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Abstract. Computational techniques are becoming in-
creasingly important in structural and functional biology,
in particular as tools to aid the interpretation of experi-
mental results and the design of new systems. This review
reports on recent studies employing a variety of compu-
tational approaches to unravel the microscopic details of
the structure-function relationships in plastocyanin and
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Introduction

Interest in theoretical approaches to biological sciences
has increased dramatically during the last decade. This has
been spurred by the huge amount of experimental infor-
mation now available on many relevant biological systems
due to the development of molecular biology and genetic
engineering techniques. Advances in algorithms and com-
puter hardware have increased the potential for computa-
tional approaches to aid the interpretation of experimental
results and the design of further experiments, as well as to
provide detailed insights into biological processes that are
unattainable experimentally. Computational modeling and
simulation techniques permit the study of the structure-
dynamics-function relationships of a single protein mole-
cule on timescales from femto- to milliseconds. The ef-
fects of structural modifications of molecules on the bio-
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other proteins belonging to the blue copper superfamily.
Aspects covered include protein recognition, electron
transfer and protein-solvent interaction properties of the
blue copper protein family. The relevance of integrating
diverse computational approaches to address the analysis
of a complex protein system, such as a cupredoxin metal-
loprotein, is emphasized.

transfer; protein-protein association; structure-function

logical reactions in which they are involved can be ana-
lyzed for individual molecules and translated to effects on
observable macroscopic biochemical parameters, such as
reaction rates, association constants, rate constants for
electron transfer (ET), redox potentials etc.

In this review, we will discuss recent computational stud-
ies directed towards the structural and functional charac-
terization of the cupredoxins, a superfamily of redox pro-
teins, with particular attention to plastocyanin (Pc). The
overall aim is to understand whether and how the function
of these proteins is controlled by the protein structure and
physicochemical properties of the solvent environment.
The structural and functional characterization, which is
preliminary to this analysis, is also featured. The papers
related to these topics and published in the period from
2000 to early 2003 are analyzed in detail, but previous
works are also briefly reported where relevant. This re-
view is complementary to several recent reviews which
deal with electron transfer and association in redox pro-
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teins, either by discussing the experimental and theoreti-
cal perspectives [1—3], or by pointing out recent compu-
tational developments [4, 5].

Redox reactions are amongst the simplest chemical reac-
tions and play a primary role in biology. They are involved
in fundamental processes for life, such as respiration, pho-
tosynthesis, metabolism and catabolism. Thus, under-
standing the mechanisms of these reactions will improve
our basic knowledge of biological phenomena. For in-
stance, reproducing the cascade of physicochemical reac-
tions that transform light energy into chemical energy dur-
ing photosynthesis is an intriguing challenge for the re-
search community in view of the fact that it can provide
virtually all the energy required for all living organisms on
our planet to survive. Besides this, the investigation of
electron transfer in nature also impacts on electronic tech-
nology aimed at exploiting biomolecules, and in particular
ET proteins, for implementing new nanodevices [6, 7].
The cupredoxins, also known as blue copper (BC) pro-
teins, are small (10—20 kDa) soluble copper proteins that
function as ET agents shuttling electrons, one by one,
from a donor to an acceptor protein in the respiratory and
photosynthetic chains of many bacteria and plants. The
barrel-like structure of cupredoxins is represented in fig-
ure 1 (this picture was drawing using MOLSCRIPT [8]).
ET between a cupredoxin and one of its partners is medi-
ated by formation of a dynamic and transient complex
which is hard to study due to its short life and energetic
instability [1, 3]. The difficulty of obtaining structural in-
formation about such complexes reduces the possibilities
to relate structural data to experimental findings and,
therefore, protein structure to function. In addition, the
complexes formed seem to undergo reorganization prior
to electron transfer [1, 3, 4], thus further complicating the
resulting picture. The overall ET process can be written as
a sequence of reaction steps which include (i) formation
of the complex between the two redox partners, which is
necessary to bring the proteins into contact (eq. 1); (ii)
structural reorganization of the complex to bring the pro-
teins into the right geometry for electron transfer (eq. 2);
(iii) the electron transfer itself (eq. 3); and (iv) dissocia-
tion of the complex after the redox reaction has taken
place (eq. 4):
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Figure 1. Representation of the crystal structures of two cupredox-
ins: Pc from spinach (pdb code: 1ag6) (top) and Az from P, aerugi-
nosa (pdb code: 4azu) (bottom). The Cu ion is in CPK and the Cu
ligands are in stick. The secondary structure elements are high-
lighted: arrows represent  strands and cylinders represent « he-
lices. The picture was drawn using MOLSCRIPT [8].

