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ABSTRACT: Transient complex formation between plastocyanin fromProchlorothrix hollandica and
cytochromef from Phormidium laminosumwas investigated using nuclear magnetic resonance (NMR)
spectroscopy. Binding curves derived from NMR titrations at 10 mM ionic strength reveal a 1:1
stoichiometry and a binding constant of 6 ((2) × 103 M-1 for complex formation, 1 order of magnitude
larger than that for the physiological plastocyanin-cytochromef complex fromPh. laminosum. Chemical-
shift perturbation mapping indicates that the hydrophobic patch of plastocyanin is involved in the complex
interface. When the unusual hydrophobic patch residues ofP. hollandicaplastocyanin were reverted to
the conserved residues found in most other plastocyanins (Y12G/P14L), the binding constant for the
interaction with cytochromef was unaffected. However, the chemical shift perturbation map was
considerably different, and the size of the average perturbation decreased by 40%. The complexes of both
the wild-type and double mutant plastocyanin with cytochromef were sensitive to ionic strength, contrary
to the physiological complex. The possible implications of these findings for the mechanism of transient
complex formation are discussed.

Energy transducing membranes couple electron transport
along the membrane to proton translocation across the
membrane, thereby generating an electrochemical gradient,
which drives the formation of ATP (1). The electron-transfer
chains involved in such processes as photosynthesis and
respiration, consist of both membrane-bound complexes and
mobile electron carriers. To maintain high turnover condi-
tions, the interactions of the membrane-bound and the mobile
components of the chain proceed via transient complex
formation (2). Such complexes are characterized by low
binding affinities, on the order ofµM-1-mM-1, and short
lifetimes on the millisecond time scale. While the interactions
of the redox partners are tuned to be of low affinity, the
specificity should be such that electron transfer can occur
efficiently. In general, redox proteins must participate in
transient interactions with various different partner proteins
in the cell. Therefore, the protein surface must necessarily
recognize and interact with partners, which have distinct
surface properties and structures. This gives rise to the
question of whether highly stereospecific complexes can be
formed (3, 4).

During photosynthesis, the type I copper protein, plasto-
cyanin (Pc), transports electrons between the membrane-
bound cytochromebf (cytbf)1 complex and photosystem I
(PSI) (5, 6). Two structures of the transient complex formed

between Pc and cytochromef (cytf), a soluble component
of the cytbf complex (7, 8), have been solved previously (9,
10). It was found that complementary charged surfaces as
well as hydrophobic patches contribute to the complex
interface formed between turnip cytf and spinach Pc (9). In
contrast, the complex from the thermophilic cyanobacterium
Phormidium laminosum(Figure 1) relies primarily on
hydrophobic interactions (10). Similarly, it has been shown
by in vitro kinetic studies that the rate of electron transfer
between the plant proteins has a strong ionic strength
dependence while association of the cyanobacterial proteins
is only weakly affected by salt (11-13). The evidence
suggests, therefore, that distinct mechanisms of photosyn-
thetic electron transport have evolved in different organisms.

The “north end” of the Pc molecule is composed of about
25 residues, which surround the exposed histidine ligand of
the copper site (14, 15). A sequence alignment (16) of the
known Pc sequences reveals that, with the exception of Pc
from the fernDryopteris crassirhizoma(17), 16 of these
“north end” residues are conservatively hydrophobic. The
structure of the north end differs significantly between the
eukaryotic and cyanobacterial variants of Pc. Long chain
aliphatic residues, such as Leu and Met, are more common
in cyanobacterial Pc, resulting in a more extensive hydro-
phobic patch (18). This region of the protein surface was
shown to be crucial for the interactions of Pc and cytf (9,
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10). It has also been shown that the reactivity of plant Pc
can be affected by hydrophobic patch mutants. While the
binding affinity of spinach Pc for cytf decreased upon
mutation of Leu12 to Ala (19), replacement of Gly10 by
the bulkier side-chains of Val, Leu, and Met resulted in
increased second-order rate constants for the reduction by
cytbf particles (20). In contrast, the electron-transfer rate for
the reduction of PSI was decreased in the mutants, Gly10Leu
(21) and Leu12Ala (22).

