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Review
Transient complexes of redox proteins: structural
and dynamic details from NMR studies

Miguel Prudéncio and Marcellus Ubbink*
Leiden Institute of Chemistry, Leiden University, Gorlaeus Laboratories, PO Box 9502, 2300 RA Leiden, The Netherlands

Redox proteins participate in many metabolic routes, in particular those related to energy conversion.
Protein—protein complexes of redox proteins are characterized by a weak affinity and a short lifetime. Two-
dimensional NMR spectroscopy has been applied to many redox protein complexes, providing a wealth of
information about the process of complex formation, the nature of the interface and the dynamic properties
of the complex. These studies have shown that some complexes are non-specific and exist as a dynamic
ensemble of orientations while in other complexes the proteins assume a single orientation. The binding
interface in these complexes consists of a small hydrophobic patch for specificity, surrounded by polar,
uncharged residues that may enhance dissociation, and, in most complexes, a ring or patch of charged
residues that enhances the association by electrostatic interactions. The entry and exit port of the electrons is
located within the hydrophobic interaction site, ensuring rapid electron transfer from one redox centre to
the next. Copyright © 2004 John Wiley & Sons, Ltd.
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INTRODUCTION

In the living cell protein—protein interactions help to fulfil a
variety of biological processes. Interactions between pro-
teins are not optimized to achieve the highest affinity, but
rather to acquire the lifetime that is right for the molecular
function of the protein complex. For example, for an
inhibitor that binds to an enzyme, it can be important to
shut down enzyme activity completely and thus a long-lived
complex is necessary. This is achieved by a very high
affinity between inhibitor and enzyme. In the case that
two proteins have to react, a short lifetime is required to
ensure a rapid turnover. Examples of such transient complex
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formation are found among redox proteins. Redox enzymes
catalyse redox reactions and electron transfer (ET) proteins
transfer electrons between them. The complexes formed
between these proteins are characterized by dissociation rate
constants of up to 10*s™!, so the lifetimes are as short as
100 ps. Special features of the molecular interactions are
necessary to guarantee the formation of a specific complex
with reasonable affinity in such a short time. For example,
many of these complexes employ electrostatic attraction to
increase the association rate constant to the diffusion limit.
By attraction and preorientation of the proteins upon their
encounter, the number of productive collisions can be
increased by several orders of magnitude, as was demon-
strated by many kinetic studies on complexes of redox
proteins.

The application of modern, two-dimensional NMR spec-
troscopy using '°N-enriched proteins to study redox com-
plexes has yielded new insights into the mechanisms of
transient complex formation. The high resolution of this
technique makes it possible to produce detailed maps of the
binding sites, thus identifying the type of residues in the
interface. It is becoming increasingly clear that electrostatic
interactions alone are not sufficient for a specific complex
and that hydrophobic interactions are required as well. At
the same time, the latter have to be limited to avoid high
affinities and thus increased lifetimes.

In this paper, an overview is presented of recent two-
dimensional NMR spectroscopy studies on redox protein
complexes. Many earlier studies used one-dimensional pro-
ton NMR spectroscopy, in particular the paramagnetically
shifted resonances in haem proteins. However, these will not
be discussed here because such experiments provide little
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information about the nature of the interface. A brief intro-
duction into the use of two-dimensional NMR spectroscopy
for the study of protein complexes is provided below. More
advanced methods are described briefly, where appropriate,
but it is outside the scope of this review to discuss these
methods in detail and the reader is referred to the original
papers. After the section introducing the NMR methods, a
general model is presented that may help to understand the
results for the various complexes described afterwards.
Finally, the new insights into the process of transient
complex formation will be summarized.

NMR SPECTROSCOPY AND
TRANSIENT PROTEIN COMPLEXES

NMR spectroscopy is particularly suited for the study of low
affinity complexes. In a chemical-shift perturbation experi-
ment, a '*N-labelled protein is selectively monitored during
a titration with the unlabelled partner. Complex formation
gives rise to changes in the chemical environment of nuclei
at the interface, such that the chemical shift (6) of these
nuclei differs between the bound (Opouna) and free (Ofree)
forms. The effects on the NMR spectrum are dependent on
the lifetime of the complex. In the slow exchange limit, the
lifetime of the complex is long relative to the difference (in
rad s~ 1) between Spoung and Spree (Adyay) and the nucleus in
the bound and the free state of the protein resonates at dpoung
and Ogee, respectively [Fig. 1(A, B)]. Upon titration of the
partner protein, the resonance intensity decreases at .. and
increases at dpound, proportionally to the fraction of bound
protein. If the exchange is moderately slow, both resonances
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Figure 1. Slow and fast exchange. In the slow exchange limit (A,
B) a nucleus that experiences different resonance frequencies in
the free state (s0¢) and in the bound state (6poung) €xhibits two
resonances with intensities that are proportional to the fraction
of free and bound states. The linewidths are determined by the
rotational correlation time (and thus by the size and shape) of the
free protein and the complex. In the fast exchange limit (C, D),
the nucleus exhibits a single resonance at an averaged position
weighted by the fractions of bound and free protein. The line-
width is also the weighted average of the linewidth in the free
and bound states. The curves represent the 0, 25, 50, 75 and
100% bound state. For the bound state a linewidth three times
that of the free state was used. (B, D) The contour plots of the
peaks shown in (A) and (C), with the contour levels indicated by
the horizontal lines in the centre of the figure. The contours give
an impression of the appearance of the resonances in a 2D-NMR
spectrum.
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may experience line broadening. In the fast exchange limit,
the lifetime is much shorter than Ady,x and a single
resonance is observed at the weighted average of Opoung
and 6. [Fig. 1(C, D)]. During a titration, the ratio of the
two proteins is altered and thus the fraction of bound protein
changes. In the case of fast exchange, this results in a
proportional shift of the average peak; as the fraction of
bound protein increases, ¢ approaches Opoung and thus the
change in 6 (Adgina) approaches Adyiax-

The lifetime is determined by the dissociation rate con-
stant k.g. Generally, in transient complexes of electron
transfer proteins, the fast exchange regime is observed, so
kogt > Adpax for most peaks (note that Adyg,y is different for
each nucleus) and a lower limit for k.; can be set at
~200s"".

When Adg;yg is plotted as a function of the molar ratio of
the reactants, it is possible to derive binding curves for
complex formation and hence the stoichiometry and affinity
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Figure 2. Binding curves and interface map. (A) Chemical-shift
perturbation curves for residues of Prochlorothrix hollandicaPcin
atitration with Phormidium laminosum Cf. The curves were fitted
to a single binding constant of 6(+2) x 103m " (Crowley et al.,
2002c). (B) Binding map of the binding site for Cf on Pc, with the
size of the chemical-shift perturbations of the amide groups grey-
coded onto the surface representation of Pc (Babu et al., 1999; PDB
entry 2b3i), with the darkest areas indicating the residues with the
largest perturbations. P, prolines (no data available).
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Figure 3. Model for complex formation. (A) Free proteins. (B)
Encounter complex consisting of a dynamic ensemble of
orientations. In this state, very small chemical-shift perturba-
tions are observed. (C) Reactive complex, in which the proteins
assume a well-defined orientation in the complex. Large
perturbations are observed for this state. Reprinted from Ubbink
et al. (1998), Copyright (1998), with permission from Elsevier.

can be determined. In Fig. 2(A), |Adgina| is plotted for
several amide nuclei of plastocyanin (Pc) when titrated with
cytochrome f (Cf). With increasing ratio of Cf over Pc, the
fraction of bound Pc increases and Adg;,q approaches
Adpmax. The percentage of bound protein can be calculated
from the ratio of the experimentally observed Adg;,q and the
fitted Adppax- In order to compare chemical-shift perturba-
tions in different complexes, often the shifts are extrapolated
to the 100% bound form (Adpay) and the average chemical-
shift perturbation (Aé,,) is calculated for each backbone
amide using:

Adavg = \/I(AON/5) + AsH? /2 (1)

where AN and ASH are the changes in the '’N and 'HY
chemical-shifts, respectively, when the protein is 100%
bound. A picture of the interaction interface can be obtained
by mapping Aé,, to a surface representation of the protein,
as illustrated in Fig. 2(B).