where k., and k 4 are the rate constants for the association
process, K, and k, are the rate constants for the direct
and reverse reorganization reaction, kg and kg are the
rate constants for the direct and reverse ET reaction, and
kg and k- are the rate constants for the complex disso-
ciation reactions (which are not necessarily the same as
k,zand k,,). Now, it is evident that the overall process is
influenced by both the association and ET steps, which
depend respectively on the interaction and redox proper-
ties of the proteins, which, in turn, depend on the struc-
tural features of the protein. In fact, the redox properties
of the cupredoxins are due to the copper atom and to the
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spatial disposition of the amino acid copper ligands in the
protein. On the other hand, the ability of the cupredoxins
to complex their protein partners is due to their overall
protein conformation and dynamics in solution.
Therefore, great theoretical and computational effort has
been devoted by several research laboratories to (i) de-
scribe the cupredoxin structure, encompassing both the
copper site geometry and the overall protein structure and
dynamics in relation to their environment; (ii) unravel the
molecular mechanisms underlying cupredoxin function,
especially the association and electron transfer processes;
and (iii) understand and rationalize the relationship be-
tween cupredoxin structure and function.

The cupredoxin structure

The copper site

The metal site of the BC proteins has long been studied
by researchers interested in the unusual physicochemical
properties of its oxidized form, i.e. the bright blue color,
narrow hyperfine splitting in its electron spin resonance
spectra and high reduction potentials with respect to cop-
per aqueous complexes. Many theoretical computations
have been performed to explain these peculiarities and to
reproduce the electronic and spectroscopic features
[9—11]. In this section, we will focus our attention on the
geometric structure of the Cu site and comment only on
the results and conclusions reported most recently.

In the cupredoxin-like structure, the copper (fig. 2) is
bound to the protein matrix by three strong ligands
(the distance between the Cu atom and the ligand atom is
dc,. =2 A) arranged in an almost trigonal plane. These
ligands are the N atoms of two histidines and the S¥ atom
of a cysteine thiolate. In addition, the copper is coordi-
nated by one or two weaker axial ligands (dc,; = 3 A),
typically the S¥ atom of a methionine and the carbonyl O
atom of a glycine (in azurin) [12] (fig. 2) or the amide O
atom of a glutamine (in stellacyanin) [13]. The Cu site has
a distorted trigonal geometry that is intermediate between
that preferred by Cu(I) complexes (tetrahedral) and that
preferred by Cu(Il) complexes (tetragonal). Thus, the
change in geometry with redox is limited, and the energy
required for this structural rearrangement is small. These
observations led to the induced rack theory [14] and the
entatic state theory [15], based on the hypotheses that the
protein matrix forces the Cu(Il) site into a catalytically
poised geometry similar to the Cu(I) geometry. These
theories, which trace the peculiar properties of the cupre-
doxins and their electron transfer capability back to the
strained geometry of their active site, have been chal-
lenged recently [9, 10], and the issue has been addressed
through different theoretical methods.

Ryde et al. [9, 10] performed quantum-mechanical (QM)
optimization in vacuo of the geometry of both the oxi-
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Figure 2. Representation of the Cu-site structures of Pc from
spinach (top) and Az from P, aeruginosa (bottom). The Cu ion is in
CPK and the Cu ligands are in ball and stick. Color code: black,
copper and sulfur atoms; dark gray, nitrogen atoms; gray, oxygen
atoms; light gray, carbon atoms. The picture was drawn using
MOLSCRIPT [8].

