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Abstract
The PsaC subunit of Photosystem I (PS I) is a small (9.3 kDa) protein that harbors
binding sites for two [4Fe-4S] clusters usually referred to as FA and FB . PsaC is presumed to
have evolved from a soluble bacterial ferredoxin. It has a high sequence similarity to dicluster
ferredoxins in the vicinity of two iron-sulfur cluster consensus binding sites CxxCxxCxxxCP.
PsaC has an additional sequence insertion between the binding sites for the two clusters as well
as a C-terminal extension. The g-tensor orientation of FA- and FB- is believed to be correlated to
the preferential localization of the mixed-valence and equal-valence (ferrous) iron pairs in each
[4Fe-4S]1+ cluster. Previous studies of ferrodoxins show that the preferential position of the
mixed-valence and equal-valence pairs could be inferred from the study of the temperature
dependence of contact-shifted resonances, belonging to βCH 2 and Hα protons of cysteines
ligating iron-sulfur cluster, by 1H NMR spectroscopy. For this, a sequence-specific assignment
of these signals is required. Despite its relative instability, 1H NMR spectra of fully reduced,
unbound PsaC could be recorded and a self-consistent, sequence-specific and stereospecific
assignment of all 18 observable hyperfine-shifted signals through a model-based 1D NOE
analysis was obtained. This enabled me to assign sequence-specifically the signals of three
cysteines from each of the two reduced [4Fe-4S] clusters and to obtain the preferential
localization of mixed- and equal-valence pairs in FA- and FB-. In FA- the mixed-valence pair is
ligated by cysteines 47 and 53; the equal valence pair is ligated by cysteines 20 and 50. In FB- the
mixed-valence pair is ligated by cysteines 10 and 16; the equal valence pair is ligated by
cysteines 13 and 57. From the position of the equal- and mixed-valance pairs, the orientation of
the g-tensor in [4Fe-4S] centers FA and FB was inferred. The magnetic properties of the two [4Fe4S] clusters in unbound, reduced PsaC are essentially indistinguishable, though they are quite
different in PsaC bound to PS I. From the changes in the g-tensor of FA- and FB- that occur upon
binding of PsaC to the PS I core, it is likely that the protein undergoes significant structural
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changes upon binding to PS I. To study these changes, it is necessary to know the threedimensional structure of both bound and unbound PsaC. The Clostridium acidi urici ferredoxin
structure has served as a model for the refinement of a portion of the electron density map in a
4 Å resolution X-ray structure of PS I (Klukas, O., Schubert, W.D., Jordan, P., Krauss, N.,
Fromme, P., Witt, H.T. and Saenger, W. (1999) J. Biol. Chem., 274, 7351-60). Thus a model for
PsaC bound to PS I exists. However, no X-ray structure of unbound PsaC was available. In this
work the three-dimensional NMR solution structure of recombinant, oxidized, unbound PsaC
from Synechococcus sp. PCC 7002 was determined. Constraints are derived from homo- and
heteronuclear, one-, two- and three-dimensional NMR data. The overall quality of the NMR
solution structure is equivalent to approx. 3 Å resolution by X-ray crystallography. PsaC is only
the third two [4Fe-4S] cluster-containing, low-potential, iron-sulfur ferredoxin-like protein
whose structure has been determined in solution. Moreover, PsaC is the rare case of a protein
tightly bound to a membrane protein complex, whose structure is known in both the bound and
unbound states. It is the only dicluster ferredoxin-like protein studied in such a context.
Significant differences are observed between the unbound PsaC structure presented here and the
available X-ray structure of bound PsaC as an integral part of the whole cyanobacterial PS I
complex. These differences mainly concern the arrangement of the N- and C-termini with respect
to the [4Fe-4S] core domains. In the NMR solution structure of PsaC, the C-terminal region
assumes a disordered helical conformation. This is clearly different from the extended coil
conformation, which is one of the structural elements that anchors PsaC to the PS I core
polypeptides. The N-terminal end of PsaC bends and slides in between the coiled-up C-terminus
and the iron-sulfur core of the protein. These structural changes result in a concerted movement
of the N- and C-termini of PsaC away from the FA binding site. The same regions are positioned
much closer to FA in a near parallel arrangement to each other in PsaC bound to PS I. The
observed structural features in solution may be relevant for the proposed stepwise assembly of
the stromal PsaC, PsaD and PsaE subunits to the PS I core heterodimer. Cysteine 13 and cysteine
50, which ligate FB and FA respectively, were each changed to a serine, aspartate, alanine, or
iv

glycine in unbound PsaC in the previous work. It was proposed that 2-mercaptoethanol, a reagent
used for iron-sulfur cluster reconstitution, serves as an external rescue ligand in the absence of a
biological ligand to the fourth iron (Yu, L.A., Vassiliev, I.R., Jung, Y.S., Bryant, D.A., Golbeck,
J.H. (1995) J. Biol. Chem., 270, 28118-28125). Instead of the expected [3Fe-4S] cluster,
chemical rescue by an external thiolate ligand allows for formation of a [4Fe-4S] cluster in the
alanine and glycine mutants. To support this hypothesis, C13G/C33S PsaC was reconstituted
using 2-mercaptoethanol, 4-fluorothiophenol and 2,2,2-trifluoro-ethanethiol as the rescue ligands
to FB. Resonance Raman and EPR data provide strong evidence that only the [4Fe-4S] clusters
are assembled in C13G/C33S PsaC in the absence of a suitable biological ligand. Upon
reconstitution of the mutant PsaC with 4-fluorothiophenol or 2,2,2-trifluoroethanethiol, it was
possible to detect hyperfine contact-shifted 19F resonances by NMR spectroscopy showing that a
thiolate ligand is bound to FB in C13G/C33S mutant PsaC, when Cysteine II is changed to amino
acid that can not ligate iron-sulfur cluster. This proves the chemical rescue hypothesis. The
results presented here show that both aryl and acyl thiolates can serve as external thiolate ligands
to protein-bound [4Fe-4S] clusters.
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Chapter 1.

General Introduction

[Submitted, in part, as an invited review titled “Iron-sulfur clusters in Type I reaction centers.” by
Ilya R. Vassiliev, Mikhail L. Antonkine, and John H. Golbeck (2001) to Biochim. Biophys.
Acta (special issue devoted to Photosystem I), accepted]
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1. Photosynthesis and the role of iron-sulfur clusters in Photosystem I
Photosynthesis is the process by which solar energy is converted into chemical energy by
living organisms. Two types of photosynthetic reaction centers (RCs), which are capable of
performing charge separation, have evolved over time. Type I (iron-sulfur type) RCs are
represented by the RCs of the anaerobic green sulfur bacteria and heliobacteria, and Photosystem
I (PS I) in oxygenic phototrophic organisms (higher plants, algae and cyanobacteria). Type II
(quinone-type) RCs are represented by the RCs of the green non-sulfur bacteria and purple
bacteria, and Photosystem II (PS II) in oxygenic phototrophic organisms. Most type I RCs are
characterized by the presence of three [4Fe-4S] clusters, termed FX, FB and FA. These clusters
function as a conduit for the electron to move from the site of initial charge separation to a
soluble electron transfer protein, which is either the [2Fe-2S] ferredoxin or flavodoxin. In PS I,
two of the [4Fe-4S] clusters, FA and FB, are bound to the PsaC subunit. The third cluster, FX, is
an unusual instance of an interpolypeptide [4Fe-4S] cluster bridging the PsaA/PsaB polypeptides
that constitute the RC heterodimer. (The NifH subunit of nitrogenase is a second example of a
protein containing an interpolypeptide [4Fe-4S] cluster.) PS I of cyanobacteria represents the
best-characterized Type I RC, with a structural model based on a 4 Å resolution electron density
map [41, 42], and more recently an atomic resolution model based on a 2.5 Å resolution electron
density map [35].
PS I is a membrane-bound, multisubunit enzyme; specifically, it is a light-driven
plastocyanin:ferredoxin oxidoreductase that uses the 1.78 eV energy of a red (700 nm) photon to
drive the 800 mV thermodynamically uphill electron transfer between plastocyanin (E1/2 +380
mV) on the lumenal side of the membrane and ferredoxin (E1/2 -420 mV) on the stromal side of
the membrane. The reduced ferredoxin/flavodoxin is then used by NADP:ferredoxin
oxidoreductase to reduce NADP+ to NADPH. The ca. 50% quantum efficiency makes PS I
extraordinarily good at converting light to chemical energy. This is especially striking
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considering that the reaction products are stable, reduced molecules and not an electrical current
that must be used in real-time. PS I in cyanobacteria consists of eleven proteins labeled PsaA
through PsaF and PsaI through PsaM [26]. Other than previously mentioned iron-sulfur clusters,
the PS I complex also contains about 90-110 chlorophylls (Chl), 2 phylloquinones (located in the
A1 site), and 10-25 carotenoids [26]. Initial charge separation occurs between the primary
electron donor P700, which is a special pair of chlorophylls, and the primary electron acceptor
A0, which is a Chl a monomer. The electron is then passed to A1, then to FX , then to FA and
finally to FB [10, 17, 24, 51, 62, 66]. From the terminal FB iron-sulfur cluster the electron is
transferred to ferredoxin/flavodoxin on the stromal side of the membrane. The reduced
ferredoxin/flavodoxin is used by NADP:ferredoxin oxidoreductase to produce NADPH. The
charge-separated state is thus stabilized by the displacement of an electron through a series of
acceptors arranged from the lumen to the stromal side of the membrane. The purpose of multiple
electron acceptors is to prevent charge recombination with the primary electron donor P700+.
This process allows the initial photochemical reaction to be separated in space and lengthened in
time, thereby producing a high quantum yield (see Figure 1.1).
Iron-sulfur clusters are ubiquitous in biology [6]. They play an indispensable role in
electron transfer ([2Fe-2S] and [4Fe-4S] ferredoxins, HiPIP), catalysis (aconitase), Fe, NO and
O2-sensing (iron-regulatory protein; iron-responsive element binding-protein), and structure
(endonuclease III). They occur as electron transfer components in enzymes that carry out
catalytic roles (sulphite reductase, formate dehydrogenase, bacterial nitrate reductase), and they
exist in large multisubunit enzymes such as nitrogenase, hydrogenase, Complex I (NADH
dehydrogenase), and cytochrome b/c1-Rieske and b6/f-Rieske complexes. They are also present
in Type I reaction centers (RCs), where they play an essential role in stabilizing photochemical
charge separation.
From a historical point of view, the uncovering of the physico-chemical properties of the
[4Fe-4S] clusters in PS I as electron transfer cofactors preceded genetic and molecular studies of
3

the genes and proteins. An extensive history of progress in this field in the 70's and 80's is
presented in several review articles [13, 20, 28, 44]. The basic techniques used for extraction and
reconstruction of iron-sulfur cluster in PS I can be found in [27], and a more recent article
summarizes the techniques used for in vivo and in vitro site-directed mutagenesis of the cysteine
ligands to the FA and FB clusters [25]. An overview of structure and functional properties of all
iron-sulfur proteins involved in photosynthesis is provided in a recent review by Schoepp et al.
[60].
The existence of three [4Fe-4S] clusters in PS I was well documented by the late 80’s;
however, the proven requirement of a particular cluster for electron transfer to the soluble
electron carriers ferredoxin and flavodoxin, as well as the precise sequence of the electron
transfer pathway through the clusters remained a matter of controversy until recent years.
Consequently, because of the lack of a consensus of which cluster served as the immediate
electron donor to soluble ferredoxin, the terminal bound iron-sulfur clusters have been referred to
historically as the reactions of ’FA/FB ’. Arguments supporting different points of view are
discussed in a comprehensive review on PS I by Brettel [10], and a history of the resolution on
the issue of the sequence of electron transfer through FA and FB is discussed in a recent review
by Golbeck [24].

2. Basic structural properties of Iron-sulfur proteins
The geometric structure of a [4Fe-4S] cluster is a distorted cube which can be depicted as
a tetrahedron of four iron atoms interpenetrating a larger tetrahedron of four sulfur atoms (Figure
1.2). The bond lengths between the atoms in the two opposite sides of the cube are compressed
relative to the other bonds, and the atom-to-atom distances range from 2.67 to 2.81 Å for the iron
tetrahedron, and 3.49 to 3.61 Å for the sulfur tetrahedron in different [4Fe-4S] proteins [11].
Most commonly, the irons are ligated by four cysteines with their sulfur atoms forming yet
another, larger tetrahedron (Figure 1.2).
4

The formal redox couple of a low potential [4Fe-4S] cluster alone is 2+/1+, while the
redox couple for the entire site including the cysteinate ligands is 2-/3- [32]. Each [4Fe-4S]
cluster functions as an independent one-electron component, with a midpoint potential that can
range from +400 mV to as low as –705 mV [12, 33, 63]. The value of the midpoint potential is
determined by a number of factors that are not well-understood. The backbone fold determines
the approximate value of the redox potential (with the consequence that the redox couple of a
HiPIP, a high potential [4Fe-4S] cluster, is 3+/2+) and specific amino acid sequence patterns finetune this value [64]. The midpoint potentials are also known to be influenced by a combination
of coulombic interaction of the charged [4Fe-4S] cluster with the entire protein, the polarizability
of the protein, and the interaction of both the [4Fe-4S] cluster and the protein with the solvent
[33, 34, 45, 63].
A variety of spectroscopic techniques including electron paramagnetic resonance (EPR)
spectroscopy, nuclear magnetic resonance (NMR) spectroscopy, Mössbauer spectroscopy,
optical spectroscopy in the blue region, electrometric techniques, and X-ray crystallography have
been applied to the study of the iron-sulfur clusters in PS I.
EPR spectroscopy has been the most informative technique to detect and resolve signals
from the individual iron-sulfur clusters (for a concise summary of EPR techniques applied to
iron-sulfur clusters see [59]; see also [30] for a comparison of the EPR properties of different
iron-sulfur proteins). Since the unpaired electrons in iron–sulfur clusters are localized, at least in
part, on the molecular orbital of the transition metal [55], spin-orbit coupling leads to a
significant deviation of the g-value from that of the free electron g-value of 2.0023. This
deviation also reflects electromagnetic interactions of the spin system with its surroundings, and
therefore, the EPR spectrum contains structural information that is otherwise difficult to obtain
by other techniques.
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The ground state of low-potential [4Fe-4S] clusters is diamagnetic in the oxidized form
and paramagnetic in the reduced form. In the oxidized state, the two ferric and two ferrous atoms
are magnetically coupled, giving rise to an effective total spin of S = 0. In the reduced state the
one ferric and three ferrous iron atoms are magnetically coupled, giving rise to an effective total
spin of S = 1/2 [54]. Although in the reduced state a [4Fe-4S]+ cluster may be considered to
contain the formal valences of three Fe2+ and one Fe3+, in reality two localized Fe atom pairs
exist: as an equal-valence pair (2Fe2+) and as a mixed-valence pair (2Fe2.5+) in which the electron
is delocalized over the two iron sites [9] (Figure 2.1). Since EPR signals from [4Fe-4S] clusters
have extremely short relaxation times, these signals can only be detected at temperatures below
ca. 35 K. The samples must be frozen, and therefore the molecules will be randomly oriented
(except in single crystals). As a result, the spectra represent a summation of signals from redox
centers oriented in all directions relative to the magnetic field, and are termed “polycrystalline
powder spectra”. The EPR spectrum of a [4Fe-4S] cluster typically shows three distinct g-values
reflecting 'rhombic' symmetry. Each corresponds to the value obtained when the magnetic field
is parallel to one of the three special directions of the paramagnetic molecule, and are termed gxx,
g yy, and gzz. The principal g-values obtained from powder spectra are therefore approximately
equal to the single crystal’s principal g-values. The relationship between the crystal axis and the
g-tensor axes can only be determined from single crystal studies.
Iron-sulfur clusters represent rather poor chromophores for optical spectroscopic studies.
The reason is that the S → Fe charge-transfer band is weak and broad owing to quantum
mechanical uncertainty in the ground state energy. Optical characterization in vitro is particularly
difficult in multiprotein complexes, especially when other chromophores are present that have
overlapping spectra (i.e. chlorophylls and carotenoids in photosynthetic RCs). However,
differential spectroscopic techniques or flash-induced optical absorption changes can be
employed to resolve the changes solely derived from the iron-sulfur clusters. Partial loss of the
main absorption band in the blue region of the spectrum is typical upon reduction of iron-sulfur
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clusters. This leads to a differential reduced-minus-oxidized spectrum, and monitoring the time
course of this absorbance change provides information on kinetics of reduction and oxidation of
the iron-sulfur cluster.
Electron transfer in low potential [4Fe-4S] proteins involves a transition between the
oxidized (diamagnetic, equal valence) and reduced (paramagnetic, mixed valence) states of each
cluster. The local paramagnetism of each Fe atom results in characteristic, hyperfine contactshifted NMR resonances belonging to Hα and βCH2 protons of cysteines ligating the cluster. It
also causes line broadening, which results in signal overlap and in broadening of some signals
beyond detection limit. Both effects are even more pronounced in the fully reduced or partially
reduced state of the protein, in which a net paramagnetism of the whole cluster exists. In the case
of oxidized [2Fe-2S] and [4Fe-4S] clusters, the ground state is diamagnetic, but a certain
paramagnetic character comes about from a population of excited paramagnetic states at room
temperature. Owing to the effects of paramagnetic metal centers, the term paramagnetic NMR
(PNMR) spectroscopy is often used when NMR studies are performed on metalloproteins.
PNMR implies that certain parameters of the NMR measurement are adjusted to the detection of
fast relaxing spins that arise from amino acids in the vicinity of, or in direct contact with, a
paramagnetic center. The high solubility of low-potential iron-sulfur proteins allows, in
principle, the determination of a solution structure by application of modern NMR techniques.
However, since the proteins are relatively small, nearly all their amino acids are affected by the
paramagnetic centers. In summary, low potential ferredoxins present a particularly challenging
system for structure determination by NMR because of the following reasons: firstly, the
presence of the paramagnetic centers; secondly, their high sensitivity to degradation by oxygen;
thirdly, the necessity to work at pH values above 7.6 – high pH precludes detection of significant
number of the amide protons. Moreover, in some cases this is further complicated by
temperature-dependent stability in both the oxidized and reduced states (see Chapter 2 and 3,
[2, 3]).

7

3. The [4Fe-4S] cluster-containing PsaC subunit of PS I
3.1. Biochemical properties of unbound PsaC
In 1974, an iron-sulfur protein was isolated by Malkin and co-workers [48] by
methanol/acetone extraction of lyophilized spinach chloroplast membranes, but no specific
function was assigned to it at that time. Later, Wynn and Malkin [68] and Oh-Oka and coworkers [56-58] showed that the ca. 9 kDa protein found in spinach PS I complexes was indeed
the iron-sulfur protein originally isolated by Malkin and co-workers [48]. The EPR resonances of
this unbound iron-sulfur protein were broader, and the peak positions of FA-/FB- were different
from those when the protein is bound to the PS I complex. However, the EPR spectrum was
restored when this protein was rebound to isolated P700-FX cores [29]. This protein is now
known as PsaC. Further progress in the resolution of the properties of PsaC awaited the
development of methods for its overproduction in Escherichia coli (E. coli) [73].
When wild-type PsaC from Synechococcus sp. PCC 7002 is expressed in E. coli, the
protein is largely deposited in inclusion bodies. The inclusion bodies can be solubilized with urea
and 2-mercaptoethanol (2-ME). Urea also denatures any existing clusters, and 2-ME reduces any
disulfide cross-links. Similar to other ferredoxins that contain cubane clusters [15], apo-PsaC is
presumed to have little or no defined three-dimensional structure in the absence of the [4Fe-4S]
clusters. Nevertheless, the likely presence of cysteine cross links among the 9 cysteine residues
may place some restrictions on the conformational flexibility of the apoprotein. The iron-sulfur
clusters can be inserted quantitatively under anaerobic conditions by addition of 2-ME, sodium
sulfide, and ferric chloride to a solution containing the urea-solubilized apoprotein [2, 50, 73]
(see Methods section in Chapter 2 for the detailed procedure). The [4Fe-4S] clusters are
presumed to undergo insertion into the PsaC apoprotein via a cysteine-2-mercaptoethanol ligand
exchange mechanism. The visible spectrum of reconstituted PsaC is identical to native PsaC in
showing relatively weak absorption bands from 350 to 500 nm which decrease by a factor of ca.
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2 on chemical reduction with sodium hydrosulfite. The EPR spectrum of dithionite-reduced PsaC
(Figure 1.4E) is similar to native PsaC isolated anaerobically from higher plants [48, 68] and
cyanobacteria [56] (see also [24] for comparison of these spectra).
PsaC is presumed to have evolved from a bacterial ferredoxin and shares some amino
acid sequence similarity, especially in the vicinity of the two [4Fe-4S] cluster consensus ironsulfur cluster binding sites CxxCxxCxxxCP (Figure 1.3). The acid sequences of PsaC proteins
have been deduced from the sequences of the psaC genes as well as by direct amino acid
sequencing in several strains of cyanobacteria and several species of higher plants higher plants
[23]. The 80 amino acids are highly conserved among 10 cyanobacterial strains [26] and show
only minor differences, such as relatively conservative L/T, G/A, I/V and S/A substitutions near
the center of the protein at positions 22, 36, 38 and 40, and S/A and S/T substitutions at positions
2 and 3 near the amino terminus (The nomenclature used in this thesis assumes that the Nterminal methionine has been cleaved from the protein). The PsaC of higher plants also has 80
amino acid and differs from cyanobacterial PsaC only in two regions; other than a couple of
conservative substitutions, a more substantive A → K substitution occurs at position 36 and a
GA → WH pair change occurs at positions 69/70. Because higher plant PsaC can be rebound to
cyanobacterial P700-FX cores [52], and visa-versa (Golbeck, J. H. unpublished results), these
differences in amino acid composition apparently have no effect on the functional properties of
FA and FB.
3.2. Known structural features of PsaC
PsaC has a total of nine cysteine residues, eight of which form two typical [4Fe-4S]cluster-binding motifs, CxxCxxCxxxCP [19, 57]. PsaC possesses a pseudo C 2-symmetry axis
oriented perpendicular to a vector connecting the two [4Fe-4S] clusters in a manner similar to
Peptococcus asaccharolyticus [39]). Nevertheless, the primary structure of PsaC contains
structural elements not present in bacterial ferredoxins. An additional sequence of 8-amino acids,
9

a so-called Z-loop which is found in PsaC between the iron-sulfur sites, and a 14-amino acid Cterminal extension at the end, are not present in bacterial ferredoxins (Figure 1.3). It seems
logical that these two parts of PsaC are responsible for its specific function as a part of PS I.
Amino acids located in the Z-loop are considered to be involved in ferredoxin/flavodoxin
binding [22]. In the 4 Å crystal structure of the PS I complex [42] the C-terminal end of PsaC has
an extended coil conformation and thought to be involved in binding to the PsaA/PsaB core. The
Z-loop has no influence on the cluster-to-cluster distance, which is predetermined by the spacing
between the third and fourth cysteines in the consensus [4Fe-4S] iron-sulfur binding motif. This
was recently confirmed by the similar cluster-to-cluster distances available from the X-ray
crystal structures of P. asaccharolyticus [1], PsaC-bound PS I [41, 42], and unbound PsaC in
solution (Chapter 3, [3]).
PsaC and the properties of its iron-sulfur centers have been extensively studied over the
last ten years both as part of PS I and as the (isolated) unbound protein [46, 52, 53, 69, 70, 72].
EPR spectroscopy is able to resolve two distinct g-tensors for the reduced iron-sulfur clusters FAand FB-. In combination with site-directed mutagenesis, the cysteines ligating each iron-sulfur
cluster have been identified: cysteines 10, 13, 16, 57 ligate FB and cysteines 20, 47, 50, and 53
ligate FA (reviewed in Golbeck, [24]).
The presumed similarity of the central structural features of PsaC to ferredoxins
containing 2 [4Fe-4S] clusters has led to the widespread use of high-resolution X-ray and NMR
structures of these proteins (PDB entries 1FDX, 1FDN, 1CLF, 2FDN) [1, 8, 16, 18, 43] as
models for PsaC. This has proved to be a reasonable approach: the similarity of the structural
features between PsaC and bacterial ferredoxins was confirmed with the release of 4 Å PS I
X-ray crystal structure [35, 42]. Recent examples of the successful implementation of this
strategy included the successful mutagenesis of the ligands to the [4Fe-4S] clusters in the PsaC
protein [25] and the interpretation of the NMR data of fully reduced PsaC, which allowed

