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Abstract This work presents the three-dimensional
NMR solution structure of recombinant, oxidized, un-
bound PsaC from Synechococcus sp. PCC 7002. Con-
straints are derived from homo- and heteronuclear one-,
two- and three-dimensional 'H and N 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. These differences mainly
concern the arrangement of the N- and C-termini with
respect to the [4Fe-4S] core domain. In the NMR solu-
tion structure of PsaC the C-terminal region assumes a
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disordered helical conformation, and is clearly different
from the extended coil conformation, which is one of the
structural elements required to anchor PsaC to the PS I
core heterodimer. In solution the N-terminus of PsaC is
in contact with the pre-C-terminal region but slides in
between the latter and the iron-sulfur core region of the
protein. Together, these features result in a concerted
movement of the N-terminus and pre-C-terminal region
away from the F, binding site, accompanied by a
bending of the N-terminus. In comparison, the same
terminal regions are positioned much closer to F5 and
take up an anti-parallel f-sheet arrangement in PsaC
bound to PS I. The conformational changes between
bound and unbound PsaC correlate with the differences
reported earlier for the EPR spectra of reduced F and
Fg in bound versus unbound PsaC. The observed dif-
ferent structural features in solution are highly relevant
for unraveling the stepwise assembly process of the
stromal PsaC, PsaD and PsaE subunits to the PS I core
heterodimer. Electronic supplementary material to this
paper can be obtained by using the Springer Link server
located at http://dx.doi.org/10.1007/s00775-001-0321-3.

Keywords Nuclear magnetic resonance - Solution
structure - Iron-sulfur protein - Photosystem I

Abbreviations PS I: Photosystem I - F 4 and Fpg: the two
[4Fe-4S] clusters of PsaC in PS I - Fy: interpolypeptide
iron-sulfur cluster in PS T - HSQC: heteronuclear
single quantum coherence - INEPT: insensitive nuclei
enhanced by polarization transfer - NOESY: nuclear
Overhauser effect spectroscopy - TOCS'Y: total
correlation spectroscopy

Introduction

The PsaC subunit of Photosystem I (PS I) is a low
molecular mass protein (9.3 kDa) which binds the two
[4Fe-45] clusters F o and Fy that function as the terminal
electron acceptors [1]. The remaining cofactors involved
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in light-induced charge separation and electron transfer
from the primary donor P, through the chain of ac-
ceptors Ay, A; to Fx are tightly bound within the
membrane phase of PS I, which is composed of the large,
membrane spanning, PsaA/PsaB heterodimer. PsaC is
tightly bound along with two additional subunits, PsaD
and PsaE, to the stromal side of PS I. The F5 and Fg
centers in PsaC have the task of vectoring the electron
from the interpolypeptide [4Fe-4S] center Fx, located in
the stromal boundary region of the membrane phase to
soluble electron carriers (ferredoxin or flavodoxin) uti-
lized in energy-requiring metabolic processes within the
cell.

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 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 JH, unpublished results). Given the
altered properties of F5 and Fy upon binding to PS 1,
which are evident from EPR studies of bound versus
unbound PsaC [2], important differences may be antic-
ipated between the structures of bound and unbound
PsaC. The X-ray structure of the cyanobacterial PS 1
complex has been modeled based on an electron density
map at 4 A resolution (PDB entry 1C51 [3]). This map
includes a structural model for PsaC bound to PS I [3].
An improved structure of PS I, at an atomic resolution
of 2.5 A, is now available (PDB entry 1JBO [4]). In this
context, a solution structure suitable for comparing the
bound versus unbound forms of PsaC has become a high
priority and is the subject of this paper. Along with
PsaD [5] and PsaE [6, 7], 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. To the best of our knowledge, PsaC is the only
dicluster ferredoxin-like protein to be studied in both the
bound and unbound states.

The sequences of plant and bacterial PsaC are strik-
ingly similar [8]. 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 proline and x
are other non-cysteine amino acids. Several high-reso-
lution X-ray and NMR structures are available for the
bacterial dicluster ferredoxins (PDB entries 1FDX,
ICLF, 1FDN, 2FDN, 1BLU, 1FCA, 5FDI, 1BCé6,
1BQX) [9, 10, 11, 12, 13, 14, 15, 16, 17, 18] (see also
reviews [19, 20]). 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 2[4Fe-4S] ferredoxins, the
iron-sulfur cluster consensus motif begins with a char-
acteristic triplet of cysteines that ligate three irons of the
first iron-sulfur center, which is equivalent to Cluster I in
bacterial dicluster ferredoxins, and is referred to as Fg. It

continues with a single o-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. The second
iron-sulfur center in PsaC is equivalent to Cluster II in
bacterial dicluster ferredoxins and is referred to as Fj.
In the amino acid sequence of PsaC, cysteines 10, 13, 16
and 57 ligate Cluster I or Fg and cysteines 47, 50, 53 and
20 ligate Cluster II or F, [28]. Both iron-sulfur cluster
binding motifs and clusters themselves exhibit a local
pseudo-C, 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. This is increasingly evident
from the emerging PS I X-ray structure, from the orig-
inal report [21] to the most recent refinements [3, 4].
PsaC, however, differs from dicluster ferredoxins in
three regions: a minor extension of the N-terminus (two
residues), a sequence insertion of eight residues in the
middle of the loop connecting the two consensus iron-
sulfur binding motifs, and a C-terminal extension of 14
or 15 residues. These structural elements are likely to
play a role for specific PsaC interactions with other
components of the membrane-bound PS I complex. The
amino acids in the loop insertion are considered to be
involved in ferredoxin/flavodoxin binding [22, 23] and
those in the C-terminus in binding of PsaC to the PsaA/
PsaB core and other stromal subunits. Another signifi-
cant sequence difference concerns the non-cysteine
amino acids in and near the F, and, to a lesser degree,
the Fy binding motif.