dized and reduced Cu sites, using the B3LYP hybrid den-
sity functional (DFT) method [10, 16]. As a QM treat-
ment of the whole protein is not tractable, they con-
structed models of increasing complexity, including only
the copper and its amino acid ligands. The best represen-
tative minimum model for the prototypical Cu site (i.e.
the Pc site with two His, a Met and a Cys in the coordi-
nation sphere of copper) was found to be that with imida-
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zoles (Im), methylthiolate (CH,S-), and dimethyl sulfur
[(CH;),S], modeling the histidines, the cysteine, and the
methionine, respectively. Surprisingly, the results of the
calculations on the copper site were in clear contrast with
the rack and entatic state hypotheses. The in vacuo opti-
mized geometry of the isolated Cu(Il) site was highly
similar to the experimental geometry of the site in the
protein structure. This suggested that the geometry of the
Cu(Il) site in cupredoxins is not strained by the protein
matrix. The main discrepancies with the experimental
complexes (determined in aqueous solution) were found
in the Cu-Sc, distance, which was slightly (0.1 — 0.2 A)
too long, and in the Cu-S,, distance, which was slightly
(0.2-0.5 A) too short.

Similar calculations on the azurin (Az) site, with a fifth
additional carbonyl ligand covalently bound to one of
the Cu-ligating histidines through the backbone
(ImCH,CH,NHCOCH;), and on the stellacyanin site,
with CH;CONH, to model glutamine instead of methion-
ine, further confirmed the previous results. To test their
results further, Ryde et al. [10] also took into account (i)
the effect of the solvent on the copper site geometry, by
performing geometry optimization of the Cu(I) prototype
site in an implicit solvent model with varying dielectric
constant (¢) [17]; and (ii) the effect of the protein sur-
roundings on the active site structure, by applying a com-
bined quantum-mechanical and molecular mechanics
(QM/MM) approach to the whole protein structure [18].
This allowed treatment of the interesting part of the sys-
tem (i.e. the copper site) with the DFT-B3LYP functional
[16] and of the rest of the protein with the AMBER mol-
ecular mechanics force field [19, 20]. The results showed
that the experimental structures were better reproduced
by complete treatment of the site environment, and the re-
sulting Cu-site geometry improved, becoming more sim-
ilar to that found in the cupredoxin crystal structures. The
energetic strain (between 31 and 50 kJ/mol), computed as
the difference between the isolated in vacuo site geome-
try and the QM/MM optimized site geometry, was evalu-
ated to be in the normal range for incorporation of a metal
ion into a protein. Ryde et al. [10] concluded therefore
that the Cu(Il) site in BC proteins is not mechanically
strained by the protein matrix and that the peculiar prop-
erties of BC proteins are rather due to the physicochemi-
cal effects of the copper ligands, especially of the coordi-
nating Cys. More precisely, they argued that the peculiar
electronic structure of the Cu-Sc, bond gives reasons for
both the tetrahedral coordination structure and the
physicochemical properties of the site.

Comba et al. [21], although applying a similar approach,
came to rather different conclusions. They used a mixed
QM/MM method to analyze the oxidized structures of
two other cupredoxins, amicyanin (Ami) and rusticyanin
(Rus). The QM region was defined by the minimum
model Cu(Im)[S(CH;),]SH, which is smaller than the one
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used by Ryde et al. [10], and the calculations were per-
formed with approximate DFT-B3LYP functional [16].
The MM part, which was calculated with the MM3 force
field [22], also differs from the calculations of Ryde et al.
[10], which considered the whole protein structure. Here,
the MM part included only the C-terminal loop contain-
ing the downstream Cu-ligands (residues 92—-98 for Ami
and 138—148 for Rus), and the backbone of the upstream
Cu-coordinating histidine (H53 for Ami and H85 for Rus)
(fig. 3). The atoms at the border between the QM/MM op-
timized fragment and the protein backbone were frozen in
their initial positions, to account for the effects of the pro-
tein matrix excluded from the calculations. The compari-
son of the QM/MM structure and the DFT optimized
minimum model allowed the authors to evaluate the in-
fluence of the backbone on the active site geometry. The
results showed that in both Ami and Rus, the most signif-
icant differences in the QM/MM system are related to the
angles and distances involving the S, (for instance, the
Cu-S,,,, bond is elongated by 0.2 — 0.4 A). The strained
energy was computed to be 74 kJmol™! for Ami and 82 kJ-
mol! for Rus. These energy values are slightly higher
than those determined by Ryde et al. [10], supporting the
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Figure 3. Representation of the Cu-site structures of rusticyanin
from Thiobacillus ferrooxidans (pdb code: lrcy) (top) and ami-
cyanin from P, denitrificans (pdb code: laac) (bottom), with the Cu-
coordinating residues and the downstream loop used in the
QM/MM calculations by Comba et al. [21]. The picture was drawn
using MOLSCRIPT [8].
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idea of some strain being present in the structure. Thus,
the authors concluded that the protein matrix has some
entatic influence on the Cu site geometry and that this is
connected with the enforcement of the Cu-S,,,, distance.