10

identification of the positions of the equal and mixed valence pair in FA and FB (see Chapter 2,
[2]).
3.3. EPR and NMR properties of the iron-sulfur clusters FA and FB bound to PsaC
A number of experimental protocols using low-temperature EPR spectroscopy have been
developed to detect and quantify the terminal clusters FA and FB. These protocols can be applied
to whole cyanobacterial cells, isolated thylakoid membranes and purified RCs, as well as to PS I
complexes reconstituted in vitro from isolated P700-FX cores and recombinant PsaC [27]. These
methods provide distinguishable EPR spectra of FB and FA but because of the limited timeresponse of EPR spectroscopy, do not allow analysis of the kinetics of electron transfer between
the iron-sulfur clusters.
Freezing a PS I complex in the dark with subsequent illumination at temperatures below
200 K allows promotion of one electron from P700, and therefore either FA and FB, but not both,
become reduced in a given RC [4, 5, 21, 49]. There is no possibility of magnetic interaction
between reduced iron-sulfur clusters, and the EPR spectrum represents a superposition of the
individual FA- and FB- spectra (Figure 1.4A). The g-values of 2.05, 1.95 and 1.85 correspond to
FA-, while g-values of 2.07, 1.93 and 1.88 correspond to FB-. The ratio of FA and FB reduced
under these conditions is ca. 5, and the efficiency of forward electron transfer to FA or FB is
limited to ca. 40% [14] or 67% [61] at cryogenic temperatures. The resonances are best observed
at temperatures between 15 to 18 K (under 40 mW of microwave power) as a result of the
opposing effects of linewidth broadening at higher temperatures and microwave power saturation
at lower temperatures. At 18 K, both clusters enter microwave power saturation at relatively high
microwave powers (>100 mV). The unique spectrum of FA- can be observed in PS I from the
Synechocystis sp. PCC 6803 C13D mutant of PS I (Figure 1.4B), while the unique spectrum of
FB– can be observed in the C50D mutant of the same strain (Figure 1.4C) [37]. The mutant
cluster in C13D and C50D is suspected to be in a high spin state (S ≥ 3/2), and is therefore not
11

visible in the g = 2 region (see Chapter 4). The FA–-only spectrum can also be detected in RCs
devoid of FB obtained by treating isolated thylakoid membranes or PS I RCs with HgCl2 [31, 38].
Freezing a PS I complex during continuous illumination promotes two or more electrons
through P700, leading to simultaneous reduction of both FA and FB and producing a so-called
‘interaction spectrum’ with g-values of 2.05, 1.94, 1.92 and 1.88 (Figure 1.4D). This spectrum is
due to the close distance between the two spin systems, FA - and FB-, which necessitates the
introduction of an additional term in the spin Hamiltonian, which reflects the magnetic coupling
between the two paramagnetic centers. The FA-/FB- interaction spectrum is best observed at
temperatures of 15 to 18 K (under 40 mW of microwave power). Incubation of PS I complexes
with 50 to 100 mM sodium hydrosulfite at pH 10 in darkness reduces FA and FB , and the EPR
spectrum measured at 15 K is identical to the above-mentioned photoinduced interaction
spectrum of [FA-/FB-].
EPR and NMR studies of unbound PsaC show that the magnetic properties of the two
[4Fe-4S] clusters in both the reduced [2, 48, 57, 58] and the oxidized [7] states are essentially
indistinguishable. The only noticeable difference is that the EPR linewidth of FA is slightly
broader than FB in mutants of PsaC, in which the resonances of the mixed-ligand clusters are not
observed in the g = 2.0 region [24]. When PsaC is bound to PS I in the absence of PsaD, the
linewidths of EPR signals of FA and FB are broader than in the presence of PsaD [47]. Since the
EPR spectra of FA- and FB- in unbound PsaC have different g-values and broader linewidths (of
the individual g-components) than in bound PsaC, it follows that the g-tensor is not invariant, but
is altered by protein-protein association of PsaC with the PS I core. These changes in the gtensor of FA and FB support the proposal that the protein undergoes a structural change upon
binding, one that affects the environment of the iron-sulfur clusters and alters their magnetic
properties (Chapter 3, [3]).
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4. Issues to be addressed in this work
The key issue to be addressed by the work presented here is the relationship between the
structure and function of the PsaC subunit of PS I. In Chapter 2, the fully reduced, unbound PsaC
is studied by PNMR and the positions of mixed- and equal-valence pairs in [4Fe-4S] centers FA
and FB are determined. In Chapter 3, the solution structure of the oxidized, unbound PsaC protein
is determined by PNMR and compared to the structure of PsaC as part of the PS I complex. This
chapter also describes, in detail, the conformational change which occurs when PsaC binds to
PS I, and the PS I specific contacts that are responsible for this remarkable change. Finally, in
Chapter 4, direct evidence for the chemical rescue hypothesis in C13G mutants of PsaC are
presented. Each chapter will be described in the following manner: Introduction, describing the
relevant issues; Methods, describing the experimental approach and methods used; Results,
describing findings of the studies; Discussion, comparing different facts that are known about the
system in view of the new results obtained; Conclusions, summarizing the significance of the
Results.
4.1. Sequence-specific assignment of contact-shifted resonances and identification of mixedand equal- valence Fe-Fe pairs in [4Fe-4S] centers FA- and FB- of reduced, unbound PsaC
by paramagnetic 1H NMR spectroscopy
The g-tensor orientation of FA- and FB - is believed to be correlated to the preferential
localization of the mixed-valence and equal-valence (ferrous) iron pairs in each [4Fe-4S]

1+

cluster. The preferential position of the mixed-valence and equal-valence pairs can be inferred
from the study of the temperature dependence of contact-shifted resonances by 1H NMR
spectroscopy. For this, a sequence specific assignment of these signals is required. Despite its
relative instability, 1H NMR spectra of reduced, unbound PsaC could be recorded. The de novo,
self-consistent, sequence-specific assignment of the hyperfine-shifted resonances was obtained
based on dipolar connectivities from 1D NOE difference spectra and on longitudinal relaxation
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times using the X-ray structure of Clostridium acidi urici 2[4Fe-4S] cluster ferredoxin at 0.94 Å
resolution as a model. This enabled me to assign sequence-specifically the signals of three
cysteines from each of the two reduced [4Fe-4S] clusters and to obtain the preferential
localization of mixed and equal valence pairs in FA- and FB-. The analysis revealed that the
magnetic properties of the two [4Fe-4S] clusters are essentially indistinguishable in unbound
PsaC in contrast to the PsaC that is bound as a component of the PS I complex. The results of
these studies are presented in Chapter 2.
4.2. Solution structure of the unbound, oxidized Photosystem I subunit PsaC, containing
[4Fe-4S] clusters FA and FB. A conformational change occurs upon binding to
Photosystem I
From the changes in the g-tensors of FA and FB that occur upon binding of PsaC to the PS
I core, it is likely that the protein undergoes significant structural changes. To study these
changes, it is necessary to know the 3-dimensional structure of both bound and unbound PsaC.
The Clostridium acidi urici ferredoxin structure has served as a model for the interpretation of a
portion of the electron density map in a 4 Å resolution X-ray structure of PS I [42]. Thus a model
for PsaC bound to PS I exists. However, no X-ray structure of unbound PsaC is available. I
present in this work the three-dimensional solution structure of oxidized, unbound PsaC from
Synechococcus PCC 7002 obtained by heteronuclear, two-dimensional and three-dimensional
NMR. The significant differences between the solution structure of PsaC and its structure as an
integral part of PS I complex are discussed. These results of the investigation of oxidized,
unbound PsaC by NMR are presented in Chapter 3 along with a detailed description of the
conformational change occurring in PsaC upon binding to PS I. This is followed by a description
of the PS I specific contacts that are responsible for this remarkable conformational change.
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4.3. Chemical rescue of site-modified ligands to the iron-sulfur clusters of PsaC in
Photosystem I
Cysteine 13, which ligates FB, and cysteine 50, which ligates FA, were changed to serine,
aspartate, alanine and glycine in unbound PsaC [36, 53, 69-71] (for a recent review on the C13X
and C50X (X = S, D, A, G) mutants see [24]). It was proposed that 2-mercaptoethanol, a reagent
used for iron-sulfur reconstitution, serves as an external rescue ligand in the absence of a
biological ligand to the fourth iron [71]. Instead of the expected [3Fe-4S] cluster, chemical
rescue allows for formation of a [4Fe-4S] cluster in the alanine and glycine mutants. If this
hypothesis is correct, PsaC mutants could be used to tether a redox-sensitive reporter of electron
transfer (viologen) to the FA and FB clusters of PsaC. Chapter 4 provides the conclusive evidence
for the chemical rescue hypothesis based on EPR, resonance Raman and 19F NMR data.

15

5. References
[1]

Adman, E.T., Siefker, L.C. and Jensen, L.H. (1976) J Biol Chem 251, 3801-3806.

[2]

Antonkine, M.L., Bentrop, D., Bertini, I., Luchinat, C., Shen, G., Bryant, D.A., Stehlik,
D. and Golbeck, J.H. (2000) J Biol Inorg Chem 5, 381-392.

[3]

Antonkine, M.L., Liu, G., Bentrop, D., Bertini, I., Luchinat, C., Bryant, D.A., Golbeck,
J.H. and Stehlik, D. (2001) J Biol Chem (manuscript in review).

[4]

Bearden, A.J. and Malkin, R. (1972) Biochem Biophys Res Commun 46, 1299-1305.

[5]

Bearden, A.J. and Malkin, R. (1972) Biochim. Biophys. Acta 283, 456-468.

[6]

Beinert, H. (2000) J Biol Inorg Chem 5, 2-15.

[7]

Bentrop, D.B., I.Luchinat, C.Nitschke, W. Muhlenhoff, U. (1997) Biochemistry 36,
13629-13637.

[8]

Bertini, I., Donaire, A., Feinberg, B.A., Luchinat, C., Piccioli, M. and Yuan, H. (1995)
Eur J Biochem 232, 192-205.

[9]

Bominaar, E.L., Borshch, S.A. and Girerd, J.J. (1994) J Am Chem Soc 116, 5362-5372.

[10]

Brettel, K. (1997) Biochim. Biophys. Acta. 1318, 322-373.

[11]

Carter, C.W. (1977) in Iron-sulfur proteins. Structure and metabolic mechanisms
(Lovenberg, W., ed.), Vol. 3, pp. 157-204, Acad. Press, New York.

[12]

Chamorovsky, S.K. and Cammack, R. (1982) Photobiochem. Photobiophys. 4, 195-200.

16

[13]

Chitnis, P.R. and Nelson, N. (1991) in Cell Culture and Somatic Cell Genetics of Plants
(Bogorad, L. and Vasil, I.K., eds.), Vol. 7B, pp. 177-224, Academic Press, San Diego,
CA.

[14]

Crowder, M.S. and Bearden, A. (1983) Biochim. Biophys. Acta 722, 23-35.

[15]

Darimont, B. and Sterner, R. (1994) EMBO J 13, 1772-1781.

[16]

Dauter, Z., Wilson, K.S., Sieker, L.C., Meyer, J. and Moulis, J.M. (1997) Biochemistry
36, 16065-16073.

[17]

Diaz-Quintana, A., Leibl, W., Bottin, H. and Setif, P. (1998) Biochemistry 37, 34293439.

[18]

Duee, E.D., Fanchon, E., Vicat, J., Sieker, L.C., Meyer, J. and Moulis, J.M. (1994) J Mol
Biol 243, 683-695.

[19]

Dunn, P.P.J. and Gray, J.C. (1988) Plant Mol. Biol. 11, 311-119.

[20]

Evans, M.C.W. and Bredenkamp, G. (1990) Physiol. Plant. 79, 415-420.

[21]

Evans, M.C.W. and Heathcote, P. (1980) Biochim. Biophys. Acta 590, 89-96.

[22]

Fischer, N. and Setif, P.R., JD. (1999) J Biol Chem 274, 23333-23340.

[23]

Golbeck, J. (1992) Annu. Rev. Plant Physiol. Plant Mol. Biol. 43, 293-324.

[24]

Golbeck, J.H. (1999) Photosyn. Res. 61, 107-144.

[25]

Golbeck, J.H. (1998) in Photosynthesis: Molecular Bio (Mcintosh, L., ed.), Vol. 297, pp.
95-123, Academic Press Inc, 525 B Street, Suite 1900, San Diego, CA 92101-4495.

17

[26]

Golbeck, J.H. (1994) in The Molecular Biology of Cyanobacteria (Bryant, D.A., ed.), pp.
179-220, Kluwer Academic Publishers, The Netherlands.

[27]

Golbeck, J.H. (1995) in CRC Handbook of Organic Photochemistry and Photobiology
(Song, P.S. and Horspool, W., eds.), pp. 1407-1419, CRC Press, Bocca Raton, FL.

[28]

Golbeck, J.H. (1987) Biochim. Biophys. Acta 895, 167-204.

[29]

Golbeck, J.H., Mehari, T., Parrett, K. and Ikegami, I. (1988) FEBS Lett. 240, 9-14.

[30]

Guigliarelli, B. and Bertrand, P. (1999) in Advances in Inorganic Chemistry, Vol. 47, pp.
421-497, Academic Press Inc, San Diego.

[31]

He, W.Z. and Malkin, R. (1994) Photosyn Res 41, 381-388.

[32]

Holm, R.H. (1992) in Iron-Sulfur Proteins (Cammack, R., ed.), pp. 1-72, Academic Press,
Inc., San Diego.

[33]

Ichiye, T. (1999) in Simulation and theory of electrostatic interactions in solution (Pratt,
L.R. and Hummer, G., eds.), pp. 431-450, AIP, Melville, N.Y.

[34]

Jensen, G.M., Warshel, A. and Stephens, P.J. (1994) Biochemistry 33, 10911-10924.

[35]

Jordan, P., Krauss, N., Fromme, P., Witt, H.T. and Saenger, W. (2001) Nature, submitted.

[36]

Jung, Y.S., Vassiliev, I.R., Qiao, F.Y., Yang, F., Bryant, D.A. and Golbeck, J.H. (1996) J
Biol Chem 271, 31135-31144.

[37]

Jung, Y.S., Vassiliev, I.R., Yu, J.P., McIntosh, L. and Golbeck, J.H. (1997) J Biol Chem
272, 8040-8049.

[38]

Jung, Y.S., Yu, L. and Golbeck, J.H. (1995) Photosyn Res 46, 249-255.

18

[39]

Kamlowski, A., van der Est, A., Fromme, P., Krauss, N., Schubert, W.D., Klukas, O. and
Stehlik, D. (1997) Biochim Biophys Acta 1319, 199-213.

[40]

Kamlowski, A., van der Est, A., Fromme, P. and Stehlik, D. (1997) Biochim Biophys
Acta 1319, 185-198.

[41]

Klukas, O., Schubert, W.D., Jordan, P., Krauss, N., Fromme, P., Witt, H.T. and Saenger,
W. (1999) J Biol Chem 274, 7361-7367.

[42]

Klukas, O., Schubert, W.D., Jordan, P., Krauss, N., Fromme, P., Witt, H.T. and Saenger,
W. (1999) J Biol Chem 274, 7351-7360.

[43]

Krauss, N., Schubert, W.D., Klukas, O., Fromme, P., Witt, H.T. and Saenger, W. (1996)
Nature Struct Biol 3, 965-973.

[44]

Lagoutte, B. and Mathis, P. (1989) Photochem. Photobiol. 49, 833-844.

[45]

Langen, R., Jensen, G.M., Jacob, U., Stephens, P.J. and Warshel, A. (1992) J Biol Chem
267, 25625-25627.

[46]

Li, N., Warren, P., Golbeck, J., Frank, G., Zuber, H. and Bryant, D. (1991) Biochim
Biophys Acta 1059, 215-225.

[47]

Li, N., Zhao, J., Warren, P.V., Warden, J.T., Bryant, D.A. and Golbeck, J.H. (1991)
Biochemistry 30, 7863-7872.

[48]

Malkin, R., Aparicio, P.J. and Arnon, D.I. (1974) Proc Natl Acad Sci U S A 71, 23622366.

[49]

Malkin, R. and Bearden, A.J. (1971) Proc Natl Acad Sci U S A 68, 16-19.

[50]

Malkin, R. and Rabinowitz, J. (1966) Biochem. Biophys. Res. Commun 23, 822-827.

19

[51]

Mamedov, M.D., Gourovskaya, K.N., Vassiliev, I.R., Golbeck, J.H. and Sememov, A.Y.
(1998) FEBS Lett 431, 219-223.

[52]

Mehari, T., Parrett, K.G., Warren, P.V. and Golbeck, J.H. (1991) Biochim. Biophys. Acta
1056, 139-148.

[53]

Mehari, T., Qiao, F.Y., Scott, M.P., Nellis, D.F., Zhao, J.D., Bryant, D.A. and Golbeck,
J.H. (1995) J Biol Chem 270, 28108-28117.

[54]

Noodleman, L., Case, D.A., Mouesca, J.M. and Lamotte, B. (1996) J Biol Inorg Chem 1,
177-182.

[55]

Noodleman, L., Peng, C.Y., Cae, D.A. and Mouseca, J.-M. (1995) Coord. Chem. Rev.
144, 199-244.

[56]

Oh-Oka, H., Takahashi, Y., Kuriyama, K., Saeki, K. and Matsubara, H. (1988) J.
Biochem. (Tokyo) 103, 962-968.

[57]

Oh-Oka, H., Takahashi, Y. and Matsubara, H. (1989) Plant Cell Physiol. 30, 869-875.

[58]

Oh-Oka, H., Takahashi, Y., Wada, K., Matsubara, H., Ohyama, K. and Ozeki, H. (1987)
FEBS Lett. 218, 52-54.

[59]

Ohnishi, T. (1998) Biochim. Biophys. Acta. 1364, 186-206.

[60]

Schoepp, B., Brugna, M., Lebrun, E. and Nitschke, W. (1999) in Advances in Inorganic
Chemistry, Vol. 47, pp. 335-360.

[61]

Setif, P., Mathis, P. and Vaenngaard, T. (1984) Biochim. Biophys. Acta 767, 404-414.

[62]

Shinkarev, V.P., Vassiliev, I.R. and Golbeck, J.H. (2000) Biophys J 78, 363-372.

[63]

Stephens, P.J., Jollie, D.R. and Warshel, A. (1996) Chem Rev 96, 2491-2513.
20

[64]

Swartz, P.D., Beck, B.W. and Ichiye, T. (1996) Biophys J 71, 2958-2969.

[65]

Thompson, J.D., Higgins, D.G. and Gibson, T.J. (1994) Nucleic Acids Res. 22, 46734680.

[66]

Vassiliev, I.R., Jung, Y.S., Yang, F. and Golbeck, J.H. (1998) Biophys J 74, 2029-2035.

[67]

Vassiliev, I.R., Ronan, M.T., Hauska, G. and Golbeck, J.H. (2000) Biophys J 78, 31603169.

[68]

Wynn, R.M. and Malkin, R. (1988) FEBS Lett. 229, 293-297.

[69]

Yu, L., Bryant, D.A. and Golbeck, J.H. (1995) Biochemistry 34, 7861-7868.

[70]

Yu, L., Zhao, J., Lu, W.P., Bryant, D.A. and Golbeck, J.H. (1993) Biochemistry 32,
8251-8258.

[71]

Yu, L.A., Vassiliev, I.R., Jung, Y.S., Bryant, D.A. and Golbeck, J.H. (1995) J Biol Chem
270, 28118-28125.

[72]

Zhao, J., Li, N., Warren, P., Golbeck, J. and Bryant, D.A. (1992) Biochemistry 31, 50935099.

[73]

Zhao, J., Warren, P.V., Li, N., Bryant, D.A. and Golbeck, J.H. (1990) FEBS Lett. 276,
175-180.

