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Abstract

The orientation of poplar plastocyanin in the complex with turnip cytochrome f has been determined by rigid-body calculations using
restraints from paramagnetic NMR measurements. The results show that poplar plastocyanin interacts with cytochrome f* with the
hydrophobic patch of plastocyanin close to the heme region on cytochrome f'and via electrostatic interactions between the charged patches on
both proteins. Plastocyanin is tilted relative to the orientation reported for spinach plastocyanin, resulting in a longer distance between iron
and copper (13.9 A). With increasing ionic strength, from 0.01 to 0.11 M, all observed chemical-shift changes decrease uniformly, supporting
the idea that electrostatic forces contribute to complex formation. There is no indication for a rearrangement of the transient complex in this
ionic strength range, contrary to what had been proposed earlier on the basis of kinetic data. By decreasing the pH from pH 7.7 to pH 5.5, the
complex is destabilized. This may be attributed to the protonation of the conserved acidic patches or the copper ligand His87 in poplar

plastocyanin, which are shown to have similar pK, values. The results are interpreted in a two-step model for complex formation.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Cytochrome f (Cyt f) is the electron exit port of the
cytochrome bgf complex, one of the membrane protein
complexes involved in oxygenic photosynthesis [1]. It
interacts transiently with the small electron transfer protein
plastocyanin, which shuttles electrons from the cytochrome
bef complex to Photosystem 1. A proteolytic, water-soluble,
fragment of Cyt f can be isolated from plant chloroplasts [2].
The crystal structure of the soluble fragment of Cyt f from

Abbreviations: Cyt f, cytochrome f; ET, electron transfer; HSQC,
heteronuclear single-quantum coherence spectroscopy; IPTG, isopro-
pylthio-B-D-galactoside; NMR, nuclear magnetic resonance; NOESY,
nuclear Overhauser effect spectroscopy; Pc, plastocyanin; PCS, pseudo-
contact shift(s); PMSF, phenylmethylsulfonylfluorid; TOCSY, total corre-
lation spectroscopy; TSP, sodium 3-(trimethylsilyl)-2,2,3,3-d 4-propionate
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turnip leaves (Brassica rapa) was the first to be determined
[3]. The structure shows that Cyt f has an elongated shape
with two domains consisting predominantly of (-sheets.
The covalently bound heme group is buried in the larger
domain close to the interface with the smaller domain (see
Fig. 1). Surprisingly, the N-terminus of the protein acts as
the sixth ligand to the heme iron, which is unique among c-
type cytochromes. Cyt f from higher plants contains highly
conserved basic residues, which take part in the interaction
with Pc [4,5]. These residues, K58, K65, K66 in the large
domain and K185, K187 and R209 in the small domain,
form a basic ridge in Cyt f (see Fig. 1) suitable for the
interaction with the acidic patches of Pc. The recent
elucidation of two structures of the complete cytochrome
bef complex [6,7] has demonstrated that Cyt /" assumes a
tilted orientation relative to the thylakoid membrane, with
the heme area around ligand Tyrl exposed to the lumen.
Plastocyanin (Pc) is a protein of 10.5 kDa with a type-I
copper site. The copper is coordinated by two histidine
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Hydrophobic patch

Basic ridge

Fig. 1. Plastocyanin and cytochrome f. Ribbon representation of (A) poplar Pc (PDB entry SPCY') with the copper center as a sphere and the copper ligands and
acidic residues shown as black sticks and of (B) turnip Cyt /' (PDB entry 1CTM) with the heme group, Y1 and some basic residues as black sticks. The figure

was prepared with the program MOLMOL [44].

residues, one cysteine and one methionine residue (see Fig.
1). Poplar Pc was the first Pc to be crystallized and have its
structure determined by X-ray crystallography [8—11]. The
structure has shown that Pc contains eight B-strands forming
two sheets. The copper site is buried below a relatively flat
hydrophobic patch made up by residues in loop regions. Pcs
from plants contain two highly conserved patches of
negatively charged residues [12]. Acidic patch I comprises
residues 42-45, whereas acidic patch II is formed by
residues 59-61. These patches are located on one side of
the protein with the acidic patch I located more remotely
from the copper site than patch II. Based on chemical cross-
linking [13] and site-directed mutagenesis [14,15] it has
been proposed that the acidic patches are involved in the
interaction of Pc with its partners.

The structure of the transient complex of spinach Pc and
the water-soluble fragment of turnip Cyt f has been
determined by NMR spectroscopy employing the para-
magnetism of the heme [16]. The structure of the complex
shows that spinach Pc binds to Cyt f with both its acidic
patches and the hydrophobic patch involved. Residues in the
acidic patches of Pc interact with residues of the basic patch
of Cyt f. Furthermore, the close proximity of H87 with the
heme of Cyt f suggests that H87 is the site of electron entry
into Pc. The observed distance of 11 A between the heme
iron and the copper center allows for fast ET.