Protein structure and dynamics

Small changes in the active site geometry of BC proteins
can tune their redox properties. Similarly, conformational
fluctuations of the protein structure can affect not only
protein recognition and binding but also electron transfer
properties. Small movements of atoms in protein regions
far from the copper site can induce fluctuations of
residues near the Cu site and/or in regions involved in
protein binding. These internal dynamic processes, which
are essential to protein functionality, depend on protein
structural features and might be influenced by mutation
of the protein sequence.

Recently, Arcangeli et al. [23] performed molecular dy-
namics (MD) simulations and essential dynamics analy-
ses of BC proteins in order to identify large concerted
protein motions that can be functional to recognition and
ET processes. They analyzed and compared the dynam-
ics of the fully hydrated structures of Pc from poplar and
Az from Pseudomonas aeruginosa. These two proteins
differ both in their active site architecture and in their
three-dimensional (3D) structure (figs | and 2). Az,
which has a longer sequence than Pc, is characterized by
a five Cu-ligand site (instead of the four residue Pc Cu
site) (fig. 2), an extra « helix protruding outside the bar-
rel-like fold and a surface disulfide bridge located at the
opposite end of the protein structure with respect to the
Cu site (fig. 1).

The results of the essential dynamics analyses showed that
the predominant internal motions of the proteins are re-
stricted to a subspace of a few degrees of freedom. In fact,
the anharmonic essential motions crucial for the proteins
to perform protein binding and electron transfer could be
described by three or four eigenvectors. The analysis of
protein motions along these eigenvectors highlighted the
presence of correlated movements between functional re-
gions (likely involved in recognition or electron transfer)
and structural regions far from them. Concerted motions
of Pc mainly involve turns, in particular the loop contain-
ing the downstream Cu ligands (fig. 1), the hydrophobic
loop in the northern end of the protein, containing the
highly conserved residue L12, and the two acidic patches
highlighted in figure 4. In Az, the region opposite to the
Cu site is relatively rigid, due to the presence of the disul-
fide bridge; thus, concerted motions involve mainly flexi-
ble hydrophobic regions near the Cu site which are con-
sidered relevant for mediating protein binding.

The MD and essential dynamics studies of a Pc mutant
were also performed to evaluate the effects of structural
mutations on protein dynamics [24]. The poplar Pc se-
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Figure 4. Mapping on the 3D structure of spinach Pc of the relevant
residues L12, N38 and Q88 in the northern hydrophobic site and of
the two acidic regions (residues 59—61 and 42—45) in the eastern
site. Y83, which lies in the middle of the eastern site is also shown.
The hydrogen atoms are not shown. The picture was drawn using
MOLSCRIPT [8].

quence was mutated to obtain the insertion of a surface
disulfide bridge opposite to the Cu site end. The MD sim-
ulation highlighted that similarly to the wild-type (wt) Pc,
the mutant maintains both its globular shape and sec-
ondary structure during simulation, and the structure and
geometry of the Cu site are almost unaffected by intro-
duction of the disulfide bridge. However, analysis of the
H-bond network revealed that some H-bond interactions
involving residues near the Cu site in the wt Pc (and
thought to be relevant for Pc function) are lost or modi-
fied in the mutant protein. This causes higher flexibility
and larger fluctuations in the regions around Cu in the
mutant with respect to the wt Pc which can be correlated
to differences in the dynamics of the ET process mediated
by the two proteins. The introduction of the SS bridge
also influences the essential dynamics of the mutated pro-
tein, where residues in the northern site, both belonging
to the hydrophobic patch and to the downstream Cu-lig-
and loop (fig. 1), move in a concerted fashion with the
large negative patch (fig. 4), while the region of the SS
bridge is not involved. The differences in the functional
concerted fluctuations observed for the SS mutant and
the wt Pc might be related to differences in partner recog-
nition and in the dynamic process of binding.