21

Figure legends
Figure 1.1. Electron transfer scheme of forward and back reactions in PS I. The midpoint
potentials of [4Fe-4S]-clusters drawn as solid lines refer to values determined by EPR
spectroscopy; those depicted by shaded areas refer to values determined by transient absorbance
spectroscopy.
Figure 1.2. The structure of a [4Fe-4S] cluster in the oxidized and reduced state depicting the
presence of mixed- and equal-valence iron atom pairs (adapted with modifications from
Kamlowski et al. 1995 [40]). The iron and sulfide atoms of the [4Fe-4S] clusters as well as sulfur
and Cβ atoms of the cysteines ligating the [4Fe-4S] cluster are shown with iron atoms as large
black spheres, sulfur atoms as light-gray spheres and Cβ as small black spheres.
Figure 1.3. Sequence alignment of PsaC from Synechococcus sp. PCC 7002 and the 2 [4Fe-4S]
ferredoxins from Clostridium pasteurianum, Clostridium acidi urici and Peptococcus
asaccharolyticus. The cysteines that coordinate the [4Fe-4S] clusters are indicated by bold
underlined letters and their number in Synechococcus sp. PCC 7002 PsaC sequence is shown on
top. The sequences were aligned with CLUSTALW (1.60) [65]. Conserved amino acids are
indicated by an asterisk, conservative substitutions by a dot. The sequence of PsaC from S.
elongatus is identical to that of Synechococcus sp. PCC 7002 PsaC with the exception of three
amino acid substitutions: S1A, S3T, and L22T.
Figure 1.4. X-band EPR spectra of [4Fe-4S] clusters FA and FB in various samples under
different conditions: (A) Superposition of spectra of FA– and FB – in PS I complexes from
Synechocystis sp. PCC 6803 photoinduced at 14 K after freezing the sample in the dark. The
sample contains 800 µg/ml chlorophyll a, 50 mM Tris (pH 8.3), 10 mM sodium ascorbate, 4 µM
DCPIP and 20% glycerol. (B) Spectrum of FB– in PS I complexes from C50DPsaC mutant of
Synechocystis sp. PCC 6803 photoinduced at 15 K after freezing the sample in the dark. The
sample contains 1 mg/ml chlorophyll a, 50 mM Tris (pH 8.3), 1 mM sodium ascorbate and 300
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µM DCPIP. (C) Spectrum of FA– in PS I complexes from C13DPsaC mutant of Synechocystis sp.
PCC 6803 photoinduced at 15 K after freezing the sample in the dark. The sample contains 1
mg/ml chlorophyll a, 50 mM Tris (pH 8.3), 1 mM sodium ascorbate and 300 µM DCPIP. (D)
Interaction spectrum of FA –/FB– in PS I complexes from Synechocystis sp. PCC 6803
photoaccumulated upon freezing the sample under light to 12 K. The sample contains 800 µg/ml
chlorophyll a, 50 mM Tris (pH 8.3), 10 mM sodium ascorbate, 4 µM DCPIP and 20% glycerol.
(E) Spectrum of unbound, recombinant PsaC protein chemically reduced with sodium dithionite
recorded at 15 K temperature. The sample contains 100 mM glycine (pH 10.5) and 100 mM
sodium dithionite. The large resonance at g = 2.002 in traces A-D is the photochemically
generated P700+ radical; this region was excised for clarity. To account for different resonant
frequencies the magnetic field reference values in the spectra were converted to corresponding gvalues as described in [67].
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Chapter 2.

Sequence-specific assignment of contact-shifted resonances and
identification of mixed- and equal- valence Fe-Fe pairs in [4Fe-4S]
centers FA- and FB- of reduced, unbound PsaC by paramagnetic
1

H NMR spectroscopy

[Published, in part, as a paper titled “Paramagnetic 1H NMR spectroscopy of the reduced,
unbound Photosystem I subunit PsaC: sequence specific assignment of contact-shifted
resonances and identification of mixed- and equal-valence Fe-Fe pairs in [4Fe-4S] centers FAand FB-” by Mikhail L. Antonkine, Detlef Bentrop, Ivano Bertini, Claudio Luchinat, Gaozhong
Shen, Donald A. Bryant, Dietmar Stehlik and John H. Golbeck (2000) in J. Biol. Inorg. Chem.,
5, 381-392.]
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1. Abstract
The g-tensor orientation of FA- and FB- clusters of fully-reduced PsaC is believed to be
correlated to the preferential localization of the mixed-valence and equal-valence (ferrous) iron
pairs in each [4Fe-4S]1+ cluster. The preferential position of the mixed-valence and equalvalence pairs, in turn, can be inferred from the study of the temperature dependence of contactshifted resonances by 1H NMR spectroscopy. For this, a sequence specific assignment of these
signals is required. The 1H NMR spectrum of reduced unbound PsaC from Synechococcus sp.
PCC 7002 at 280.4 K in 99% D2O solution shows 18 hyperfine-shifted resonances. The nonsolvent-exchangeable, hyperfine-shifted resonances of reduced PsaC are clearly identified as
belonging to the cysteines that coordinate the clusters FA- and FB- by their downfield chemical
shifts, by their temperature dependencies, and by their short T1 relaxation times. The usual fast
method of assigning the 1H NMR spectra of reduced [4Fe-4S] proteins through magnetization
transfer from the oxidized to the reduced state was not feasible in the case of reduced PsaC.
Therefore, a model-based, self-consistent, sequence-specific and stereospecific assignment of the
hyperfine-shifted resonances was obtained based on dipolar connectivities from 1D NOE
difference spectra and on longitudinal relaxation times using the X-ray structure of Clostridium
acidi urici 2[4Fe-4S] cluster ferredoxin at 0.94 Å resolution as a model. The results clearly show
the same sequence-specific distribution of Curie and anti-Curie cysteines for unbound reduced
PsaC as established for other [4Fe-4S]-containing proteins; therefore, the mixed-valence and
equal-valence (ferrous) Fe-Fe pairs in FA- and FB- have the same preferential positions relative to
the protein. The analysis reveals that the magnetic properties of the two [4Fe-4S] clusters are
essentially indistinguishable in unbound PsaC, in contrast to the PsaC that is bound as a
component of the PS I complex.
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2. Introduction
The PsaC subunit of Photosystem I (PS I) is a 9.3-kDa protein that harbors binding sites
for two [4Fe-4S] clusters named FA and FB [33]. These clusters are necessary for electron transfer
from FX in the membrane phase to soluble ferredoxin or flavodoxin in the cytosol. PsaC has a
distinct sequence similarity to bacterial ferredoxins, especially with respect to the common ironsulfur cluster binding motif CxxCxxCxxxCP (Chapter1, Figure 1.3) [33]. The sequence
similarity of PsaC to ferredoxins has fostered the use of ferredoxin structures as models for PsaC
[26, 39, 40, 42, 51]. This procedure received experimental confirmation by recent advances in
the determination of the PS I X-ray crystal structure, which includes a complete structural model
of PsaC [41]. This model also confirms the accumulated biochemical evidence for FB as a
terminal electron acceptor [32] and the previous conclusions about the structural organization of
PsaC within the PS I structure obtained from single crystal studies by low-temperature EPR [39,
40]. The fact that this structural model now agrees with the improved X-ray structure of PsaC in
PS I can be used in reverse logic to provide an independent confirmation of the assignment of the
g-tensor axes to the [4Fe-4S] cluster geometry.
The gxx-axis is aligned with the localized mixed-valence Fe-Fe pair axis while the gyyaxis aligned with that of the equal-valence (ferrous) Fe-Fe pair. These assignments were
determined by several elegant studies done by EPR and ENDOR spectoroscopy on single
crystals of model compounds [27-31, 45, 46]. The experimental approach used in these studies
involved γ-irradiation of single crystals of (Et4N)2[Fe4S4(SR)4] centers (R = Ph, CH2Ph, C6H4-oOH). This generates in situ paramagnetic “oxidized” [4Fe-4S]3+ and “reduced” [4Fe-4S]1+
centers from diamagnetic [4Fe-4S]2+ centers. The electronic structure of [4Fe-4S]3+ centers is
equivalent to HiPIP proteins, whereas that of [4Fe-4S]1+ clusters is equivalent to reduced lowpotential ferredoxins. Both types of centers remain trapped in a crystalline matrix; the first
corresponds to a trapped hole and the second to a trapped electron. Irradiation by γ-rays was
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followed by the recording of the angular dependence of EPR lines of the paramagnetic centers in
the single crystals. The theoretical model for the relationship between the g-tensor orientation
and the position of equal- and mixed-valence pairs within the iron-sulfur cluster, for both [4Fe4S]3+ and [4Fe-4S]1+ states, was developed on the basis of the experimentally obtained results
[29, 45]. According to this model, in [4Fe-4S]1+ centers, the gxx axis is aligned with the mixedvalence Fe-Fe pair, the gyy-axis is aligned with the equal-valence (ferrous) Fe-Fe pair and the gzz
axis is perpendicular to the plane of gxx and gyy. The conditions hold if and only if: 1) the dz2molecular orbital of the [4Fe-4S]1+ center is below that of the dxz- orbital in energy, and 2) the
iron-sulfur center maintains a local C2v symmetry of a distorted cube and all four irons have a
similar ligand environment. Owing to spin-orbit coupling, the Fe2+ irons of the equal-valence
pair are much more sensitive to geometrical distortions, and therefore, to the local environment.
The mirror symmetry environment was adopted for both irons of the ferrous pair in this model
[45], and the authors mentioned that this could influence the level of agreement between theory
and experiment. Le Pape et al. [45] showed that if the irons in the ferrous pair have a different
ligand environment, i.e. the symmetry is broken, then nearly any g-tensor can be observed under
their experimental conditions, and the correlation between the g-tensor axes and the positions of
equal- and mixed-valence pairs of the [4Fe-4S] center is no longer possible. In contrast, if the
irons in the mixed-valence pair have a different ligand environment, the g-tensor axes could still
be correlated to the positions of the equal- and mixed-valence pairs unless the electron becomes
localized on one particular iron [45]. It should be noted that several different [4Fe-4S]3+ and
[4Fe-4S]1+ centers, with different EPR signals and g-values, form upon γ-irradiation of
diamagnetic [4Fe-4S]2+ clusters [27-31, 45, 46]. The authors explain this by the existence of a
population of iron-sulfur centers with the same geometric position of equal- and mixed-valence
pairs but a slightly different local distortion in their immediate environment. This could be quite
relevant to the situation occurring in the changing environment of [4Fe-4S] proteins in a living
cell. However, thus far, there are no known cases where this phenomenon was observed in
protein-bound S = 1/2 [4Fe-4S]1+ clusters.
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Independent knowledge about the position or localization of the equal- and mixedvalence pairs in [4Fe-4S] clusters has been obtained from 1H NMR studies of high-potential ironsulfur proteins (HiPIPs) and ferredoxins [8-11, 15-17, 20, 24, 44]. For the oxidized [4Fe-4S]3+
state of HiPIPs, a clear correlation could be established for the methylene protons of the Febinding cysteine residues. The observation of large paramagnetic downfield shifts and a Curie
temperature dependence are associated with the mixed-valence pair, while upfield shifts and an
anti-Curie dependence are connected with the equal-valence (ferric) pair [8-11, 16, 20].
However, in the reduced [4Fe-4S]1+ state of ferredoxins this correlation of contact shifts and
temperature behavior could not be observed. Only downfield paramagnetic shifts are usually
found; nevertheless, the resonance lines still group in two classes with Curie and anti-Curie
temperature dependencies, respectively [15, 17, 24, 44]. With the assumption that the Curie and
anti-Curie dependence is still indicative of a dominant mixed-valence and equal-valence
(ferrous) character of the associated Fe-Fe pairs, respectively, the NMR data available for
Clostridium acidi urici and Clostridium pasteurianum 2[4Fe-4S] ferredoxins [17] provide a
sequence-specific assignment of the equal- and mixed-valence pairs which agrees with their
independent assignment by the EPR studies mentioned above [40]. Considering the many
assumptions involved in this reasoning, an independent NMR study of the PsaC protein was
deemed necessary.
Consequently, the first aim of the work presented here is to complement earlier work on
the oxidized state of unbound PsaC [14] and to obtain an independent sequence- and cluster1
specific assignment of the contact-shifted H NMR resonances in the reduced state. By taking

advantage of the sequence similarity between PsaC and well-studied ferredoxins, I have used the
recent 0.94 Å resolution X-ray structure of C. acidi urici ferredoxin ([23], PDB entry 2FDN) as a
guide for the assignment, which is mainly based on NOE data and therefore represents a modelbased, self-consistent, sequence-specific assignment of NMR resonances in a reduced
ferredoxin-type protein. The assignment will be compared with the NMR results obtained in
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other ferredoxins, and possible correlations with the magnetic properties of the iron-sulfur
clusters will be discussed. This includes a comparison with the g-tensor assignment concluded
from the EPR single crystal studies of PS I [39, 40].
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3. Materials and Methods
3.1. Sample preparation
The psaC gene from Synechococcus sp. PCC 7002 was cloned and inserted in the pET-3d
expression vector as described by Zhao et al. [57]. PsaC was overproduced in BL21 DE3
Escherichia coli cells. ApoPsaC was purified from E. coli as described previously [57]. The
purity of the protein was verified by sodium dodecyl sulfate polyacrylamide gel electrophoresis
[43].
Iron-sulfur clusters were inserted into apoPsaC in a manner similar to that described
previously [50]. To 50 ml of 50 mM Tris/HCl, pH 8.3, 400 µl of 2-mercaptoethanol were added,
followed by 1 ml of 5 mg/ml apoPsaC solution, 150 µl of a 60 mM iron(III)chloride solution,
and 150 µl of a freshly prepared 60 mM sodium sulfide solution. All additions were performed
dropwise at 20 minute intervals. All solutions and Tris/HCl buffer were degassed and purged
with argon prior to use. The reconstitution reaction was allowed to incubate overnight at 279 K.
The solution was transferred to a Coy anaerobic chamber (COY Inc., Grass Lake, MI) and all
further manipulations were performed anaerobically. Solutions from 12 reconstitution reactions
(total 60 mg of protein) were concentrated by ultrafiltration to a volume of 2 ml. The excess of
iron and sulfide was removed by repeated dilution with 25 mM phosphate, pH 8, to a volume of
30 ml, followed by concentration to the original volume in a Centricon 10 concentrator (Amicon
Inc., Beverly, MA). This procedure was repeated three times. To purify the sample further and to
exchange the remaining Tris buffer, the sample was loaded onto a column packed with Sephadex
G-25 fine beads (Sigma Chem. Co.) and the dark brown fraction was collected. The sample was
again concentrated to a volume of 2 ml, and water was exchanged for deuterium oxide by three
times repeated dilution with 25 mM phosphate, pH 8, in D2O (uncorrected for deuterium isotope
effect) up to a volume of 30 ml, followed by concentration to the original volume in a Centricon
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10 concentrator. The sample was concentrated further to a volume of 1 ml and 0.1 % of
2-mercaptoethanol was added to protect the iron-sulfur clusters. After successful reconstitution,
no protein precipitation was observed throughout the purification procedure. The sample was
aliquoted in two NMR tubes (500 µl each). Screw cap tubes of the highest quality available were
used (Catalog #535-TR-7 with the solid cap #TR-SC-01, Wilmad Glass, Buena, NJ). Between
the surface of the sample and the top of the NMR tube two small pieces of cotton soaked in 2mercaptoethanol were inserted to prevent contact of the sample with atmospheric oxygen in the
event of non-perfect sealing of the screw cap. Samples were stored on ice without freezing inside
the anaerobic chamber or in a glove bag (Aldrich) until use.
3.2. EPR spectroscopy
In order to verify successful iron-sulfur cluster insertion into apoPsaC, EPR signals of
reduced unbound PsaC were recorded with a Bruker ECS 106 Electron Paramagnetic Resonance
(EPR) X-band spectrometer operating with an ER/4012 ST resonator and an Oxford liquid
helium cryostat. The temperature was controlled using an ITC4 Oxford temperature controller.
The microwave frequency was determined with a Hewlett-Packard 5340A frequency counter.
Upon reduction with sodium borohydride at pH 8 or with sodium dithionite at pH 10,
reconstituted unbound PsaC from Synechococcus sp. PCC 7002 exhibits an EPR spectrum (data
not shown) identical to that described by Mehari et al. [50] (see Figure 1.4E). This spectrum is
attributed to magnetic interaction between fully reduced FA- and FB- [48, 50, 52] (see Chapter 1
for the detailed discussion).
3.3. NMR sample reduction
Since PsaC is highly sensitive to oxygen all sample manipulations were performed in a
glove bag under argon atmosphere. Prior to analysis, the NMR sample was opened and the
protective cotton removed. A total of 8 mg of sodium borohydride was dissolved in 80 µl of
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degassed and argon-purged D2O and 45 µl of the resulting solution were added to the sample.
Formation of bubbles caused by the evolution of H2 and formation of brown foam was
immediately observed upon contact of the reducing solution with the surface of the sample. Two
pieces of cotton, soaked in 2-mercaptoethanol, were again inserted between the sample surface
and the top of the NMR tube. The sample was closed inside the glove bag and the screw cap of
the NMR tube was further sealed with parafilm. To prevent excessive foaming that could lead to
sample denaturation, the sample was centrifuged for at least 20 min at 1000 rpm/375 g (Beckman
JA-20 rotor) at 279 K. After the centrifugation bubbles moving through the sample solution were
observed; however, excessive foaming was quenched and the foam that remained on top of the
solution had a white color. I found that even slight heating of the sample restarted the foaming.
Therefore, all samples were constantly maintained at 279 K or lower until the measurements, and
most of the measurements were carried out below 283 K. Typically after 24-48 hours, depending
on the state of the sample, more reductant to the sample was added employing a procedure
identical to that described above, but using only 15 µl of sodium borohydride solution.
3.4. NMR spectroscopy
All NMR spectra were recorded on a Bruker Avance 600 spectrometer equipped with a
1
selective H high power probe head (5 mm) at temperatures between 272.3 and 291.9 K. 1D

spectra were generally acquired with a superWEFT pulse sequence [37]. 1D NOE difference
spectra were obtained upon selective irradiation of hyperfine-shifted, fast-relaxing signals of
reduced PsaC using previously reported methodologies [12]. The spectral window was always
-1
140 ppm; typically, an irradiation time of 50 ms and a repetition rate of 8.3 s were employed.

Non-selective T1 relaxation times were obtained from an exponential three-parameter fit of the
peak height data in a series of inversion recovery experiments [54] with delays from 0.2 to 100
ms. To facilitate the assignment of the observed NOEs between the hyperfine-shifted signals and
resonances in the diamagnetic shift range a 1H NOESY spectrum [55] with a mixing time of 30
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ms was recorded over a spectral window of 12.5 ppm at 272.4 K. It was acquired with 4K data
points in F2 and 475 increments in F1 and processed to a final size of 2K × 1K data points using
a shifted squared sine-bell window function in both dimensions prior to Fourier transformation.
Phase sensitivity was achieved by the TPPI scheme [49]. All NMR spectra were calibrated
assuming a chemical shift of 5.12 ppm for the residual water signal at 272.3 K with respect to
DSS and processed with the Bruker XWINNMR software.
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4. Results
4.1. Characterization of oxidized reconstituted unbound PsaC from Synechococcus sp. PCC
7002 by 1H NMR
The 1H NMR spectrum of oxidized recombinant reconstituted unbound PsaC from
Synechococcus sp. PCC 7002 shows numerous contact-shifted resonances in the 11-20 ppm
range (Figure 2.1A). It is highly similar to that of reconstituted oxidized PsaC from
Synechococcus elongatus [14]. The eight hyperfine-shifted resonances in the spectrum of
oxidized, unbound S. elongatus PsaC were sequence-specifically assigned to βCH2 protons of
eight cysteines ligating the two iron-sulfur clusters FA and FB [14]. The sequence specific
assignment of the S. elongatus spectrum can be extended to Synechococcus sp. PCC 7002 by
simple comparison of the spectra. Further characterization of 3D solution structure of oxidized
unbound PsaC, based on more complete NMR data sets is reported in the next Chapter.
4.2. Characterization of reduced reconstituted unbound PsaC from Synechococcus sp. PCC
7002 by proton NMR
The 1H NMR spectrum of reduced PsaC at 272.3 K in 99% D2O solution (Figure 2.1B)
shows sixteen hyperfine-shifted resonances in the 65 to 9 ppm region. Comparison of 1H NMR
spectra at different temperatures (Figure 2.1B-C; resonances are labeled in alphabetical order)
allows us to identify two additional resonances labeled I and M in Figure 2.1C, bringing the total
number of non-solvent-exchangeable, contact-shifted signals to eighteen. Most of these
resonances are characterized by a pronounced temperature dependence of their chemical shifts
(see Figure 2.2 for a Curie plot of chemical shifts versus reciprocal temperature). The
longitudinal relaxation times of the hyperfine-shifted resonances were determined by non-
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selective inversion recovery experiments at 272.3 K and found to be in the 5 to 40 ms range
(Table 2.1).
The non-solvent-exchangeable, hyperfine-shifted resonances of reduced PsaC are clearly
identified as belonging to the cysteines coordinating the clusters FA- and FB- by their downfield
chemical shifts, by their temperature dependencies and by their short T1 relaxation times. The
subsequently derived self-consistent and unambiguous assignment of these signals along with
other relevant information is summarized in Table 2.1.
4.3. Analysis of 1D NOE difference spectra of reduced PsaC
1
1D NOE difference spectra of the contact-shifted H NMR resonances of reduced