Numerous studies on the interaction of Pc with Cyt f
from plants have shown that the kinetics of Pc reduction is

slowed down by an increase of ionic strength (see Ref. [1]
for a review). However, some studies indicated that there is
an optimal ionic strength for the reduction of Pc by Cyt f, as
seen from bell-shaped dependencies [17—19]. This has been
explained by proposing that at very low ionic strength
binding is dominated by electrostatic interactions resulting
in a conformation that is less reactive. In line with this idea,
Qin and Kostic [20] found evidence for the occurrence of a
rearrangement step during the complex formation of Pc and
Cyt f, because a cross-linked form of the complex was not
active in ET.

For reduced poplar Pc it has been shown that the
geometry of the copper site depends strongly on the pH
due to protonation of the H87 imidazol group [10]. Kinetic
measurements have shown that ET from Cyt f to Pc is
influenced by the pH with an optimum around pH 7.5 [21].
It is unknown whether this pH dependence is related to the
protonation of H87.

In the present work, the structure of the complex of
poplar (Populus nigra) Pc and turnip (B. rapa) Cyt f has
been determined by a rigid-body docking calculation using
restraints from paramagnetic NMR measurements. Further-
more, the ionic strength and the pH dependence of the
complex have been studied in order to clarify (a) whether
the proposed rearrangement with ionic strength results in
observable structural changes in the complex and (b) what
the effect is of protonation of H87 on the complex of Pc and

Cyt f.
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2. Materials and methods
2.1. Protein preparation

!>N-labeled poplar Pc was expressed in the cytoplasm of
Escherichia coli BL21 cells using plasmid pETPc [22].
Bacteria were cultured at 30 °C and 250 rpm to an ODgqg
of 0.8 in minimal medium as described [23] with the
following changes. Sodium-sulfate was used instead of
potassium-sulfate and no molybdenum salts were added.
Per liter medium 5 g glucose and 0.5 g ""NH4CI (~96%
>N enrichment, Cambridge Isotopes Laboratories) were
used. Ten milliliters of vitamin mixture [24] was added and
yeast extract was omitted. Expression was induced by the
addition of 0.4 mM IPTG and 100 pM copper citrate was
added and incubation was continued for 4.5 h. Cells were
harvested by centrifugation, resuspended in 20 mM
sodium-phosphate buffer pH 7.0 with 1 mM PMSF and
100 uM copper chloride and were lysed using a French
pressure cell. Cell debris was removed by centrifugation at
6000 rpm for 20 min and membranes were removed by
ultracentrifugation at 35,000 rpm for 30 min. The protein
was purified using a DEAE-fastflow sepharose (Amersham
Biosciences) column under reducing conditions, followed
by sephadex G-75 (Amersham Pharmacia Biotech) size-
exclusion chromatography of the oxidized protein and
finally elution from a DEAE-fastflow sepharose column of
the oxidized protein. Protein purity was checked by SDS-
PAGE and isoelectric focusing and by the ratio Azgo/Asg7
of the oxidized protein (0.9). Pc concentrations were
determined spectrophotometrically using the extinction
coefficient &5o,=4700 M~ 'em ™' [25] for oxidized Pc. The
yield was 12 mg/L of culture.

The water-soluble fragment of turnip Cyt f was
expressed in the periplasm of E. coli W3110 cells using
plasmid pTC1, which contains the genes of the signal
peptide of azurin from Pseudomonas aeruginosa and the
fragment of turnip Cyt f including the first 252 residues.
Two successive PCR steps were performed for the
construction of plasmid pTCl. For amplification of the
leader sequence of azurin from the P. aeruginosa, primer 1
(5-GCTCACTCATTAGGCACCCCAGGC-3') and primer
2 (5-TTCATAATTCTGCTGGGCAAAAATTGGA-
TAAGCCAGCAGCGGCGCACTGAG-3') were used with
plasmid pCD4, containing the azurin leader sequence, as
template. The PCR product was then used as a megaprimer
with primer 3 (5-CCGAAGCTTCTATTGGACACG-
TAATGGATCTTG-3") and plasmid pUFMY containing
the turnip Cyt f gene (kindly provided by Prof. J.C. Gray,
Cambridge, UK). The resulting PCR product, cut with
EcoRI and HindlIll was cloned into pUC18 using the same
restriction enzymes to give plasmid pTCl.