In addition to chemical-shift perturbation, complex for-
mation in the fast exchange regime is manifested as a
general broadening of the resonances. The rotational corre-
lation time of the complex is larger than that of the free
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proteins, resulting in an increase in the line widths of all
resonances. As with chemical shifts, in the fast exchange
limit, the line width of the average resonance is the weighted
average of the line widths of the free and bound forms
[Fig. 1(C, D)].

A MODEL FOR COMPLEX
FORMATION

In the generally accepted view, two proteins first form an
encounter complex, before the reactive complex is formed
(Fig. 3). The encounter complex [Fig. 3(B)] is best descri-
bed as an ensemble of orientations, in particular in com-
plexes with strong electrostatic attraction. In these proteins,
the charges generally form a patch or ring on both proteins.
Upon approach, the electrostatic force orients the proteins
such that the oppositely charged patches are facing each
other. However, the electrostatic forces are long-range,
resulting in many orientations that have approximately
equal energy and thus represent an ensemble of orientations.
Within the encounter complex the proteins are diffusing
over part of the surface of the partner protein. The interac-
tions in the encounter complex are weak and averaged over
all the orientations. It can be expected that these have very
little effect on the NMR spectrum. The dominant effects of
complex formation observed in the NMR spectrum result
from the reactive complex [Fig. 3(C)]. This is a well-defined
complex, in which hydrophobic interactions are important.
The stronger molecular interactions and, in particular,
changes in the solvation state of the interface residues
may be the reasons for the chemical-shift perturbations.
We have found surprising differences in the average
size of the perturbations between complexes. Figure 4
illustrates this for the complexes of cytochrome ¢ peroxi-
dase and cytochrome ¢ and of cytochrome b5 and myoglobin
(Worrall et al., 2002). Using the model discussed above, this
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Figure 4. Chemical-shift perturbations in two complexes. The amide chemical-shift perturbations
(Adavg) extrapolated to 100% bound form are shown for all observed residues of Cc (Cyt ¢) in
complex with CcP (A) and for Cbs (Cyt bs) in complex with Mb (B). Note the large difference in the
average perturbation between the complexes, suggesting that the CcP-Cc complex is mostly in a
single orientation (state C in Fig. 3) and the Mb-Cbs complex is a dynamic ensemble of
orientations. Reprinted with permission from Worrall et al. (2002). Copyright (2002) American

Chemical Society.

Copyright © 2004 John Wiley & Sons, Ltd.
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can be interpreted as evidence that some complexes exist
predominantly as an ensemble of orientations, so they only
form an encounter complex [very small perturbations, Fig.
4(B)], while others exist partly, predominantly or almost
entirely as single-orientation complex [large perturbations,
Fig. 4(A)]. In other words, the equilibrium between states B
and C in Fig. 3 can be either towards B or C. The complexes
that are entirely in the B state could be called non-specific;
those that populate also the C state are specific.

CYTOCHROME ¢ PEROXIDASE
AND CYTOCHROME ¢

Yeast mitochondrial cytochrome ¢ peroxidase (CcP) cata-
lyses the reduction of peroxides, with electrons that are
donated by cytochrome ¢ (Cc). CcP (34kDa) contains a
single, non-covalent haem, which is buried deep under the
protein surface. Cc is a small (12.5kDa) electron transfer
protein with a single haem group that is covalently attached
to the protein via two thioether bridges. The complex is a
paradigm for electron transfer protein complexes and it has
been the subject of many kinetic, spectroscopic and struc-
tural studies. CcP appears to have two binding sites for Cc,
one much stronger (K4 in the low pm range), but less
efficient in ET than the other (Ky in the mMm range; Zhou
and Hoffman, 1994; Zhou et al., 1995; Nocek et al., 1996).
The CcP-Cc complex is one of the few electron transfer
complexes for which a crystal structure is available
(Pelletier and Kraut, 1992; PDB entry 2pcc), which is
believed to represent the tight binding site. The interface
is centred around residue Alal94 of CcP and residue Gly83
of Cc. It comprises both polar and hydrophobic residues, as
well as two charge—charge interactions. The approximate
location of the second binding site has been determined by
site-directed mutagenesis, and involves residues 146-150
(Leesch et al., 2000).

Early NMR spectroscopy studies have demonstrated that
the dissociation rate of the complex is concentration depen-
dent (Moench et al., 1992; Yi et al., 1994a), indicating that
complex formation is not a simple bimolecular process. The
first two-dimensional mapping of the binding site on Cc was
performed by taking advantage of the protection against
solvent exchange of amide protons in the interface upon
complex formation. When Cc is brought into deuterated
water, each amide proton will be exchanged to a deuteron
with a rate that depends on the environment of the proton.
Buried and hydrogen-bonded amide protons exchange much
slower than exposed ones. Upon complex formation amide
protons in the interface demonstrate decreased exchange
rates, because they become protected from the solvent. The
protection factors (the ratio of the exchange rates for bound
and free Cc) were as high as 40 for yeast Cc in complex with
CcP (Yi et al., 1994b), but only 10 or lower for the complex
of horse Cc with yeast CcP (Jeng et al., 1994), suggesting
that the latter, non-physiological complex is more dynamic.
These studies indicated that the front face of Cc, i.e. near the
haem edge, involving residues in the so-called 10s and 70s
helices, are part of the interface (Yi et al., 1994b). However,
some residues on the opposite side of Cc also showed
increased protection.

Copyright © 2004 John Wiley & Sons, Ltd.

Figure 5. The binding site of cytochrome ¢ for cytochrome ¢
peroxidase. (A) Chemical-shift perturbation map of the effects on
ferric Cc upon complex formation with CcP based on the data
from Worrall et al. (2001). Cc (Berghuis and Brayer, 1992; PDB
entry 2ycc) is shown in a surface representation with the
residues grey-coded according to the size of the perturbations,
with the darkest areas indicating the residues with the largest
perturbations. P, prolines (no data available), H, haem edge. (B)
Interface of Cc in the crystal structure of the Cc-CcP complex.
Residues in black, dark grey and light grey are within 4,5 and 6 A
of CcP atoms, respectively. The haem egde is marked with a H.
The figure was produced with Swiss PDB-Viewer.

The interface of the complex in solution has also been
mapped using two-dimensional chemical-shift perturbation
of Cc amide resonances (Worrall ef al., 2001). The binding
maps of the reduced and oxidized Cc with CcP(Felll) are
similar, although not identical. Both involve the front face of
Cc and, in particular, the uncharged polar and hydrophobic
residues around the haem edge. The perturbations are some-
what larger for the oxidized Cc and spread more to the sides
of the protein. This suggests that there are subtle differences
in the structure or dynamics of the complex depending on
the redox state of Cc. A comparison of the interface found in
the crystal structure and in solution is shown in Fig. 5. The
interfaces are similar, although more extended in the one
determined by NMR spectroscopy. Yet, it can be concluded
that, at least from the point of view of Cc, the crystal
structure is a reasonable representation of the structure in
solution. In the crystal structure of the complex it was found
that the side chain of Cc residue Glnl6 had folded back to
form a hydrogen bond with its backbone amide. By far the
biggest shift in the NMR spectrum was observed for this
particular backbone amide, suggesting that this hydrogen
bond is also formed in solution. In this study it was also
shown that the size and orientation of the magnetic suscept-
ibility tensor of oxidized Cc are not changed upon complex
formation, indicating the absence of any significant changes
in the haem electronic structure.