Pc from the cyanobacterium,Prochlorothrix hollandica
is unusual in that residues 12 and 14 are Tyr and Pro
respectively (23, 24). Gly and Leu occupy these positions
in all other Pc sequences, with the exception of fern Pc,
which has a Phe at the position corresponding to Leu14 (17).
Pc’s from P. hollandica and Ph. laminosumshare 47%
sequence identity. When only the north end residues are
considered the sequence conservation increases to 61%. To
assess the contribution of residues Tyr12 and Pro14 to
protein-protein interactions, the complex ofP. hollandica
Pc and Ph. laminosumcytf was studied using NMR
spectroscopy. The results indicate thatP. hollandicaPc and
cytf form a 1:1 complex with a binding site which involves
the hydrophobic patch on Pc. Despite the large changes
introduced in the binding site by the double mutation of
Y12G/P14L, the binding affinity for cytf was not significantly
affected. However, a large decrease in the average chemical
shift perturbation was observed for the mutant compared to
the wild-typeP. hollandicaPc. These results provide new
insights into the nature of the binding sites found in transient
protein complexes.

MATERIALS AND METHODS

Protein Preparation.15N-labeledPh. laminosumPc and
unlabeled cytf were prepared as described previously (10,
25). Mutant and wild-type15N-labeledP. hollandicaPc were
expressed as inclusion bodies inEscherichia coliBL21(DE3)

pLysS (Novagen, Madison, WI) as previously described (23),
with the exception that the expression medium was M9
glucose (26) containing 1 g/L15NH4Cl. Specifically, theP.
hollandicaPc expression plasmid pVAPC10 (23) was used
as a template for both PCR-mediated mutagenesis (Stratagene
QuikChange kit, La Jolla, CA) and T7 RNA polymerase-
dependent expression. The construction of the double mutant
Y12G/P14L by mutagenic PCR has been reported previously
(27). Reconstitution of the inclusion bodies was performed
using a modified, high-yield method. Inclusion bodies from
a 1 L culture were harvested and dissolved in 10 mL of 0.2
M Tris (pH 8.5), 6 M guanidine-HCl. â-Mercaptoethanol
was added to 50 mM and the pH adjusted to 7.0. The
resulting solution was diluted with buffer containing copper
(0.2 M Tris, pH 7.0, 1 mM CuCl2, 25 mM â-mercapto-
ethanol) to a final concentration of 1.5 M guanidine-HCl.
Following two dialysis steps against the copper containing
buffer and one dialysis step in the same buffer lacking
copper, the protein was concentrated by reverse dialysis and
filtration (Centricon, Amicon Corp., Beverly MA). Refolded
Pc preparations were analyzed by absorption and far-UV
circular dichroism spectroscopy as described previously (23).
Typically, yields of 20 mg/L culture were obtained with an
A280/A602 ratio of 2.8-3.1.

NMR Samples.Pc protein solutions were concentrated by
ultrafiltration (Amicon, YM5 membrane) and exchanged into
10 mM potassium phosphate pH 6.0, 10% D2O, 1.0 mM
sodium ascorbate. For the assignment of bothP. hollandica
Pc and Pc Y12G/P14L, 4.0 mM15N-labeled samples were
prepared. The protein concentrations were determined by
optical spectroscopy using anε602 of 4.9 mM-1 cm-1 for the
oxidized protein. Cytf samples were prepared in the same
buffer and concentrated using Millipore Ultrafree centrifugal
tubes with a 5 kDa molecular weight cutoff. The protein
concentration was determined using anε556 of 31.5 mM-1