Cells were grown under semi-anaerobic conditions in 1.7
L of Luria-Bertani (LB) medium in 2 L Erlenmeyer flasks at
150 rpm at 30 °C for 68 h. The medium was supplemented
with 1 mM KNOj3, 4 mM sodium-fumarate and 100 pg/mL

ampicillin. After harvesting the cells by centrifugation
periplasmic proteins were released using an osmotic shock
treatment [26]. The periplasmic fraction was loaded onto a
DEAE-fastflow sepharose column and the Cyt f was eluted
with 300 mM NaCl. The protein was then purified further
using the protocol described by Gong et al. [5]. The protein
purity was checked by SDS-PAGE and isoelectric focusing.
The concentration of reduced Cyt f was determined spec-
trophotometrically using the extinction coefficient of
£554=31500 M~ 'em~! [16].

Cadmium substituted Pc was prepared as described
before [27].

2.2. NMR experiments

All NMR spectra were obtained at 303 K using a Bruker
DMX600 spectrometer. ['°N, 'H-]-HSQC-TOCSY and
['°N, 'H-]-HSQC-NOESY spectra with mixing times of 56
ms and 100 ms respectively were acquired for verification of
the assignments.

To measure pseudocontact shifts (PCS), a ['°N, "H-]-
HSQC spectrum [28] was acquired of a solution of 0.5
mM Cd-substituted '°N-labelled Pc and 0.35 mM oxidized
turnip Cyt f in 10 mM sodium phosphate pH 6.0. Then,
Cyt f was reduced by the addition of a slight excess of
sodium ascorbate, the pH was readjusted to 6.0 and
another HSQC spectrum was acquired. The difference of
the chemical shifts for Pc amides in the presence of
oxidized Cyt f and those observed with reduced Cyt f
gives the PCS.

The effect of ionic strength on complex formation was
measured with an NMR sample containing 0.10 mM of
reduced poplar Pc and 0.06 mM of reduced turnip Cyt f in
10 mM sodium-phosphate buffer, pH 6.0, with 1 mM
sodium-ascorbate, 6% (v:v) DO and 100 uM TSP. The
ionic strength was adjusted by adding NaCl from a 1 M
stock solution to the NMR sample. Control spectra were
recorded under the same conditions with 0.15 mM free Pc.

For measurement of the pH dependence of complex
formation a sample of 0.1 mM reduced poplar Pc and 0.04
mM reduced turnip Cyt f was used in 5 mM sodium-
acetate, 5 mM sodium-phosphate and 5 mM Tris/HCI, pH
8.0. The pH was adjusted by adding HCI from a 0.1 M
stock solution. The pH was measured before and after each
experiment and averaged. The maximum pH change
during the NMR experiment was 0.05 pH units for free
Pc and 0.1 pH units for Pc with Cyt f. To determine the
chemical-shift perturbations of binding, the chemical shifts
of Pc in the complex were compared with those of free Pc
at the same pH.

2.3. Data processing and analysis
Data processing was performed using AZARA (available

from www.bio.cam.ac.uk/azara). The 'H- and '*N-resonance
assignments for poplar Pc were taken from BioMagResBank
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(accession code 4019, Koide, S., Gippert, G., Reymond, M.
and Wright, P.E., unpublished data). Chemical-shift pertur-
bations of '°N and '"H nuclei for Pc upon interaction with
Cyt f were analyzed by overlaying the spectra of bound Pc
with the free protein in the assignment program ANSIG
[29]. Line widths of NMR signals were measured using the
software XWINNMR from Bruker.

Titration curves were fitted with the equation d=(K «H+
[HT*L)/(K,+[H']) using the software ORIGIN version 5.0
(Microcal), with H and L being the chemical-shift values at
infinitely high and low pH, respectively.

2.4. Structure calculation

Structure calculations were performed using XPLOR-
NIH version 2.9.1 [30,31]. The structures of poplar Pc (PDB
entry SPCY, [11]) and turnip Cyt /' (PDB entry 1HCZ, [32])
were treated as rigid bodies, and the coordinates of Cyt f
were fixed. Pc was placed at a random position and allowed
to move in a restrained rigid-body molecular dynamics
calculation. None of the standard energy terms was used.
Instead, several classes of experimental restraints were
applied to dock the proteins.

I)  Distance restraints were defined between 50 uniformly
distributed backbone and side chain amide nitrogens of
Pc and all backbone amide nitrogens of Cyt £, using the
r~¢ averaging option. These restraints could only be
violated if Pc approached Cyt f too closely, and thus
served as a weak van der Waals term to prevent
extensive collisions.