J. Mol. Recognit. 2004; 17: 524-539
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COMPLEXES OF CYTOCHROME
JS WITH PLASTOCYANIN AND
CYTOCHROME cq

In the photosynthetic redox chain, electrons are transferred
from the bgf complex to either Pc or cytochrome cg (Ccg).
The latter two are both small soluble proteins that transfer
electrons from the bg f complex to photosystem 1. Although
functionally the same, structurally these proteins are very
different. Pc is largely a [-sheet protein, containing a
single copper as redox centre, while Ccg is a small a-helical
c-type cytochrome, similar to mitochondrial Cc. In algae
and cyanobacteria that produce both Pc and Ccq functional
convergence is observed; both proteins from the same
organism share the same pl and surface properties (Hervas
et al., 2003). Crystal and NMR structures have been
determined for many plastocyanins (Freeman and Guss,
2001) and several cytochromes cs (Reuter and Wiegand,
2001) as well as for the soluble domain of several cyto-
chromes f (Soriano et al., 2001). Recently, the structure of
the complete cytochrome b¢ f complex was reported (Kurisu
et al., 2003; PDB entry 1um3). Many kinetic studies have
been performed to characterize the interaction of both the
complete bg f complex and the isolated soluble domain of Cf
with their redox partners (see Hope, 2000; Illerhaus et al.,
2000; Hart et al., 2003 and references therein). It has been
demonstrated that, in the case of plants and green algae, the
interaction of Cf with Pc is strongly dependent on ionic
strength although in vivo studies on the green alga Chlamy-
domonas reinhardtii did not support this finding (Soriano
et al., 1996). In cyanobacteria the interactions between Cf
and both Pc and Ccg are more diverse. In Phormidium
laminosum the complex of Cf and Pc is nearly independent
of ionic strength effects (Crowley er al, 2001; Schlarb-
Ridley et al., 2002), but for example in Anabaena the
affinity in the complexes of Cf with both Pc and Ccq is
dependent on ionic strength (M. Ubbink and I. Diaz-
Moreno, unpublished results).

Chemical-shift perturbation studies (Ubbink et al., 1998;
Ejdebick et al., 2000; Crowley et al., 2001; Bergkvist et al.,
2001) demonstrate that invariably the hydrophobic patch of
Pc is involved in complex formation. This is a small area
surrounding an exposed His residue, which is a ligand of the
copper ion, suggesting that a small hydrophobic patch is
used to form a specific complex with the partner, bringing
the entry/exit port for electrons, the His residue, in close
contact with the partner. A similar pattern is observed in the
complex of CcP and Cc, with the hydrophobic and un-
charged polar residues around the haem edge (see Fig. 5). In
the case of plants, distinct effects are seen also for the acidic
patch region of the surface, suggesting that also this side of
the protein is part of the interface.

When cadmium-containing Pc is used as a redox inactive
substitute of copper Pc, the chemical-shift perturbations
caused by both oxidized and reduced Cf can be determined
without interference of ET reactions during the NMR
experiment. When oxidized Cf was added, additional shifts
were observed that were all localized in the hydrophobic
patch. It was shown that these additional shifts are a
consequence of the paramagnetic state of the haem. These
shifts are so-called intermolecular pseudocontact shifts

Copyright © 2004 John Wiley & Sons, Ltd.

(Bertini and Luchinat, 1996), resulting from the dipolar
interaction of the unpaired electron on the haem and the
magnetic spin of the Pc protons. The pseudocontact shifts
depend on the distance between the haem iron and the
protons in Pc and could thus be used to determine the
orientation of Pc relative to Cf in the complex (Ubbink
etal., 1998; Crowley et al., 2001). The hydrophobic patch of
Pc is localized close to the haem of Cf, with an iron-copper
distance of 11 and 15 A in the complexes from plant and
P. laminosum, respectively (Fig. 6). This interface consists
mainly of hydrophobic and uncharged polar residues. In the
plant case, the acidic patch on the side of the Pc also makes
contact with Cf, establishing electrostatic interactions. In
the P. laminosum case, the Pc demonstrates a head-on
orientation, with the interface limited to the hydrophobic
patch (see Fig. 6), in agreement with the reduced importance
of electrostatic interactions in this complex.

The importance of the shape of the hydrophobic patch
was evaluated in a mutagenesis study (Crowley et al.,
2002c). Prochlorothrix hollandica Pc is an exceptional
plastocyanin in that it has a Tyr and a Pro residue at
positions 12 and 14 where most other plastocyanins have
a Gly and a Leu residue, respectively. The interaction of the

Figure 6. The complex plastocyanin and cytochrome f. Ribbon
representation of the complexes of Pc (right) and Cf (left) from
plant (A, PDB entry 1pcf; Ubbink et al., 1998) and the cyanobac-
terium P. laminosum (B) (Crowley et al., 2001). The haem in Cf is
shown as a stick model and the copper is Pc is represented by a
sphere. Note the difference in the orientation of Pc in the two
complexes.

J. Mol. Recognit. 2004; 17: 524-539
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wild-type Pc and the Y12G/P14L double mutant with
P. laminosum Cf was studied with NMR spectroscopy.
The affinity of wild-type and mutant Pc for Cf were the
same (Kyg = 160 um) and the binding maps were similar. The
average chemical-shift perturbation was, however, reduced
in the mutant, which could indicate an increased dynamics
due to the smoother hydrophobic patch in the mutant. It
should be noted that a non-physiological Cf was used, so the
effects could be different in the physiological complex.

The heterologous complexes of P. laminosum Cf and
cytochromes c¢g from Synechococcus elongatus and
Anabaena sp. PCC 7119 have also been studied by NMR
spectroscopy (Crowley et al., 2002a). The cytochromes f of
these three cyanobacteria have very similar amino acid
sequences and predicted pl values, but the cytochromes cg
differ in overall charge, with pIs of 4.8 and 9.0 for S.
elongatus and Anabaena Ccg, respectively. As a result, the
former shows no complex formation with Cf, while the
latter associates with a Ky of about 120 um. The binding
interface of Ccg consists of uncharged polar and hydropho-
bic residues located around the exposed haem edge, very
similar to what was observed for Cc in the complex with
CcP. Residues Cys17, Met58 and Ala60 exhibit the largest
shifts. Molecular docking calculations based on these
results suggested that Ccg binds close to the haem group
of Cf (Crowley et al., 2002a). A similar study on the non-
physiological complex of yeast Cc and P. laminosum Cf had
demonstrated that Cc can bind at the same position, as well
as at the ‘backside’ of Cf. Yeast Cc binds Cf with the region
around the haem edge, like in the complex with CcP
(Crowley et al., 2002b).

COMPLEXES OF CYTOCHROME b5
WITH CYTOCHROME ¢ AND
MYOGLOBIN

Cytochrome b5 (Cbs) is a low-spin haem protein responsible
for ET reactions in a number of physiological processes. It
exists both in membrane-bound and in soluble form. The
membrane-bound form is located in the endoplasmic reti-
culum and the mitochondrial membrane, and consists of a
hydrophilic domain (9kDa) that harbours a b-type haem,
and a short membrane anchor. In the endoplasmic reticulum
it provides reducing equivalents for fatty acid desaturation,
cholesterol biosynthesis and the oxidation of certain
substrates by cytochromes P-450. Trypsin proteolysis of
membrane-bound Cbs produces the soluble N-terminal frag-
ment, consisting of 84 residues, of which several X-ray
crystal structures have been determined (Fig. 7).