cm-1 for the ferrous form. To investigate protonation of
His85 inP. hollandicaPc and Pc Y12G/P14L, pH titrations
were performed on 2.0 mM samples. The pH was adjusted
by the addition of microliter aliquots of 1 M NaOH or 1 M
HCl, and 1D1H NMR spectra were acquired over the range
pH 4.5-7.8. To determine a binding constant for the complex
of Ph. laminosumPc and cytf, an NMR titration was
performed in which a 0.33 mM15N-Pc sample was titrated
with microliter aliquots of a 1.83 mM cytf stock. Complex
formation betweenP. hollandicaPc andPh. laminosumcytf
was investigated by titrating microliter aliquots of a 2.54
mM cytf stock solution into a 0.41 mM15N-Pc. To investigate
complex formation with the double mutant a similar NMR
titration was performed using a 0.38 mM sample of15N-Pc
Y12G/P14L and a 2.86 mM cytf stock. After each addition
of protein, the sample pH was verified, and1H-15N HSQC
spectra were recorded. Ionic strength effects on complex
formation were investigated by the addition of 50, 100, and
200 mM NaCl to samples containing 2:1 mixtures ofPh.
laminosumcytf and eitherP. hollandicaPc or Pc Y12G/
P14L.

NMR Spectroscopy.All spectra were acquired at 300 K
on a Bruker DMX 600 NMR spectrometer. For sequence-
specific assignment of the backbone resonances ofP.
hollandicaPc and Pc Y12G/P14L, 2D1H-15N HSQC (28),
2D 1H-15N HSQC-NOESY, and 2D1H-15N HSQC-TOCSY
spectra were recorded. XWINNMR was used for spectral

FIGURE 1: Space filling model of the complex formed between Pc
(47) (dark gray) and cytf (48) (light gray, heme in black) fromPh.
laminosum(10). The complex interface is composed of patches of
hydrophobic residues surrounding the redox centers on both
proteins. The figure was drawn using Molscript (49) and rendered
in Raster3D (50).
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processing and the assignments were performed in XEASY
(29). For measurements on the complexes,1H-15N HSQC
spectra were recorded with spectral widths of 40.0 ppm (15N)
and 16.0 ppm (1H). Analysis of the chemical-shift perturba-
tion (∆δBind) with respect to the free protein assignments was
performed in XEASY.

Titration CurVes.Binding curves were obtained by plotting
∆δBind against the molar ratio (R) of [cytf]:[Pc]. The data
were fit (nonlinear least squares) to a one-site binding model
(11), which explicitly treats the total concentration of both
proteins, withR and|∆δBind| as the independent and depen-
dent variables, respectively, and the maximum chemical-shift
change (∆δMax) and the binding constant (Ka) as the fitted
parameters. A global fit of the data was performed in which
the curves were fitted simultaneously to a singleKa value,
while ∆δMax was allowed to vary for each resonance.

Chemical-Shift Mapping.The percentage of bound protein
was calculated from the ratio of the experimentally observed
|∆δBind| and the fitted∆δMax, for the seven most strongly
shifted residues in the complexes of cytf with P. hollandica
Pc and Pc Y12G/P14L. The shifts observed in the complex
with 2.1 equiv of cytf were then extrapolated to 100% bound
for all residues. The average chemical-shift perturbation
(∆δAvg) of each amide was calculated using eq 1 (30)

where∆δN is the change in the15N chemical-shift and∆δH
is the change in the1HN chemical-shift when the protein is
100% bound to cytf. ∆δAvg versus the residue number was
plotted for both complexes and the shifts were categorized
as follows: insignificant,<0.025 ppm; small,<0.100 ppm;
medium,<0.175 ppm; and large,<0.350 ppm. Chemical-
shift maps were prepared in Grasp (31) by coloring surface
representations ofP. hollandicaPc (24) and Pc Y12G/P14L
according to their calculated∆δAvg. The structure of Pc
Y12G/P14L has not been determined, so a model was built
in Swiss-MODEL (32) using the NMR structure ofP.
hollandicaPc (24) as a template.