The overall picture emerging from the work by Arcangeli
et al. [23, 24] is that internal protein motions operating in
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a concerted fashion and on a large scale can be funda-
mental for protein functionality by indirectly influencing
the structure and conformation of restricted protein re-
gions which are directly involved in BC protein function.

Protein structure and solvent

The protein environment, which is often aqueous, affects
the structure and folding dynamics, and, therefore, the
functionality of globular proteins. In fact, solvent-protein
interactions, together with the interactions between resi-
dues in the protein matrix, facilitate the folding process
and establishment of intermolecular interactions with
other complex systems. Furthermore, to be properly
folded and fully functional, a protein requires a minimum
level of hydration. Of course, the contrary is also true, i.e.
as far as water affects protein structure, protein can mod-
ify the structural and dynamic behavior of water.

The mutual influence of water molecules and BC proteins
has been addressed with MD simulations and other com-
putational studies in recent papers with the aim of im-
proving understanding of solvent-protein interaction
mechanisms in general as well as understanding their in-
fluence on the redox properties of BC proteins [25-27].
Bizzari and Cannistraro [25] recently reviewed several
different computational methods and simulation tech-
niques to investigate the local and global organization
and dynamic properties of solvent water around BC and
other globular proteins, pointing out the role of the sol-
vent in controlling protein functionality and comparing
experimental information. They discuss the meaning and
usefulness of theoretical quantities introduced to charac-
terize water surface characteristics, on the one hand, and
to address problems such as protein folding, molecular
recognition and structural transitions, on the other. For
example, the solvent accessible surface area can be used
to quantify the surface area of the protein in contact with
the solvent. The analysis of the solvent accessible surface
area for a large number of proteins in different solvent
media suggested that exposure to the solvent depends
both on the size of the protein and on the hydrophilic or
hydrophobic nature of the protein side chains. The water
residence time, i.e. the period during which a single wa-
ter molecule can be found within a given distance (gener-
ally the first coordination shell) of a protein surface atom,
can help to elucidate the structural and dynamic behavior
of water molecules at the protein surface.

Luise et al. [26] presented a detailed MD study of how the
residence time of water molecules on the surface of the
BC protein Az depends on the solvent accessibility of the
protein surface and on the specific solvent-exposed atom
types. The simulation was performed at a high hydration
level (5.0 g H,O/g protein). They found that the main fac-
tor affecting water residence time is the local solvent ac-
cessible surface area, i.e. the water residence time is
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shorter in regions with large exposed surface and longer
in crevices or grooves. In addition, the intrinsic chemical
properties of specific protein sites seem to influence the
water residence time only in regions with reduced acces-
sibility, where water molecules make favorable interac-
tions with polar or charged groups and unfavorable inter-
actions with apolar groups. In other words, protein con-
formation and strength of the interaction between the
water molecules and the protein influence the rate of ex-
change between bulk water and protein bound water.
These findings by Luise et al. [26] are in good agreement
with the results of a different analysis performed by Kuhn
et al. [28] on a large series of X-ray protein structures,
where the water residence time is related to protein topog-
raphy.

Similar results were obtained by analysis of solvent dif-
fusive properties at the protein surface [25]. Interestingly,
while water at a large distance from the protein surface
behaves like bulk water, the mobility of water at the sur-
face is variable, going from trapped to extremely mobile
molecules, as a probable consequence of local effects due
to the interaction of the intrinsic electric dipole of water
molecules with the protein surface atoms.