The interaction of the soluble domain of Cbs with Cc has
been studied extensively, serving as a model for ET com-
plexes in general. It is outside the scope of this review to
discuss all the earlier work (see Banci er al., 2003; Shao
et al., 2003 for an overview). We will focus on the recent
two-dimensional NMR spectroscopy studies that have en-
abled a detailed mapping of the binding sites on both Cbs
and Cc. The first study using '°N-labelled Cbs demonstrated
that intermolecular pseudocontact shifts can be observed on
Cbs when the perturbations caused by the paramagnetic,
oxidized form of Cc are compared with those caused by

Copyright © 2004 John Wiley & Sons, Ltd.

Figure 7. Cytochrome bs. Front (A) and side view (B) of the
soluble domain of bovine Cbs (Durley and Mathews, 1996; PDB
entry 1cyo), with the haem in sticks. P, propionate oxygens. The
semi-transparent spheres represent amide nuclei with the resi-
due numbers mentioned in the text, with 54, 57, 61-63 indicating
the amides of which the dynamic properties change upon com-
plex formation (Shao et al., 2003). The figure was produced with
MOLSCRIPT (Kraulis, 1991) and Raster3D (Merrit and Bacon,
1997).

diamagnetic, reduced Cc (Guiles et al., 1996). Unfortu-
nately, the dynamics within the complex limit the applica-
tion of these shifts for structure calculation. Analysis of the
complex of bovine Cbs and horse Cc (Hom et al., 2000;
Shao et al., 2003) indicated small but extensive chemical
shift perturbation of Cbs residues, covering both the area
around the exposed haem propionate groups and the region
on the ‘side’ of the protein, centred around residue 51
(Fig. 7; Hom et al., 2000). These perturbation studies have
been complemented with relaxation experiments on the
complex with both proteins in the reduced form, indicating
a decreased mobility on the s to ms timescale of the a-helix
comprising residues 54—63 upon complex formation (Shao
et al., 2003). A cross-saturation experiment (Takahashi
et al., 2000), in which magnetisation saturation is trans-
ferred from Cc to Cbs amide nuclei in the interface, high-
lighted the involvement of several other residues, Gly42,
Glu43 and Leu 46 (Shao et al., 2003; Fig. 7). On the basis of
these results it was concluded that a 1:1 complex is formed,
with the main site of interaction around the exposed haem
propionates, similar to the models proposed by Salemme
(1976) and Mauk and co-workers (Northrup et al., 1993).
Somewhat different results were obtained for the com-
plex of reduced rabbit Cbs with reduced yeast Cc (Banci
et al., 2003). The chemical-shift perturbations are of similar
size and also rather extensive, but cover a somewhat
different surface area. Measurements of the rotational cor-
relation time under various conditions provide strong evi-
dence for a complex in which two Cc molecules can bind to
one Cbs, with the second binding site being much weaker

J. Mol. Recognit. 2004; 17: 524-539



530 M. PRUDENCIO AND M. UBBINK

than the first. In this study, the perturbations on Cc were also
measured, showing that Cc binds using the haem edge,
similar though not identical to the interface found for the
complex of Cc with CcP (vide supra). Molecular modelling
of the binding site on Cbs on the basis of the experimental
results suggested a major interaction site on the side of this
protein, i.e. away from the haem propionates.

In summary, it is clear that various studies yield some-
what different results, and a unique, relatively well-defined
binding site like observed in complexes of Ccp—Cc, Cf-Pc
and Cf—Ccg, is probably absent in the case of Cbs—Cc. The
precise effects vary between cytochromes from different
species. The sizes of the chemical-shift perturbations and
the extent of surface area affected also suggest that the
complex is dynamic, and thus predominantly in the B-state
shown in Fig. 3.

It has been suggested that Cbs also functions in a repair
process, to reduce haemoglobin and myoglobin that have
been oxidized accidentally to the Fe(IIl) state (Hagler et al.,
1979; Livingston et al., 1985). Kinetic studies of the com-
plex with native Mb and with Mb in which the haem
propionates had been neutralized, in parallel with Brownian
dynamics and ET pathways calculations, led to the devel-
opment of a new ‘dynamic docking’” model for highly
dynamic protein—protein complexes (Liang et al., 2002).
This model postulates that Cbs binds to a large area on the
Mb surface, in a wide variety of conformations, like in the
B-state in Fig. 3. There is no specific or favoured orientation
for this complex, but only a small subset of its many
conformations are ET-active, and these have Cbs bound in
the vicinity of the haem edge. This model found support in a
recent NMR spectroscopy study on bovine Cbs and Mb
(Worrall et al., 2002), which showed that complex forma-
tion can be detected, both by chemical-shift perturbations
and by correlation time measurements. The perturbations
were very small [Fig. 4(B)] and spread over a large part of
the surface of Cbs, suggesting a highly dynamic complex.
Molecular modelling on the basis of these NMR spectro-
scopy results indicated that Cbs has some preference to bind
around the exposed parts of the haem of Mb, but does not
assume a well-defined orientation in the complex.

CYTOCHROME cs55, AND THE Cuy,
DOMAIN OF CYTOCHROME
¢ OXIDASE

In the respiratory chain, electrons flow from the cytochrome
bcy complex (complex III) to haem type aaz cytochrome ¢
oxidase (complex IV), in which they are used to reduce
dioxygen to water. In mitochondria, the electron transport is
catalysed by Cc, while in the Gram-negative bacterium
Paracoccus denitrificans, the membrane-anchored cyto-
chrome css, (Ccssp) performs this role. The interaction
between the soluble domain of Ccss, and the copper-
containing soluble domain of the second subunit of cyto-
chrome ¢ oxidase was analysed using chemical-shift pertur-
bation (Wienk et al., 2003) of the Ccss, amide resonances.
The predominant effects are observed for non-polar residues
situated around the exposed haem edge. The chemical-shift
changes, which were observed in a sample with 0.5 mm
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Ccssp and 2.2mM of the Cun domain, were very small.
This could imply either that the complex is a dynamic
ensemble of orientations (see above), like the complex of
Mb and Cbs, or that the affinity is very weak (no binding
constant was reported). The surface map of the shifts is quite
extensive, which is evidence for a dynamic ensemble. How-
ever, a low affinity is also a real possibility, since both
proteins are normally membrane-bound and thus exhibit
only two-dimensional diffusion and have a high local
concentration. This may limit the need for a high affinity.
We have observed this in a similar case, with two membrane
bound proteins, the azurin and the nitrite reductase from
Neisseria, which in solution showed no significant complex
formation (M. Ubbink and A. Impagliazzo, unpublished
results). It cannot be excluded that Ccss, interacts not
only with the Cu, domain, but also with subunit I of the
cytochrome ¢ oxidase. This could enhance both the affinity
and the specificity of the interaction.

CYTOCHROME cs55 COMPLEXES
WITH FERREDOXIN I AND
[Fe]- HYDROGENASE

The monohaem cytochrome css; (Ccssz) is a 9.5kDa, low
potential, ¢ type cytochrome that acts as redox partner of
formate dehydrogenase (FDH; Sebban et al., 1995) and
[Fe]-hydrogenase (FeHase; Verhagen et al., 1994) in the
sulphate-reducing bacterium Desulfovibrio vulgaris Hilden-
borough (DvH). The lysine distribution on the surface of
Ccss3, in conjunction with studies of ionic strength depen-
dence for complex formation, suggests that electrostatic
interactions play an important role in the formation of the
complexes between the cytochrome and FDH (Sebban-
Kreuzer et al., 1998b) or FeHase (Morelli et al., 2000a).
The solution structure of DvH Ccssz is available (Marion
et al., 1995; Blackledge et al., 1995; PDB entry 1dvh) and
was used in the docking studies reported hereafter.