RESULTS

Assignment of P. hollandica Pc and Pc Y12G/P14L.A
complete homonuclear assignment has been reported previ-
ously forP. hollandicaPc (24). All 88 observable backbone
amides were resolved in the1H-15N HSQC spectrum.
Sequence-specific assignment of the amide resonances was
achieved by comparison of the homonuclear assignments
with 2D 1H-15N HSQC-TOCSY and HSQC-NOESY spec-
tra. A similar approach was taken for the assignment of the
double mutant Pc Y12G/P14L. Compared with those in the
wild-type Pc, large chemical-shift changes occur in the1H-
15N HSQC spectrum of Pc Y12G/P14L. A difference plot
between the averaged1HN and 15N resonance assignments
of P. hollandicaPc and Pc Y12G/P14L (∆δMut), illustrates
the regions of the protein which are affected by the double
mutation (Figure 2). Four stretches of the primary structure,
which contribute to the hydrophobic patch, experience
significant chemical-shift changes in the mutant. As expected,
the largest effects are observed in the immediate vicinity of
the mutations. In particular, large shifts are observed for

Lys11 and Leu15, which neighbor residues 12 and 14,
respectively. Val36, the side chain of which makes van der
Waals contact with both Tyr12 and Pro14, experiences the
largest change arising from the mutations. It is probable that
the shifts reflect subtle structural rearrangements of the
hydrophobic patch. In all of the 19 NMR structures ofP.
hollandica Pc the side-chain of Tyr12 is highly solvent
exposed and projects outward from the hydrophobic patch
(24). The nearest amide group, Val36, is more than 5.5 Å
from the aromatic ring (24). Therefore, ring current effects
are not expected to make a large contribution to the
difference in the amide resonance assignments. The large
∆δMut of Val36 is more likely caused by the proximity of
its side chain to both Tyr12 and Pro14. A notable similarity
was observed for the assignments of Gly12 and Leu14 in
the double mutant and inPh. laminosumPc (10). In fact,
the 1HN chemical shift of 16 conserved north end residues
found in both proteins were within 0.3 ppm of each other,
indicating that the structure of the hydrophobic patch is
homologous (33).

Protonation of His85 in P. hollandica Pc and Pc Y12G/
P14L.The exposed His ligand of reduced Pc can dissociate
from the cuprous ion to become protonated at low pH (34-
37). In the NMR structure ofP. hollandicaPc, the side chain
of Pro14 makes van der Waals contact with the imidazole
ring of His85. Therefore, the mutation Pro14Leu is likely to
influence the conformation of the imidazole ring, which may
in turn affect the pKa of this residue. This suggestion is
supported by the fact that His85 experiences a large
chemical-shift change in the double mutant (Figure 2). Fern
Pc, which has a Phe in place of the semiconserved Leu, does
not exhibit a protonation of the His ligand (17, 38). Recently,
it was shown that the chemical shift perturbation (∆δBind)
observed for Pc in the presence of cytf is dependent on the
protonation state of the His ligand (10). For these reasons
the pH behavior of wild-type and double mutantP. hol-
landica Pc, was investigated by NMR spectroscopy. To
determine the pKa of His85, the chemical shift of the1Hε2

resonance of His39 was followed as a function of pH. It has
previously been shown forPh. laminosumPc that this
nucleus as well as many of the backbone amides of north
end residues are useful probes of pH effects in the active

FIGURE 2: Difference plot between the averaged1H and 15N
resonance assignments ofP. hollandicaPc and Pc Y12G/P14L
(∆δMut) vs residue number, illustrating the regions of the protein
which are affected by the double mutation.

∆δAvg ) x(∆δN/5)2 + ∆δH2

2
(1)
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site (39). The titration curves of 27 backbone amide nuclei
in Ph. laminosumPc yielded identical pKa values for
protonation of the histidine ligand (39). The pKa of His85
in P. hollandicaPc was determined to be 4.7( 0.1 for the
wild-type (Figure 3) and 4.5( 0.1 for the double mutant
(data not shown). Therefore Pro14 does not strongly influ-
ence the pKa of His85 and the∆δMut observed at pH 6.0 is
not related to His85 protonation. It can be concluded
furthermore that the∆δBind experienced by the wild-type and
mutant protein in complex with cytf at pH 6.0 will not be
affected by protonation of His85.