Previous NMR studies of unbound PsaC have fo-
cused on the stereospecific and sequence specific as-
signments of the contact-shifted Hx and Hf protons
of the cysteines that ligate the [4Fe-4S] clusters, in either
the fully oxidized [24] or the fully reduced [25] 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 [24] and from
Synechococcus sp. PCC 7002 [25], with assignments that
are readily transferable between both proteins.

In this paper, we 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 par-
ticular 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 sta-
ble, membrane-embedded, multiprotein complex, i.e. in
a predominantly 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 (F 5 and Fg in PsaC), both in
the oxidized and reduced state [24, 25, 26, 27]. In con-
trast, a distinct inequivalence between the two [4Fe-4S]
clusters is observed when PsaC is bound to PS I [2, 28].
With the latter aspect in mind, we will identify and
evaluate the main differences in the bound and unbound
structures of PsaC and comment on their functional
significance.

Materials and methods
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.
[29]. Non-labeled PsaC was overproduced in BL21 DE3 Escheri-
chia coli cells grown on NCZYM media as described previously
[29]. "*N-enriched PsaC was obtained by growing BL21 DE3 E. coli
cells on minimal (M9) media supplemented with '*N-ammonium
chloride. ApoPsaC was purified from E. coli as described previ-
ously [29]. The purity of the protein was verified by sodium dodecyl
sulfate polyacrylamide gel electrophoresis [30].

Iron-sulfur clusters were inserted into apoPsaC in a manner
similar to the published procedure [25, 31]. To 50 mL of 50 mM
Tris/HCI, pH 8.3, 400 puL of 2-mercaptoethanol were added, fol-
lowed by 1 mL of 5 mg/mL apoPsaC solution, 150 pL of a 60 mM
iron(III) chloride solution, and 150 pL of a freshly prepared
60 mM sodium sulfide solution. All additions were performed
dropwise at 20 min intervals. All solutions and Tris/HCl buffer
were degassed and purged with argon prior to use. The reconsti-
tution reaction was allowed to incubate overnight at 279 K. The
solution was transferred to a controlled environment chamber
(Coy, Grass Lake, Mich., USA) and all further manipulations were
performed anaerobically. Solutions from 12 reconstitution reac-
tions (a total of 60 mg of protein) were concentrated by ultrafil-
tration (Amicon, Beverly, Mass., USA). Excess iron and sulfide
were removed by gel filtration during this procedure and the Tris
buffer was substituted with 25 mM phosphate, pH 7.6 or pH 8.0.
The sample was loaded onto a column packed with G-25 beads
(Sigma) and the dark brown fraction was collected. A D,O sample
was prepared by concentrating the protein aqueous solution to a
volume of 2 mL and by diluting it with 30 mL D,O solution of
25 mM phosphate, pH 7.6 or pH 8.0 (uncorrected for deuterium
isotope effect), followed by concentration to the original volume.
The whole procedure was repeated three times. The sample was
then further concentrated to a volume of 1 mL. After successful
reconstitution of the [4Fe-4S] clusters, no protein precipitation was
observed throughout the purification procedure. The sample
(550 pL each) was aliquoted into two NMR tubes. Screw cap tubes
of the highest quality available were used (catalog No. 535-TR-7
with the solid cap TR-SC-01, Wilmad Glass, Buena, NJ, USA).
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 [25], addition of 0.1%
w/v of 2-mercaptoethanol to protect the iron-sulfur clusters was
avoided, because it introduced significant problems in the inter-
pretation of cross peaks in the diamagnetic region of the 2D NO-
ESY 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 [25]) 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 an-
aerobic samples, 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,
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without freezing, inside the anaerobic chamber until use. After the
initial set of measurements, we 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.

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 285 K. An additional set of two-dimen-
sional TOCSY [32] and NOESY [33] 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 [34], or by presaturation, or by gradient tailored excita-
tion (WATERGATE) [35]. The spectra were calibrated at different
temperatures according to the empirical relationship Jyop=

(=0.0127+5.11) ppm, with T being the temperature in °C. '°N
signals were indirectly referenced to the proton frequency.

Homonuclear proton spectra (NOESY [33], TOCSY [32], clean-
TOCSY [36] and DQF-COSY [37] experiments) were recorded with
mixing times of 60—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 4000 data points in the f; and 512 increments in the f;
dimensions with 64 transients each.