Both FDH and FeHase contain a ferredoxin-like domain
that presents 27 and 30% identity, respectively, with ferre-
doxin I (FdxI) from Desulfomicrobium norvegicum (Dn;
formerly Desulfovibrio desulfuricans, Norway strain). Dn
FdxI, a 6.2 kDa protein containing a [4Fe—4S] cluster, is an
obligate intermediate in DvH Ccss; reduction by pyruvate
dehydrogenase (Blanchard et al., 1993). For this reason, Dn
FdxI has been chosen as a model for the ‘ferredoxin-like’
domain of FDH and Fe-Hase, to study the general features
of the recognition between Ccss; and its redox partners.
The structural model for Dn FdxI used in the docking
calculations described below was constructed on the basis
of the homology with ferredoxin II from Desulfovibrio
gigas, of which crystal (Kissinger et al., 1991) and solution
(Goodfellow et al., 1999) structures are available (PDB
entries 1fxd and 1f2g, respectively).

The effects of the addition of DvH Ccss; to Dn FdxI on
the latter were followed by 1D NMR spectroscopy and
revealed a 1:1 stoichiometry and a dissociation constant of
3 uM for this complex (Morelli and Guerlesquin, 1999). 2D
NMR spectroscopy allowed the interaction sites on Ccsss
(Morelli and Guerlesquin, 1999) and on FdxI (Morelli et al.,
2000b) to be mapped (Fig. 8). Using a combined ab initio/
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Figure 8. Binding site for cytochrome css3 on ferredoxin I. Map
of the interaction site for Ccssz on Fdxl (based on PDB entry 1fxd).
Residues that undergo chemical-shift perturbations are coloured
in red; the Cys12, which is perturbed in TD-NMR experiments, is
shown in brown. In green are the unaffected residues and in blue
the unassigned amide groups. Reprinted with permission from
Morelli et al. (2000b). Copyright (2000) American Chemical
Society.

experimental approach, the docking program BiGGER
(Palma et al., 2000; Morelli et al., 2001; Krippahl et al.,
2003) was employed to dock the Ccss; and FdxI. It was
suggested that a dynamic ensemble of orientations may
occur upon binding, based on the fact that no single
structure was found to fulfil all 19 available NMR con-
straints simultaneously (Morelli et al., 2000b). A model was
proposed (PDB entry 1dwl) in which the interface involves a
surface patch surrounding the heme crevice on Ccss; and the
two parallel alpha helices accommodating the Fe—S cluster
on the FdxI, with the two redox centres facing each other, at
a distance of 10.0 A. This model is in agreement with site-
directed mutagenesis studies that showed that the Lys62 and
Lys63 residues of Ccss; are involved in the interaction with
FDH (Sebban-Kreuzer et al., 1998b) and that Tyr64 is
required for electron transfer to this enzyme (Sebban-
Kreuzer et al., 1998a).

The FdxI-Ccss3 complex was shown to be a good model
for the interacting domain of Ccss; with FeHase. 2D NMR
experiments data were combined with BiGGER docking
calculations to study the interaction of DvH Ccss3 with the
54kDa FeHase from Desulfovibrio desulfuricans ATCC
7757 (DvD), which is assumed to be identical to the
homologous enzyme from DvH (Morelli et al., 2000a).
The crystal structure of DvD FeHase (Nicolet et al., 1999;
PDB entry lhfe) shows that the enzyme comprises two
different subunits of 42.5 and 11 kDa, with the large subunit
harbouring a ferredoxin-like domain composed of two
[4Fe—4S] clusters and an active Fe-S centre, termed the H
cluster. Transverse relaxation-optimized spectroscopy
(TROSY) (Pervushin et al., 1997; Fernandez and Wider,
2003) NMR experiments were performed to map the inter-
acting site of the cytochrome. These NMR data were used in
conjunction with the program BiGGER to generate a model
of the interaction between the two proteins (Fig. 9). Accord-
ing to this model (PDB entry 1e08), the interaction of Ccss3
with the ferrodoxin-like domain of FeHase is very similar to
the one found for the Ccss3—FdxI complex, with the heme
and the distal Fe-S centre (the one conserved in the mono-
nuclear ferredoxins) 12 A apart. The interacting surface
includes the environment of the axial methionine (Met57) of
the cytochrome (Morelli ef al., 2000a).
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Figure 9. Model of the complex formed between Fdxl and
FeHase. FeHase is coloured in black, with the ferredoxin-like
domain in light grey. The 2Fe and Fe-S clusters on FeHase are
represented as spheres and the haem group on Ccsss is repre-
sented as a stick model. The picture was generated on the basis
of PDB entry 1hfe (Morelli et al, 2000a) with the program
YASARA and rendered with PovRay.

HYDROGENASE-CYTOCHROME
¢c;—CYTOCHROME Hmc

Cytochrome c3 (Ccs, 13 kDa) is a periplasmic low potential
cytochrome that occurs in sulphate-reducing bacteria. The
structure of Ccs from DvH has been determined and is
available under PDB accession number 2cth (unpublished
results). Cc; contains four haem groups and has been
suggested to act as an electron shuttle between FeHase
and cytochrome Hmc (CHmc; Aubert ef al., 2000). CHmc
is a periplasmic, high-molecular-weight cytochrome con-
taining 16 haem groups. The X-ray structure of DvH CHmc
(Czjzek et al., 2002; PDB entry 1gws) revealed a modular
organization in three domains: the N-terminal domain I,
homologous to the 3-haem-containing cytochrome c7;
domain II, similar to cytochromes of the c3 type; and the
C-terminal domain III, with a spatial arrangement similar to
that of the 9-haem-containing cytochrome Hcc.

Complex formation of CHmc and Cc3 was monitored by
measuring the chemical-shift perturbations on the ['H-'>N]-
HSQC spectrum of '“N-labelled Ccy (Czjzek et al., 2002).
Ten residues on Cc; were found to be affected by CHmc.
These NMR results were used as constraints to filter the
solutions obtained from ab initio BIGGER docking simula-
tions and thereby generate a structural model of the inter-
action between the two proteins (Czjzek er al., 2002).
According to this model, Cc; interacts with domain III of
CHmc and electron transfer takes place between haem 4 of
the former and haem 616 of the latter. Similarly to what was
found in the case of the FeHase—Ccss; complex (see pre-
vious section), the present model suggests that hydrophobic
residues are found at the interface of Cc;—CHmc interaction.
Charged residues on both proteins (mostly lysines from Ccj
and acidic residues from CHmc) are also found in the
interface region, but in most cases, the model does not
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predict that they are involved in direct charge—charge
interactions.

The interaction between Cc; and FeHase has been studied
following a 2D-NMR spectroscopy approach similar to that
described for the Cc;—CHmc interaction. Chemical-shift
changes on the HSQC spectrum of '’N-labelled Ccs upon
addition of the FeHase were used to filter ab initio BIGGER
docking simulations and generate a structural model for the
Ccs-FeHase complex (ElAntak et al., 2003). The observed
perturbations are consistent with a fast exchange process on
the NMR time scale. Eleven Cc; residues were found to be
significantly affected by the presence of FeHase. Five of
these residues are also affected in the Cc;—CHmc binding
experiments (see above), suggesting that the same area of
Cc; might be involved in both interacting sites. Again,
hydrophobic residues appear to play an important role in
the interaction and, in addition, several lysines in the loops
surrounding haem 4 are involved in the interaction, in
agreement with the idea that electrostatics are the driving
force for the formation of complexes involving Ccj
(Cambillau et al., 1988; Stewart et al., 1989). According
to the model proposed for Cc;—FeHase interaction, haem 4
of Ccj is the entrance gate of electrons to the cytochrome.
These results, in conjunction with those obtained for the
Cc3—CHmc complex (Czjzek et al., 2002), seem to exclude
the possibility of ternary complex formation and, instead,
favour the idea of Ccj acting as an electron shuttle between
FeHase and CHmc (ElAntak et al., 2003).