unbound PsaC were recorded at 272.3 and 280.4 K. The experiments were performed using a
variety of irradiation schemes. The choice was largely dictated by the limited lifetime of the
sample. For instance, in some cases off-resonance effects were not completely eliminated by
symmetrical placement of references in order to maximize the NOE response. In some favorable
cases, a signal was irradiated and the reference placed on a neighboring peak. In this way,
negative NOEs are obtained from the irradiated peak and positive NOEs are obtained from the
neighboring peak. This allowed us to obtain in one experiment the results of two conventional
NOE experiments. In no case did off-resonance effects introduce ambiguities in the
interpretation of the spectra. Numerous dipolar connectivities were obtained and used to
establish a sequence-specific assignment for these signals as described in detail below.
Figure 2.3B depicts the 1D NOE difference spectrum obtained upon irradiation of signal
A at 272.3 K; it shows NOEs with signals L, P and a broad signal under K. Weak NOEs with
signal R and possibly with the broad resonance I are also observed; the NOE between A and I
remains, however, doubtful (see discussion in the next paragraph of the reverse NOE experiment
upon irradiation of signal I). Irradiation of signal L reveals NOEs of this resonance with signals
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P and R (Figure 2.4E) whereas irradiation of R (at 280.4 K) gives rise to a single NOE with L
(data not shown). Because of the relative intensities of these NOEs and the common Curie-type
temperature dependence, signals A, L and R were assigned to the two βCH2 protons and the Hα
of the same cysteine, respectively. The broad signal under K observed in Figure 2.3B exhibits an
anti-Curie temperature dependence as is evident from a 1D NOE experiment on A at 279.8 K
(data not shown; see Discussion).
The 1D NOE difference spectrum upon irradiation of C shows dipolar connectivities with
signal P (Figure 2.3C). Possibly an NOE with broad signal I is also present. This was confirmed
by irradiation of C at different temperatures (data not shown). The reverse experiment performed
by irradiating signal I was therefore attempted. Owing to its large linewidth (Figure 2.1C), signal
I had to be irradiated at 280.4 K with the reference frequency symmetrically to I with respect to
the center of the spectrum. Therefore, this 1D NOE difference spectrum contains off-resonance
artifacts; only NOEs of signal I with the relatively broad and far-shifted resonances A and C
could be identified unambiguously (Figure 2.3F). Based on this information, the Curie signals C
and I are assigned to a pair of βCH2 protons of another cysteine. It should be noted that signal I
is much broader than signals A and C, especially at 272.3 K. Therefore, it is very difficult to
observe an NOE with signal I upon irradiation of signals A and C. The NOE between signals I
and A corresponds to a dipolar connectivity between protons of two different cysteines. Such an
NOE was observed previously in oxidized PsaC [14] and in several oxidized dicluster
ferredoxins [6, 7, 13, 17, 21]. Based on the available structural data of dicluster ferredoxins [1, 2,
18, 25, 53], this signal was explained as a NOE between βCH2 protons of the two cysteines in
position III of the conserved cluster-binding sequence motif C(I)xxC(II)xxC(III).....C(IV)P. This
allows us to assign signals A, L, R and C, I to cysteines III of both clusters (Cys 16 and Cys 53).
Signal P is essentially temperature-independent and gives a NOE upon irradiation of A, L and C.
It is sharp and experiences a relatively small contact shift; therefore, it was assigned to the Hα
proton of the cysteine represented by the C, I βCH2 pair. The 1D NOE difference experiment on
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P at 280.4 K shows solely an NOE to L. Analysis of the high-resolution X-ray structure of C.
acidi urici ferredoxin ([23], PDB entry 2FDN) reveals an unique structural feature (Figure 2.5)
that accounts for such a NOE pattern. There is only one Hα proton of a cysteine III that is close
enough to the βCH2 protons of cysteine III of the other cluster to give a NOE to them. This Hα
proton belongs to Cys43 in C. acidi urici ferredoxin, which is very close to the βCH2 protons of
Cys14 as illustrated in Figure 2.5. Therefore, signal P was assigned to the Hα of the
corresponding Cys53 in the PsaC sequence and signals A and L were assigned to the Hβ2 and
Hβ3 protons of Cys16, respectively. Signals C and I are then the βCH 2 protons of Cys53 for
which a tentative stereospecific assignment is possible. Signal C gives a clear NOE with P;
therefore, it should be closer to it than the proton giving rise to signal I, which implies that it is
Hβ3 of Cys53 and that I is Hβ2 of Cys53. The NOE between signals I and A (Figure 2.3F) is in
agreement with this assignment, and consistent with the C. acidi urici crystal structure which
shows Hβ2 of Cys16 (A) closer to both βCH2 protons of Cys53 (I, C) than Hβ3 of Cys16 (L).
Irradiation of signal B (Figure 2.3D) yields NOEs to signals E and M, to three resonances
from aromatic residues at 7.24, 7.41 and 7.74 ppm and to a resonance from an aliphatic residue
at 0.85 ppm. Upon irradiation of signal E a strong NOE with signal B, a very weak NOE with
signal M and NOEs with the same aromatic and aliphatic resonances are observed (Figure 2.4B).
On the basis of this NOE pattern and the fact that both signals B and E display a Curie-type
temperature dependence, they were assigned to the βCH2 protons of the same cysteine.
The sequence-specific assignment of the cysteine represented by signals B and E relies
on their NOEs with the above-mentioned signals from aromatic residues. In the 30 ms NOESY
of reduced PsaC, the aromatic protons at 7.74 and 7.24 ppm are connected by a strong cross
peak, whereas the 7.74 and 7.41 ppm resonances are both connected to an Hα proton at 4.72 ppm
and to βCH2 protons at 3.42 and 3.33 ppm. This pattern identifies the only phenylalanine residue
in the PsaC sequence, Phe61. According to the previous work on oxidized PsaC from S.
elongatus [14], there is only one pair of aliphatic and aromatic amino acid neighbors that can
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account for such NOEs of a cysteine. Proximity of Ile6 and Phe61 to Cysteine I of the first
cluster is a unique structural feature in PsaC. Ile6 is conserved in all ferredoxins (Figure 1.1).
Furthermore, in all ferredoxins a conserved alanine residue occupies the position equivalent to
Phe61 of PsaC. In the crystal structure of C. acidi urici ferredoxin the side chain of this alanine is
close enough to the βCH2 protons of Cysteine I of the N-terminal cluster to be in dipolar contact
with them. In the structural model of PsaC that was constructed previously [14] on the basis of
the C. acidi urici ferredoxin structure with appropriate amino acid replacements and insertions
followed by an energy minimization, the side chain of Phe61 is close to Cys10. Hence, signals B
and E are assigned to the βCH2 protons of Cys10 of PsaC. A stereospecific assignment of these
two protons can be provided based on their T 1 relaxation times (Table 2.1). The shorter T 1
relaxation time of signal E indicates that it is closer to the closest Fe atom of the cluster and it is
therefore assigned to Hβ2 of Cys10 of PsaC according to the C. acidi urici crystal structure.
Consequently, signal B is assigned to Hβ3 of Cys10.
Signal M is sufficiently separated from signals N and O at 280.4 K to be irradiated. This
leads only to a weak NOE to signal B (data not shown). Because of the NOE information
obtained for signals B, E and M, M is assigned to Cys10 of PsaC although B and E have Curie
temperature dependencies and M has an anti-Curie temperature dependence. However, signals B
and E do not give NOEs with other Curie signals. According to the C. acidi urici crystal
structure, the HN and the Hα proton of Cysteine I of the N-terminal cluster (Cys10 in PsaC) are
both close enough to both βCH2 protons of this residue to be candidates for the assignment of
signal M. It was shown previously that the backbone amide protons of Cysteine I in 7Fe and 8Fe
ferredoxins [4, 5, 18] are slowly exchanging. In the crystal structure of C. acidi urici the
Cysteine I residues of both clusters have the HN pointing away from the cluster, whereas the Hα
protons of these cysteines point toward the Fe-S cluster. The latter are within 3.0-3.5 Å from the
closest iron atom and must experience a very strong relaxation enhancement. Therefore, signal
M was tentatively assigned to the slowly exchanging HN proton of Cys10. The temperature
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dependence of the HN chemical shift may override the contact contribution and explain the antiCurie behavior.
Upon irradiation, signal D shows a strong NOE to signal F (Figure 2.3D). Conversely,
when F is irradiated, a strong NOE with D is observed (Figure 2.4C). These broad Curie
resonances were assigned as βCH 2 protons of the same cysteine. Signal F has a longitudinal
relaxation time of 6.7 ms, which is significantly shorter than the T1 value of D (18.4 ms). As for
the case of signals B and E, this identifies signal F as arising from the βCH2 proton that is closer
to the cluster. Moreover, the analogy of the signal D, F pair with signals B and E extends to their
linewidths, chemical shifts and to the inability to observe the Hα proton. Taking into account the
pseudo-twofold symmetry observed both for PsaC [42] and for 8Fe ferredoxins, signals D and F
assigned to the βCH2 protons of Cys47, i.e. Cysteine I of the second [4Fe-4S] cluster in PsaC. In
analogy to Cys10, a stereospecific assignment for these two protons can be made based on their
T1 relaxation times: D is Hβ3 and F is Hβ2 of Cys47 of PsaC.
Upon irradiation signal G shows strong NOEs with signals K and N (Figure 2.4D). When
K is irradiated strong NOEs with G and N are observed (Figure 2.4F). Irradiation of N yields
relatively weak NOEs with G and K. Based on the relative NOE intensities and the common
anti-Curie temperature dependence, signals G, K and N are assigned to one cysteine spin system
with G and K being a βCH2 pair and N as the Hα proton.
The 1D NOE difference spectrum of signal H shows strong NOEs with signals J and O
and a weak NOE with signal Q (Figure 2.4D). Irradiation of signal J yields strong NOEs to
signals H, O and Q (Figure 2.4E). When O is irradiated at 272.3 K together with the overlapping
signals M and N, NOEs with H, O and Q are observed along with NOEs related to signals M and
N (data not shown). This NOE pattern identifies the three anti-Curie resonances H, J and O as
belonging to one cysteine; based on relative NOE intensities, signals H and J are assigned to the
βCH2 protons and O to the Hα proton. As far as resonance Q with a weak anti-Curie temperature
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dependence is concerned, its large linewidth and its partial overlap with signal P precluded us
from irradiating it. Q is tentatively assigned as slowly exchanging HN of the cysteine represented
by H, J and O.
The combination of relaxation time data (Table 2.1) with structural information from the
C. acidi urici structure allows the assignment of the two cysteines represented by signals G, K, N
and H, J, O, Q to the two residues of Cysteine II, one in each of the consensus, cluster-ligating
sequence motifs. Cysteine II and Cysteine III are characterized by an Hα proton pointing away
from the cluster and a HN proton pointing towards the cluster. Therefore, the Hα proton of these
cysteines is expected to have a relatively long T1 relaxation time. The T1 values of signals N and
O are 36.3 and 35.9 ms, respectively, and these T1 relaxation times are considerably longer than
the T1 relaxation times of their respective vicinal partners. Since the two Cysteine III residues of
PsaC have already been assigned, signals G, K, N and H, J, O, Q must correspond to the two
Cysteine II residues. This is in agreement with the tentative assignment of the broad resonance Q
to HN of Cysteine II represented by signals H, J and O. The pseudo-twofold symmetry of PsaC
results in highly similar chemical shifts and relaxation parameters for the two Cysteine II
residues and thus precludes, in the absence of NOEs with diamagnetic resonances, a fully
sequence specific-assignment. Nevertheless, the differences in the T1 relaxation times between
signals G and K on the one hand and signals H and J on the other hand allow the identification of
the βCH2 proton that is closer to the paramagnetic center and thus a stereospecific assignment of
the βCH2 pairs. Signals G and H with the longer T1 are assigned to Hβ2, K and J are then Hβ 3
protons.
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5. Discussion
5.1. Comparison of proton spectra of reduced PsaC from Synechococcus elongatus and
Synechococcus sp. PCC 7002
Comparison of the 1H NMR spectra of the fully reduced PsaC from Synechococcus
elongatus and Synechococcus sp. PCC 7002 ([14] and Figure 2.1B) reveals significant
differences. In particular, the most-shifted signals of Synechococcus sp. PCC 7002 PsaC are
considerably broader than those of S. elongatus PsaC. The two proteins differ in their sequences
by only three amino acids, all of which occur outside the iron-sulfur cluster consensus binding
site (see caption to Figure 1.3). Therefore, these amino acid replacements are unlikely to result in
changes in the overall structure of the protein. Moreover, the reconstitution protocols used are
nearly identical. Thus, other possible explanations for the different NMR spectra must be
considered. There are two major differences between the biochemical procedures used in the two
sets of studies: i) the ionic strength of the protein solution; and ii) the reduction protocol. The
studies with S. elongatus PsaC were performed in a high-ionic strength buffer containing 250
mM NaCl which was considered necessary to stabilize the protein. Stabilization of PsaC from
Synechococcus sp. PCC 7002 does not require use of high-salt buffers. The change in ionic
strength could account for small changes in the overall conformation of the protein; this, in turn,
might result in changes in the microenvironment of cysteine βCH2 and Hα protons leading to the
observed differences in the 1H NMR spectra of reduced PsaC. More importantly, in the present
work, the reduction procedure with a solution of sodium borohydride, centrifugation of the
reduced sample and control of the sample temperature was found to be of crucial importance for
the stabilization of reduced PsaC during the NMR experiments (see Methods and Results). This
reduction procedure differs significantly from the one used by Bentrop et al. [14] for
S. elongatus PsaC. In the previous work PsaC was reduced first by sodium dithionite, when that
was shown to be insufficient to produce a fully reduced species, the protein was further reduced
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by addition of solid sodium borohydride. In summary, I consider that these two differences in the
experimental conditions are likely to lead to the observed differences in the 1H NMR spectra of
reduced PsaC from S. elongatus and Synechococcus sp. PCC 7002
5.2. Sequence specific assignment of hyperfine shifted resonances
The combination of steady-state NOEs, T1 relaxation times and analysis of the crystal
structure of the homologous C. acidi urici 2 [4Fe-4S] ferredoxin at 0.94 Å resolution allowed the
assignment of all observed hyperfine-shifted resonances of reduced unbound PsaC. Eighteen
downfield-shifted proton signals from six out of the eight ligated cysteines in PsaC could be
identified. The proton assignment presented here is singular. Other schemes of assigning the
downfield shifted signals of reduced PsaC were evaluated and found to be inconsistent with the
data obtained. The de novo (independent of the assignment in the oxidized state) assignment of a
reduced ferredoxin-type [4Fe-4S] protein is unprecedented and was necessary because of the
intermediate rate of electron exchange reported previously for PsaC [14]. The one-electron
2
4 -1
reduced protein exchanges with the oxidized protein on a time scale of 10 -10 s , such a time

scale does not allow the observation of saturation transfer in 1H NMR spectroscopy.
Therefore, the assignments obtained here, as collected in Table 2.1, are based on direct
NOE connectivities observed in the reduced state. In contrast, comparable sequence-specific
assignments in reduced ferredoxins containing [4Fe-4S] clusters have used an alternative and
less time-consuming method that uses magnetization transfer from the oxidized to the reduced
state including a partially reduced intermediate state in the case of ferredoxins containing two
[4Fe-4S] clusters (as was stated above such method is not applicable to PsaC because of the
intermediate rate of electron exchange between one-electron reduced and oxidized protein). A
complete correlation between all cysteine βCH2 and Hα proton resonances in the oxidized and
the reduced state has been achieved for ferredoxins containing a single [4Fe-4S] cluster of
Thermococcus litoralis [24] and Desulfovibrio desulfuricans Norway [44]. Transfer of
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incomplete assignments as required in the case of more complicated ferredoxins containing two
[4Fe-4S] clusters may leave some uncertainties.
Note that an alternative assignment strategy, which relies on selective deuterium labeling
of particular cysteine residue for the sequence specific or stereospecific assignment or both of
contact shifted resonances is not feasible for PsaC because of the size of the protein (80 amino
acids). Such selective labeling of selected cysteine residues (or specific protons) would only be
plausible if it would be possible to chemically synthesize the protein in vitro and this is not
realistic for a protein of 80 amino acids. Expressing apo-PsaC in an E. coli cysteine auxotroph
and feeding it with labeled cysteine would result in protein with all cysteines uniformly labeled.
Using such a technique and, for example, cysteines labeled at the Hα position would help to
determine which resonances belong to the Hα and the Hβ protons [56]. It also can help to
achieve a stereospecific assignment of the βCH2 protons [56]. However, it would not resolve the
problem of sequence specific assignment.
Resonances from the protons belonging to the Cysteine IV residues could not be detected
for either cluster FA - or FB - . Therefore it has to be assumed that they are too broad to be
observable under our experimental conditions. However, the 1D NOE difference spectrum of
resonance A (Cys16 Hβ2) contains a broad peak at the chemical shift of signal K that exhibits
anti-Curie temperature dependence. This is a strong indication that a pair of broad cysteine
resonances is hidden underneath signals A and K, respectively. The anti-Curie temperature
dependence of the signal under K implies that it belongs to one of the missing Cysteine IV
residues, for which such a temperature behavior is expected (see below). Owing to partial
overlap of the peaks, a reliable integration of the spectra in Figure 2.1B and 2.1C is not possible;
1
therefore, our data do not provide any indication for the location in the H NMR spectrum of

reduced PsaC of the signals arising from the second Cysteine IV.
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5.3. Comparison of reduced PsaC with reduced 4Fe and Clostridial-type 8Fe ferredoxins
To the best of our knowledge, only a few ferredoxins containing a single [4Fe-4S] cluster
or Clostridial-type 2[4Fe-4S] ferredoxins with all-cysteine ligated clusters have been
characterized by 1H NMR spectroscopy in the reduced state. These include the [4Fe-4S]
ferredoxins from Thermococcus litoralis [24], Thermotoga maritima [35], Desulfovibrio
desulfuricans Norway [44] and the D14C variant of Pyrococcus furiosus [4Fe-4S] ferredoxin
[22] as well as the 2 [4Fe-4S] ferredoxins from Clostridium pasteurianum [15, 17] and
Clostridium acidi-urici [17]. In all of these cases, sequence-specific assignments for the cysteine
cluster ligands in the reduced state are available and show that all ferredoxins exhibit the same
distribution of Curie and anti-Curie cysteines: Cysteines I and III of the consensus clusterligating sequence motif always show Curie-behavior, whereas Cysteines II and IV show antiCurie behavior. On the assumption that any single electronic structure has mixed-valence
(2Fe

2.5+

) and equal-valence pairs (2Fe2+), this implies that the mixed-valence pair (2Fe2.5+) in a

protein-bound [4Fe-4S]1+ cluster is preferentially ligated by Cysteine I and Cysteine III, whereas
the equal-valence pair (2Fe2+) is preferentially bound to Cysteine II and Cysteine IV. According
to the arguments given in the Introduction the associated g-tensor orientation with respect to the
iron-sulfur cluster is very likely to be the same in all these proteins.
Although there is relatively little similarity between the 1H NMR spectra of reduced
unbound PsaC and Clostridial-type 8Fe ferredoxins [15, 17] in terms of linewidths and chemical
shifts, the present sequence-specific assignment establishes the same distribution of Curie and
anti-Curie cysteines in this protein. Cysteines I and III of both FA- and FB- (Cys47, Cys53 and
Cys10, Cys16, respectively) show a Curie-type temperature dependence of their 1H chemical
shifts, whereas Cysteines II (Cys50 and Cys13) are anti-Curie. Therefore, the equal- and mixedvalence pairs in reduced PsaC have the same preferential position in the iron-sulfur clusters as in
ferredoxins.
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The Cysteine IV ligands of both clusters in PsaC (Cys20 and Cys57) could not be
observed directly in our 1 H NMR spectra, but by analogy to other [4Fe-4S] and 2[4Fe-4S]
ferredoxins, they should display an anti-Curie, variable-temperature behavior [15, 17, 22, 24, 35,
44]. It was already mentioned that the anti-Curie temperature dependence of the broad signal
under signal K in the 1D NOE difference spectrum upon irradiation of signal A most likely
identifies this resonance as part of one of two Cysteine IV spin systems.
The finding that the mixed-valence pair is localized on the iron atoms coordinated by
Cys47 and Cys53 in cluster FA- and by Cys10 and Cys16 in cluster FB-, while the equal-valence
pair is localized on the other two iron ions, has implications for the direction of the g-tensor in
each cluster. It has been theoretically predicted and experimentally shown [27-31, 34, 45] that
the largest g-direction (gzz) is found perpendicular to the two intra-pair vectors. The gxx and gyy
directions are, in most cases, either along the mixed-valence and equal-valence intra-pair vectors,
respectively, or at 45° with them (for gxx < gyy) [29]. The former is the same direction already
proposed from single-crystal EPR studies on Photosystem I [39, 40]. In the latter study, six
different orientations of the g-tensor were found to be equally consistent with the experimental
data, but only two of them were pointing along some cluster pseudo-symmetry elements as
deduced by analogy with the known structure of P. aerogenes ferredoxin [1]. Both of these
orientations had the gzz-axis perpendicular to the intra-pair vectors of the mixed-valence and
equal-valence pairs found in the present work for reduced PsaC. Therefore, the present data
corroborate the previous interpretation of the EPR data and point again to a strict correspondence
between the electronic and three-dimensional structures of PsaC and Clostridial-type ferredoxins.
It is worth noting that in reduced PsaC the T1 relaxation times of the Curie-type signals
interacting with the mixed-valence pair, which has a higher spin, are consistently shorter than
those of the observed anti-Curie signals experiencing dipolar relaxation by the equal-valence
pair, which has a lower spin. This behavior could be expected because of the proximity of the
βCH2 protons of Curie cysteines to a higher spin. The D14C variant of P. furiosus [4Fe-4S]
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ferredoxin [22] is the only ferredoxin for which such an experimentally detectable difference in
the strength of nuclear relaxation has been reported previously. For HiPIPs the same effect is
known [16] and the relationship between nuclear relaxation and the electronic properties of the
two iron pairs have been extensively analyzed and used for solution structure determination of
[4Fe-4S] proteins [19, 36].
A final comment arises from the observation that the NMR parameters of the βCH 2
protons of the cysteines binding the iron-sulfur clusters do not show pronounced differences
between the FA and FB clusters. This is in agreement with the observation that the EPR
-

-

parameters of the reduced FA and FB clusters are indistinguishable in unbound PsaC. This
conclusion can be reached from studies with PsaC mutants in position C13 and C50, which result
in a proposed high-spin conversion of either the FB or FA cluster [32]. Consequently the EPR
signal of the non-modified iron-sulfur center shows characteristic S = 1/2 spectra in g = 2 [32]. In
-

-

PsaC bound within PS I, the reduced FA and FB clusters are known to exhibit distinctly different
magnetic resonance properties (e.g. g-tensor, electron relaxation properties). Note that these
differences become even more pronounced when PsaC binding is stabilized by the binding of
PsaD [47]. Thus, the equivalent (symmetric) properties in unbound PsaC, as observed also in the
present NMR results, indicate that the asymmetry in the FA/FB magnetic structure characteristic
for bound PsaC cannot be solely attributed to differences imposed by the cysteine-binding motifs
but rather involve structural properties of the whole protein. This finding emphasizes the
importance of the membrane-bound PS I complex and its peripheral subunits for conferring the
“proper” conformation to PsaC for physiologically-relevant function (see Chapter 3, [3]).
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6. Conclusions
The PsaC subunit is an indispensable component of PS I, whose localization is known
from low-resolution X-ray diffraction data. In a previous 1H NMR study [14] the two [4Fe-4S]
clusters FA and FB had been framed within a protein model for the oxidized form. Assignment
transfer from the oxidized to the reduced form by the usual method of saturation transfer via
intermediate reduction states was not possible. To learn more about the magnetic structure of
each reduced cluster, the two-electron reduced protein had to be studied independently. Despite
1
its relative instability, H NMR spectra of reduced, unbound PsaC could be recorded and a

unique assignment of all 18 observable hyperfine-shifted signals through a model-based 1D NOE
analysis was obtained. This enabled me to assign sequence-specifically the signals of three
cysteines from each of the two reduced [4Fe-4S] clusters and to obtain the preferential
localization of mixed and equal valence pairs in FA- and FB-. In FA- the mixed-valence pair is
ligated by cysteines 47 and 53, the equal valence pair is ligated by cysteines 20 and 50. In FB- the
mixed-valence pair is ligated by cysteines 10 and 16, the equal valence pair is ligated by
cysteines 13 and 57.
The two reduced clusters appear to be quite similar to the reduced clusters in clostridialtype ferredoxins, which were largely modeled on the basis of a pair of Fe