II) For the amide nitrogens and protons of residues that
showed chemical-shift perturbations of >0.1 and 0.03
ppm, respectively, under the conditions mentioned
under the description of the NMR experiment,
distance restraints were defined to all backbone amide
nitrogens (+—°® averaging) of Cyt £, in order to assure
contact between the corresponding Pc residues and the
surface of Cyt f (interface restraints).

II) PCS were used to define distance restraints between
the shifted amide proton or nitrogen nuclei and the
iron in the heme in Cyt f. PCS (Adpcs) were
calculated and evaluated iteratively as described in
[16], using an occupancy factor F=0.25.

IV) If a PCS is positive, the nucleus-heme iron—Tyr IN
angle (0) must be smaller than 54°, while for negative
PCS, 0 must be larger. On this basis, angle restraints
were used for all nuclei exhibiting a PCS, as described
before [16].

V) Amide groups of which neither proton nor nitrogen
showed significant PCS were restrained to a minimal
distance from the heme iron. This distance was set in an
iterative fashion, similar to the restraints in group III.

VI) In some runs (see Results), electrostatic distance
restraints were applied. The amide nitrogens of Pc
residues E43, D44, E59 and E60 were restrained to

be close to any of the Cyt f residues K58, K65,
K66, K181, K185, K187, R184 or R209, under
the assumption that these residues of Pc exhibit

electrostatic interactions with the positive ridge on
Cyt f [18,33].

Table S1 (Appendix A) lists the numbers and relative
scaling factors for all groups of restraints. Table S2
(Appendix A) gives all the chemical-shift perturbations
used in the calculations. Four thousand cycles of calcu-
lations were performed (7 h on a dual processor Pentium IV
PC running under LINUX). Only structures with a total
restraint ‘energy’ below a threshold (40 A.U.) were saved,
yielding about 100 structures. To assure sufficient sampling
of the orientation space, a large random displacement of Pc
occurred when a (local) minimum had been found, as
judged from a total restrained energy that had not changed
for more 50% during ten cycles. About 200 of such
displacements occurred in a representative run.

The resulting structures were ranked according total
restraints energy and the top ten structures, with total
restraint energy values from 30 from 34 (A.U.), were
subjected to restrained energy minimization using the
XPLOR-NIH repulsive van der Waals term with reduced
scaling. The ten best structure models have been deposited
in the Protein Data Bank under entry 1TKW.

3. Results
3.1. Expression of turnip Cyt f

In previous NMR studies the soluble fragment of Cyt f
prepared from plant leaves has been used [16]. Here, the
water-soluble fragment of turnip Cyt f'has been expressed in
the periplasm of E. coli W3110 cells using the plasmid
pTCI. The yield of the expression was found to be rather
poor with 0.2 mg Cyt f'per liter culture. This is in contrast to
the expression yield observed for the water-soluble fragment
of Cyt f from Phormidium laminosum expressed in E. coli
[34]. In that case, the use of plasmid pEC86 containing the
cytochrome ¢ maturation cassette from E. coli [35]
significantly improved the yield (up to 15 mg/L). In the
case of turnip Cyt f, however, cotransformation of pEC86
resulted in the appearance of an additional nonnative
cytochrome species as judged by the optical spectrum and
this species copurified with Cyt /. No increase in the yield of
the native Cyt f ' was observed (results not shown). With the
plasmid used, pTC1, heterologous Cyt f'is translocated using
the signal peptide of the bacterial blue copper protein azurin.
This signal sequence is very efficient in the translocation of
azurin toward the periplasmic space of E. coli. Also a
construct of the turnip Cyt f gene with the signal sequence of
P laminosum Pc, which transfers P. laminosum Cyt f
effectively, was unable to increase the yield of turnip Cyt /'
in E. coli.
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3.2. Assignment of NMR signals

The 'H and "N backbone and side chain resonance
assignments of reduced poplar Pc at pH 7.0, 303 K were
taken from BioMagResBank (acc. code 4019) to assign the
signals of reduced poplar Pc at pH 6.0. ['°N,"H-]-HSQC-
TOCSY and ['°N,"H-]-HSQC-NOESY spectra were used to
verify the assignments.

For 33 out of the 98 assigned amides double signals were
observed in the HSQC spectra. Mass spectrometry of the
recombinant poplar Pc showed two signals, at 10,599 Da
and 10,731 Da. Since the calculated value for '’N-labeled
poplar Pc is m=10600 Da, it can be assumed that the
recombinant poplar Pc is only partly processed in the
bacterial cytoplasm. Thus, double signals for residues 17—
31, which are located in the vicinity of the N-terminus, and
residues 69—76, which are located in an adjacent strand [9],
were attributed to the presence of the N-terminal methionine
in a fraction of the protein.