FERREDOXIN-FERREDOXIN-NADP *
OXIDOREDUCTASE

Plant-type ferredoxin (Fd) is a small (11 kDa) one-electron
carrier protein that contains a single [2Fe-2S] cofactor. It
occurs in plants, algae and cyanobacteria and serves as the
electron donor to several Fd-dependent enzymes, such as
Fd-NADP " oxidoreductase (FNR). The X-ray structures of
several [2Fe-2S]-Fds are available. These include the
structure of the protein from the cyanobacterium Spirulina
platensis Fd (Fukuyama et al., 1980; Fukuyama et al., 1995;
PDB entry 4fxc) and that of the Glu92Lys mutant of spinach
Fd (Binda et al., 1998; PDB entry 1a70), and reveal a high
degree of structural conservation amongst this class of
proteins (Akashi et al., 1999). FNR catalyses the conversion
of NADP* into NADPH upon receiving one electron from
each of two molecules of Fd. This enzyme contains a flavin
adenine dinucleotide (FAD) redox active prosthetic group.
The X-ray structure of spinach (Karplus et al., 1991; Bruns
and Karplus, 1995; PDB entries 1fnb and 1frn) and maize
(Kurisu et al., 2001; PDB entry 1gaw) FNRs are available.

The complexes of maize leaf Fd and FNR have been
studied by a combination of X-ray diffraction and NMR
spectroscopy. The X-ray structure of the complex formed
between the two proteins (Kurisu et al., 2001; PDB entry
1gaq) revealed that the cofactors in Fd and FNR are in close
proximity (6 A) to each other (Fig. 10). Approximately 50%
of the 47 residues in the interface between the two proteins
are polar. Five Fd residues (Tyr37, Cys39, Ala41, Cys44 and
Tyr63) and four FNR residues (Val92, Leu94, Vall51 and
Val313) at the intermolecular contact region form a
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Figure 10. The complex of ferredoxin and ferredoxin-NADP*
oxidoreductase. The complex of maize Fd and FNR (PDB entry
1gaq; Kurisu et al., 2001) is shown, with FNR in ribbons, the FAD
cofactor in ball-and-stick, and Fd in spacefilling representation.
The residues that are invisible in the NMR spectrum due to
paramagnetic relaxation are shown as transparent spheres,
with the iron-sulphur cluster of Fd shining through in light
grey. The residues affected by binding (according to the NMR
results) are in grey and the unaffected residues are in black. The
figure was generated with the programmes MOLSCRIPT
(Kraulis, 1991) and Raster 3D (Merrit and Bacon, 1997).

hydrophobic region, near the two prosthetic groups
(Depascalis et al., 1993; Akashi ef al., 1999; Hurley et al.,
1999; Matsumura et al., 1999; Kurisu et al., 2001).

NMR chemical-shift perturbation experiments were used
to map the sites of Fd that interact with FNR in solution
(Kurisu et al., 2001). The largest chemical-shift changes
(between 0.2 and 0.4 ppm) were observed for Tyr37 and the
regions around Asp60 and Asp65. This is in good agreement
with the contact sites found for Fd in the crystal structure of
the complex, showing that the binding mode of Fd in the
crystal is similar to that found in solution.

It was proposed that electrostatic interactions play an
important role in orienting the two proteins and in stabilis-
ing the complex (Kurisu et al., 2001). This is in agreement
with differential chemical modification studies on spinach
Fd (Depascalis et al., 1993), as well as site-directed muta-
genesis data obtained for the proteins isolated from maize
(Akashi et al., 1999; Matsumura et al., 1999) and Anabaena
(Hurley et al., 1999). Thus, the contact modes of the two
proteins, as observed in the crystal and in solution, suggest
an important role of both electrostatic and hydrophobic
interactions in complex formation and electron transfer, in
accordance with previous laser flash-photolysis studies of
the kinetics of reduction of Fd and FNR from Anabaena and
spinach (Walker et al., 1991).

NADH-PUTIDAREDOXIN
REDUCTASE-PUTIDAREDOXIN-
CYTOCHROME P450cam

Putidaredoxin (Pdx) is an 11.5kDa globular protein con-
taining a [2Fe-2S] prosthetic group. Pdx serves as a one-
electron shuttle between NADH-putidaredoxin reductase
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(PdR; 43.5kDa) and cytochrome P450cam (CP450cam;
45 kDa; Hintz et al., 1982; Mouro et al., 1999). CP450cam
is a haem-containing enzyme that catalyses the 5-exo
hydroxylation of camphor in the first step of camphor
catabolism in the soil bacterium Pseudomonas putida. The
two electrons required for camphor hydroxylation by
CP450cam come from the oxidation of NADH, which is
catalysed by PdR, and are shuttled by Pdx in two distinct
electron transfer events. The first of these events is the
reduction of substrate (S)-bound CP450cam from the ferric,
Fe(II)S, state to the ferrous, Fe(II)S, state. The second
reduction event is the reduction of the ferrous oxygenated
adduct, O,—Fe(I)S, which requires the presence of an
effector. It has been shown that, in addition to acting as a
redox shuttle, Pdx is the in vivo physiological effector of
CP450cam (Lipscomb et al., 1976).

The first reduction step of CP450cam occurs only after
substrate is bound to the cytochrome and can be accom-
plished by a number of reducing agents with suitable
reduction potentials, including bovine adrenodoxin (Adx)
and spinach Fd. However, these proteins are unable to serve
as effectors for camphor hydroxylation (Lipscomb et al.,
1976), suggesting that the second step of CP450cam reduc-
tion requires a more specific interaction with Pdx. Cbs has
been shown to have effector activity for CP450cam but only
at concentrations ~20-fold higher than those required for
Pdx (Lipscomb et al., 1976).

Two solution structures of Pdx from Pseudomonas putida
(PDB entries lput, 1pdx) are available (Pochapsky et al.,
1994b, et al., 1999). Several X-ray crystallography struc-
tures have been determined for CP450cam, amongst which
are those of the free (Poulos er al., 1986) and of the
camphor-bound (Poulos et al., 1987) protein (PDB entries
1phc and 2cpp, respectively). Two X-ray structures of PdR
have recently been determined (PDB entries 1qlr and 1qlw;
Sevrioukova et al., 2004).

The first 2D-NMR investigation of the complex formed
between Pdx and CP450cam was carried out by Pochapsky
et al. (1996). Under the low-salt conditions used in the
experiments, the Pdx—CP450cam complex was found to be
in the intermediate exchange regime. The amide resonances
of the Pdx residues affected by the addition of CP450cam
were either shifted or broadened beyond detection. These
include several residues that are partially or fully solvent
exposed, with a significant number of residues located in the
C-terminal region of the protein and several other residues.
The authors conclude that many sites on Pdx are affected by
the presence of CP450cam and that the initial complexation
process is probably non-selective (Pochapsky et al., 1996),
in agreement with the promiscuity of CP450cam regarding
its initial reduction step. It is postulated that specificity
would be enforced by the second electron transfer and/or the
effector activity. Chemical modification (Sligar et al., 1974)
and site-directed mutagenesis (Davies and Sligar, 1992)
studies have shown that Trp106, the C-terminal residue of
Pdx, plays a very important role in complex formation with
CP450cam. Pochapsky and co-workers postulate that an
aromatic—aromatic interaction takes place between Trp106
in Pdx and Tyr78 in CP450cam, the latter being the only
aromatic residue on the proximal haem side of CP450cam,
which is assumed to be the most likely site of interaction of
CP450cam with Pdx (Pochapsky et al., 1996). It was also
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proposed that electron transfer is facilitated by the closest
possible approach between the iron in the [2Fe-2S] cluster
closest to the surface of Pdx and the haem iron in
CP450cam. Based on these assumptions, molecular dy-
namics calculations were used to generate a model of the
complex between these two proteins. In this model, the main
interactions that are responsible for complex formation
are of electrostatic nature and, aside from the postulated
aromatic—aromatic interactions, no other hydrophobic inter-
actions are observed (Pochapsky et al., 1996). It should be
noted, however, that this model was constructed based upon
the structures of the oxidized forms of both proteins, thus
not the physiologically relevant oxidation states. Evidence
is available that clearly shows that there are structural and
dynamic differences between oxidized and reduced Pdx
(Pochapsky et al., 1994a) and it has been suggested that
the somewhat more compact structure of the latter might
contribute to its tighter binding to CP450cam than that
experienced by the former (Sligar and Gunsalus, 1976;
Hintz et al., 1982).