The Complex of P. hollandica Pc and Ph. laminosum Cytf.
The presence of cytf gave rise to distinct changes in the1H-
15N HSQC spectrum ofP. hollandicaPc (Figure 4). Forty-
six backbone amides experienced an|∆δBind| g 0.02 ppm
1H and/or g 0.10 ppm 15N (Table S1). In addition to
chemical-shift perturbation, a general broadening of the
amide resonances was observed (Figure 5A), as expected
for complex formation (40). The extent of chemical-shift
perturbation and line broadening increased with the addition
of increasing amounts of cytf. A single, averaged resonance

was detected for each amide, indicating that the free and
bound forms of Pc were in fast exchange on the NMR time
scale (40). Side-chain amides were also affected upon
complex formation. The intensity of the resonances of Asn34
and Asn40 decreased, and a shift of-0.15 ppm was observed
for the 15Nδ of Asn34. Such broadening was also observed
for Asn34 and Asn40 ofPh. laminosumPc in complex with
cytf (10).

Binding curves for the interaction ofP. hollandicaPc and
Ph. laminosumcytf were obtained by plotting∆δBind against
the molar ratio of [cytf]:[Pc] for the most strongly affected
resonances (Figure 6). Saturation of the chemical-shift
changes was not observed, suggesting a moderately low
binding affinity. A global fit of the curves to a 1:1 binding
model (11) yielded a binding constant of 6 ((2) × 103 M-1,
approximately 20 times higher than the binding constant for
the physiological partnerPh. laminosumPc (Figure 6) (10).
The experimental|∆δBind| (observed in the presence of 2.1
equiv of cytf) and the fitted∆δMax are shown in Table 1.
From the ratio of|∆δBind| and∆δMax it was calculated that
70% of Pc was bound in the presence of 2.1 molar equiv of
cytf. The shifts experienced by all of the backbone amide
nuclei in Pc were extrapolated to 100% bound and the∆δAvg

was plotted in Figure 7. The affected nuclei occur in four
distinct regions of the primary structure, residues 6-19, 34-
42, 56-70, and 80-92. These regions of the primary
structure contain the four loops, which make up the north
end of theâ-sandwich structure of Pc (15, 24). Of the 40
residues, which experienced a significant∆δAvg, 23 were
hydrophobic, nine were polar, and eight were charged
residues. The largest effects were found for Tyr12, Ala13,

FIGURE 3: Chemical-shift of the1Hε2 resonance of His39 as a
function of pH. 1D 1H NMR spectra ofP. hollandicaPc were
recorded over the range of pH 4.5-7.8. The data were fitted
(nonlinear least squares) to the equationδ ) (KaδH + [H+]δL)/(Ka
+ [H+]), where δH and δL represent the chemical shifts at high
and low pH respectively, yielding a pKa value of 4.7 ((0.1) at 10
mM ionic strength, 300 K.

FIGURE 4: Spectral region from the overlaid1H-15N HSQC spectra
of freeP. hollandicaPc (black) andP. hollandicaPc in the presence
of 2.1 equiv ofPh. laminosumcytf (red).

FIGURE 5: Cross-sections along theF2 dimension through the1HN

resonance of Leu15 in (A)P. hollandicaPc and (B) Pc Y12G/
P14L. The resonance of the free protein is shown as a solid line.
In the presence of 1.1 equiv of cytf the resonance is both broadened
and shifted (dashed line). The resonance at 2.1 equiv of cytf is
shown as a dotted line.
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Leu15, and His85. Chemical-shift perturbation mapping
reveals that the affected residues are localized on one end
of P. hollandicaPc (Figure 8A), which results in a well-
defined binding site surrounding the exposed histidine ligand
(His85) of the copper. The importance of the hydrophobic
patch of Pc for complex formation with cytf is therefore
clearly illustrated.

The complex ofP. hollandicaPc andPh. laminosumcytf
was also investigated at 50, 100, and 200 mM NaCl. The
salt dependence of the most strongly shifted resonances in
the complex was plotted in Figure 9. As the ionic strength
was increased, the observed∆δBind decreased. At 200 mM
NaCl the∆δBind was on average 35% lower compared with
the “zero salt” experiment, indicating that attractive elec-
trostatic interactions play a role in complex formation.