3.3. Mapping of the binding interface by chemical-shift
perturbation

Upon the addition of reduced Cyt f to >N labeled
Pc(Cu 1) at an ionic strength of 11 mM some of the
signals in the ['°N,'H-]-HSQC spectrum experience a
change in their chemical-shift values (Table S3 in
Appendix A). The formation of the complex of Pc and
Cyt fis also evident from an increase in line width by about
8 Hz compared to the line width of free Pc. Assuming a
binding constant of 22 mM " at this ionic strength, as found
for pea Pc and turnip Cyt /' (Ubbink, M., unpublished data),
about one third of all Pc is bound under these experimental
conditions.

Sixteen residues show chemical-shift changes of more
than 0.1 ppm for '°N nuclei. Effects are observed in the
hydrophobic patch (residues S11, A13, F35, H37, V40, L62,
L63 H87, Q88 and A90-M92), as well as in the acidic
patches (D44-146 in patch I and E59 in patch II).

For 'H resonances, 27 residues in total show chemical-
shift changes of more than 0.02 ppm. Most chemical-shift
changes were found for residues in the first loop of Pc (G6—
F14), most pronounced for residues S11 and L12. Also,
residues N31, A33-F35, H37, A52, L62, K66, G67 and
residues of the so-called ligand-loop (C84-M92) show
changes in their chemical shifts. Residues in the acidic patch
I (D42-S45) show large changes in their 'H chemical shift
whereas residues in the acidic patch II show only minor
changes in their "H chemical shift.

In the [°N,'H-]-HSQC spectra signals for the side
chains of N31, N32, N38, N64, N76, Q88 and N99 can
be observed. In the presence of Cyt f the side chain
signals of N31, N32, N38, N64 and Q88 are shifted, but
not those of N76 and N99 (results not shown). In
summary, the largest chemical-shift changes observed are
located in the first loop and the ligand loop of Pc.

Intermediate chemical-shift changes are located in the
acidic patch I whereas the acidic patch II only shows
small chemical-shift changes.

3.4. Orientation of Pc in the complex with Cyt [

The orientation of Pc relative to Cyt f in the complex
was determined as described before [16]. The copper in Pc
was replaced with the redox-inactive substitute cadmium,
the amides were assigned (Table S4 in Appendix A) and
the chemical-shift perturbations of amide groups of Pc(Cd)
with either oxidized or reduced Cyt ' were determined. With
the reduced form, the Pc perturbations represent the effects
of binding, as described above for Pc(Cu I). With oxidized
Cyt f, amide groups in Pc experience additional intermo-
lecular pseudocontact shifts (PCS) caused by the para-
magnetic nature of the Fe(Ill) in the heme (Fig. S1 in
Appendix A).

The binding effects and the PCS can be used to
determine the orientation of Pc relative to Cyt f in the
complex. Both types of shifts are translated into restraints
for a rigid-body docking calculation. The binding shifts are
used in a qualitative manner: Any shift larger than the
threshold yields a restraint that requires that the amide is
brought close to the surface of Cyt f. The PCS are used
quantitatively: During the calculations, the PCS are
calculated for the given position of Pc and compared with
the experimental values. If the difference is larger than the
error margins, the restraint is violated. The position of Pc is
changed and the PCS are calculated again. Thus, in an
iterative fashion, the optimal position with minimal
restraint violations is found [16]. The calculations were
performed in two ways. In the first run, only binding
restraints and PCS restraints were included. In the second,
also electrostatic restraints were introduced (see Materials
and methods).

In the absence of electrostatic restraints two clusters of
orientations are found. All high-ranking structures are part
of cluster A, with Pc in a side-on orientation, allowing both
the acid patches and the hydrophobic patch to make contact
with the surface of Cyt /. In cluster B, Pc makes contact
with Cyt f'via the copper ligand loop only and has a longer
average Fe-Cu distance (13.9 and 16.5 A for clusters A
and B, respectively) and no short electron transfer pathway
is present. Cluster B yields an imbalanced distribution of
violations, with many for the interface restraints and almost
none for the pseudocontact restraints. It is concluded that
cluster A represents the true complex, while B is a non-
physical solution, because it is optimized neither in
electrostatic interactions nor in electron transfer rate. In
the presence of electrostatic restraints, only cluster A is
observed. The average RMSD relative to the mean of the
position of Pc in complex with Cyt f is reduced
considerably to 2.2 A, yielding a much better defined
orientation of Pc in the complex than is obtained in the
absence of the electrostatic restraints. The ten best
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Fig. 2. The structure of the complex of poplar Pc and turnip Cyt f. The ten
best orientations for Pc are shown as C* traces (gray). The position of
spinach Pc (PDB entry 2PCF, model 6) is shown as a black C* trace. Cyt /°
is represented as a ribbon model. The heme is shown in sticks and the iron
and coppers are shown as spheres.

structures of the run with electrostatic restraints are shown
in Fig. 2 in light gray.