2+

and a pair of Fe

2.5+

ions. Apparently, the localization of charges in the two kinds of proteins are identical, i.e. the
mixed-valence pairs are liganded by homologous cysteines. This finding is consistent with the
orientation of the g-tensor axes proposed from single crystal EPR data.
Finally, our NMR results do not indicate any difference in the magnetic properties of the
two [4Fe-4S] clusters in unbound PsaC, consistent with EPR data in the unbound state. This
provides a strong indication that the different magnetic properties observed for FA- and FB- in the
assembled PS I complex are caused by conformational changes and/or limited conformational
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flexibility of PsaC as part of the PS I complex, including interactions with the extrinsic PsaD and
PsaE subunits. To investigate this subject further the structure of PsaC in both unbound and
bound states is necessary. The X-ray structure of the cyanobacterial PS I complex, containing
PsaC/PsaD/PsaE subunits, is available [41]. An improved structure with nearly atomic resolution
will soon be available [38]. Therefore, a solution structure suitable for comparing the bound vs.
unbound forms of PsaC has become a top priority and is the subject of the next Chapter.
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Figure legends
Figure 2.1. 600 MHz 1D 1H NMR spectra of reconstituted recombinant PsaC from
Synechococcus sp. PCC 7002: (A) oxidized, at 291 K; (B) and (C) NaBH4 reduced at 272.3 K
and 280.4 K, respectively. The downfield-shifted resonances arising from reduced PsaC are
labeled by uppercase letters.
Figure 2.2. Temperature dependence of the chemical shifts of the hyperfine-shifted 1H NMR
resonances of reduced recombinant unbound PsaC in the temperature range 272.3-291.9 K: (A)
Curie and (B) anti-Curie resonances.
Figure 2.3. 600 MHz 1D NOE difference spectra of reduced PsaC at 272.3 K and 280.4 K
obtained after selective irradiation of the hyperfine-shifted resonances A (trace B), C (trace C), B
and D (trace D) and I (trace F). Only NOE responses that could be identified unambiguously are
1
labeled with letters that correspond to their name in the 1D H reference spectrum. Trace A

shows the reference 1D spectrum at 272.3 K for traces B, C and D, and trace E is the reference
spectrum at 280.4 K for trace F. Traces B and C were obtained with the conventional irradiation
scheme by placing references symmetrically with respect to the irradiated signal. Note that the
positive signal in trace B (1D NOE on A) arises from partial saturation of B. Trace D was
obtained by placing only one reference on signal B. In this way, negative NOEs arise from signal
D and positive NOEs arise from signal B. This strategy is convenient for samples with a limited
lifetime. Signal I had to be irradiated at 280.4 K with the reference frequency symmetrically to I
with respect to the center of the spectrum, therefore, this 1D NOE difference spectrum contains
off-resonance artifacts.
Figure 2.4. 600 MHz 1D NOE difference spectra of reduced PsaC at 272.3 K obtained after
selective irradiation of the hyperfine-shifted resonances E (trace B), F (trace C), G and H (trace
D), J and L (trace E) and K (trace F). Only NOE responses that could be identified
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unambiguously are labeled with letters that correspond to their name in the 1D 1H reference
spectrum at 272.3 K, shown as top trace (A). Note that the positive signals in trace B (1D NOE
on E) arise from partial saturation of G and D, respectively, during off-resonance irradiation; in
trace C (1D NOE on F) the response from signals K and N is owing to partial saturation of G,
which is unavoidable given the incomplete resolution of signals F and G. In trace F (1D NOE on
K) the response from signal H is owing to partial saturation of J, which cannot be avoided owing
to the partial overlap of signals J and K. Traces B, C and F were obtained with the conventional
scheme using references placed symmetrically with respect to the irradiated signal. Traces D and
E were obtained with only one reference on a neighboring signal. In this way, NOE responses
from two different signals are obtained in a single experiment (see also caption of Figure 2.3).
Figure 2.5. Detail of the crystal structure of C. acidi urici ferredoxin [23] (PDB entry 2FDN)
showing the two iron-sulfur clusters and their cysteine ligands. Hydrogen atoms are dark gray,
all other atoms are depicted in light gray. The iron atoms are located in the corners of the cube.
Note the unique structural feature supporting a dipolar interaction between the βCH2 protons of
Cys14 with the Hα of Cys43 (Cys16 and Cys53 in the PsaC numbering system).
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Table 2.1. Sequence specific assignment and properties of hyperfine shifted 1H NMR signals of
reduced unbound PsaC from Synechococcus sp. PCC 7002. Summary of NOEs observed upon
selective irradiation of contact-shifted resonances at 272.3 and 280.4 K.
Signal

Temperature
behavior

δ (ppm) a

T1 (ms) a

NOEs observed
upon irradiation

A

Curie

60.3

18.0±2.9

L, P, R

FB (CysIII)

Cys16 Hβ2

B

Curie

50.4

14.0±1.2

E, M; 7.24, 7.41,
7.74, 0.85 ppm

FB (CysI)

Cys10 Hβ3

C

Curie

48.9

13.3±1.0

I?, P

FA (CysIII)

Cys53 Hβ3

D

Curie

44.4

18.4±1.3

F

FA (CysI)

Cys47 Hβ3

E

Curie

36.8

6.0±0.6

B, M; 7.24, 7.41,
7.74, 0.85 ppm

FB (CysI)

Cys10 Hβ2

F

Curie

33.9

6.7±0.6

D

FA (CysI)

Cys47 Hβ2

G

anti-Curie

30.4

29.2±1.1

K, N

FA/FB (CysII)

Cys13/50 Hβ2

H

anti-Curie

29.2

22.9±1.0

J, O, Q

FA/FB (CysII)

Cys13/50 Hβ2

Ic

Curie

26.4d

—

A, C

FA (CysIII)

Cys53 Hβ2

J

anti-Curie

20.8

20.8±0.5

H, O, Q

FA/FB (CysII)

Cys13/50 Hβ3

K

anti-Curie

20.0

22.9±1.0

G, N

FA/FB (CysII)

Cys13/50 Hβ3

L

Curie

19.2

18.0±0.5

P, R

FB (CysIII)

Cys16 Hβ3

—

B

FB (CysI)

Cys10 HN

M

c

d

Assignment
to clusterb
sequence-specific

anti-Curie

16.0

N

anti-Curie

14.8

36.3±1.2

G, K

FA/FB (CysII)

Cys13/50 Hα

e

anti-Curie

14.5

35.9±0.8

H, J, Q

FA/FB (CysII)

Cys13/50 Hα

independent

12.6

17.7±0.5

L

FA (CysIII)

Cys53 Hα

anti-Curie

11.7

—

—

FA/FB (CysII)

Cys13/50 HN

Curie

9.4

—

L

FB (CysIII)

Cys16 Hα

O

P
Q

f

Rg
a

Chemical shifts and T1 relaxation times were measured at 272.3 K in D2O solution unless otherwise mentioned.

b

Cluster FA of PS I is the C-terminal cluster of PsaC and cluster FB is the N-terminal one; roman numerals in

parentheses refer to the position of the cysteine in the conserved cluster-binding sequence motif
C(I)xxC(II)xxC(III).....C(IV)P coordinating both iron-sulfur clusters.
c

Resonances that could not be observed at 272.3 K because of signal overlap.

d

Chemical shift at 280.4 K.

e

Signal O was irradiated at 272.3 K along with the overlapping signals M and N, NOEs that are not related to these

two resonances are reported here.
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f

Owing to the large linewidth of signal Q and its partial overlap with signal P it was neither possible to measure its

T1 nor to irradiate it.
g

The T1 relaxation time of signal R could not be measured reliably because of its proximity to diamagnetic region.
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62

60

A

A

50

C

B
D

40

E
F
30

I
20

L

10

P
R
3.5

B

3 3.6-1

1/T*10 (K )
G
H

30
25
20
15

Q
3.5

J
K
M
N
O

3 3.6-1

1/T*10 (K )
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Chapter 3.

Solution structure of the unbound, oxidized Photosystem I subunit
PsaC, containing [4Fe-4S] clusters FA and FB. A conformational
change occurs upon binding to Photosystem I

[Submitted, in part, as a paper titled “Solution structure of the unbound, oxidized Photosystem I
subunit PsaC, containing [4Fe-4S] clusters FA and FB. A conformational change occurs upon
binding to Photosystem I.” by Mikhail L. Antonkine, Gaohua Liu, Detlef Bentrop, Donald A.
Bryant, Ivano Bertini, Claudio Luchinat, John H. Golbeck and Dietmar Stehlik (2001) to J. Biol.
Chem.]
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1. Abstract
This work presents the three-dimensional NMR solution structure of recombinant,
oxidized, unbound PsaC from Synechococcus sp. PCC 7002. Constraints are derived from homoand heteronuclear, two- and three-dimensional NMR data. Significant differences are outlined
between the unbound PsaC structure presented here and the available X-ray structure of bound
PsaC as an integral part of the whole cyanobacterial PS I complex (Klukas, O., Schubert, W.D.,
Jordan, P., Krauss, N., Fromme, P., Witt, H.T. and Saenger, W. (1999) J. Biol. Chem., 274,
7351-60). These differences mainly concern the arrangement of the N- and C-termini with
respect to the [4Fe-4S] core domains. In the NMR solution structure of PsaC the C-terminal
region assumes a disordered helical conformation, and is clearly different from the extended coil
conformation, which is one of the structural elements that anchor PsaC to the PS I core
polypeptides. The N-terminal end of PsaC bends and slides in between the coiled-up C-terminus
and the iron-sulfur core part of the protein. These structural changes result in a concerted
movement of the N- and C-termini of PsaC away from the FA binding site. In comparison, the
same regions are positioned much closer to FA in a near parallel arrangement to each other in
PsaC bound to PS I. Moreover, in the PsaC solution structure a higher disorder is observed for
the FA binding site than for the FB binding site which could be a consequence of the
conformational change that occurs in the N- and C-termini. In contrast, the FB binding site as
well as the Z-loop insertion are well-defined in solution, which agrees (within experimental
accuracy) well with the reported X-ray structure of bound PsaC. The conformational changes
between bound and unbound PsaC correlate with the differences reported earlier in the EPR
spectra of reduced FA and FB in bound versus unbound PsaC. The observed structural features in
solution may be relevant for the proposed stepwise assembly of the stromal PsaC, PsaD and PsaE
subunits to the PS I core heterodimer.

69

2. Introduction
The PsaC subunit of PS I is a low molecular mass protein (9.3 kDa) which binds the two
[4Fe-4S] clusters FA and FB that function as the terminal electron acceptors [24]. PsaC is tightly
bound, along with the other two subunits PsaD and PsaE, to the stromal side of PS I (Chapter 1).
Despite its essential role as an integral part of the membrane bound PS I complex, PsaC is a
highly soluble protein. This, along with its relatively low mass, allows the application of modern
NMR techniques to determine the solution structure of the oxidized, unbound form of the
protein. Attempts to obtain crystals of PsaC suitable for investigation by X-ray crystallography
have not been successful (Golbeck, J. H., unpublished results).
Given the altered properties of FA and FB upon binding to PS I, which are evident from
EPR studies of bound vs. unbound PsaC [42], important differences may be anticipated between
the structures of bound and unbound PsaC. The X-ray structure of the cyanobacterial PS I
complex has been modelled based on an electron density map at 4 Å resolution (PDB entry
1C51, [37]). This map includes a structural model for PsaC bound to PS I [37]. An improved
structure of PsaC with atomic resolution will soon be available [33]. In this context, a solution
structure suitable for comparing the bound vs. unbound forms of PsaC has become a top priority
and is the subject of this Chapter. Along with PsaD [66] and PsaE PsaE [18, 47], PsaC will be
one of the few proteins whose structure is known when unbound in solution and when bound to a
large membrane-protein complex. Furthermore, PsaC is the only dicluster ferredoxin-like protein
to be studied in both the bound and unbound states.
In Chapter 1 I discussed the high sequence similarity observed between the plant and
bacterial PsaC [25]. A lesser degree of similarity is found between PsaC and small, dicluster
bacterial ferredoxins. However, both contain two [4Fe-4S] cluster binding motifs consisting of
the consensus sequence CxxCxxCxxxCP, where C is cysteine, P is a proline, and x are other
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non-cysteine amino acids. Several high resolution X-ray and NMR structures are available for
the bacterial dicluster ferredoxins (PDB entries 1FDX, 1CLF, 1FDN, 2FDN, 1BLU, 1FCA,
5FD1, 1BC6, 1BQX) [1, 2, 4, 5, 12, 14, 16, 50, 60, 61] (see also reviews [11, 59]). A comparison
of the NMR and X-ray structures of these ferredoxins shows that the structural details change
very little between the solution and crystal phases. In PsaC as well as in Clostridial 2[4Fe-4S]
ferredoxins, the iron-sulfur cluster consensus motif begins with a characteristic triplet of
cysteines that ligate three irons of the first iron-sulfur center. It continues with a single α-helical
turn that assures a well-defined distance to the fourth cysteine of the motif, which ligates one
iron of the second [4Fe-4S] cluster. The second iron-sulfur center is bound to the protein in the
same manner, with a triplet of cysteines from the second iron-sulfur cluster consensus motif
providing ligands to the other three irons, and the fourth cysteine providing the final ligand to the
first iron-sulfur center. Both binding motifs and clusters exhibit a local pseudo-C2-symmetry,
which applies also but to a much lesser extent to other regions of the protein. These central
structural features are common to all dicluster ferredoxins characterized thus far, and have
proven to be a good model for PsaC as is increasingly evident from the emerging PS I X-ray
structure, from the original report [35] to the most recent refinements [33, 37]. PsaC, however,
differs from dicluster ferredoxins in two regions, the so-called Z-loop, which is a sequence
insertion of about 8 residues, and a C-terminal extension of about 14 residues. Both structural
elements are considered to be responsible for specific PsaC interactions with other elements of
the membrane-bound PS I complex. The amino acids in the Z-loop are considered to be involved
in ferredoxin/flavodoxin binding [19, 20] and those in the C-terminus in binding of PsaC to the
PsaA/PsaB core. Another significant sequence difference concerns the non-cysteine amino acids
around and within mostly the FA and to a lesser degree the FB binding motifs.
Previous NMR studies of unbound PsaC have focussed on the stereospecific and
sequence-specific assignments of the contact-shifted Hα and Hβ protons of the cysteines that
ligate the [4Fe-4S] clusters, in either the fully oxidized [10] or the fully reduced (Chapter 2, [3])
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state of the protein. The results obtained for the oxidized state of unbound PsaC proved to be
nearly identical for PsaC isolated from Synechococcus elongatus [10] and from Synechococcus
sp. PCC 7002 [3], with assignments that are readily transferable between both proteins. The
spectra of the fully reduced state, however, show significant differences between the two
proteins, possibly because of a difference in the reduction protocol. The contact shifted
resonances of fully reduced Synechococcus sp. PCC 7002 were investigated, which allowed a
self-consistent, de novo (independent of the assignment in the oxidized state) sequence-specific
and stereospecific assignment based solely on NOE connectivities and T 1 relaxation rates
(Chapter 2, [3]). A sequence-specific assignment of the cysteines ligating the equal and mixedvalence pairs in each of the iron-sulfur clusters was obtained by a study of the temperature
dependence of the assigned βCH 2 and Hα signals. The result is in good agreement with
assignments obtained for dicluster ferredoxins. It also agrees with results derived from a totally
different line of argument based on PS I single crystal EPR studies with PS I-bound PsaC in
either the reduced FA or FB state [35, 36]. This agreement can be taken as support for each of the
respective different lines of reasoning and experimental approaches involved.
In this Chapter, I present and interpret a substantially enlarged set of NMR data that
allows the solution structure of the oxidized, unbound PsaC subunit of PS I to be determined.
Details of this structure are of particular interest because they are expected to deviate
significantly from those of PsaC tightly bound to the PS I core. Indeed, the fact that the same
protein subunit can be easily accommodated in a tightly bound, highly stable, membraneembedded, multiprotein complex, i.e. in a predominately hydrophobic environment, and can also
comfortably take up the role of a soluble protein in aqueous solution demands an explanation.
Moreover, all results obtained thus far for highly soluble dicluster ferredoxins and unbound PsaC
indicate an equivalence of the two [4Fe-4S] clusters (FA and FB in PsaC) both in the oxidized and
reduced state [3, 10, 43, 65]. In contrast, a distinct inequivalence between the two [4Fe-4S]
clusters is observed when PsaC is bound to PS I [23, 42]. I will identify and evaluate the main
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differences in the bound and unbound structures of PsaC and comment on their functional
significance.
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3. Materials and Methods
3.1. Sample preparation
The psaC gene from Synechococcus sp. PCC 7002 was cloned and inserted in the pET-3d
expression vector as described by Zhao et al. [71]. Non-labeled PsaC was overproduced in BL21
DE3 Escherichia coli (E. coli) cells on NCZYM media as described previously [71].

15

N-

enriched PsaC was obtained by growing BL21 DE3 E. coli cells on minimal (M9) media
supplemented with

15

N-ammonium chloride. ApoPsaC was purified from E. coli as described

previously [71]. The purity of the protein was verified by sodium dodecyl sulfate polyacrylamide
gel electrophoresis [39].
Iron-sulfur clusters were inserted into apoPsaC in a manner similar to the previously
published procedure ([3, 48]) and that described in Chapter 2. Since the iron-sulfur clusters
decompose rapidly unless PsaC is maintained anaerobically, a strategy was developed in order to
preserve anaerobic conditions through the rather lengthy NMR measurements. Unlike in the
previous work (Chapter 2, [3]), addition of 0.1 % w/v of 2-mercaptoethanol to protect the ironsulfur clusters was avoided, because it introduced significant problems in the interpretation of
cross peaks in the diamagnetic region of the 2D NOESY and TOCSY spectra. Addition of pieces
of cotton soaked in 2-mercaptoethanol between the surface of the sample and the top of the NMR
tube (as described in Chapter 2, [3]) was also avoided. Instead, the top of the NMR tube was
sealed using epoxy glue prior to attaching the screw cap. This glue is a good sealing agent for
anaerobic samples, not only because of its effectiveness, but also because the initiator of the
polymerization is a polymercaptan. Residual amounts of initiator should provide added stability
to the sample in case a small amount of oxygen leaks through the screw cap. The samples were
stored on ice, without freezing, inside the anaerobic chamber until use. After the initial set of
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measurements, it was noticed that sample sealing was so effective that even when samples were
stored for months outside the anaerobic chamber at 4 °C, the samples remained stable.
3.2. NMR Spectroscopy.
NMR spectra were acquired on Bruker AVANCE 800, AVANCE 600 and DRX 500
spectrometers operating at 800.13, 600.13 and 500.13 MHz proton Larmor frequency,
respectively. The sample temperature was usually 284 K. An additional set of two-dimensional
TOCSY [9] and NOESY [64] spectra at 291 K was recorded in order to resolve chemical shift
degeneracies. The residual water signal was suppressed by either the superWEFT pulse sequence
[31], or by presaturation, or by gradient tailored excitation (WATERGATE) [57]. The spectra
were calibrated at different temperatures according to the empirical relationship δHOD = (-0.012 T
+ 5.11) ppm, with T being the temperature in °C. 15N signals were indirectly referenced to the
proton frequency.
Homonuclear proton spectra (NOESY [64], TOCSY [9], clean-TOCSY [27] and DQFCOSY [54] experiments) were recorded with mixing times of 60 to 120 ms for the NOESY and a
spin lock mixing time of 80 ms for the TOCSY spectra, respectively. The spectral window was
14.0 ppm and the recycle delay was 800 ms. Spectra consisted of 4K data points in the f2 and 512
increments in the f1 dimension with 64 transients each.
1

H - 15N HSQC [13] spectra were recorded with spectral widths of 14 ppm and 32 ppm in

the 1H and 15N dimension, respectively. 256 increments each with 1024 complex data points and
32 transients were collected. 3D HSQC-NOESY [45], HSQC-TOCSY [46] and HNHA [63] (to
determine 3JHN-Hα coupling constants) were recorded with spectral windows of 14 ppm and 32
ppm in the 1H and 15N dimensions, respectively. Spectra consisted of 1024 data points in the f3,
64 increments in the f1, and 32 increments in the f2 dimension with 8 transients each.
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Two-dimensional spectra for the detection of connectivities between paramagnetically
shifted resonances were collected using a spectral window of 40 ppm, with acquisition times on
the order of 150 ms and short relaxation delays to allow for the accumulation of a high number
of scans. A 20 ms TOCSY and a 10 ms NOESY spectrum with a total of 384 increments in f1
were also recorded.
Raw data were multiplied in both dimensions by a squared cosine window function and
Fourier-transformed to obtain a final matrix of 1024×1024, or of 512×512 real data points for
HSQC spectra. A polynomial baseline correction was applied. 1D NOE difference spectra were
obtained upon selective irradiation of hyperfine-shifted, fast-relaxing signals of oxidized PsaC
using previously reported methodologies [7, 32]. All NMR data were processed with the Bruker
XWINNMR software. The program XEASY ([8, 17], ETH Zürich) was used for analysis of the
2D and 3D spectra.
3.3. Structure Calculations.
From the NOESY spectra cross-peak intensities were determined using the elliptical
integration routine implemented in XEASY and converted into interatomic upper distance limits
by the program CALIBA [28]. The program DYANA [29] employing torsion angle dynamics
(TAD) combined with a simulated annealing algorithm was used to calculate a family of 400
structures starting from randomly generated conformers in 10,000 annealing steps. Several
cycles of structure calculations were carried out in order to recalibrate the NOE distance
constraints in an iterative manner. Stereospecific assignments of diastereotopic protons and
methyl groups were obtained using the program GLOMSA [28]. Additional proton-proton upper
distance limits were determined from 1D NOE difference spectra, obtained upon irradiation of
the hyperfine-shifted resonances arising from Hα and Hβ protons of cysteines ligating the ironsulfur clusters of PsaC.
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3

