signals close to the oxidized
form are marked by an asterisk). Therefore, it is suggested
that there is an appreciable difference between the micro-
scopic reduction potentials (Bertini et al., 1990, 1994), such
Reduction of PsaC Monitored B NMR that the intermediate PsaC species contains a sizeably larger

share of one of the two clusters (presumabh) i the
The 600 MHz'H NMR spectrum of a fully reduced oxidized form.

sample of PsaC, obtained by addition of a small amount of
solid NaBH;, to dithionite-reduced protein, is displayed in DISCUSSION
Figure 3e. The spectrum exhibits numerous isotropically
shifted resonances in the 6Q0 ppm range, typ|ca| for a The UV/is and EPR spectra of reconstituted PsaC
reduced 4Fe or 8Fe ferredoxin. The fully reduced state of characterize it as a ferredoxin with two correctly assembled
PsaC was stable for at least 4 days; after reoxidation by air[F€&S4*" clusters and thus confirm its identity to the native
the spectrum was identical to that of the oxidized species. subunit of PSI. ThéH NMR spectroscopic properties of
ThUS, the Cyc|e of full (two_e|ectr0n) reductiemxidation unbound PsaC are in line with this result; its 1D spectrum
is reversible. resembles that o.p.type 2[FaS,] ferredoxins. The local
Reduction of PsaC with dithionite only leads to partially Structural information about the environment of the two
reduced species in which one cluster is reduced and the otheflusters, obtained from 1D NOE difference experiments on
one is oxidized (Cf Scheme 1) Depending on the degreethe hyperfine shifted Signals of PsaC, iS consistent with
of reduction, the intermediate species exhibit resonances ofconserved structural features of smaller 4 and 8 Fe ferre-
oxidized PsaC, broad resonances characteristic of the interdoxins and permitted a full assignment of the latter signals.
mediate reduction state, and broadened signals of the fullyMoreover, the observation of an “intercluster” NOE between
reduced species (Figure 3, tracesd). By analyzing spectra  signaisc andd (Hp. Cys 53 and I8, Cys16, respectively)
b—d in more deta”, it appears that the resonances of the Clearly indicates, that the 12 A distance between the two
oxidized protein in spectrum b are sizeab|y broader than in clusters of PsaC that was measured in the low-resolution
spectrum a and that several signals of the intermediate specieX-ray structure of PSI (Krauss et al., 1993, 1996) is
appear in the same chemical shift region (peaks marked withmaintained in the unbound state. Thus, gross conformational
asterisks in Figure 3c). The signals of the intermediate differences between bound and unbound PsaC can be
species are much broader than those reported for partiallyexcluded. The ¢-Cs—S—Fe dihedral angles of the cluster
reducedc_p_ and C.au ferredoxin; in the latter case 2D ||gat|ng Cysteines were determined from the chemical shifts
saturation transfer experiments established a full set ofand the relative relaxation rates of thgi€H, protons and
correlations between the resonances of the cysteinyl clusterShown to be similar to those in [F&]** proteins of known
ligands in all three oxidation/reduction states (Bertini et al., three-dimensional structure.
1992, 1994). In the present case, the strong exchange As far as the properties of reduced PsaC are concerned,
broadening of the intermediate resonances renders saturatiothere is only a qualitative similarity tG.p.type ferredoxins.
transfer experiments not feasible and suggests strongly thatartial reduction ofC.p. or C.au ferredoxin gives rise to
the intermolecular electron transfer is in the intermediate three different molecular species (Scheme 1). The two one-
exchange regime. From the line broadening of resonanceselectron reduced species (2 and 3) are in fast exchange on
a—d in spectra a and b (Figure 3) on the one hand and thethe NMR time scale while the exchange rates between the
separation in chemical shift between the intermediate andfully oxidized and the two intermediate as well as between
oxidized/fully reduced species on the other hand, the the two intermediate and the fully reduced species are slow.
intermolecular electron exchange rate is estimated to be inIn the case of PsaC, the intramolecular electron exchange
the 16—10* s! range. Although the spectrum of the between species 2 and 3 seems similarly fast, as no evidence
intermediate species (Figure 3c) is rather broad, it does notof two intermediate forms is seen in the spectra. However,
show evidence of two distinct one-electron reduced molecularthe intermolecular electron exchange is close to the inter-
species (i.e. one with clusten Feduced and # oxidized mediate exchange regime (i.e. faster than in clostridial-type
and vice versa; cf. Scheme 1) suggesting that the intramo-ferredoxins) as clearly indicated by the exchange broadening
lecular electron exchange is faster thad €6. This would of the resonances of the intermediate species. The exchange

Cluster | Red
Cluster Il Ox
(3)

from the allowed regions of théi/d, plane are observed
for Cys 50 (Cys A), Cys 53 (Cys C), and Cys 16 (Cys D).
Nevertheless, the overall good agreement with the cysteine
geometry in other [F£54] proteins confirms the structural
similarity of PsaC to the smalle€.p.type ferredoxins serving

as electron transfer proteins in solution.
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Table 2: Electron Exchange Rate Constants for Partially Reduced anymore' The reduction behavior of the U”b‘?“”d PsaC in
Fe—S Proteins solution, of course, only suggests that such a linear pathway
is, in principle, possible. The true electron transfer pathway

PsaC C.p.8Fe ferredoxin B . .
T S10st e through the terminal Fe-S clusters in PSI remains to be
intermolecular AP 10' s 1 ~6x 1P s 1b determined by different techniques.

aData from Bertini et al. (1992). Data from Bertini et al. (1990). ACKNOWLEDGMENT
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