"H-'N HSQC [38] spectra were recorded with spectral windows
of 14 ppm and 32 ppm in the 'H and '*N dimensions, respectively.
256 increments each with 1024 complex data points and 32 tran-
sients were collected. 3D HSQC-NOESY [39], HSQC-TOCSY [40]
and HNHA [41] (to determine 3Jynp, coupling constants) were
recorded with spectral windows of 14 ppm and 32 ppm in the 'H
and "N dimensions, respectively. Spectra consisted of 1024 data
points in the f3, 64 increments in the f;, and 32 increments in the f,
dimensions with 8§ transients each.

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 f; 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 1024x1024, or of 512x512 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 re-
ported methodologies [42, 43]. All NMR data were processed with
the Bruker XWINNMR software. The program XEASY ([44, 45],
ETH Ziirich) was used for analysis of the 2D and 3D spectra.

Structure calculations

From the NOESY spectra, cross-peak intensities were determined
using the elliptical integration routine implemented in XEASY and
converted into proton-proton upper distance limits by the program
CALIBA [46]. The program DYANA [47] 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 recali-
brate the NOE distance constraints in an iterative manner. Ste-
reospecific assignments of diastereotopic protons and methyl
groups were obtained using the program GLOMSA [46]. Addi-
tional proton-proton upper distance limits were determined from
1D NOE difference spectra, obtained upon irradiation of the
hyperfine-shifted resonances arising from Ha and Hf protons of
cysteines ligating the iron-sulfur clusters of PsaC.

3 Junua-derived constraints for the backbone dihedral angle ¢
were also applied in the structure calculations. The 3Jynpa
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constants from a 3D HNHA spectrum [41] were transformed into ¢
dihedral angles using the Karplus relationship [48]. All dihedral
angles were divided into two classes: for >Jynp, constants larger
than 8 Hz the ¢ 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°. Thirty structures with the lowest
target function values were included in the final family. The pro-
grams MOLMOL [49] and PROCHECK-NMR [50] were used for
analysis of the structures.

Coordinates of the family of 30 NMR solution structures have
been deposited in the Protein Data Bank (http://www.rcsb.org/
pdb) under accession number 1KOT.

Results

Assignment of the NMR signals, constraint description
and structure calculations

Through the use of homo- and hetereonuclear NMR
spectroscopy, 'H and "N resonances of 78 out of 80
amino acid residues of recombinant, oxidized PsaC were
assigned. The assignment of these NMR signals, as
summarized in Table S1 of the Supplementary material,
is based on a combination of data, including 1D NOE,
2D NOESY, 2D TOCSY, 2D COSY, 3D HSQC-NO-
ESY, 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 previous one or on
homology to any previously described structures and is
thus de novo. For some amino acids, only a partial

assignment of the spin system was possible owing to a
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 the two clusters (cysteines 10, 13, 16 and 57
ligate Cluster I or Fg and cysteines 47, 50, 53 and 20
ligate Cluster II or F,), 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 para-
magnetic metal centers causes severe line broadening
through relaxation enhancement.

All structural constraints that were derived from
experimental data are summarized in Table 1. Cross
peaks of the 2D NOESY spectra recorded with a mixing
time of 60 ms in 90% H,0/10% D,O solution were
integrated to obtain proton-proton distances. Addi-
tional proton-proton upper distance limits were deter-
mined from 1D NOE difference spectra, obtained upon
irradiation of the hyperfine-shifted resonances. The
long-distance constraints obtained from 1D NOE dif-
ference spectra were especially valuable because they
identify amino acids that are located close to the para-
magnetic iron-sulfur centers. This information was
impossible to obtain from the 2D NOESY experiment
owing to the line broadening of the signals and to the
failure to observe most of the protons from cysteines
that ligate the iron-sulfur clusters. The proton-proton
distances were calibrated with the help of the program

Table 1 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 Violations (in at least one structure
in the final family of 30 structures)
NOESY distance constraints 1176 104
1D NOE distance constraints 111 0
Iron-sulfur cluster geometric constraints (upper and lower 120 1
distance limits among iron and sulfide ions in the cubane) [51]

Hydrogen bond constraints 10 2
Overall number of meaningful (total) distance constraints® 1100 (1417) 107
Overall intraresidue 203 31
Overall sequential 340 24
Overall medium range 238 27
Overall long range 319 25
¢ dihedral angles 6 0
7> dihedral angles 8 0
Overall number of meaningful constraints 1114 107
Stereospecific assignments from GLOMSA [46] 62 -
Overall violations larger than 0.3 A | - 0
Overall violations between 0.1 and 0.3 A - 107
Target function (A% 0.95+0.07 -
Structure analysis®™®

% of residues in most favored regions and allowed regions 85.6 -
% of residues in generously allowed regions 9.1 -
% of residues in disallowed regions 53 -

“Medium-range distance constraints are those between residue
i and residues i+n (2 < n < 5); long-range constraints are between
residue i and residues i +m (m>5)

®According to the Ramachandran plot statistic

‘The program PROCHECK-NMR [50] was used to check the
overall quality of the family of 30 DYANA structures. The entire

structure, including disordered parts, was analyzed by PRO-
CHECK-NMR. According to the criteria employed by this
software, such as distribution of the backbone dihedral angles
and the overall G-factor [50], the resolution of PsaC solution
structure corresponds to a resolution of about 3 A in X-ray
crystallography



CALIBA. Figure la shows the number of NOEs per
residue as a function of the residue number, and Fig. 1b
the sequence in the one-letter code together with a
schematic representation of the calibrated distance val-
ues derived from the sequential and medium-range
NOE:s observed in PsaC.