The Complex of P. hollandica Pc Y12G/P14L and Cytf.
Changes in the1H-15N HSQC spectrum of Pc Y12G/P14L
resulting from the addition of cytf were comparable to the
changes observed with the wild-type protein. In the presence
of 2.1 equiv of cytf, 37 backbone amides of the double
mutant experienced|∆δBind| g 0.02 ppm1H and/org 0.10
ppm15N (Table S1). Although similar nuclei were affected,
the magnitude of the observed shifts was diminished with
respect to the shifts in the complex with the wild-type protein.
Binding curves for the complex of Pc Y12G/P14L and cytf
were fit to a binding constant of 4 ((2) × 103 M-1 (Figure
6). Within error, the binding curves for the wild-type and
mutantP. hollandicaPc could be fitted to identicalKa values.
Despite the similar binding affinity, the extent of line
broadening was lower in the mutant complex. The chemical

FIGURE 6: Titration curves for complex formation between Pc and
cytf. |∆δBind| of the indicated residues are plotted against the molar
ratio of cytf to Pc. The solid lines represent nonlinear least-squares
fits to a 1:1 binding model (11), yielding binding constants of 6
((2) × 103, 4 ((2) × 103, and∼0.3× 103 M-1 for the complexes
of Ph. laminosumcytf with P. hollandicaPc, Pc Y12G/P14L, and
Ph. laminosumPc, respectively.

Table 1: Determination of the Percentage BoundP. hollandicaPc
in Complex withPh. laminosumCytf

residue
|∆δBind|a
(ppm)

∆δMax
b

(ppm) % bound

Y12 0.69 0.98 71
A13 0.82 1.17 70
L15 0.98 1.38 71
H39 0.65 0.95 69
T83 0.54 0.77 69
H85 1.06 1.51 70
G89 0.61 0.86 71

a Observed in the presence of 2.1 equiv ofPh. laminosumcytf. b The
fitted ∆δMax (see Materials and Methods, Figure 6) corresponds to the
chemical-shift perturbation when Pc is 100% bound in the complex
with cytf.

FIGURE 7: Average chemical-shift perturbation (∆δAvg), extrapo-
lated to 100% bound, experienced byP. hollandicaPc and Pc
Y12G/P14L in complex withPh. laminosumcytf. The color bars
indicate the∆δAvg categories: large (red), medium (orange), small
(yellow), and insignificant (blue), for chemical-shift mapping onto
surface representations of the two proteins (Figure 8).
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shift and the line width at half-height of Leu15 ofP.
hollandicaPc and Pc Y12G/P14L in complex with cytf are
compared in Figure 5. At 2.1 equiv of cytf the1HN resonance
of Leu15 is broadened by∼16 Hz in the wild-type protein

and by∼10 Hz in Pc Y12G/P14L. The line broadening was
on average 4 Hz lower for the complex with the mutant
protein. This disparity in line broadening effects is also
evidenced by the significant difference in the signal-to-noise
ratio between the wild-type and mutant complexes (Figure
5). The differences in the line broadening were the same for
shifted and nonshifted resonances and thus cannot be caused
by exchange effects. They could however, reflect a difference
in rotational correlation time of Pc in the complex with cytf
(see below).

From the ratio of|∆δBind| and ∆δMax, it was calculated
that 62% of Pc Y12G/P14L was bound in the presence of
2.1 equiv of cytf. The observed chemical-shift perturbation
was extrapolated to 100% bound, and the∆δAvg for each
backbone amide was plotted in Figure 7. The affected nuclei
are found in the same four regions of the primary structure
as for the wild-type protein. Of the 31 residues, which
experienced a significant∆δAvg, 21 were hydrophobic, six
were polar, and four were charged. The largest effects were
found for Leu14, Gly37, His39, Asn40, and His85. As
expected, the chemical-shift map indicates that the hydro-
phobic patch of Pc Y12G/P14L is involved in complex
formation (Figure 8B). From Figures 7 and 8, it is evident,
however, that there are large differences in the binding effects
on both proteins. Although a similar region of the protein is
affected, the binding site is less extensive for the double
mutant. Compared with the wild-type protein,∆δAvg was on
average 40% lower for Pc Y12G/P14L (Figure 7). Notable
exceptions include Lys35/Lys59, which experience the same
∆δAvg in both complexes, Met90/Val91, which have a 30%
increased∆δAvg, and Ala13/Arg86, which have a 90%
decreased∆δAvg in the mutant protein.