JHNHα -derived constraints for the backbone dihedral angle ϕ were also applied in the
3

structure calculations: The JHNHα constants from a 3D HNHA spectrum [63] were transformed
into ϕ dihedral angles using the Karplus relationship [52]. All dihedral angles were divided into
3

two classes: for JHNHα constants larger than 8 Hz the ϕ dihedral angle was restrained between 165° and -85°, while for coupling constants smaller than 4.5 Hz the angle was restrained between
-80° and -30°. 30 structures with the lowest target function values were included in the final
family. The programs MOLMOL [38] and PROCHECK-NMR [41] were used for analysis of the
structures.
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4. Results
4.1. Assignment of the NMR signals, constraint description, and structure calculations
Through the use of homo- and hetereonuclear NMR spectroscopy, 1H and 15N resonances
of 78 out of 80 amino acids of oxidized, recombinant PsaC were assigned. The assignment of the
NMR signals, which is summarized in Table 3.1, is based on a combination of data including 1D
NOE, 2D NOESY, 2D TOCSY, 2D COSY, 3D HSQC-NOESY, 3D HSQC-TOCSY and HNHA
experiments. Some of the experiments were specifically tailored for detection of fast-relaxing
signals. Our assignment of the NMR signals is not based on any previously described structure
and is thus de novo. For some amino acids, only a partial assignment of the spin system was
possible owing to combination of signal overlap and line broadening. 1D NOE difference spectra
provided essential information for the assignment of signals arising from the cysteines that ligate
both FA and FB (Cysteines 10, 13, 16 and 57 ligating FB and Cysteines and 47, 50, 53 and 20
ligating FA) as well as for the assignment of signals of those amino acids located in the
immediate vicinity of the iron-sulfur clusters (11, 12, 17, 21, 22, 48). Those signals could not be
assigned based solely on the 2D and 3D spectra because the proximity of the paramagnetic metal
centers causes severe line broadening through relaxation enhancement.
All structural constraints that were derived from experimental data are summarized in
Table 3.2. Cross peaks of the 2D NOESY spectra recorded with a mixing time of 60 ms in 90%
H2O/10% D2 O solution were integrated to obtain proton-proton distances. Additional
proton-proton upper distance limits were determined from 1D NOE difference spectra, obtained
upon irradiation of the hyperfine-shifted resonances. The long distance constraints obtained from
1D NOE difference spectra were especially valuable, because they identify amino acids that are
located close to paramagnetic iron-sulfur center. Owing to line broadening of the signals and
failure to observe most of protons from cysteines ligating iron-sulfur center, this information was
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impossible to obtain from 2D NOESY experiment. The proton-proton distances were calibrated
with the help of the program CALIBA. Figure 3.1A shows the number of NOEs per residue as a
function of the residue number, and Figure 3.1B the sequence in the one-letter code together with
a schematic representation of the calibrated distance values derived from the sequential and
medium range NOEs observed in PsaC.
Through the use of homo- and hetereonuclear NMR spectroscopy, 1H and 15N resonances
of 78 out of 80 amino acids of oxidized, recombinant PsaC were assigned. The assignment of the
NMR signals, which is summarized in Table 3.1, is based on a combination of data including 1D
NOE, 2D NOESY, 2D TOCSY, 2D COSY, 3D HSQC-NOESY, 3D HSQC-TOCSY and HNHA
experiments. Some of the experiments were specifically tailored for detection of fast-relaxing
signals. Our assignment of the NMR signals is not based on any previously described structure
and is thus de novo. For some amino acids, only a partial assignment of the spin system was
possible owing to combination of signal overlap and line broadening. 1D NOE difference spectra
provided essential information for the assignment of signals arising from the cysteines that ligate
both FA and FB as well as for the assignment of signals of amino acids located in the immediate
vicinity of the iron-sulfur clusters. Those signals could not be assigned based solely on the 2D
and 3D spectra because the proximity of the paramagnetic metal centers causes severe line
broadening through relaxation enhancement.
All structural constraints that were derived from experimental data are summarized in
Table 3.2. Cross peaks of the 2D NOESY spectra recorded with a mixing time of 60 ms in 90%
H2O/10% D2O solution were integrated to obtain proton-proton distances. They were calibrated
with the help of the program CALIBA. Figure 3.1A shows the number of NOEs per residue as a
function of the residue number, and Figure 3.1B is a schematic representation of the sequential
and medium range NOEs observed in PsaC.
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The angular dependence of the chemical shifts of the hyperfine-shifted resonances of the
cysteines ligating FA and FB [10] was used to derive eight χ2 dihedral angle constraints, all of
which were given ± 20 degrees variation range during the structure calculations. Geometric
constraints arising from the virtually invariant cubane geometry of [4Fe-4S] clusters were used
as described previously by Banci et. al [6] to construct the two clusters FA and FB . Only six
dihedral angle constraints could be derived from a 3D HNHA experiment (amino acids 33, 43,
45, 61, 67, 68). The ground state of [4Fe-4S] clusters is diamagnetic, but a certain paramagnetic
character comes about from a population of excited paramagnetic states at room temperature.
Most likely, our inability to obtain more dihedral angle constraints is owing to the population of
excited paramagnetic states of FA and FB at 285K and the fact that in such a small protein nearly
all parts are affected by the magnetism of these centers, with the C-terminus being the only
exception. Sixty-two stereospecific assignments were obtained from the program GLOMSA. The
program DYANA, employing torsion angle dynamics combined with a simulated annealing
algorithm, was used to calculate the structure based on the experimental constraints. The final
family consists of 30 structures without consistent constraint violations and an average target
function of 0.95 ± 0.07 Å2. The RMSD from the mean structure within the family is 0.84 ± 0.15
Å for the backbone atoms and 1.35 ± 0.22 Å for all heavy atoms (calculated for a superposition
of amino acids 5-67). RMSD values calculated for superpositions of different protein fragments
are reported in Table 3.3.
The RMSD per residue values for the final DYANA family are plotted as a function of
the residue number in Figure 3.2. The backbone of PsaC in solution is depicted in Figure 3.3 as a
tube with a width proportional to the backbone RMSD. For clarity, only the backbone of residues
3 – 67 with RMSD values smaller than 2 Å is shown. Note that the secondary structure of the Cterminal part of PsaC (residues 68 – 80) is shown separately in Figure 3.4E, in which only the
amino acids 68 – 80 are superimposed. The final family of 30 DYANA structures was analyzed
with the program PROCHECK-NMR [41]. According to the criteria employed by this software,
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such as distribution of the backbone dihedral angles and the overall G-factor [41], the resolution
of the present PsaC solution structure corresponds to a resolution of about 3 Å in X-ray
crystallography. This resolution is not sufficiently high to discuss specific details of the positions
of side chains for most amino acids. However, it is more than sufficient to detect large-scale
changes in the secondary structure between the unbound and bound forms of PsaC. Therefore,
the changes in the conformation of the N- and C-termini of PsaC described below are reliable
findings.
4.2. Description of the solution structure
The solution structure of oxidized, unbound PsaC is shown in Figures 3 and 4. With the
exception of the first two amino acids, the N-terminus, represented by amino acids 3 to 9, is
structurally well-defined (Figure 3.3, 3.4A,D). The N-terminus is followed by the well-defined
binding motif to the iron-sulfur cluster FB. Figure 3.4B shows the two [4Fe-4S] clusters FB and
FA with the respective backbone of PsaC, restricted to only those amino acids that belong to the
two iron-sulfur binding motifs. As predicted previously, the iron-sulfur core of PsaC shows
many structural features similar to those of dicluster ferredoxins (PDB entries 1FDX, 1CLF,
1FDN, 2FDN, 1BLU, 1FCA, 5FD1, 1BC6, 1BQX) [1, 2, 4, 5, 12, 14, 16, 50, 60, 61]. The
binding site of FB has a fold typical of [4Fe-4S] binding sites in ferredoxins that contain one or
two iron-sulfur clusters. Despite the vicinity of the paramagnetic iron atoms, this region is welldefined (Figure 3.3, 3.4A,B). The α-helical turn, formed by amino acids 15 to 19 (Figures 3.3,
3.4A-B), connects FB to the FA binding site. The latter is followed by the structurally welldefined Z-loop, a PsaC specific sequence insertion, which forms two strands of an anti-parallel
β-sheet connected by a turn (Figure 3.4C).
After the Z-loop the FA binding site follows in the sequence. As is most apparent from
Figure 4B, an increased disorder is observed in the position of the FA cluster together with the
surrounding polypeptide chain. This is particularly true when this region is compared with other,
81

better-defined structural elements, i.e. the environment of the FB binding site or the Z-loop (see
above, Figures 3.3, 3.4B-C, Table 3.3). Note that in the NMR structures of dicluster ferredoxins,
the structure of the polypeptide chains surrounding the iron-sulfur center is well-defined (PDB
entries 1CLF, 1BC6, 1BQX [4, 5, 12]), as it is in case of the FB site in the PsaC solution structure
(see above). Therefore, relaxation effects because of the vicinity of different paramagnetic ironsulfur clusters cannot be the primary cause for the disorder observed in the FA cluster region.
Similar to the FB site, the FA site is immediately followed by an α-helical turn consisting of
amino acids 52 to 56. In accordance with the higher disorder of the entire FA region, the α-helix
that follows the FA site shows a higher degree of disorder (Figure 3.4A,B) in comparison to the
better defined α-helix that follows the FB site.
Following the α-helical turn, Cys 57 provides the fourth ligand to the FB cluster. The
polypeptide chain then forms a turn, which is followed by a stretch of amino acids 61 to 68.
Amino acids 63 to 68 form a loop around the N-terminal end of PsaC (Figure 3.4D). The close
contact between the N-terminus and the loop 63-68 in the solution structure of PsaC is indicated
by a significant number of long range NOE connectivities, specifically between protons of His
2/Ser 3 and Tyr 67/Leu 68 and between protons of Lys 5 and Arg 65/Tyr 67.
Finally, amino acids 68-80 of the C-terminus of PsaC form a disordered helix-like
structure that does not have any packing interactions with the rest of the protein. This is already
apparent from Figure 3.1A, which shows that amino acids 69-80 lack any long range distance
constraints. However, if only residues 68-80 are superimposed within the family of 30 DYANA
structures, the helical secondary structure of the PsaC C-terminus can be readily recognized
(Figure 3.4E). This is in agreement with the significant number of medium range NOEs found in
that region (Figure 3.1A). The C-terminus of PsaC is the only part of the protein that is
apparently quite distant from the iron-sulfur clusters and is therefore unlikely to be influenced by
their paramagnetism. It is conceivable that the C-terminus of unbound PsaC has an intrinsic
higher mobility compared with other parts of the protein (e.g. the Z-loop). This is suggested by
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the absence of a continuous series of 3J HNH α coupling constants below 4.5 Hz, and the total
absence of dαβ (i,i+3) and dαN (i,i+4) NOEs typical for α-helices (Figure 3.1B). However, while
the C-terminus may not have a stable conformation, it must have a definite helical propensity
leading to the observed medium range NOEs (Figure 3.1A-B).
As a result of the specific contacts between the N-terminus and the C-terminal region
63-68 and because of the formation of a disordered curled-up helix at the C-terminus (residues
68-80) both termini become more distant from the FA binding site of PsaC in solution.
Furthermore, the N-terminus in the solution structure is located between the iron-sulfur core and
the short loop formed by the amino acids 65-68 (Figure 3.4B) preceding the final C-terminus
(amino acids 68-80). Correspondingly the N-terminus bends with a turn comprised of Lys 5 and
Ile 6 (see Figure 3.4D). This special structural arrangement of the N- and C-termini for PsaC in
solution must change drastically to accommodate the transition to the bound PsaC structure in
the assembled PS I complex [37].
In summary, the PsaC solution structure is characterized by the following elements. The
well-defined regions of the solution structure include the N-terminus (except for the first two
amino acids), the [4Fe-4S] cluster FB binding site (with the Fe and S atoms and the surrounding
cysteine binding motif), the α-helix following the FB binding site, and the Z-loop forming two
strands of an anti-parallel β-sheet connected by a turn. A larger disorder is found for the
subsequent FA binding site, which is also associated with a distortion of the α-helical turn
following the FA site. Finally, the C-terminal extension of PsaC forms a disordered helical-like
structure.
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5. Discussion
The most prominent features of the solution structure of PsaC will now be compared with
the 4 Å X-ray crystal structure of bound PsaC (Figure 3.5, PDB entry 1C51, [37]). The Cterminal extension of PsaC shows a large number of short and medium range NOEs that are
typical of helical secondary structure (see Results and Figures 3.1A-B and 3.4E). However, the
C-terminal part of PsaC is disordered and completely lacks long range NOE connectivities that
could link it to the core region of the protein. Since the influence of the paramagnetic centers on
this part of the structure is negligible, this feature indicates intrinsic mobility of the C-terminal
region. Structural variability in extended parts of the structure is not known in high-resolution
bacterial ferredoxin structures, nor is there any indication for structural variability in the PS I Xray crystal structure containing bound PsaC [37]. Rather, in the X-ray structure, the N- and the
C-termini of PsaC run nearly parallel to each other before the C-terminal extension stretches out
into the binding interface between the PsaA/PsaB and the PsaD polypeptides [37]. Thus, the Nand C-termini in bound PsaC form the same two-stranded β-sheet that is typical for the N- and
C-termini of bacterial ferredoxins (Figure 3.5, [1, 2, 4, 5, 12, 14, 16, 50, 60, 61]). No secondary
structural elements are reported for the C-terminal region of bound PsaC in the PS I complex. In
contrast, the solution structure, in the absence of contacts with the PsaA/PsaB/PsaD/PsaE
polypeptides, shows that the C-terminus is not in an extended random coil conformation but
forms a disordered helical structure (Figure 3.4E). If the solution structure of PsaC were similar
to that of bound PsaC in the PS I complex, long range NOE connectivities should be observed
between amino acids at the beginning of the N- and C-termini and in the FA binding site.
However, none of these expected NOE connectivities were observed. Specific long range NOE
connectivities between protons of His 2/Ser 3 and Tyr 67/Leu 68 and between protons of Lys 5
and Arg 65/Tyr 67 have been observed and indicate a close contact between the N-terminus and
the amino acids 65-68 of the loop preceding the C-terminus of PsaC (Figure 3.4B). Together
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with the C-terminus, the N-terminus moves away from the FA site as a consequence of the
specific contacts between them. Moreover, the solution structure predicts the N-terminus to be
positioned between the iron-sulfur core and a short loop with amino acids 65-68 preceding the Cterminus comprised of amino acids 68-80 (Figure 3.4D). Correspondingly, as compared to the
crystal structure, the N-terminus bends in solution, with a turn comprised of Lys 5 and Ile 6. A
close spatial approach to the FA site is evident for the N- and C-termini of bound PsaC from the 4
Å PS I crystal structure (Figure 3.5, [37]) in accordance with a nearly parallel arrangement to
each other. In contrast, the formation of a disordered and curled-up helical structure on the Cterminal end of PsaC in solution, and a concerted movement of the N- and C-terminal ends of
PsaC away from the FA binding site, are special structural features found only in unbound PsaC.
Note that in the crystal structure the C-terminus of PsaC is located in the binding interface
between the PsaD and PsaA polypeptides of PS I; consequently, the high degree of structural
flexibility of the C-terminus found in unbound PsaC is altered to a fixed extended structure in the
PS I-bound form of the protein.
Another special feature of the solution structure is the increased disorder found for the FA
binding region, as compared to the FB binding region (Figure 3.4B). Note that in spite of the
disorder, the characteristic structural relationship between the cluster atoms and its surrounding
cysteine binding motif remains equally well preserved for both the FA and the FB clusters.
Therefore, the internal properties of the iron-sulfur centers (e.g. magnetic features) are unlikely
to be responsible for the different structural features of FA as compared to FB. Rather, specific
differences between the bound and unbound states of PsaC should be investigated for these
differences. In the dicluster Clostridial ferredoxins from C. pasteurianum and C. acidi urici
(PDB entries 1CLF, 2FDN) [12, 14], the binding site of the second iron-sulfur center (equivalent
to FA) is in close contact with the N-terminal part of the protein; furthermore, it is protected from
interaction with the solvent by the N-terminus. If similar contacts would exist in the unbound
PsaC, some long range NOE connectivities between the amino acids in the N-terminal part and
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in the FA binding site would be expected, but none are observed. Instead, in bound PsaC,
residues 2 to 5 are closer to the FA binding site. However, as discussed above, this close
approach is not found in the solution structure due to formation of the more compact helical
structure at the C-terminus and the concerted domain movement of the N- and C-terminal ends
of PsaC away from the FA binding site. A clear consequence of these events is that the FA site
has fewer contacts with other regions of the protein than the second iron-sulfur cluster binding
site in bacterial ferredoxins or the same site in bound PsaC. This results in the increased disorder
found in the surroundings of the FA cluster in the solution structure.
The question arises as to what is a possible driving force for the unusual structural
features observed in the PsaC solution structure. From sequence analysis it has been noted, see
Scheme 2 in Kamlowski et al. [35], that the FA binding site in PsaC differs significantly in the
non-cysteine amino acid composition from the FB site and from the corresponding binding sites
in bacterial mono- and dicluster [4Fe-4S] ferredoxins. In particular, a significantly larger number
of charged amino acids are found within and preceding the FA binding motif. This information
should be combined and correlated with the recently confirmed finding that in bound PsaC the
FA cluster is proximal to the FX cluster which is located within the stroma-facing central part of
the PsaA/PsaB polypeptide core [15, 23, 37, 40, 44, 55, 62]. As a consequence, the FA binding
site in bound PsaC must be closely packed into the interface between the PsaA/PsaB core and the
stromal PsaD/PsaC/PsaE complex. The charged amino acids specific to the surroundings of the
FA site can be expected to be of critical importance for the binding contacts to these
polypeptides. In unbound PsaC, however, these charged amino acids will be freed from contacts
and can thus add to a stronger solvent interaction, resulting in a more hydrophilic surface.
Interestingly, this can provide an additional reasoning for the high solubility of unbound PsaC, a
feature which is not expected for a protein designed to be tightly bound within a membrane
associated multi-subunit protein complex. In particular, the neighbor pair of positively charged
amino acids Lys 51 and Arg 52, located between the second and third cysteine of the FA binding
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motif, stands out as a candidate for critical contacts of bound PsaC by ionic interaction to other
protein subunits. In addition, the FA binding motif is preceded by a pair of negatively charged
amino acids (Glu 45, Asp 46). From their positions in the sequence, the latter amino acids are
likely to be involved in critical contacts within the multiprotein complex composed of
PsaC/PsaD/PsaE. In solution, they may also add to the repulsive force experienced by the more
hydrophobic helical C-terminus of PsaC, which interacts much more closely with the FA site in
the bound form.
The emerging special structural features of unbound PsaC are very likely to be associated
with other unusual biochemical and biophysical properties of this protein. Within the PS I
complex, bound PsaC is surprisingly stable under aerobic conditions and FA/FB iron-sulfur
centers remain photoactive up to relatively high temperatures. In an aerobic environment the
half-inactivation occurs at 70 °C in PS I preparation of Synechococcus elongatus [58], at 60 °C
in pea thylakoid membranes [56] (incubation time in both studies is 5 min) and at 53 °C in
spinach thylakoid membranes [30]. Thus, even in mesophilic organisms PS I-bound PsaC is
thermostable. In contrast, unbound PsaC is notoriously unstable and must be handled under
strictly anaerobic conditions, usually at temperatures below 18 °C [3, 48]. Note that the
thermostability of PsaC isolated from the thermophile Synechococcus elongatus is significantly
higher than that of PsaC isolated from the mesophile Synechococcus sp. PCC 7002, however it
still has to be maintained under strictly anaerobic conditions. This increase in thermostability
allowed Bentrop et. al. to record NMR data at 37 °C [10], far above what is possible for the PsaC
reported here. In general, protein-bound [4Fe-4S] clusters have been noted to be shielded from
direct interactions with solvent by a number of hydrophobic amino acids [11, 16, 21, 22, 50, 59]
or by contacts with other domains of the protein, similar to the case of Clostridial dicluster
ferredoxins from C. pasteurianum and C. acidi urici [12, 14]. In the case of unbound PsaC,
however, the conformational changes in comparison to PS I bound PsaC - mainly the concerted
movement of N- and C- termini away from the FA site - will leave the FA cluster more accessible
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to solvent and hence much less stable. The process of degradation of PsaC is likely to proceed
through the oxidation of the bridging sulfide atoms by molecular oxygen, resulting in the loss of
the iron atoms and the formation of cysteine-bound zero-valence sulfur [26, 53].
The EPR spectra of the reduced FA and FB iron sulfur clusters undergo large changes
upon binding of wild-type PsaC to P700-FX cores, and they involve sharpening of the linewidths
and a change in the characteristic g-values of the EPR signals of FA and FB [42]. As shown here
by comparing the PsaC solution structure with the 4 Å crystal structure of PS I [37], these
changes are most likely a result of the large conformational changes of the N- and C-terminal
regions of PsaC. Specifically, this is attributed to the formation of a disordered helix at the Cterminus and the concerted movement of the N- and C-termini away from the FA site in unbound
PsaC.
EPR spectra of the C13G and C50G mutant forms of unbound PsaC could be further
explored for clues of the observed effects of domain movement in PsaC. C13 and C50 occupy
the equivalent second position in the consensus iron-sulfur binding site of FB and FA,
respectively. Substitution of either of these cysteines by glycine, alanine, serine or aspartate, and
application of the standard in vitro iron-sulfur insertion protocol results in the formation of a
high spin (S ≥ 3/2) [4Fe-4S] cluster in the mutant site, with the cysteine residue substituted by
the thiolate (e.g. 2-mercaptoethanol) derived from the reconstitution mixture (see Chapter 4, [34,
49, 68-70] (for a recent review on the C13X and C50X (X = S, D, A, G) mutants see [23])). The
formation of the high spin [4Fe-4S] cluster in the mutant site allows the observation of the
‘‘pure’’ EPR spectra of the other non-mutated cluster site. This is not possible in wild-type PsaC,
because an “interaction EPR spectrum” is observed (see Figure 1.4E). [43, 48, 51]. This
spectrum is attributed to the fact that the close distance between the two spins, FA - and FB -,
causes magnetic coupling between two paramagnetic centers, and its interpretation requires
introduction of an additional term in the spin Hamiltonian. When the EPR spectrum of reduced
FA in the C13G mutant (FB site mutated) is compared with the EPR spectrum of reduced FB in
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the C50G mutant (FA site mutated), FA can be shown to have a larger line width than FB. This is
consistent with the higher disorder around the FA site in the solution structure of PsaC. An
alternative explanation for both findings would be a higher mobility of the FA site itself;
however, this is difficult to prove using the NMR data obtained thus far, and would require a
separate study.
The NMR solution structure of PsaC presented here confirms sequence-specific and
stereospecific assignment of the hyperfine-shifted resonances of the fully reduced
Synechococcus sp. 7002 PsaC that was obtained by interpretation of dipolar connectivities from
1D NOE difference spectra and longitudinal relaxation times using the X-ray structure of
Clostridium acidi urici 2[4Fe-4S] cluster ferredoxin at 0.94 Å resolution as a model
(Chapter 2, [3]).
A final comment arises from the previous finding that the PsaD and PsaE PS I subunits
do not assemble onto PS I in a psaC null mutant [67]. This should be combined with the
observation that the EPR linewidths of FA and FB sharpen, and the g-values change upon binding
of PsaC to P700-FX core. A further sharpening of linewidths is accompanied by another change
in g-values after PsaD binds [42]. Also, in absence of PsaD, PsaC-bound PS I cores are unable to
reduce ferredoxin in the steady-state [42]. Therefore, it is likely that the assembly of the stromal
PS I subunits occurs stepwise, with PsaC binding to the P700-FX core followed by the binding of
the PsaD and PsaE polypeptides. The observed structural differences between bound and
unbound PsaC could be an important component of this assembly mechanism. I suggest that the
conformational changes occurring in PsaC upon binding to PS I act as a switch for subsequent
binding of the PsaD and PsaE polypeptides, thereby completing PS I assembly.
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6. Conclusions
The three-dimensional solution structure of unbound, oxidized PsaC from Synechococcus
sp. PCC 7002 was solved by NMR. The structure of unbound PsaC is remarkably different from
the available X-ray structure of PsaC as part of the assembled PS I complex. The C-terminal end
of PsaC forms a curled up helical structure in contrast to its stretched random-coil conformation
in PS I bound protein. Formation of this helix-like structure contributes to the movement of the
C-terminus away from the FA site. Furthermore, specific contacts observed between the N- and
C-termini of PsaC indicate a concerted movement of both termini away from FA. It is suggested
that charged amino acids at or near the FA site of PsaC, compensated in specific interprotein
ionic interactions within the PS I complex, are largely responsible for the structural changes
observed for the N- and C-terminal ends of unbound PsaC in the absence of those contacts.
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Figure legends.