Subsequent 2D-NMR spectroscopy work by Aoki et al.
(1998b) confirmed the involvement of residues located near
the [2Fe-2S] cluster, or near the D-helix and the C-terminal
region of Pdx in the interaction with CP450cam. The
authors note that some of the amino acid residues affected
are specific to Pdx and are not highly conserved in the
family of iron—sulphur electron transfer proteins. It is
suggested that this low homology may reduce the cross-
reactivity to CP450cam by other iron—sulphur proteins
(Lipscomb et al., 1976) and that these residues are respon-
sible for the highly specific interactions that occur between
Pdx and CP450cam (Aoki et al., 1998b).

Very recently, the investigation of the Pdx—CP450cam
interaction was extended by using TROSY-based NMR
methods to achieve the 'H, "’N and '*C assignments of
CP450cam and by monitoring the perturbations in the
["H,'>N]-HSQC spectrum of this protein upon addition of
Pdx (Pochapsky et al., 2003). The titration of camphor-
bound, oxidized CP450cam with oxidized Pdx did not yield
significant changes in the ['H,"’N]-HSQC spectrum of the
latter, in accordance with previous studies that indicated that
this non-physiological complex is relatively weak (Sligar
and Gunsalus, 1976; Hintz et al., 1982). However, signifi-
cant spectral changes were observed when camphor-bound,
CO-bound, reduced CP450cam was titrated with reduced
Pdx. These effects fall in two different categories: (1)
resonances that show both chemical-shift and linewidth
changes as Pdx is added, corresponding to perturbations in
fast exchange; and (2) resonances that disappear upon the
first addition of Pdx, corresponding to perturbations that fall
in the intermediate exchange regime. Figure 11 shows the
distribution of these perturbations on the CP450cam mole-
cule. As can be seen in this figure, residues in category 1 are
distributed throughout several regions of the CP450cam,
whereas residues in category 2 are located in the active site
or nearby the haem. The results clearly show that, contrary
to the initial assumption (Pochapsky et al., 1996), it is not
only the proximal face of CP450cam that is perturbed by the
interaction with Pdx. On the other hand, the spectral
perturbations described are not observed upon addition of
Adx to CP450cam but many of them do occur when Cbs is
added. The fact that Adx is not an effector for CP450cam
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Figure 11. Structure of camphor-bound CP450cam. The residues
are represented according to the perturbations caused by Pdx
binding. White spheres, residues that are unperturbed by Pdx
addition; grey spheres, residues that are shifted upon addition of
Pdx; black spheres, residues that are broadened beyond detec-
tion upon addition of Pdx. Residues shown as a coil are those for
which insufficient data are available. The haem group is shown
in sticks. The transparent circle represents the location of Pdx in
the molecular dynamics model proposed by Pochapsky and co-
workers (Pochapsky et al., 1996; Pochapsky et al., 2003). The
figure was generated on the basis of PDB entry 2cpp (Poulos
et al., 1987) with the programmes MOLSCRIPT (Kraulis, 1991)
and Raster 3D (Merrit and Bacon, 1997).

turnover, whilst Cbs can act as such (Lipscomb et al., 1976),
suggests that the perturbations observed upon Pdx addition
are related to effector activity. The authors propose that the
binding of the effector at the proximal face causes perturba-
tions that are not necessarily restricted to the region around
the active site. These perturbations would correspond to a
selection for a particular subset of conformations of
CP450cam that prevent loss of substrate and/or intermedi-
ate, resulting in effector activity (Pochapsky et al., 2003).
This is in agreement with recent NMR spectroscopy studies
(Tosha et al., 2003) that showed that Pdx binding to
CP450cam causes D-camphor to approach the haem iron.
This Pdx-induced positional change of D-camphor is sug-
gested to lead to its tight binding in the haem pocket,
thereby avoiding the loss of substrate in the hydroxylation
reaction (Tosha et al., 2003).

The results described in the preceding paragraphs can be
summarized as follows: in the first reduction step of
CP450cam, Pdx samples a variety of orientations relative
to the cytochrome, as shown by the spread binding site on
the surface of Pdx (Pochapsky et al., 1996; Aoki et al.,
1998b). Specificity is enforced at the second reduction step
upon effector activity (Pochapsky er al., 1996, 2003) with
residues in the D-helix of Pdx playing a major role in
controlling this specificity (Aoki et al., 1998b). The effector
activity of Pdx results from the interaction of this protein
with the proximal face of CP450cam: this interaction
enforces a conformational selection on the cytochrome,
enabling turnover (Pochapsky et al., 2003).

The interaction of Pdx with PdR, its other physiological
redox partner, was also addressed by Aoki et al. (1998b) by
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means of 2D-NMR. A comparison of the [lH,ISN]-HSQC
spectra of 15N-labelled, oxidized Pdx in the absence and in
the presence of PdR reveals that the resonances from Val28,
Glu72, 1le88 and GInl05 are missing from the latter,
indicating an involvement of these residues in the binding
site with PdR. Previous chemical modification (Geren et al.,
1986) and site-directed mutagenesis (Aoki et al., 1998d)
studies have implicated Pdx residues Asp58, Glu65, Glu67,
Glu77 (Geren et al., 1986) and Glu72 (Geren et al., 1986;
Aoki et al., 1998d) in the interaction with PdR, suggesting
an important role of the acidic region near the active site of
Pdx in the association with PdR. However, a systematic
replacement of these residues by site-directed mutagenesis
has shown that, with the exception of Glu72, the neutraliza-
tion of the negative charges did not significantly inhibit the
electron-transfer reaction with the PdR (Aoki et al., 1998c¢).
Furthermore, isothermal titration calorimetric studies on the
associations of Pdx with PdR suggested an important con-
tribution of hydrophobic interactions to complex formation
(Aoki et al., 1998a). In the NMR experiments described
above (Aoki ef al., 1998b), Glu72 is the only acidic residue
found to be significantly affected by PdR, whereas two of
the remaining three are hydrophobic residues. For these
reasons, the authors conclude that dominant interactions in
the Pdx—PdR couple are of hydrophobic rather than electro-
static nature (Aoki efr al., 1998b) and suggest that this is
reflected in the low cross reactivity observed with the related
Adx—adrenodoxin reductase (AdR) system (Geren et al.,
1986), where electrostatics are believed to play a major role
(Geren et al., 1984).

ADRENODOXIN AND
CYTOCHROME c

The non-physiological interaction of Adx with Cc has also
been the subject of a detailed NMR spectroscopy study.
Adx is a 14.4kDa protein that belongs to the family of
vertebrate-type [2Fe-2S] ferredoxins. It occurs in the
adrenal mitochondria of vertebrates where it plays a crucial
role in steroid hormones biosynthesis by acting as a shuttle
between NADPH-dependent adrenodoxin reductase AdR
and several cytochromes P450, including cytochrome
P450scc (CP450scc), which catalyses the sidechain clea-
vage of cholesterol (Bernhardt, 1996; Grinberg et al., 2000).
The X-ray structures of the wild type (Ziegler et al., 1999)
and a truncated (Miiller et al., 1998) form of adrenodoxin
are available (PDB entries Icjc and layf, respectively), as
well as those of AdR (Ziegler and Schulz, 2000; PDB entry
lelk) and of the cross-linked complex of AdR and Adx
(Miiller et al., 2001; PDB entry le6e). Adx comprises two
domains, termed the core and recognition domains. The
former contains the Fe-S cluster and includes residues
5-55 and 91-108, while the latter bears the key residues
involved in the recognition of AdR and CP450scc (Miiller
et al., 1998).