The salt dependence of the most strongly shifted reso-
nances in the complex of Pc Y12G/P14L and cytf was plotted
in Figure 9. As was the case for the wild-type protein, the
observed∆δBind decreased with increasing ionic strength. At
200 mM NaCl the∆δBind was decreased by 55% on average,
indicating that the binding constant was considerably re-
duced. Complex formation with the double mutant appears,
therefore, somewhat more susceptible to ionic strength effects
than the wild-type protein (Figure 9), suggesting that the
balance of hydrophobic and electrostatic interactions has been
altered by the mutations.

It is noteworthy that the amide resonances of His85 and
Leu14 in Pc Y12G/P14L shift in the same way (a large
negative15N shift for His and a large negative1HN shift for
Leu, Table S1) as the corresponding residues, His92 and
Leu14, inPh. laminosumPc (10). This implies, at least for
these crucial residues, that the mode of interaction and the
resulting change in chemical environment is similar in both
complexes.

DISCUSSION

NMR titration curves reveal thatP. hollandicaPc andPh.
laminosumcytf form a complex of 1:1 stoichiometry with a
binding affinity of 6 ((2) × 103 M-1, about 20-fold higher
than that of the physiological Pc (Figure 6). Chemical-shift
perturbation mapping implies that the hydrophobic patch of
Pc dominates the complex interface (Figure 8). This suggests
that P. hollandica Pc utilizes a “head-on” interaction to
maximize hydrophobic contacts with cytf, similar to the

FIGURE 8: Chemical-shift mapping of (A)P. hollandicaPc and
(B) Pc Y12G/P14L, in the presence ofPh. laminosumcytf. Residues
are colored according to the categories in Figure 7. Prolines are
colored gray. The mutated residues are indicated with an asterix.

FIGURE 9: Salt dependence of|∆δBind| for the most strongly shifted
residues, observed in the complexes ofPh. laminosumcytf with P.
hollandicaPc and Pc Y12G/P14L, at (b) 0, (0) 50, (9) 100, and
(3) 200 mM NaCl.
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complex formed betweenPh. laminosumPc and cytf (Figure
1) (10). It is a surprising result that the binding affinity of
the native complex betweenPh. laminosumPc and cytf is 1
order of magnitude lower than observed with the nonphysi-
ological P. hollandicaPc. Although the complex interface
is composed of the hydrophobic patch, variations in the
electrostatic features of the two Pc molecules must contribute
to the difference in binding affinity. Both Pc and cytf from
Ph. laminosumare acidic proteins with pI values< 5. In
contrast, Pc fromP. hollandicais a basic protein (pI > 8),
which enables attractive electrostatic interactions with the
acidic cytf. Apart from the difference in pI, the arrangement
of lysines is also important. Five of the six Lys residues
found inP. hollandicaPc are intimately associated with the
binding site and experience a significant∆δAvg in the
complex with cytf (Figure 8). In contrast, only the two
conserved lysines, Lys6 and Lys35, are located near the
binding site inPh. laminosumPc. Presumably the juxtaposi-
tion of lysines and the hydrophobic patch inP. hollandica
Pc renders the protein capable of forming a tighter complex
with cytf. This idea is supported by the observation that the
complex withP. hollandicaPc is susceptible to ionic strength
effects (Figure 9) while the complex formed withPh.
laminosumPc is unaffected by salt (10).

On the basis of the1HN resonance assignments, it can be
concluded that the structure of the hydrophobic patch inP.
hollandica Pc resembles that ofPh. laminosumPc. The
double mutation Y12G/P14L produces a protein with a
greater resemblance toPh. laminosumPc. A difference plot
of the resonance assignments forP. hollandicaPc and Pc
Y12G/P14L highlights the residues, which are affected by
the mutations (Figure 2). The affected region corresponds
to the four loops in the north end of the protein, which are
also involved in complex formation with cytf (Figure 7).
Despite the steric alterations introduced into the binding site
of P. hollandicaPc, the affinity for cytf was not affected by
the Y12G/P14L mutations. A comparable situation has been
reported for the interactions of Pc and PSI fromP. hollandica
(27). It was found that the binding constant for complex
formation between PSI and Pc (∼104 M-1) was not signifi-
cantly influenced by the mutation of either Tyr12 or Pro14.