Figure 3.1. A.) Distribution of the number of meaningful NOEs per residue used for structure
calculations of the unbound, oxidized PsaC from Synechococcus sp. PCC 7002. Intraresidue,
sequential, medium range and long range NOE constraints are indicated by white, light gray,
dark gray and black bars, respectively. The positions of the consensus iron-sulfur cluster binding
motifs are indicated. B.) Schematic plot of the sequential and medium range NOE connectivities.
The thickness of the bar indicates the intensity of the observed cross peak. The protein sequence
is included in the one-letter code The conserved cysteines that coordinate the [4Fe-4S] clusters
are indicated by bold letters. d is a calibrated distance between two protons. Note, that no
dαN (i,i+4) NOEs were observed.
Figure 3.2. Plot of global backbone (A) and heavy atoms (B) RMSD per residue for the family
of 30 DYANA structures of the unbound, oxidized PsaC from Synechococcus sp. PCC 7002 (see
also Table 3.3).
Figure 3.3. “Sausage” representation of the superimposed 30 DYANA backbone structures of
unbound, oxidized PsaC from Synechococcus sp. PCC 7002. The iron and sulfide ions of the
[4Fe-4S] clusters of each of the 30 structures are shown; iron atoms as dark-gray spheres, sulfur
atoms as light-gray spheres. Only the backbone of residues 3-67, with RMSD values smaller than
2 Å is shown. Note the increased disorder of the polypeptide chain around the FA center.
Figure 3.4. A.) Backbone stereo drawing of the 30 superimposed DYANA structures of unbound
PsaC. The iron and sulfide ions of the [4Fe-4S] clusters of each of the 30 DYANA structures are
shown with iron atoms as dark-gray spheres, sulfur atoms as light-gray spheres. The direction of
the view is perpendicular to the FA/FB connecting axis and parallel to the stromal membrane
plane of the assembled PS I complex. In Figures A-D the family of 30 DYANA structures is
shown in a superposition of amino acids 5-67. In Figures B-E selected structural elements of
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unbound PsaC are shown. D.) Contact region between the N-terminus (1-9), the region directly
preceding the C-terminus (61-67) and the disordered C-terminus (68-80). Note the close contact
between amino acids 2-5 and 65-67. B.) The two iron-sulfur clusters together with their
conserved CxxCxxCxxxCP binding motifs, i.e. the backbone of amino acids 10-21 and 47-58 is
shown. C.) The Z-loop region of PsaC, with the backbone of amino acids 22-33 in the back and
34-46 in front. E.) The backbone of amino acids 68-80 in the family of 30 PsaC structures is
shown; superposition of solely the amino acids 68-80 reveals the helical secondary structure at
the C-terminus. All figures have been prepared using MOLMOL [38].
Figure 3.5. Detail of Photosystem I 4Å X-ray structure (PDB entry 1C51, [37]) depicting
conformation of the bound PsaC. Polypeptide backbone and iron-sulfur centers FA and FB are
shown. Iron atoms represented by dark gray circles, sulfur atoms by light gray once. Iron-sulfur
center is FX shown in the bottom in order to depict correct orientation of PsaC on PS I.
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Table 3.1. Assignment of the 1 H and

15

N chemical shifts of unbound, oxidized PsaC from

Synechococcus sp. PCC 7002 at 285 K, pH 7.4. Stereospecific assignments were made with the
program GLOMSA.
Residue

Chemical shift/ppm
N (NH)

NH

αCH

Ser 1

Others

3.13

His 2
Ser 3

βCH

114.28

Val 4

5.13

2.67 (β2), 3.13 (β3)

7.17 (δ), 6.88 (ε)

8.97

4.75

3.74 (β2), 3.59 (β3)

8.07

4.94

2.02

1.28 (γ1), 0.96 (γ2)

Lys 5

129.14

9.42

4.59

1.77(β2), 1.64 (β3)

1.11 (γ2), 1.05 (γ3), 1.56(δ), 2.60 (ε2), 2.71 (ε3)

Ile 6

123.50

8.15

5.19

1.63

1.03 (γ2), 1.32 (γ12), 1.37 (γ13), 0.74 (δ)

Tyr 7

127.33

9.34

4.70

2.81 (β2), 3.41 (β3)

7.14 (δ), 6.66 (ε)

Asp 8

117.60

8.81

4.36

3.24 (β2), 2.95 (β3)

Thr 9

106.89

7.15

4.37

4.51

Cys 10

125.89

8.21

Ile 11

129.80

10.27

7.33

7.46

4.14,
4.34

Gly 12
Cys 13

6.01 (γ1), 1.19 (γ2)

11.57 (β2), 9.85 (β3)

9.99

3.38

1.64 (γ2), 1.84 (γ12), 2.04 (γ13), 1.18 (δ)

9.13 (β2), 17.27 (β3)

Thr 14

0.74 (γ)

Gln 15

1.99

Cys 16

7.49

14.90 (β2), 6.14 (β3)

2.31 (γ), 6.94 (ε21), 7.62 (ε22)

Val 17

140.32

6.23

3.53

2.15

0.90 (γ)

Arg 18

115.37

7.24

4.06

1.61 (β2), 1.82 (β3)

1.65 (γ), 3.11 (δ2), 3.03 (δ3)

Ala 19

118.70

7.31

4.19

1.14

Cys 20

7.26 (β2), 11.27 (β3)

Pro 21

2.75 (δ), 2.05 (γ)

Leu 22

1.55 (γ), 1.14 (δ2), 0.94(δ1)

Asp 23

124.15

8.04

3.65

Lue 25

110.72

6.63

5.42

1.77 (β2), 1.55 (β3)

0.80 (δ1), 0.84 (δ2)

Glu 26

116.89

8.64

4.47

1.94 (β2), 1.90 (β3)

2.32 (γ)

Val 24
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Met 27

120.20

9.03

5.46

1.82 (β2), 2.04 (β3)

2.69 (γ2), 2.57 (γ3)

Val 28

116.04

9.20

5.02

2.31

0.94 (γ1), 0.81 (γ2)

4.83

1.95 (β2), 2.46 (β3)

2.05 (γ2), 2.18 (γ3), 3.70 (δ2), 3.92 (δ3)
7.57 (δ1), 7.55 (ε3), 10.54 (ε1), 7.30 (ζ)

Pro 29
Trp 30

122.67

8.09

4.89

3.22 (β2), 2.76 (β3)

Asp 31

123.23

8.00

4.64

2.52 (β2), 2.66 (β3)

Gly 32

102.79

5.29

1.49,
3.27

Cys 33

108.24

6.74

4.92

3.32 (β2), 3.43 (β3)

8.13

3.99

1.85 (β2), 1.88 (β3)
1.72

Lys 34

1.48 (γ2), 1.53 (γ3), 1.72 (δ), 3.01 (ε)

Ala 35

119.00

8.75

4.28

Gly 36

105.35

8.12

4.46,
3.98

Gln 37

113.60

7.30

5.58

1.67 (β2), 2.28 (β3)

2.10 (γ2), 2.29 (γ3), 7.30 (ε21), 6.70 (ε22)

Ile 38

117.39

9.35

4.82

1.31

0.36 (γ2), 1.04 (γ12), 1.37 (γ13), -0.63 (δ)

5.57

4.54

1.22

Ala 39
Ser 40

112.43

8.13

4.60

3.66 (β2), 3.73 (β3)

Ser 41

112.83

8.78

5.29

3.66 (β2), 3.50 (β3)

4.60

1.98 (β2), 2.36 (β3)

1.84 (γ), 3.42 (δ)

Pro 42
Arg 43

118.60

7.10

5.10

1.56 (β2), 1.62 (β3)

2.25 (γ2), 1.19 (γ3), 3.17 (δ2), 3.37 (δ3)

Thr 44

112.02

7.52

3.63

4.33

1.48 (γ2)

Glu 45

123.06

10.18

4.22

2.10 (β2), 1.98 (β3)

2.35 (γ2), 2.24 (γ3)

Asp 46

117.92

7.96

4.77

2.64 (β2), 2.71 (β3)

Cys 47
Val 48

11.17 (β2), 8.04 (β3)
126.56

7.86

0.92 (γ1)

Gly 49
Cys 50

10.31

8.87 (β2), 18.32 (β3)

6.81

16.59 (β2), 5.85 (β3)

6.78

3.87

2.14 (β2), 2.20 (β3)

2.64 (γ)
1.27 (γ2)

Lys 51

9.49

Arg 52

9.79

Cys 53
Glu 54
Thr 55

111.40

7.67

3.98

4.16

Ala 56

120.52

7.08

4.19

1.05

Cys 57

9.28 (β2), 10.86 (β3)

Pro 58

3.8 (δ)

Thr 59
Asp 60

122.06

5.81

4.41

4.86

8.79

4.11

2.54 (β2), 2.46 (β3)

1.19 (γ2)
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Phe 61

116.52

7.93

4.56

2.73 (β2), 3.00 (β3)

7.21 (δ), 7.14 (ε)

Leu 62

126.94

8.42

3.76

1.49

1.60 (γ), 1.10 (δ)

Ser 63

120.00

6.87

Ile 64

5.60

Arg 65

121.11

8.83

4.94

1.67 (β2), 1.52 (β3)

1.36 (γ2), 1.50 (γ3), 3.14 (δ)

Val 66

122.98

9.12

3.60

2.30

1.01 (γ1), 1.07 (γ2)

Tyr 67

126.68

9.37

4.86

2.82 (β2), 3.05 (β3)

7.04 (δ), 6.71 (ε)

Leu 68

123.62

8.72

4.48

1.63

1.58 (γ), 0.80 (δ1), 0.70 (δ2)

7.66

3.84,
3.95

Gly 69
Ala 70

123.37

8.34

4.29

1.36

Glu 71

119.75

8.60

4.25

2.05 (β2), 1.95 (β3)

2.26 (γ)

Thr 72

115.27

8.29

4.34

4.21

1.20 (γ2)

Thr 73

116.21

8.26

4.30

4.21

1.19 (γ2)

Arg 74

123.25

8.44

4.36

1.77 (β2), 1.85 (β3)

1.60 (γ), 3.15 (δ)

Ser 75

116.84

8.49

4.42

3.87

Met 76

121.78

8.50

4.50

2.13 (β2), 2.02 (β3)

2.53 (γ2), 2.63 (γ3)

Gly 77

108.98

8.42

3.93

Leu 78

120.99

8.08

4.33

1.58

1.46 (γ), 0.90 (δ1), 0.85 (δ2)

Ala 79

124.39

8.30

4.31

1.32

Tyr 80

123.46

7.62

4.36

2.89 (β2), 3.04 (β3)

7.08 (δ), 6.80 (ε)
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Table 3.2. Summary of NMR constraints used for DYANA structure calculation, and structural
statistics for the family of 30 DYANA structures of the unbound, oxidized PsaC from
Synechococcus sp. PCC 7002.
Structural Constraints

Total

Meaningful (total) NOESY
1D NOE

956 (1176)
111

Violations
(in at least one structure in the
family of 30 structures)
107
0

Overall Intraresidue
Overall Sequential
Overall Medium range a
Overall Long range
Overall number of meaningful NOEs

218
390
215
261
1084

32
23
24
22

ϕ dihedral angles
χ2 dihedral angles
H bonds
Iron-sulfur cluster geometric constraints
(upper and lower distance limits among iron and sulfide ions
in the cubane) [6]
Stereospecific assignments from GLOMSA [28]

6
8
10
120

0
0
2
1

Overall Total Non-redundant constraints
Overall violations larger than 0.3 Å
Overall violations between 0.1 and 0.3 Å

1100

Target function (Å2)

62
107
0
107

0.95±0.07

Structure analysis b,c
% of residues in most favored regions
% of residues in allowed regions
% of residues in generously allowed regions
% of residues in disallowed regions

37.2
48.4
9.1
5.3

aMedium-range distance constraints are those between residues (i, i +2) (i, i +3) (i, i +4) and (i, i+5); baccording to
the Ramachandran plot statistics; cThe program PROCHECK-NMR [41] was used to check the overall quality of
the family of 30 DYANA structures. The entire structure, including disordered parts, was analyzed by
PROCHECK-NMR. According to the criteria employed by this software, such as distribution of the backbone
dihedral angles and the overall G-factor [41], the resolution of PsaC solution structure corresponds to a resolution of
about 3 Å in X-ray crystallography.
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Table 3.3. RMSD from the respective mean structure of the family of 30 DYANA structures,
calculated for different regions of PsaC.
RMSD
Residue numbers
backbone

heavy atoms

5 – 67

0.84±0.15

1.35±0.22

10 – 57
(two iron sulfur
binding motifs
and Z-loop)

0.69±0.14

1.15±0.25

22 – 46
(Z-loop)

0.51±0.12

0.94±0.16

68 – 80
(C-terminus)

1.87±0.37

2.70±0.52
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Number of NOE constraints

A
100
80
FB

FA

CxxCxxCxxxCP

CxxCxxCxxxCP

60
40
20
0
20
10

B

40
Sequence
20

60
30

80
40

SHSVKIYDTCIGCTQCVRACPLDVLEMVPWDGCKAGQIAS
dNN(i,i+1)
dαN(i,i+1)
dβN(i,i+1)
dNN(i,i+2)
dαN(i,i+2)
dαN(i,i+3)
dαβ(i,i+3)
dαN(i,i+4)
50

60

70

80

SPRTEDCVGCKRCETACPTDFLSIRVYLGAETTRSMGLAY
dNN(i,i+1)
dαN(i,i+1)
dβN(i,i+1)
dNN(i,i+2)
dαN(i,i+2)
dαN(i,i+3)
dαβ(i,i+3)
dαN(i,i+4)
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A
RMSD (Backbone)

8
6
4
2
0
20

40
Residue Number

60

80

RMSD (Heavy atoms)

B
8
6
4
2
0
20

40
Residue Number

60

80

105

FB

FA

3

67
106

A

FB

FA

FB

1

FA

1

80

80

107

21

21
47

B

47

FA

10

FA

10

FB

FB

58

58

C
46

FB

D

FA

FB

46

FB

22

FB

FA

9

FA

FA

9

61

22

61

1

1

E

80
68

80
68

108

FB
1

FA

80

FX
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Chapter 4.

Chemical rescue of site-modified ligands to the iron-sulfur clusters
of PsaC in Photosystem I

[Published, in part, as a paper “Chemical rescue of site-modified ligands to the iron-sulfur
clusters of PsaC in Photosystem I” by Mikhail L. Antonkine, Christopher Falzone, Andrew
Hansen, Fan Yang and John H. Golbeck (1998) in Photosynthesis: Mechanisms and Effects;
Garab, G., Ed.; Kluwer Academic publishers: The Netherlands, 1998; Vol. I, pp 659-662.]
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1. Abstract
Cysteine 13 and cysteine 50, which ligate FB and FA respectively, were each changed to a
serine, aspartate, alanine, or glycine in unbound PsaC (sequence). It was previously proposed
that 2-mercaptoethanol, a reagent used for iron-sulfur cluster reconstitution, serves as an external
rescue ligand in the absence of a biological ligand to the fourth iron (Yu, L.A., Vassiliev, I.R.,
Jung, Y.S., Bryant, D.A., Golbeck, J.H. (1995) J. Biol. Chem., 270, 28118-28125). Instead of the
expected [3Fe-4S] cluster, chemical rescue by an external thiolate ligand allows for formation of
a [4Fe-4S] cluster in the alanine and glycine mutants. To test this hypothesis, C13G/C33S PsaC
was reconstituted using 2-mercaptoethanol, 4-fluorothiophenol and 2,2,2-trifluoroethanethiol as
the rescue ligands to FB. EPR studies show g values of 1.91, 1.93 and 2.04 from the unmodified,
reduced cluster, which implies that the chemically rescued, reduced cluster retains the S ≥ 3/2
spin state which is similar to previously described results. Vibrational modes consistent with the
presence of only [4Fe-4S]2+ centers were observed by resonance Raman spectroscopy in both
wild-type and C13G/C33S PsaC in the oxidized state.

19

F NMR studies of C13G/C33S PsaC

reconstituted with 4-fluorothiophenol or 2,2,2-trifluoroethanethiol showed down-field hyperfine
shifted resonances of the 19F, clearly indicating that the thiolates are bound to a [4Fe-4S] cluster.
This proves that in the absence of a biological ligand, the thiolate present in the reaction mixture
during in vitro iron-sulfur insertion becomes an external ligand to the iron in the site-modified
[4Fe-4S] cluster. The results presented here clearly show that both acyl and aryl thiolates can
serve as “rescue” ligands to the FB cluster of PsaC.
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2. Introduction
The PsaC subunit of Photosystem I (PS I) is a 9.3 kDa protein which contains binding
sites for two [4Fe-4S] clusters. To investigate structure-function relationships in PsaC, cysteine
13, the second cysteine in iron-sulfur binding motif CxxCxxCxxxCP ligating FB, was changed to
serine (S), aspartate (D), alanine (A), or glycine (G) [14, 16, 21-23] (for a recent review on the
C13X and C50X (X = S, D, A, G) mutants see [12]). Aspartate and serine have an oxygencontaining side group that could serve as a ligand to an iron, whereas alanine and glycine do not.
The expectations of such an experimental strategy were that (1) the [4Fe-4S] cluster at the
mutated site would not assemble, leaving an empty site, (2) a [3Fe-4S] cluster would assemble in
place of a [4Fe-4S] cluster, or (3) a [4Fe-4S] cluster would assemble with altered redox and/or
spectroscopic properties. Since glycine and alanine cannot provide a suitable ligand for the ironsulfur center it was expected that either no cluster or a [3Fe-4S] cluster would form in the C13X
and C50X (X = A, G) mutant site. Note, that in the previous work [12, 14, 16, 21-23] the
nomenclature used is based on the sequence of the psaC gene. Therefore, the derived protein
sequence includes the N-terminal methionine residue. This methionine is cleaved off in the
expressed PsaC, and in this thesis nomenclature that is based on the sequence of expressed
protein is used.
Iron-sulfur centers were assembled in vitro by addition of 2-mercaptoethanol, ferric
chloride and sodium sulfide to the aqueous solution of apoprotein. [2Fe-2S] and [4Fe-4S]
clusters form in the reaction mixture [3], and the [4Fe-4S] centers are inserted into apoprotein via
a cysteine-2-mercaptoethanol ligand exchange reaction. After cluster reconstitution, unbound
C13X and C50X (X = S, D, A, G) mutants of PsaC showed an EPR spectrum consistent with the
presence of two [4Fe-4S] clusters, one S = 1/2 and the other S ≥ 3/2 [12, 14, 16, 21, 23]). Jung et
al. proposed that 2-mercaptoethanol, a reagent used in the reconstitution protocol, serves as an
external rescue ligand in the absence of a biological ligand to the fourth iron [14]. Instead of the
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expected formation of a [3Fe-4S] cluster in the glycine and alanine mutants, chemical rescue
allows for the formation of a [4Fe-4S] cluster. The present work is aimed at obtaining direct
evidence to support the chemical rescue hypothesis
The cysteine residue located at position 33 in all PsaC proteins is not involved in ligation
of either cluster. The C33S mutant of PsaC was previously shown to be completely equivalent to
the wild-type in electron transfer and other properties [16]. I take advantage of this finding and
use C13G/C33S double mutant in my studies to decrease the non-specific binding of iron to the
protein. Yang [20] found that an EPR signal, in g = 2 region of the spectra, nearly identical to
that described by Yu et al. [23], could be obtained after reconstitution of C13G PsaC with
thiophenol. Using an identical protocol, I reconstituted the C13G/C33S mutant of PsaC with
2-mercaptoethanol, 4-fluorothiophenol, and 2,2,2-trifluoroethanethiol.
In this Chapter the results of the investigation of reconstituted C13G/C33S mutant of
PsaC by EPR, resonance Raman (RR) and