The angular dependence of the chemical shifts of the
hyperfine-shifted resonances of the cysteines ligating Fa
and Fg [24] was used to derive eight y, dihedral angle
constraints, all of which were given =+20° 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. [S1] to construct the two
clusters I (Fg) and II (Fa). Only six dihedral angle
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constraints could be derived from a 3D HNHA experi-
ment (amino acids 33, 43, 45, 61, 67, 68). The ground
state of the [4Fe-4S]>* clusters is diamagnetic, but a
certain paramagnetic character comes about from par-
tial population of excited paramagnetic states at room
temperature. Most likely, our inability to obtain more
dihedral angle constraints is due to a population of
excited paramagnetic states of Fo and Fy at 285 K and
the fact that in such a small protein nearly all parts
except the C-terminus are affected by the magnetism of
these centers. 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

Fig. 1 a Distribution of the
number of meaningful NOEs
per residue used for structure

calculations of the unbound, @ 100 -
oxidized PsaC from Synecho- =

cocus sp. PCC 7002. Intraresi- ‘d _
due, sequential, medium-range =

and long-range NOE con- . 5 80 -
straints are indicated by white, o

light gray, dark gray and black d} -
bars, respectively. The positions =}

of the two consensus iron-sulfur E 60 -
cluster binding motifs in the o
sequence are indicated. b Sche- 5

matic plot of the sequential and =
medium-range NOE connect- g 41)
ivities. The thickness of the bar =

indicates the intensity of the
observed cross peak. The
protein sequence is given 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 the d,n (i,i+2) and d,N
(i,i+3) NOEs in the sequence
stretch 68—80 which are

dynlii+3)

Fg

Fa

CanCnnCxnnCP

CoonCrnCuxnCP

_—

indicative of helical secondary b i ! 2 -
structure. No d,n (i,i +4) NOEs SHEVKIYDTCIGCTQCVREACPLDVLEMVEPWDGCKAGQIAS
. o 5

were observed dinliit1) —_— e — — —_— —— —_
dyndi 1) — R — — -
dgnif 1) —— o — —— —— — -
dygl i +2) —— - —
dynli.i+2) —_— —_— —_— ——
gl i3
..r””,:f,rn 3

SPRTEDCVGCKRCETACPTDFLSIRVYLGAETTREMGLAY

Clr:-;}.'Gf—-l-"l r— — e —— —_— - — —
tynd fui 1) — — —
dgagli,i+1) — e — —_— N ——
dypliai+2) - == —— —
dnliiH+2) —— —_— —_— —_—

il i+ 3)
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constraints. The final family contains 30 structures
without consistent constraint violations and an average
target function of 0.95+0.07 A% The RMSD from the
mean structure within the family is 0.84 £0.15 A for the
backbone atoms and 1.35+0.22 A 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 2.

The RMSD per residue values for the final DYANA
family are plotted as a function of the residue number in
Fig. 2. The backbone structure of PsaC in solution is
depicted in Fig. 3 as a tube with a thickness propor-
tional to the backbone RMSD. For clarity, only the
backbone of residues 3—67 with RMSD values smaller
than 2 A is shown.

The final family of 30 DYANA structures was
analyzed with the program PROCHECK-NMR [50].
According to the criteria employed by this software,
such as distribution of backbone dihedral angles and
overall “G-factor” [50], the resolution of the present
PsaC solution structure corresponds to a resolution of
about 3 A 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,
as will be shown below, it is more than sufficient to
demonstrate the large-scale changes in the structure
between the unbound and bound forms of PsaC that

emerge from this work. Therefore, the changes in the
conformation of the N-terminus, pre-C-terminal region
and C-terminus of PsaC described below are reliable
findings, which are well outside the experimental
uncertainties in the PsaC solution structure.

Description of the solution structure

The solution structure of oxidized, unbound PsaC is
shown in Figs. 3 and 4, with individual structural ele-
ments of PsaC shown in Fig. 4b—e. We now describe the
various elements of the secondary structure of PsaC.
With the exception of the first two amino acids, the
N-terminus, represented by amino acids 3-9, is struc-
turally well defined (Figs. 3, 4a, d). The N-terminus is
followed by the well-defined binding motif of the first
iron-sulfur cluster in the sequence (Fg). Despite the
vicinity of paramagnetic iron atoms, the Fy binding
region is well defined (Figs. 3, 4a, b). Figure 4b shows
the two [4Fe-45] clusters Fg and F4 with the respective
backbone of PsaC, restricted to only those amino acids
that belong to the two iron-sulfur cluster binding motifs.
As predicted previously, this iron-sulfur core of PsaC
shows many structural features similar to those of
dicluster ferredoxins (PDB entries 1IFDX, 1CLF, 1IFDN,
2FDN, 1BLU, 1FCA, 5FD1, 1BC6, 1BQX) [9, 10, 11,