In these structures, the acidic patches are in contact with
the positive ridge of Cyt f and the hydrophobic region is in
close contact with the region around the heme group. The
Fe—Cu distance is 13.940.7 A. The largest binding shifts
were observed for the residues His87, Ala90 and Gly91 and
this region is in the center of the interface. Also the loop
including Leul2 and the region around Asp44 are in contact
with Cyt f. Only the region around Gly34 is not in contact
with Cyt f, resulting in some violations of the interface
restraints from this region. A violation analysis of the PCS
and the angle restraints is provided in Fig. S2 (Appendix A).

3.5. lonic strength dependence of the Pc—Cyt f interaction

To investigate the effect of the ionic strength on complex
formation, ['°N, 'H-]-HSQC spectra of Pc(Cu I) with
reduced Cyt f were recorded at ionic strengths of 11, 21,
31, 41, 61 and 111 mM. Reference spectra were taken with
free Pc under the same conditions. The effect of the ionic
strength on the transient complex is evident from observing
the line widths of residues Pc in the complex. With

increasing ionic strength the line widths decrease and at
111 mM reach the value measured for free Pc (see Fig. 3A).
This can be interpreted as destabilization of the complex by
the ionic strength and is clear evidence for electrostatic
interactions contributing to the interactions of Pc with Cyt f.

The observed chemical-shift changes for residues in Pc
have been mapped onto the surface of the crystal structure
of Pc for the different ionic strengths (see Fig. S3 in
Appendix A). With increasing ionic strength, all of the
observed chemical-shift changes decrease uniformly in the
hydrophobic patch and the acidic patches, confirming that
the complex is weakened by increasing the ionic strength.
From the chemical-shift mapping no differences in the ionic
strength dependence of the chemical-shift changes can be
observed for residues in the hydrophobic patch and the
acidic patches, which is confirmed by a plot of the relative
chemical-shift changes (see Fig. 3B). These results suggest
that the observed binding effects represent a single
orientation of Pc in the complex, and not a dynamic average
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of several well-defined complexes. As will be discussed
later, this does not exclude the existence of a dynamic
ensemble of many orientations.

3.6. pH dependence of the Pc—Cyt f interaction

One of the most remarkable findings of the X-ray
structures of poplar Pc was that the geometry of the copper
site of reduced poplar Pc, but not of oxidized Pc, strongly
depends on the pH. This has been attributed to the
protonation of H87 and its dissociation from the copper
center. It has been suggested that this process acts as a
molecular switch for photosynthetic ET involving Pc [10].
To study the effect of the protonation of H87 on complex
formation with Cyt f a pH titration has been performed both
for free Pc (from pH 7.7 to 4.7) and for the Pc-Cyt f
complex (from pH 7.7 to 5.3).

In free Pc, resonances showing the most pronounced
changes in their '>N chemical shift during the pH titration
are those of H37, N38, 139, D44, H87, Q88 and M92. The
titration curves of H37, N38, H87, Q88 and M92 can be
fitted with a global pK, value of 4.95 (£0.02) (see Fig.
4). The titration curves for residues D42, E43, D44, E59,
E60 and D61 can be fitted with pK, values of 4.5, 5.3,
5.0, 4.7, 5.1 and 4.7, respectively (not shown). The pK,
values of residues G6, N31, A33, H37, N38, H87 and
MO92 are ascribed to the titration of the H87 side chain, an
indication that this titration significantly affects either the
structure or the charge distribution of the copper site in
Pc.

The effect of pH on the interaction of Pc with Cyt f can
be seen from the chemical-shift changes observed in the pH
range from 7.7 to 5.5 (see Fig. 5). All shifts decrease with
decreasing pH to ca. 60% of their magnitude at pH 7.7. The
decrease is only small above pH 6 and more drastic below

'
-
T

S
T

Normalized "N chemical shift (ppm)

&
T

T
1E8 1E7 1E-6 1E-5 1E4
HTM)

Fig. 4. pH effects on free Pc. Titration curves based on '*N chemical shifts
for amides that show a pK,=4.95+0.02, attributed to the titration of the
His87 side chain. Shifts are normalized relative to the shift at pH 7.7.
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Fig. 5. pH effect on the complex of Pc and Cyt /. Chemical-shift changes of
amide '’N resonances of several Pc residues in the Pc—Cyt f complex as a
function of pH from pH 7.7 to 5.5. Shifts are normalized relative to the shift
at pH 7.7. The lines are shown to guide the eye.

pH 6, suggesting a decrease in the affinity below this pH.
The total ionic strength was 20.5 mM and varied less than
10% over the pH range, as a consequence of compensation
effects of the three buffers used. Thus, effects due to ionic
strength variations can be excluded. The variation between
residues of the chemical-shift changes with pH is greater
than in the case of the ionic strength titration. This could
indicate a rearrangement of the complex interface with
decreasing pH, as was observed also in the complex of P
laminosum [34].