Another relevant descriptor of water-protein system be-
havior [25] is the structural and dynamical reorganization
of the H-bond network that is established, at sufficient
hydration level, between the solvent molecules and the
surface protein sites and that can influence the network of
intramolecular H -bonds, thus affecting the functionality
of the protein. An example of the role played by hydration
water was reported by Buning and Comba [27], who in-
vestigated the acidic structural transition of two cupre-
doxins, Ami and Pc, performing MD studies. The proto-
nation state of these proteins is pH dependent due to the
presence of a partially exposed histidine in the coordina-
tion sphere of the Cu atom (downstream histidine in figs
1 and 2). This His, which becomes protonated and flips
away from the copper at low pH value, is considered to be
responsible for the switching off/on of the ET activity
through its protonation/deprotonation mechanism. The
simulations were performed with the AMBER force field
[19, 20] and a charge distribution for the Cu site obtained
by previous GAUSSIAN-B3LYP calculations [16]. The
solvent was implicitly defined through a distance-depen-
dent dielectric constant € and a large number of con-
formers of the Ami and Pc MD structures were obtained
by varying the torsional angle of the C-terminal His and
clustered in families depending on the torsional values of
their C-terminal loop, where the Cu ligand His is found.
The results showed three different conformers for Pc cor-
responding to (i) the unprotonated Cu-ligating His form
at pH 7, (ii) the protonated unbound form at pH 3.8 and
(iii) an intermediate between the other two. For Ami, very
similar His conformers to Pc were observed. On the basis
of these calculations and previous experimental informa-
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tion, Buning and Comba [27] proposed a model mecha-
nism in which the stabilization of the low pH form is pre-
ceded by the decomplexation of His, the isomerization of
the protein to a solvent accessible His form and protona-
tion of the flipped His. In this picture, where the role of
the solvent molecules is fundamental for protonating the
flipped His and stabilizing the unbound form, the extent
of solvent accessibility to the C-terminal His determines
the possibility of the protein to attain a stable protonated
state and, therefore, to lose its specific functionality.

Cupredoxin function

Protein association

Correct and timely interaction of specific molecules is
crucial to the proper functioning of cells and fundamen-
tal to ET processes. Specific association depends on the
intrinsic and specific structural properties of the protein
systems involved, such as their overall shape, local geom-
etry and surface charge distribution. Therefore, protein-
protein interfaces should be geometrically and chemi-
cally complementary. However, for a complex to be
formed, it is first necessary that the two systems come
into contact. This may occur by active transport or
through diffusion. During diffusion, the proteins undergo
random Brownian motion and are primarily subject to
long-range electrostatic forces, which may guide the mol-
ecules to orient in a way favorable to association. If the
Brownian motions alone were taken into account, the dif-
fusional collision rate of two proteins would be on the or-
der of 10°— 10'° M's7'[29]. Orientational restraints, re-
quiring the correct alignment of proteins for binding, de-
crease this rate to 10° M s7! [30], and electrostatic
interactions can increase this rate up to 10° — 10" M!s!
[31, 32]. The environment, through pH, ionic strength,
viscosity etc., can modulate the association process [32,
33]. At the end of the diffusional association, the two pro-
teins form a so-called encounter complex, and from this
point the proteins can rearrange into a bound complex.
ET complexes are transient complexes that commonly
have short lifetimes favoring a high throughput of elec-
trons. As a consequence, obtaining experimental infor-
mation on the conformation of the docked complex is a
formidable task, and simulation techniques have become
essential to address this issue.

For BC proteins, the most extensive studies concern Pc.
This protein shuttles electrons from cytochrome b/f (Cyt
b6/f) to photosystem I (PSI). Both these proteins are large
(200—300 kDa) and membrane-embedded complexes. In
contrast, Pc is a small (about 10 kDa) and soluble protein
able to diffuse in the lumen and exchange electrons with
its two membrane-constrained partners. Most modeling
studies have been done on Pc and its physiological elec-
tron donor partner, Cyt f. This is a consequence of the
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availability of a large number of crystal and solution
structures of Pc from different species [34], and of the
availability of several Cyt f structures [35]. The crystal
structure of PSI was only published recently [36, 37], and
therefore it has not yet been the subject of extensive stud-
ies. Recently, the structure of two Pc/Cyt f complexes
have become available: one structure is from higher plant
(spinach Pc/turnip Cyt f) [38] and the other one is from a
cyanobacterial source (P laminosum) [39].