Table 2 RMSD from the
respective mean structure of the
family of 30 DYANA struc-
tures, calculated for different

regions of PsaC

Residue numbers RMSD
Backbone Heavy atoms
5-67 0.84+0.15 1.35+0.22
10-57 (two iron-sulfur binding sites and the loop connecting them) 0.69 +0.14 1.15+£0.25
2246 (loop connecting two iron-sulfur binding sites) 0.51+0.12 0.94+0.16
68-80 (C-terminus) 1.87+0.37 2.70+0.52

Fig. 2 Plot of global backbone
(diamonds) and heavy atoms
(open squares) RMSD per
residue for the family of 30
DYANA structures of the
unbound, oxidized PsaC from
Synechococus sp. PCC 7002
(see also Table 2)

RMSD

—4— Backbone
-3+ Heavy atom

T T T T T T T T T T T T ]
20 40 60 80
Residue Number



Fig. 3 “Sausage” representation of the superimposed 30 DYANA
backbone structures of unbound, oxidized PsaC from Synechococus
sp. PCC 7002. The tube thickness is proportional to the backbone
RMSD. Only the backbone of residues 3-67, with RMSD values
smaller than 2 A (see Fig. 2), is shown. The iron and sulfide ions of
the [4Fe-4S] clusters are shown for each of the 30 structures; iron
atoms are shown as dark-gray spheres, sulfur atoms as light-gray
spheres. Note the increased disorder of the polypeptide chain
around the F center

12,13, 14, 15, 16, 17, 18]. The binding sites of F5 and Fy
have a fold typical of [4Fe-4S] binding sites in ferre-
doxins that contain one or two iron-sulfur clusters. The
a-helical turn, formed by amino acids 15-19 (Figs. 3, 4a,
b), connects Fy to the F, binding site, with Cys20 being
the fourth ligand to F 5. Analogous to the Fy site, the Fp
site is immediately followed by an w«-helical turn con-
sisting of amino acids 52-56, with Cys57 being the
fourth ligand to Fy. This feature of PsaC is similar to
bacterial dicluster ferredoxins and assures a fixed dis-
tance between Cluster I (Fg) and Cluster II (F4).

The a-helix that connects Fg to the F4 binding site is
followed by an extended, structurally well-defined loop
which contains a PsaC-specific sequence insertion (see
Introduction) and forms two strands of an anti-parallel
p-sheet connected by a turn (Fig. 4c). This structural
feature is unique for PsaC, as compared to bacterial
dicluster ferredoxins (PDB entries IFDX, ICLF, IFDN,
2FDN, 1BLU, 1FCA, 5FDI1, 1BC6, 1BQX) [9, 10, 11,
12, 13, 14, 15, 16, 17, 18]. This loop is reported to be
involved in binding of ferredoxin/flavodoxin to PS
I-bound PsaC [22, 23]. The secondary structure and
position of the loop established here for the NMR
solution structure of unbound PsaC is identical to that
of PS I-bound PsaC [4].

The F, binding site follows in the sequence. As is
most apparent from Fig. 4b, a somewhat increased dis-
order with respect to the overall protein is observed for
both the position of the F, cluster and the surrounding
polypeptide chain of the binding motif. This is particu-
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larly true when this region is compared with other,
better-defined structural elements, i.e. the environment
of the Fy binding site or the loop connecting the two
iron-sulfur center binding sites (see above, Figs. 3, 4a—c,
Table 2). Note that in the NMR structures of dicluster
ferredoxins the structures of the binding motifs sur-
rounding the iron-sulfur centers are well defined (PDB
entries ICLF, 1BC6, 1BQX [11, 17, 18]). The Fy site is
also well defined in the PsaC solution structure. There-
fore, relaxation effects due to the vicinity of different
paramagnetic iron-sulfur clusters cannot be the cause for
the disorder observed in the F4 cluster region. Rather,
specific differences between the bound and unbound
forms of PsaC should be investigated for possible rea-
sons. In the dicluster clostridial ferredoxins from
C. pasteurianum and C. acidi urici (PDB entries 1CLF,
2FDN) [11, 13], the binding site of the iron-sulfur
Cluster II (equivalent to F4) is in close contact with the
N-terminal part of the protein. This is also true for PS I-
bound PsaC, in which residues 2-5 are found close to the
FA binding site [4]. If this arrangement existed in un-
bound PsaC, one would expect to observe some long-
range NOE connectivities between the amino acids in
the N-terminal part and in the F5 binding site, but none
are observed. Thus the F4 site of PsaC in solution has
significantly fewer contacts with other regions of the
protein than the corresponding iron-sulfur Cluster II
binding site in bacterial ferredoxins [9, 10, 11, 12, 13, 14,
15, 16, 17, 18] or the same site in bound PsaC [4]
(Figs. 3, 4a). This may be related to the increased dis-
order found in the surroundings of the F cluster in the
solution structure.