19

F NMR spectroscopies are reported. Successful

insertion of [4Fe-4S] clusters into apoPsaC was confirmed by electron paramagnetic resonance
(EPR) spectroscopy on the fully reduced samples. The vibrational frequencies of the RR spectra
are highly sensitive to the details of the local structure [17, 18], therefore RR spectroscopy is
used as an informative structural probe of [4Fe-4S]2+ clusters. The C13G/C33S PsaC
reconstituted with 4-fluorothiophenol or 2,2,2-trifluoroethanethiol as external thiolate rescue
ligand was studied by 19F NMR spectroscopy. The expectation is that contact-shifted resonances
of 19F will be detected by NMR upon attachment of the ligand to the iron-sulfur cluster.
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3. Materials and Methods
3.1. Sample preparation and sample reduction
The C13G/C33S mutant PsaC from Synechococcus sp. PCC 7002 was overproduced and
purified. The iron-sulfur centers were reconstituted in a procedure that is identical to wild-type
PsaC, as described previously (Chapter 2 and 3, [1, 2, 24]). Note, that as described by Yang [20],
the modified procedure was used for the reconstitution of PsaC with aryl thiolates. Namely,
4-flurothiophenol was dissolved in an ethanol/buffer solution (50%/50% v/v) prior to addition to
the reconstitution mixture.
Prior to EPR measurements the pH of the samples was adjusted to 10.0 by addition of
1 M glycine buffer. They were then reduced with 1 mg of sodium dithionite. A alternative
reduction protocol was attempted and found to be successful in full reduction of unbound
wild-type and mutant PsaC. In this protocol, 3 mg of solid borohydride were added to the protein
solution at pH, 8.3, followed by quick freezing of the sample.
3.2. EPR and NMR spectroscopy
EPR studies were performed with a Bruker ECS-106 X-band spectrometer equipped with
a liquid helium cryostat. 19F NMR spectra were collected at 298 K without proton decoupling on
a Bruker AMX2-500 operating at 470.56 MHz. using a 5 mm inverse 19F probe. Trifluoroacetic
acid was used as an external standard. All NMR spectra were processed with the Bruker
XWINNMR software.
3.3. Resonance Raman spectroscopy
Resonance Raman spectra were recorded at 77 K with a conventional scanning Raman
instrument equipped with a Spex 1403 double monochromator (with a pair of 1800 grooves/mm
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gratings) and a Hamamatsu 928 photomultiplier detector under the control of a Spex DM3000
microcomputer system [5], using lines from a Coherent 90-6 Ar+ ion laser. Back-scattered
photons were collected directly from the surface of a frozen protein solution held in a vacuum on
a liquid N2-cooled cold finger [6]. Loading of the sample (~2-3 mM in 50 mM Tris-HCl, pH 8.3)
onto the cold finger was performed in a glove bag under argon atmosphere. Under these
conditions, no protein damage was observed, even during prolonged spectral data acquisition at a
laser power of 300 mW. Spectral slit widths were set to 7 cm-1. The spectrometer was advanced
in 0.5-cm-1 increments. Integration times were 1s per data point for all spectra. Multiple scans
(32-40) were averaged to improve the signal-to-noise ratio. Band positions were calibrated using
the excitation wavelength. Slowly sloping baselines and ice Raman peaks (228, 314 cm-1) were
partially subtracted from the digitally collected spectra by using LabCalc software (Galactic
Industries, Inc.) mounted on a PC computer. A LabCalc CURVEFIT routine was used to
deconvolute overlapping peaks into a combination of Gaussian curves. IGOR Pro (version 3.12)
software (WaveMetrics, Inc.) was used to prepare the spectral figures.
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4. Results and Discussion
4.1. EPR spectra recorded for the wild type and C13G/C33S mutant of PsaC
The C13G/C33S mutant of PsaC was reconstituted with 2-mercaptoethanol, 4-fluorothiophenol, or 2,2,2-trifluoroethanethiol. In Figure 4.1 the EPR spectra of C14G/C34S PsaC
reconstituted with 4-fluoro-thiophenol is shown. The spectrum in the g = 2 region (Figure 4.1A)
is identical to that obtained previously for 2-mercaptoethanol-reconstituted C13X and C50X
(X = A, G, D, S) mutants and are attributed to the unmodified [4Fe-4S]1+ FA (S = 1/2) cluster
[16, 23]. Since, the anisotropy of the g-tensor is distributed over 300 mT for the S = 3/2 state,
the intensity of the EPR signal at the turning points is rather small [16, 23]. A very high
(millimolar) concentrations of the protein were used and different reduction protocol was
employed here (see Methods) to record EPR signals with a higher signal-to-noise ratio (Figure
4.1B) as compared to that reported earlier [16, 23]. This also allowed observation of high-spin
signals that had previously escaped detection. I found (Figure 4.1B) high-spin signals with gvalues 7.33, 6.44, 5.60 and 5.14 that are attributed to the modified [4Fe-4S]1+ FB (S ≥ 3/2)
cluster. Note that the g = 4.3 resonance is derived from adventitiously bound iron.
4.2. Resonance Raman studies on the wild type and C13G/C33S mutant of PsaC
Figure 4.2 is a comparison of the low-temperature (77 K) RR spectra of wild-type PsaC
(trace A) and the C13G/C33S mutant PsaC reconstituted with 2-mercaptoethanol (trace B), both
obtained with a 488.0-nm excitation wavelength. Although RR spectroscopy does not offer the
possibility of differentiating between the two [4Fe-4S] clusters FA and FB, it is known to provide
a sensitive structural probe of active sites in iron-sulfur proteins [18]. The RR spectrum of wildtype PsaC (Figure 4.2A) has an overall vibrational pattern that is unique to proteins containing
[4Fe-4S]2+ clusters and is dominated by a band at 336 cm-1 arising from the vibrational marker
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of the [4Fe-4S]2+ core structure, the A1 bridging breathing ν(FeSb) mode in the limiting Td
symmetry [7-9]. The most thorough analysis of the RR spectrum for a protein-bound [4Fe-4S]2+
cluster is that of the 8-Fe containing Clostridium pasteurianum (C. pasteurianum) ferredoxin [6,
7, 9]. The RR bands of C. pasteurianum ferredoxin have been rigorously assigned under
effective D2d symmetry by studies of synthetic analogues,

34 S

and

54 Fe

isotope shifts, and

normal mode calculations. These assignments are extended to the vibrational modes observed for
PsaC, as shown in Table 4.1. There are differences in the RR spectrum of PsaC compared to that
of C. pasteurianum ferredoxin. The 391-cm-1 band in wild-type PsaC is attributed to both A1
ν(FeSt) and T2 ν(FeSb) modes stemming from coincidental frequencies; these modes are well

separated in C. pasteurianum ferredoxin (Table 4.1). Also, the intensity of the 287-cm-1 band in
PsaC is larger than that observed in the spectrum of C. pasteurianum ferredoxin.
The enhanced resonance Raman bands associated with bridging and terminal Fe-S
stretching vibrations are distinctive for different structural types of Fe-S clusters. The appearance
of an intense band in the 281–291-cm-1 region is a characteristic feature that distinguishes [2Fe2S]2+ clusters from [4Fe-4S]2+ clusters. EPR measurements give no evidence of a [2Fe-2S]2+
cluster in the reduced PsaC protein. The formation of a [2Fe-2S] cluster from the degradation of
a [4Fe-4S]2+ cluster has never been observed for PsaC. However, in vitro insertion of iron-sulfur
centers into the PsaC apoprotein could lead to a small population of holoprotein containing a
[3Fe-4S] cluster in both wild-type and mutant PsaC preparations [16, 21, 22]. This type of Fe-S
clusters gives RR spectra with ν(FeSb) bands at ~265, ~285, and 347 cm-1, which is the most
prominent band, and two or three ν (FeSt) bands between 360 and 400 cm-1 [4, 13]. The RR
spectrum of wild-type and C13G/C33S PsaC mutant reconstituted with 2-mercaptoethanol shows
that in my preparations it is possible to exclude the presence of [3Fe-4S] clusters. This is
supported by EPR spectra obtained for reduced C13G/C33S PsaC, which show absence of
g = 11.5 resonance from reduced S = 2 [3Fe-4S] cluster. This differs from the previous work on
PsaC mutants, in which a low amount of a [3Fe-4S] cluster was detected [16, 21].
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RR spectral patterns of C13G/C34S PsaC mutant reconstituted with 2-mercaptoethanol
are highly characteristic of [4Fe-4S]2+ clusters. In fact, they are very similar both in relative
intensities and in frequencies to that of wild-type PsaC (Figure 4.2, Table 4.1). Both wild-type
and mutant PsaC give the characteristically intense A1 cluster-breathing RR band centered near
336-337 cm-1. There is a one-to-one correspondence of spectral features between C13G/C33S
(Figure 4.2B) and wild-type PsaC (Figure 4.2A) with only minor differences in the frequency in
the 350–365-cm-1 region, where frequencies of the C13G/C33S PsaC are up-shifted by 5 cm-1
relative to those of wild-type PsaC (Figure 4.2A, Table 4.1), and in the 280–300-cm-1 region,
mostly because of a different shape in the envelope of the bands. The nearly constant
wavenumber of the vibrations for both wild-type and C13G/C33S PsaC, in particular the A 1
bridging vibration at ~337 cm-1, indicates that the structure of the [4Fe-4S] cluster is not
significantly altered by the C13G mutation. The present evidence that the [4Fe-4S] clusters are
fully restored in C13G/C33S proteins is highlighted by the fact that, similar to wild-type PsaC,
no [3Fe-4S] cluster is detected in the mutant protein. The observed changes in the RR spectra
suggest that only a very little change in protein conformation in the vicinity of the cluster occurs
upon C13G substitution. In summary, the RR results show that only iron sulfur clusters of
[4Fe-4S] type assemble in both wild type and C13G/C33S mutant PsaC.
In view of the results obtained in the RR study of the C13G/C33S mutant PsaC, the
absence of a biological ligand in C13G mutants makes it necessary to consider the possibility
that the modified iron-sulfur binding site is empty in this mutant, and a [4Fe-4S] cluster is
assembled only in the unmodified FA site. This would imply that PsaC can fold (or partially fold)
with only one [4Fe-4S] center present. However, this is considered to be highly unlikely, since
there are no examples in the literature of a dicluster, ferredoxin-like protein that contains two
consensus iron-sulfur cluster binding motifs but can bind only one [4Fe-4S] center and retain a
stable conformation. In naturally occurring monocluster ferredoxins an α-helix occupies the
position of the second iron-sulfur cluster [10, 11], thus stabilizing the protein tertiary structure.
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4.3.

19

F NMR investigation of C13G/C33S mutant of PsaC
Mutant C13G/C33S PsaC was reconstituted with 4-fluorothiophenol as the external

thiolate and found by

19

F NMR a broad peak at –37.6 ppm and a sharp peak at –48.1 (Figure

4.3A). In the control experiment, C13G/C33S mutant PsaC was aerobically incubated with
4-fluorothiophenol. The 19F NMR spectra of the control (Figure 4.3B) has a sharp peak at –48.1
ppm, which is attributed to non-specifically bound 4-fluorothiophenol. This allows identification
of the broad, hyperfine contact-shifted –37.6 ppm peak as cluster-bound 4-fluorothiophenol. The
broad linewidth of the –37.6 ppm peak also serves as evidence that the ligand is bound to a
paramagnetic [4Fe-4S] center. Two low intensity peaks in the control most likely arise because
of contamination in commercially-available 4-fluorothiophenol.
To address the hypothesis that acyl thiolates also can serve as external rescue ligands,
C13G/C33S PsaC was reconstituted with 2,2,2-trifluoroethanethiol as the external thiolate. In the
19

F NMR spectrum a broad peak at 9.4 ppm and a sharp peak at 7.6 ppm was observed

(Figure 4.4). Similar to the 4-fluorothiophenol experiment, the sharp peak at 7.6 ppm was
assigned to non-specifically bound thiol and the broad, hyperfine contact-shifted peak at 9.4 ppm
was assigned to a 2,2,2-trifluoroethanethiol-ligated [4Fe-4S] cluster. Upon reduction of the NMR
sample with sodium borohydride, the complete disappearance of the broad peak at 9.4 ppm but
not the sharp peak at 7.6 ppm was observed. In the reduced sample broad peaks at –44, –48.1 and
–58.7 ppm (Figure 4.5) were observed. It is possible that –58.7 ppm represents the fully reduced
PsaC, and –44 –48.1 peaks represent partially reduced PsaC with either FA or FB center reduced.
Model compounds [Fe4S4(SR)4]2-, [Fe4S4(SR)4]3- and [MoFe3S4(SR)4L] 3- (R = p-C6H4F,
C6H4CF3; L = 3,6-dialylcatecholate) were previously synthesized and studied by

19

F NMR

spectroscopy. To my best knowledge, there are no model [4Fe-4S] clusters ligated by alkyl
thiolates that have been studied by
obtained

upon

19

F NMR spectroscopy. Therefore, interpretation of results

reconstitution

of

the

C13G/C33S

mutant

PsaC

with
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2,2,2-trifluoroethanethiol will rely on a qualitative interpretation of 19F NMR results obtained for
model compounds ligated by fluorinated aryl thiolates. Upon attachment of the
4-fluorothiophenol or 4-trifluoromethyl-thiophenol ligand to a paramagnetic [4Fe-4S] or
[1Mo-3Fe-4S] center, the

19

F NMR spectra show a down-field hyperfine-shifted, broad

resonance attributed to the cluster-bound fluorinated aryl-thiolate [15]. A similar broad, contactshifted resonance was observed in iron-sulfur core extrusion experiments performed by Wong et
al. with 4-trifluoromethyl-thiophenol ligated to a [4Fe-4S] center [19]. The 19F spectra recorded
upon reconstitution of the C13G/C33S mutant PsaC with 4-fluorothiophenol or
2,2,2-trifluoroethanethiol shown here are similar to those obtained previously [15, 19]. As
reported by Holm’s group [15, 19] for model compounds and for iron-sulfur core extrusion
experiments, a broad resonance arising from a thiolate bound to the iron-sulfur center was
detected (Figure 4.3AB and Figure 4.4). The 19F resonances of thiolates ligating the iron-sulfur
center are much broader than

19

F resonances of non-specifically bound or unbound fluorinated

thiolates (Figure 4.3B and Figure 4.4, [19]). The 19F resonances observed upon reconstitution of
the C13G/C33S mutant PsaC with 4-fluorothiophenol or 2,2,2-trifluoroethanethiol (Figures 4.3A
and 4.4) are shifted downfield from the unbound or non-specifically bound fluorinated thiolate
signal. This is identical to

19

F NMR resonances reported previously for [4Fe-4S] and

[1Mo-3Fe-4S] centers ligated by C6H4F and C6 H4CF3 [15, 19]. The contact shift of the
resonances reported here should, therefore, be taken as another line of evidence that thiolate
4-fluorothiophenol and 2,2,2-trifluoroethanethiol indeed ligate the iron-sulfur center. Mascharak
et al. reported a –34.5 19F chemical shift for the 4-fluorothiophenol ligating the [1Mo-3Fe-4S]
center. Taking in account the broadness of the peaks, this in the same range as the –37.6 ppm
chemical shift recorded for the peak attributed to a 4-fluorthiophenol ligated FB cluster of the
C13G/C33S mutant PsaC in this work. The authors also report that chemical shifts of fluorinated
aryl thiolates bound to an iron-sulfur center always are in the –40 to +5 ppm range.
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In summary, the

19

F NMR results show that an external thiolate is bound to the mutant

iron-sulfur center FB in C13G/C33S PsaC, when Cysteine II is absent in the consensus ironsulfur cluster binding motif C(I)xxC(II)xxC(III).....C(IV)P. This conclusion is strongly supported
by the resonance Raman and EPR results that indicate the presence of both [4Fe-4S] clusters in
the mutant PsaC and, taken as whole, the data serve as direct evidence of the external thiolate
hypothesis.
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5. Conclusions
Comparison of the resonance Raman spectra of wild-type and mutant PsaC show the
absence of any significant changes in the predominantly ν(FeSb) modes with an amino acid
replacement to an inactive biological ligand. This provides strong evidence that only [4Fe-4S]
clusters are assembled in wild-type and mutant PsaC. The similarity between the spectral
features of mutant and the wild-type PsaC proteins is consistent with a reinstatement of the
properties of the [4Fe-4S] cubane center via chemical rescue. Upon reconstitution of C13G/C33S
PsaC with 4-fluorothiophenol or 2,2,2-trifluoroethanethiol, contact-shifted 19F resonances were
detected by NMR spectroscopy, showing that a thiolate ligand is directly bound to the
paramagnetic iron-sulfur center. The results presented here prove that both acyl and aryl thiolates
can serve as external rescue ligands to iron-sulfur clusters FA and FB of PsaC.
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Figure legends
Figure 4.1. EPR spectra of C13G/C33S PsaC reconstituted with 4-fluorothiophenol as external
rescue ligand. (A) EPR conditions: temperature 15 K, microwave power 20 mW, modulation
amplitude 1 mT. (B) EPR conditions: temperature 5 K, microwave power 200 mW, modulation
amplitude 1 mT. Sample reduction was achieved by addition of 3 mg of sodium borohydride.
Figure 4.2. Low-temperature (77 K) RR spectra of wild-type (A) and C13G/C33S (B) PsaC
obtained in the 200–450-cm-1 region with 488.0-nm excitation wavelength, ~300-mW laser
power, and 7-cm-1 slit widths. (*) Denotes ice band.
Figure 4.3. 19F NMR spectra of 2 mM C13G/C33S reconstituted with 4-fluorothiophenol as the
external rescue ligand (A) and 1 mM C13G/C33S aerobically incubated with 4-fluorothiophenol
(B).
Figure 4.4. 19F NMR spectra of 2 mM C13G/C33S reconstituted with 2,2,2-trifluoroethanethiol
as external rescue ligand.
Figure 4.5. 19F NMR spectra of 2 mM C13G/C33S reconstituted with 2,2,2-trifluoroethanethiol
as external rescue ligand. Sample reduction was achieved by addition of 3 mg of sodium
borohydride.
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Table 4.1 Resonance Raman Frequencies (cm-1) and Assignments for [4Fe-4S]2+ Clusters in C.
pasteurianum Ferredoxin (Fd)a , wild-type and C13G/C33S PsaC.

Mode (D2d)(Td)

C. pasteurianum Fda

PsaCb

C13G/C33Sb

Mainly terminal ν(FeS)
A1

395 (3.9)

391c

391c

E (T2)

363 (2.0)

359

364

B2 (T2)

351 (0.7)

347

352

B2 (T2)

380 (5.6)

391c

391c

A1

338 (7.0)

336

337

A1 (E)

298 (4.9)
287

291

Mainly bridging ν(FeS)
E (T2)

B1 (E)

276 (4.5)c

E (T1)

276 (4.5)c

A2 (T1)

266 (4.0)

264

–

251 (6.2)

251

251

E (T2)
B2 (T2)

aData and vibrational assignment with 34 Sb isotope shifts in parentheses [ν(32S) – ν (34S)] from Czernuszewicz et
al. [7]. bThis work. cOverlapping bands.
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A

2.3

B

2.2

2.1
2.0
g -value

1.9

1.8

8

7

6
g -value

5

4
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336

PsaC

*

347
359

A
391

287

250

291

391

251

352

B

364

337

264

251

*

*

200

wild-type

C13G/C33S

*

300
350
–1
Raman shift (cm )

400

450
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- 48.1

- 37.6

B

- 37.6

- 48.1

A

-34

-36

-38

-40

-42

-44

-46

-48

-50 ppm -36

-40

-44

-48 ppm
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10

7.6

9.4
12

8

6 ppm
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- 50.0
- 43.5

- 45.3

7.6
9.4
12

10

8

6

-44

-46

-48

-50

ppm
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Chapter 5.
General Conclusions
The work presented in this thesis provides a firm foundation for future studies of
structure-function relationship in the 2[4Fe-4S] cluster ferredoxin-like PsaC subunit of PS I.
To summarize, the major results of the work presented here are: 1) A self-consistent,
sequence-specific and stereospecific assignment of all 18 observable hyperfine-shifted NMR
signals of reduced, unbound Synechococcus sp. PCC 7002 PsaC was obtained through a modelbased 1D NOE analysis. This enabled me to assign sequence-specifically the signals of three
cysteines from each of the two reduced [4Fe-4S] clusters and to obtain the preferential
localization of mixed- and equal-valence pairs in FA- and FB - by studying temperature
dependence of these signals. In FA- the mixed-valence pair is ligated by cysteines 47 and 53, the
equal-valence pair is ligated by cysteines 20 and 50. In FB- the mixed-valence pair is ligated by
cysteines 10 and 16, the equal-valence pair is ligated by cysteines 13 and 57. From the position
of the equal- and mixed-valance pairs, the orientation of the g-tensor in [4Fe-4S] centers FA and
FB was inferred. 2.) The three-dimensional solution structure of unbound, oxidized PsaC from
Synechococcus sp. PCC 7002 was solved by NMR. The overall quality of the structure is
equivalent to about 3Å by X-ray crystallography. PsaC is only the third two [4Fe-4S] cluster
containing, low-potential, iron-sulfur ferredoxin-like protein whose structure has been
determined in solution. Moreover, PsaC is the rare case of a tightly-bound, membrane protein
whose structure is now known in both bound and unbound states, and it is the only dicluster
ferredoxin-like protein studied in such context. The solution structure of unbound PsaC
determined by NMR is remarkably different from the available X-ray structure of PsaC as part of
the assembled PS I complex. In solution, the C-terminal end of PsaC forms a curled up helical
structure in contrast to a stretched random coil conformation in PS I bound protein. Formation of
this bulky helix-like structure contributes to the movement of the C-terminus away from the FA
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site. Furthermore, specific contacts observed between the N- and C-termini of PsaC cause a
concerted movement of both termini away from FA, correspondingly, the N-terminus bends in
solution. These findings clearly indicate that PsaC undergoes a large-scale conformational
change upon binding to PS I. 3.) Resonance Raman and EPR data provide strong evidence that
only the [4Fe-4S] clusters are assembled in C13G/C33S PsaC in the absence of a suitable
biological ligand. Upon reconstitution of the mutant PsaC with 4-fluorothiophenol or
2,2,2-trifluoroethanethiol, it was possible to detect hyperfine contact-shifted

19

F resonances by

NMR spectroscopy showing that a thiolate ligand is bound to FB in C13G/C33S mutant PsaC,
when Cysteine II is changed to amino acid that can not ligate iron-sulfur cluster. This proves the
chemical rescue hypothesis. It has also been shown that both aryl and acyl thiolates can serve as
external thiolate ligands to protein-bound [4Fe-4S] clusters.
Further investigation of the iron-sulfur clusters in PS I will take advantage of all three
major results of this thesis. 1.) In the reduced, unbound C13G PsaC, the FB iron-sulfur center is
high-spin (S ≥ 3/2). Applying the methodology that was established in this work (Chapter 2), it
should be possible to achieve the sequence-specific assignment of the NMR signals of βCH2 and
Hα protons of cysteines ligating iron-sulfur clusters. The 1D NOE analysis and investigation of
temperature dependence of hyperfine-shifted NMR signals of protons belonging to the cysteines
ligating iron-sulfur centers will be used to determine the position of equal- and mixed-valence
pairs in reduced, unbound C13G/C34S PsaC that contains high-spin iron-sulfur center FB. This
would be the first high-spin [4Fe-4S] iron-sulfur cluster to be studied by NMR. 2.) In Chapter 3,
it is speculated that the conformational changes occurring in the N- and C-termini of PsaC are
potentially important for the assembly of other PS I stromal subunits. Another fundamental
question is how these conformational changes are related to the changes in magnetic and redox
properties of PsaC-bound iron-sulfur centers FA and FB between bound and unbound PsaC.
These issues could be investigated by application of site-directed spin-labeling techniques. The
proposed strategy will involve attachment of cysteine-specific spin-label to cysteine residues
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genetically-engineered into the C-terminal end of PsaC, and the observation of the changes in the
EPR signal of spin-label upon binding of PsaC to P700-FX cores. This approach is expected to
provide insightful information about changes that occur in the secondary structure of PsaC and
may answer the questions raised above. 3.) The chemical rescue of the C13G mutant of PsaC
will be exploited by tethering redox dyes, specifically, viologen derivatives to the FB cluster of
PsaC, followed by rebinding of the protein to P700-FX cores. The PS I complex with the
viologen molecule attached to the FB cluster will be a unique system for investigation of electron
transfer in biological systems. It will be used for two different sets of studies. First, the tethered
viologen will be used as a redox-sensitive reporter of electron transfer, and this should allow
direct measurement of the time constant for charge separation between P700+ and FB-. Second,
the tethered viologens will be used to define the limits of distance and free energy under which
the high quantum yield for electron transfer from FB to the viologen is possible. To study the
rates vs. distance between FB and the viologen, the efficiency of electron transfer between ironsulfur cluster and viologens with different lengths of the saturated carbon chain will be
measured. To study the rate vs. free energy of electron transfer between FB and the viologen, the
reduction potential of viologens will be changed by attaching electron withdrawing/electron
donating groups to aromatic rings.
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