Mitochondrial Cc has been used as the final electron
acceptor in a sequential electron transfer route from AdR to
the cytochrome, via Adx. Since the reaction between AdR
and Adx is the rate-limiting step in this pathway, the
electron transfer rate between these two proteins can be
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determined by following the reduction of yeast Cc (Lambeth
and Kamin, 1979). The observation that electron transfer
occurs rapidly between Adx and Cc suggested that a non-
physiological complex is formed between these two proteins
and prompted a solution NMR spectroscopy investigation
of their interaction (Worrall et al., 2003). In these studies,
">N-labelling of both Adx and Cc enabled monitoring of
the effects of complex formation on both proteins. The
chemical-shift maps obtained upon titration of unlabelled
Adx with "N-labelled Cc and those obtained upon titration
of '"N-labelled Adx with unlabelled Cc are shown in
Figure 12(A) and (B), respectively. In both cases, a general
broadening of the resonances and significant chemical-shift
changes were observed, indicating that the interaction is in
the fast exchange regime. Most of the affected residues on
Cc are located on the front face of the protein, in the region
located around the exposed haem edge. However, chemical-
shift perturbations were also observed for residues located at
the rear of the protein. In the case of the Adx protein, the
binding effects are experienced by 41 residues. These
residues are located in both domains of Adx, with the largest
effects being felt by residues in the recognition domain. A
small number of residues in the C-terminal stretch of Adx
are also affected by complex formation with Cc, suggesting
that this region might be involved in the interaction. Polar,
hydrophobic and charged residues on both proteins experi-
ence chemical-shift perturbations upon complex formation.

Figure 12. The complex of adrenodoxin and cytochrome c. (A)
Chemical-shift mapping of Cc in the presence of oxidised Adx
and (B) chemical-shift mapping of oxidised Adx in the presence
of ferrous Cc. Residues are colour coded according to the
chemical-shift perturbation resulting from the presence of the
partner protein: red for >0.03ppm, orange for >0.02ppm,
yellow for >0.01 ppm and blue for <0.01 ppm. Unassigned and
proline residues are in grey. The haem (A) and two of the active
site Cys residues (Cys46 and Cys52, B) are coloured in green. The
surfaces on the right have been rotated 180° around the vertical
axis, with respect to those on the left. Reprinted in part with
permission from Worrall et al. (2003). Copyright (2003) American
Chemical Society.

Copyright © 2004 John Wiley & Sons, Ltd.

The results clearly support the notion that the Adx—Cc
complex is a dynamic ensemble of orientations, with both
proteins sampling other surface areas, away from the pre-
dominant binding sites (state B in Fig. 3).

CONCLUSIONS AND OUTLOOK

The use of 2D-NMR spectroscopy for the characterisation
of transient complexes of redox proteins has yielded new
insights into the process of complex formation. The striking
variation in the size of the chemical-shift perturbations
between various complexes suggests that some complexes
exist entirely in a non-specific state, consisting of a dynamic
ensemble of orientations. These complexes show very small
perturbations as a consequence of the averaged and weak
molecular interactions. Yet, complex formation is evident in
these cases from the increased correlation time (Worrall
et al., 2002). Dynamic complexes are still poorly character-
ized. The rate of the dynamic behaviour within the complex
is unknown and could vary from the low ns range to the ps
range. It is also unclear how much of the surface of the
partner is sampled in the dynamic behaviour.

Complexes that exhibit larger chemical-shift perturba-
tions are assumed to spend at least part of the time in a well-
defined orientation within the complex. Stronger molecular
interactions and changes in the solvation of the protein
surface may be the main reasons for the observed perturba-
tions. Kinetic studies have shown that, in many cases,
electrostatic interactions are important for the affinity be-
tween the partners. The NMR spectroscopy studies dis-
cussed here show that, in particular, uncharged polar as
well as hydrophobic residues exhibit the largest chemical-
shift perturbations. These results are interpreted as follows
(Crowley and Ubbink, 2003; Fig. 13). For the formation of a
well-defined complex, hydrophobic interactions are a ne-
cessity. To keep the complex transient, extensive desolva-
tion is, however, to be avoided, by limiting the size of the
hydrophobic patch and surrounding it with polar residues,
which enhance resolvation and, thus, dissociation of the

Figure 13. Schematic representation of the interface of a tran-
sient redox complex. The entry/exit port for electrons is sur-
rounded by a set of hydrophobic residues, which are lined with
polar residues. Charged residues are found on the edge of the
binding site.
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complex. In most cases, though not all, charged residues
surround the binding site or form a separate patch that
functions to preorient the partners in approximately the
right orientation. In this way the number of collisions that
result in an active complex is enhanced, resulting in higher
affinity. Desolvation of charged groups is not favourable and
salt bridge formation appears not to be a requirement for
transient complex formation. In fact, the long-range nature
of the electrostatic force may restrict the precision in which
the proteins can be oriented. Thus, the hydrophobic inter-
actions are required to bring the entry/exit ports for the
electrons of both redox proteins in close contact. Only in
this way can rapid electron transfer from one redox centre to
the next occur. A general observation of the studies dis-
cussed above is that this entry/exit port is located inside the
hydrophobic part of the interface, with the exposed haem
edge in Cc being perhaps the most well-known example.

Little is still known about ‘switch mechanisms’ in tran-
sient redox complexes. In only a few cases is it clear
whether the affinity and the structure of the complex are
dependent on the redox state, i.e. whether differences exist
between the reactant and product complexes. The work on
the complex of Pdx and CP450 demonstrates that subtle
switch mechanisms can occur even in weak complexes.
Generally, it is difficult to study such effects, because the
physiological redox states will rapidly react, while the NMR
spectroscopy must study the equilibrium state. Substitution
of the redox active metals or other cofactors with redox
inactive mimics can be useful, as shown for the complex of
Pc and Cf (Ubbink et al.,1998), but it is important to test
whether the substitution affects the switch mechanism of
interest.

Many studies described here apply the chemical-shift
perturbation technique. It can be expected that also other

NMR methods will be used more extensively for the study
of transient complexes. '°N relaxation provides information
about dynamics on both ns and high ps timescale (Akke,
2002) and can be used to establish the rotational correlation
time. Hydrogen exchange can be applied to determine the
degree of protection of amides in the interface of a complex
(Jeng et al., 1994; Yi et al., 1994b). Cross-relaxation can
help to identify the binding sites in complexes in slow
exchange (Takahashi et al., 2000). Finally, paramagnetism
can be useful to characterize protein—protein complexes.
Paramagnetic shifts can provide information about the
orientation of the proteins within the complex (Guiles
et al., 1996; Ubbink et al., 1998) and paramagnetic relaxa-
tion was recently shown to be a useful tool for mapping
binding sites in very weak complexes (Hansen e al., 2003).
The use of paramagnetism is particularly appropriate for
redox proteins, because it takes advantage of their natural
properties. It can be expected that application of all these
methods will yield many more interesting details about
these transient and highly dynamic protein complexes.

Note

A systematic analysis of interfaces of transient protein
complexes based on crystal structures has been published
very recently: Crowley P, Carrondo, MA. 2004. Proteins:
Struct. Func. Bioinform. 55: 603-612.
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