In accordance with the increased disorder of the en-
tire F o region, the a-helix that follows the F, site shows
a higher degree of disorder (Figs. 3, 4a, b) in comparison
to the better defined o-helix that follows the Fy site.
Following the o-helical turn connecting F4 to Fg, Cys57
provides the fourth ligand to the Fy cluster. The poly-
peptide chain then forms a turn, which is followed by a
stretch of amino acids 61-67, which we refer to as the
pre-C-terminal region of PsaC. Amino acids 63-68 form
a shallow loop around the N-terminal end of PsaC
(Fig. 4d). 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 of the N-terminus and the pre-C-terminal region
on the one hand, and amino acids of the F binding site
on the other. However, none of these expected NOE
connectivities are observed in unbound PsaC. Instead,
specific long-range NOE connectivities between protons
of His2/Ser3 and Tyr67/Leu68 and between protons of
Lys5 and Arg65/Tyr67 were observed. Figs. S1-S3 of
the Supplementary material depict strips of 800 MHz
2D NOESY spectra recorded with a mixing time of
60 ms in 90% H,0/10% D,O which show long-range
NOE connectivities between the protons of these amino
acids. Specifically, NOEs are observed between 67 HN-3
Ho and 3 HN-67 Hoa. Such interstrand NOEs of HN
and Ho of the same residue are impossible in an anti-
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Fig. 4 a Backbone stereo a
drawing of 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 perpen-
dicular to the Fo/Fy connecting
axis and parallel to the stromal
membrane plane of the assem-
bled PS I complex. In a—d the
family of 30 DYANA struc-
tures is shown in a superposi-
tion of amino acids 5-67. In
b—e, selected structural elements
of unbound PsaC are shown:

b the two iron-sulfur clusters
together with their conserved
CxxCxxCxxxCP binding mo- b
tifs, i.e. the backbone of amino

acids 10-21 and 47-58; ¢ loop

region of PsaC between the two

iron-sulfur binding motifs, i.e.

the backbone of amino acids

22-33 in the back and 34-46 in

front; d N-terminus (1-9), pre-

C-terminal region (61-67) and

disordered C-terminus (68-80);

note the close contact between

amino acids 2-5 and 65-68 and c
the position of the N-terminus
between the iron-sulfur core of
PsaC and the loop formed by
amino acids 63-68; e backbone
of amino acids 68-80 in the
family of 30 PsaC structures is
shown in superposition of solely
the amino acids 68-80. The
helical secondary structure of
the C-terminus is clearly re-
vealed. All figures have been
prepared using MOLMOL [49]

parallel f-sheet since Ha and HN of the same residue
can never be on the same side of a strand in a f-sheet.
Moreover, it is not possible that both protons 3 Ho and
2 Ha give interstrand NOEs with HNs of the pre-C
terminus. The Has of two adjacent residues on a
p-strand are on opposite sides of the strand. For similar
reasons, 2 Ho could not give NOEs with 68 HN and 67
HN in a fS-sheet, since the HNs of neighboring residues

1’.—{*‘ _133,?

80 80

BO

a5

are again on different sides of the f-strand. Therefore,
this set of NOEs is not compatible with the anti-parallel
f-sheet arrangement of the N-terminus and the pre-
C-terminal region found for PS I-bound PsaC, but
indicates a close contact between the N-terminus and the
amino acids 65-68 in unbound PsaC (Fig. 4d). Thus, the
solution structure shows the N-terminus positioned be-
tween the iron-sulfur core and a short loop comprising



residues 63-68 (Figs. 3, 4d). Correspondingly, as com-
pared to the crystal structure, the N-terminus bends in
solution, with a turn comprised of Val4, Lys5 and Ile6.
This special cross-over arrangement of the N-terminus
and pre-C-terminal region for PsaC in solution contrasts
with the anti-parallel f-sheet structure established for
the corresponding N- and C-terminal regions of bacte-
rial ferredoxin structures [9, 10, 11, 12, 13, 14, 15, 16, 17,
18] and with the anti-parallel f-sheet arrangement of the
N-terminus and pre-C-terminal region in PsaC bound to
PS I (f-sheets 14 and B4 in PDB entry 1JBO) [4].

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 Fig. 1a, which shows that
amino acids 69-80 lack any long-range NOE distance
constraints. On the other hand, superposition of just the
residues 68—80 within the family of 30 DYANA struc-
tures readily reveals the helical secondary structure of
the PsaC C-terminus (Fig. 4e). This is in agreement with
the significant number of medium-range NOEs found in
that region (Fig. la). For example, the d,N (i,i+2) and
d,n (i,i+3) NOEs, indicative of helical secondary
structure, are observed for amino acids 68-80. 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 intrinsically higher mobility
compared with other parts of the protein (e.g. the loop
connecting the two iron-sulfur binding sites). This is
suggested by the absence of a continuous series of
3JuNH, coupling constants below 4.5 Hz, and the total
absence of d,p (i,i+3) and d,N (i,i+4) NOEs typical for
a-helices. 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
(Fig. 1a, b). The population of helical conformations for
a significant fraction of the time can also be deduced
from the upfield shifts of Ho protons belonging to resi-
dues 69-79 with respect to random coil chemical shifts
[52]. In PsaC there is an average upfield shift of
0.04£0.02 ppm observed for the Ho protons of residues
69-79; the threshold value of the chemical shift index
that would indicate a stable helix is an upfield shift of
more than 0.1 ppm [53].