4. Discussion
4.1. The structure of the complex

The orientation of Pc in the complex could be determined
using a combination of binding site information and
pseudocontact restraints. Similar to the orientation of Pc in
the only other structurally characterized plant complex, of
turnip Cyt f'and spinach Pc, the hydrophobic patch of poplar
Pc is located close to the heme region, while extensive
electrostatic interactions occur between the acidic patches of
Pc and the basic ridge of Cyt f. However, the complexes are
significantly different. In the complex with poplar Pc, the
plastocyanin is tilted with regard to the position of spinach
Pc (see Fig. 2, with spinach Pc shown as a black C*-trace),
bringing the copper ligand loop very close to the heme
region and preventing further approach of the His87 side
chain towards the heme. Consequently, the Fe—Cu distance
is larger for the complex with poplar Pc, compared to that
with spinach Pc, 13.9 and 10.9 A, respectively. Also, the
distance between the Cyt f Tyr 1 heme ligand and Pc His87
copper ligand is larger (3.5+0.6 A for the Tyr C°~His C%
distance in the poplar complex, 2.9 A for the Tyr C**-His
N¢? distance in spinach). However, the residues are still
sufficiently close for rapid ET. In several of the models
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shorter distances are observed for other atoms, e.g. between
the Cyt f Tyr 1 O" and the carbonyl O of Pro 86 in Pc. These
contacts could also facilitate ET.

On the basis of the NMR chemical-shift perturbations
and docking simulations, it has been suggested that also
parsley Pc is slightly tilted compared to spinach Pc, in a
direction however, that is opposite of that for poplar. In that
model the Fe—Cu distance is 13.0 A [36].

In the current study the occupancy factor was 0.25 (0.20
was used in the structure with spinach). The occupancy
factor is a scaling term (see Eq. (4) in [16]) for the fraction
of time that Pc experiences the PCS. Pc is in fast exchange
between bound and free states and, thus, the observed
chemical shifts are an average between both states. From the
binding constant, it can be estimated that 57% Pc was in the
bound state in this experiment. The fact that the occupancy
factor is smaller than 0.57 could indicate that the scalar
value of the axial term of the magnetic susceptibility tensor,
which was derived from EPR data, is smaller than
estimated. Alternatively, the low occupancy factor could
indicate that within the complex, Pc is not in the well-
defined orientation close to the heme all the time, but,
instead, is partly in a dynamic state that does not yield PCS.
This view is in agreement with the model of protein
complex formation, in which a dynamic state precedes the
formation of a well-defined complex [[37], vide infra].

The effect of including electrostatic restraints in the
calculation of the orientation of Pc in the complex was
analyzed. Such restraints are not based on NMR data, but on
kinetic data, which showed that electrostatic forces contrib-
ute to the affinity of binding [18,33]. In the absence of the
electrostatic restraints, the same orientation of Pc is found,
but with a larger spread in the various orientations. Thus, the
electrostatic restraints improve the precision of the structure
of the complex.

In view of the recent structures of the cytochrome bgf
complex [6,7], the binding site for Pc on Cyt f'described here
appears to be readily accessible in the full complex. Fig. 6
shows a model of the complex Pc and cytochrome b¢f
obtained after the alignment of the Cyts f of the structure
determined here and the crystal structure of the cytochrome
bef complex from Chlamydomonas reinhardtii [7].

4.2. lonic strength dependence of Pc—Cyt f interaction

The data demonstrate that the interactions in the Pc—Cyt f
complex from plants are affected by the ionic strength. With
increasing ionic strength all the observed chemical-shift
changes decrease. Also, the line widths of the resonances of
Pc in the complex show a decrease with increasing the ionic
strength. This can be attributed to a weakening of the complex
when the ionic strength increases and is further evidence that
the Pc—Cyt f complex from higher plants is stabilized by
electrostatic forces. In contrast to this finding, the affinity of Pc
and Cyt f from the thermophilic cyanobacterium P. laminosum
is hardly affected by changes in the ionic strength [34].