Considering that the atoms in protein-protein interfaces
are close-packed (41), it is surprising thatP. hollandicaPc
and Pc Y12G/P14L have such similar affinities for cytf. The
similar binding affinity may indicate that surface comple-
mentarity is of less importance in transient complex forma-
tion. This could be a necessary feature in order (i) not to
jeopardize the required low affinity and (ii) to facilitate
interactions between proteins, which have more than one
partner. This suggestion is supported by the fact that transient
complexes are readily formed between nonphysiological
partners (42). Furthermore, the results of mutagenesis studies
on the interactions of plant Pc suggest that the structure of
the hydrophobic patch is a compromise between optimal
binding to cytf and PSI. It has been demonstrated that the
introduction of a bulky residue in place of Gly10 reduces
the efficiency of electron transfer to PSI (21), yet increases
the electron-transfer rate for reduction by cytbf particles (20).

Although the binding affinity for cytf was unaffected by
the mutations, the appearance of the chemical-shift map was
altered both qualitatively and quantitatively (Figures 7 and
8). To compare the chemical-shift perturbation in both

complexes, the shifts were extrapolated to 100% bound
(∆δMax), and∆δAvg was calculated for each backbone amide.
Only 12 residues (including Gly37, His39, Asn40, Cys82,
and His85) have a∆δAvg that is within 80% similar in both
complexes. The most conspicuous difference between the
complexes is that∆δAvg is on average 40% decreased for
the double mutant (Figure 7). Large chemical-shift changes
were observed for residues 10-15 upon mutation of Y12G/
P14L (Figure 2). Three of these residues (Tyr12, Ala13,
Leu15) demonstrate the largest shifts inP. hollandicaPc
upon complex formation (Figure 7A). Therefore, it is
plausible that the large shifts in the complex report on
changes occurring around Tyr12. For example, Tyr12 may
undergo a conformational change to accommodate the
binding site on cytf, thus triggering the large shifts for the
neighboring residues. This would not account for the clear
difference in the binding maps, around residues Leu60,
Ala63, Thr83, and Arg86 (Figures 7 and 8). These residues
were not significantly affected by the mutations (Figure 2).
Perhaps, however, the binding orientation of the mutant is
altered with respect to the wild-type protein, causing global
differences in the chemical-shift maps.

An alternative explanation for the overall reduction in∆Avg

is an increase in the dynamics of the mutant complex. While
one orientation may be optimal in terms of geometric fitting,
there can exist a cluster of conformations around the
optimum, which do not differ significantly in energy. In the
case of the wild-type Pc, the presence of Tyr12 reduces the
number of possible conformations by steric hindrance. In
Pc Y12G/P14L, the flatter surface can explore a greater
number of orientations and the chemical-shift changes are
averaged out. This hypothesis is supported by the fact that
the line broadening effects, arising from complex formation,
were decreased in the mutant complex compared with the
wild-type complex. The less extensive binding site of Pc
Y12G/P14L (Figure 8) is also in agreement with conforma-
tional averaging. Those residues on the periphery of the
interface, which experience small shifts inP. hollandicaPc,
are consequently below the cutoff (<0.025 ppm) in the
complex with Pc Y12G/P14L.

An extreme form of such conformational averaging (with
a 20-fold decrease in∆δMax) has been observed in the
complexes of Pc and cytochromec (43) and cytochromeb5

and myoglobin (44). Rather than adopting a single orienta-
tion, these complexes consist of a dynamic ensemble
involving multiple binding sites, dominated by electrostatic
interactions (43-46). In the complex of Pc and cytf, the
dynamics are more limited, as hydrophobic interactions
ensure the formation of a relatively well-defined complex.
The double mutation inP. hollandica Pc (Y12G/P14L)
appears to shift the balance in the Pc-cytf complex toward
increased dynamics.
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hollandicaPc and Pc Y12G/P14L. This material is available
free of charge via the Internet at http://pubs.acs.org.
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