In summary, the PsaC solution structure is charac-
terized by the following structural elements. The well-
defined regions include the N-terminus (except for the
first two amino acids), the [4Fe-4S] cluster Fy binding
site (with the Fe and S atoms and the surrounding
cysteine binding motif), the o-helix following the Fpy
binding site, and the loop connecting the iron-sulfur
cluster binding motifs forming two strands of an anti-
parallel -sheet connected by a turn. A larger disorder is
found for the subsequent F, binding site, which is also
associated with a distortion of the o-helical turn
following the F4 site. Finally, the C-terminal extension
of PsaC forms a disordered helix-like structure.
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Discussion

Most bacterial dicluster ferredoxins with available X-ray
crystal and NMR solution structures show high simi-
larity between both types of structures and, in general, a
high similarity of the overall three-dimensional struc-
tures is observed for this class of proteins (PDB entries
IFDX, ICLF, 1FDN, 2FDN, 1BLU, 1FCA, 5FDI,
1BC6, 1BQX) [9, 10, 11, 12, 13, 14, 15, 16, 17, 18] (see
also reviews [19, 20]). In contrast, some of the most
prominent features of the NMR solution structure of
PsaC stand out as clearly different when compared with
the X-ray structure of the PsaC subunit bound within
the fully assembled membrane-bound PS I complex
(PDB entry 1JBO [4]). These differences will now be
compared and discussed.

The C-terminus of PsaC is disordered, although it has
a helical secondary structure. In the Results section we
present arguments that indicate the intrinsic mobility of
the C-terminal region in solution. In the absence of
contacts with the PsaA/PsaB/PsaD/PsaE polypeptides
the solution structure shows that the C-terminus is not
in an extended coil conformation but rather has a high
helical propensity (Fig. 4e). In contrast, no secondary
structural elements are reported for the C-terminal ex-
tension (68—80) of bound PsaC in the PS I complex [4].
The C-terminus of PsaC in fully assembled PS I is lo-
cated in the binding interface between the PsaD and
PsaA polypeptides [4]; consequently, the high degree of
structural flexibility of the C-terminus found in unbound
PsaC is altered to a fixed and extended structure in the
PS I-bound form of the protein. During assembly this
requires unwinding of the helical structure of the
C-terminal end (68-80) found in solution.

In the X-ray structure of PS I, parts of the N-ter-
minus (3-7) and of the pre-C-terminal region (64-67)
of PsaC form an anti-parallel p-sheet structure
(B-sheets f1o and f4n in PDB entry 1JB0), and are
positioned close to the F4 site [4]. A sequence align-
ment between PsaC and clostridial ferredoxins shows
that the pre-C-terminal region of PsaC is equivalent to
the C-terminus of bacterial ferredoxins (see Fig. 1 in
Antonkine et al. [25]). The anti-parallel arrangement
of the N-terminus and pre-C-terminal region of bound
PsaC is in good agreement with the two-stranded anti-
parallel f-sheet arrangement that is typical for the
N- and C-termini of bacterial ferredoxins [9, 10, 11,
12, 13, 14, 15, 16, 17, 18]. In sharp contrast, the
N- and pre-C-termini in the structure of unbound
PsaC in solution are neither parallel nor close to the
F4 site. Instead, the N-terminus bends, and thus the
anti-parallel f-sheet arrangement of the N-terminus
and pre-C-terminal region of bound PsaC in PS I is
broken up in solution. Therefore, the N-terminus and
pre-C-terminal regions will have to undergo structural
rearrangements during the transition from unbound
PsaC in solution to bound PsaC in the fully assembled
PS I complex.
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Another special feature of the solution structure is the
increased disorder found for the F, binding region as
compared to the Fy binding region (Fig. 4b). This cor-
relates with the fact that the F 4 site in the PsaC solution
structure has significantly fewer contacts with other re-
gions of the protein than the corresponding iron-sulfur
Cluster II binding site in bacterial ferredoxins [11, 13] or
the same site in bound PsaC [4] (see Results). Increased
solvent interaction could also contribute to the increased
disorder found for the F binding site of PsaC in solu-
tion. For example, in the dicluster clostridial ferredoxins
from C. pasteurianum and C. acidi urici (PDB entries
1CLF, 2FDN) [11, 13] the binding site of the iron-sulfur
Cluster IT (equivalent to F,) is protected from interac-
tion with the solvent by the N-terminus, which is in close
contact with it. As mentioned above, this is not the case
for PsaC in solution.

In summary, formation of a disordered and curled-up
helical structure on the C-terminus of PsaC, and a dis-
placement of the N-terminus and pre-C-terminal region
of PsaC away from the F4 binding site, accompanied by
bending of the N-terminus, are structural features of
unbound PsaC in solution which are distinctly different
from PsaC bound within the PS I complex.