Fig. 6. Model of the complex of Pc and cytochrome b¢f. The model was
obtained after alignment of the Cyts f of the complex of poplar Pc and
turnip Cyt f (present work) and the crystal structure of the cytochrome b¢f
from C. reinhardtii (PDB entry 1Q90) [7]. The cytochrome b f'is shown in
ribbons, except the Rieske protein, which is shown as a C* trace. Pc is
shown at the top, also as a C* trace. The figure was generated using
Diepview and rendered with PovRay.

Previously, it has been shown by laser flash [17] and
stopped-flow [18] experiments that the kinetics of Pc
reduction by Cyt f exhibits a bell-shaped ionic strength
dependence, with the maximal rate being achieved around
30 mM. It has been suggested that below the optimal ionic
strength non-productive complexes are formed, which can
be reoriented by an increase in ionic strength to yield the
complex with optimal ET kinetics.

Our NMR data indicate that, within experimental error,
the binding shifts of all residues decrease equally with
increasing ionic strength, between 11 mM and 111 mM. The
uniform behavior of the shifted peaks with changing ionic
strength indicates that there is no large rearrangement from
one well-defined orientation to another.

A more realistic picture is that of two-step complex
formation, in which a highly dynamic ensemble of orienta-
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tions (collectively called the encounter complex) precedes
the formation of the active, single orientation complex. As
we discussed before [16], such a state, which is maintained
primarily by electrostatic interactions, results in only very
small chemical shift changes [38,39], which would be
masked by the large chemical-shift changes of the single
orientation complex, and thus remain invisible in our NMR
experiments. On the basis of kinetic data Hart et al. [40]
recently used the following scheme to describe the reaction
between Pc and Cyt f:

ka kr k et
PCox+Cytfred 2 [PCox: Cytfred] 2 [PCox Cytfrea) & [Pered Cytfox]
k_a k_y kgt

In this scheme, [Pcox:Cyt frea]l and [PcoxCyt fredl
represent the encounter complex and the active complex,
respectively. The former is invisible in our NMR experi-
ments and only the latter is observed. Hart et al. show that
the binding constant K ,=K,K,, with K,=k./k_, and K =k/
k_.. With increasing ionic strength, K, decreases monotoni-
cally due to electrostatic screening, shifting leftmost
equilibrium to the left. However, K, may increase, because
the encounter complex is purely electrostatic, while the
single orientation complex also involves hydrophobic
interactions. This would shift the middle equilibrium to
the right. The change in K, represents the shift from the non-
reactive toward reactive form that was invoked to explain
the bell-shaped kinetics. This implies that the amount of
single-orientation complex, [Pc,xCyt fieq], decreases some-
what more slowly than expected from the fraction of bound
protein. Careful comparison of the two panels in Fig. 3 lends
some support to this interpretation: The line width, which is
directly proportional to the total fraction of bound Pc,
[Pcox:Cyt fredlH[PCoxCyt fred], decreases more rapidly than
the binding shifts, which are proportional to [Pc,Cyt freq]
only, suggesting a shift of the middle equilibrium to the
right. Thus, the two step complex formation model with a
highly dynamic encounter complex is able to reconcile the
bell-shaped kinetics and the NMR results. Similarly, it
helped to explain the different ionic strength behavior of the
Pc and Cyt f complex of P. laminosum as observed with
kinetic measurements and NMR experiments [40]. The
dynamic, specific nature of the electrostatic interactions is
also in accord with the finding that the precise location of
the acidic patches is not very relevant [41].

4.3. pH dependence of Pc—Cyt f interaction

Many amides surrounding the copper experience a pK,
of 4.95, which is ascribed to the protonation of H87.
Clearly, this protonation has significant effects on the
environment of the copper site. This has also been observed
for Pc from P. laminosum [34]. The pK, value for H87 is in
the range of other plant Pcs [42]. However, the value found
in this study is considerably larger than a pK, value of 4.6

found for poplar Pc by UV resonance Raman spectroscopy
[43].

The binding shifts of Pc in the complex are also sensitive
to pH. The non-uniform changes for various residues suggest
reorganization in the complex with decreasing pH. Below
pH 6, a general decrease of the shifts suggests a decrease in
the affinity, which is supported by a reduction of the line
widths (results not shown). This finding is in agreement with
a decrease in the reduction rate of Pc by Cyt f'at low pH [21].
In the case of the Pc:Cyt f complex from P. laminosum, there
is no evidence that protonation of the copper ligand H92
affects the affinity [34]. In the plant complex, the protonation
of homologous Pc residue H87 has a pK, similar to that of
the acidic residues in patches I and II, so in the case of the
plant proteins it remains to be established which titratable
groups are responsible for the decrease in the affinity.
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