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 had
already been noted (see Scheme 2 in Kamlowski et al.
[21]) that the F, binding site in PsaC differs signifi-
cantly in its non-cysteine amino acid composition from
the Fp 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 Fu
binding motif. This information should be combined
and correlated with the recently confirmed finding that
in bound PsaC the F, cluster is proximal to the Fx
cluster [3, 4, 28, 54, 55, 56, 57, 58] which is located
within the stroma-facing central part of the PsaA/PsaB
polypeptide core. As a consequence, the F, binding site
in bound PsaC must be closely packed into the inter-
face between the PsaA/PsaB core and the stromal
PsaD/PsaC/PsaE complex. The charged amino acids
specific to the surroundings of the F4 site can be ex-
pected to be of critical importance for the binding
contacts to these polypeptides. Indeed, the recently
published structure of PS I at 2.5 A resolution fully
confirms this expectation [4]. A detailed analysis of
these contacts and of the consequences for the assem-
bly of PS I is now in progress. In unbound PsaC,
however, all charged amino acids involved in inter-
peptide contacts will be freed and may add to a
stronger solvent interaction. Interestingly, this can
provide an additional reason for the high solubility of
unbound PsaC, a feature which is not expected for a
protein designed to be tightly bound within a mem-
brane-bound and multi-subunit protein complex. In
particular, the pair of neighboring equally (positively)
charged amino acids Lys51 and Arg52, located between

the second and third cysteine of the F5 binding motif,
stands out as a candidate for critical contacts of bound
PsaC by ionic interaction to the PsaA/PsaB heterodi-
mer core. Moreover, the F5 binding motif is preceded
by a pair of equally (negatively) charged amino acids
(Glud45s, Asp46). From their positions in the sequence,
the latter amino acids are likely to be involved in
critical contacts within the multiprotein complex com-
posed of PsaC/PsaD/PsaE. Another pair of equally
(positively) charged amino acids (Lys5 and Arg65) may
be of interest in this context because they are in close
spatial contact in the middle of the anti-parallel f-sheet
arrangement characteristic for bound PsaC. All these
charged amino acids are located close to interpeptide
surfaces and, therefore, likely to be involved in con-
tacts. In solution, these amino acids are freed from
their contacts and may add to the repulsive force ex-
perienced by the more hydrophobic pre-C-terminal re-
gion of PsaC, which interacts much more closely with
the F, site in the bound form.

The emerging special structural features of unbound
PsaC are very likely associated with other unusual bio-
chemical and biophysical properties of this protein.
Within the PS I complex, bound PsaC is surprisingly
stable under aerobic conditions and the F4/Fgy
iron-sulfur centers remain intact up to relatively high
temperatures. In an aerobic environment the half-inac-
tivation occurs at 70 °C in a PS I preparation of Syn-
echococcus elongatus [59], at 60 °C in pea thylakoid
membranes [60] (incubation times in both studies were
5 min) and at 53 °C in spinach thylakoid membranes
[61]. Thus, even in mesophilic organisms, PS I-bound
PsaC is thermostable. In contrast, unbound PsaC is
particularly unstable and must be handled under strictly
anaerobic conditions, usually at temperatures below
18 °C [25, 31]. 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,
the protein still has to be maintained under strictly
anaerobic conditions. This increase in thermostability
allowed Bentrop et al. [24] to record NMR data at
37 °C, far above what is possible for the PsaC reported
in this paper. 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
[12, 14, 19, 20, 62, 63] or by contacts with other domains
of the protein, similar to the case of clostridial dicluster
ferredoxins from C. pasteurianum and C. acidi urici
[11, 13]. In the case of unbound PsaC, however, the
conformational changes in comparison to bound PsaC —
mainly the concerted movement of N-terminal and pre-
C-terminal regions away from the F 5 site — will leave the
FA cluster more accessible to solvent and hence much
less stable. The process of degradation of PsaC is likely
to proceed initially 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 [64, 65].



The EPR spectra of the reduced Fo and Fy iron-
sulfur clusters undergo large changes upon binding of
PsaC to P700-Fx cores in the absence of PsaD and PsaE.
These involve sharpening of the linewidths and a change
in characteristic g-values of the EPR signals of F, and
Fg [2]. As we show by comparing the PsaC solution
structure with the 2.5 A crystal structure of PS 1 [4],
these changes are most likely a result of the large con-
formational changes of the N-terminal, pre C-terminal
and C-terminal regions of PsaC. Specifically, this is due
to the formation of a disordered helix at the C-terminus
and the concerted movement of the N-terminus and pre-
C-terminal region away from the F4 site in unbound
PsaC. A detailed discussion of the changes in the EPR
spectra, in connection with a comprehensive comparison
of the bound and unbound forms of PsaC will be re-
ported in a forthcoming publication.

A final comment arises from the previous finding that
the PsaD and PsaE subunits do not assemble onto PS I in
a psaC null mutant [66]. Note that, when over-expressed
in E. coli and individually purified, the recombinant
PsaC, PsaD and PsaE proteins do not bind to each other
in solution; thus they do not form any initial “pre-com-
plex” in solution in the absence of the PS I core poly-
peptides (as determined by high-performance liquid
chromatography; Golbeck JH, unpublished results). This
should be combined with the observation that the EPR
linewidths of F, and Fg sharpen and the principal
g-tensor values change upon binding of PsaC to the P700-
Fx core. A further sharpening of the linewidth as well as
adjustment of the g-tensor to that established for F and
Fgin fully assembled PS I are observed after PsaD binds
[2]. Therefore, the assembly of the stromal PS I subunits
is likely to occur stepwise: first, PsaC binds to the
P700-Fx core, then PsaD and PsaE bind. The observed
structural differences between bound and unbound PsaC
are expected to be important for the assembly mecha-
nism. We 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 the PS I assembly process is completed and the
magnetic properties of Fo and Fy specific to the fully
assembled PS I complex are established.
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