Pc has an eight-stranded flattened Greek-key p-barrel
fold (fig. 1), containing a type-I copper atom coordinated
by two histidines, a cysteine and a methionine (fig. 2) [12,
34, 40—41]. The surface structural features of Pc depend
on the biological source they come from [42]. A common
feature is the presence of a hydrophobic area, the ‘north-
ern’ site, around the solvent exposed Cu ligand H87
(spinach Pc numbering). Higher-plant Pcs are strongly
acidic proteins, with two ridges of negatively charged
residues located at positions 59—61 and 42—45, respec-
tively (fig. 4). These patches define the so-called ‘east-
ern’ or ‘negative’ site, where Y83 (spinach Pc number-
ing), one of the putative entry/exit points for electrons, is
also situated. A peculiar case is the Pc from the fern D. ry-
opteris crassirhizoma, where the acidic patch almost
reaches the northern site. Pcs from algae are still acidic,
though the two acidic patches at the ‘eastern’ site are
smaller and topologically different than in higher-plant
proteins. Finally, in bacterial Pc, the acidic site is nearly
completely suppressed. A representation of the electro-
static features of the different Pc species is provided in
figure 5. The northern and eastern site regions are be-
lieved to be involved in either the association or the ET
processes.

Cyt £ [35, 43] is a c-type heme protein constituent of the
Cyt b6/f complex which is anchored to the membrane by
a single C-terminal transmembrane helix. The N-terminal
part of Cyt f (fig. 6), which protrudes from the membrane
into the lumen, has two S-sheet domains arranged to form
an elongated structure; the heme is bound to the larger
domain with the N-terminal a-amino group as a ligand to
the heme iron. The structure from the eukaryotic species
from turnip has been known since 1994 [43]. This pro-
tein, although slightly negative as a whole, has a ridge of
basic residues that could recognize the negative patch of
Pc (fig. 6). The commonly accepted hypothesis of elec-
trostatic steering is therefore supported for eukaryotic
Cyt f and Pc by significant local electrostatic surface
complementarity (fig. 6), at least for the proteins in vitro
[1, 3, 44—45]. The more recent structure of bacterial Cyt
f[35, 46], on the contrary, does not show any basic ridges
in the heme region and, as a whole, is far more negative
than the eukaryotic species (net charge of cyanobacterial
Cyt f: —12e vs. eukaryotic Cyt f: — 1e), complementarily
to its redox partner (fig. 6). Recent reviews [1—3] report
on computational attempts to define the structure of the
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Figure 5. Electrostatic potentials (MEPs) of the most representative cupredoxin subfamilies, computed at 100 mM ionic strength. The iso-

potential contours are at —0.5 (red) and +0.5 kcal/mol/e (blue).

eukaryotic Pc/Cyt f complex. Here we outline the most
relevant ones.

Pearson et al. [47] and Soriano et al. [48] used a combi-
nation of geometric and electrostatic criteria to propose a
few possible eukaryotic Pc/Cyt f docked structures, in
which the distance between the Cu atom in Pc and the Fe
atom in Cyt f'is short enough to allow the transfer of elec-
trons. Pearson et al. [49] also carried out an electrostati-
cally steered Brownian dynamics (BD) simulation of the
poplar Pc/Cyt f complex with a continuum solvent model.
Ullmann et al. [50] used a combination of electrostati-
cally based Monte Carlo and MD techniques to define an
ensemble of possible low-energy Pc/Cyt f complexes.
However, although most of the computational papers re-
port electrostatically driven docking of Pc and Cyt f from
higher plants, experimental studies [51—52] support the
idea that the initial electrostatic complex is not ideal for
electron transfer, which would instead be effective only
after complex rearrangement.

In this respect, a particularly interesting study was per-
formed by Ubbink et al. [38] and Crowley et al. [39], who
employed a combined nuclear magnetic resonance

(NMR)/MD technique to determine, respectively, the struc-
ture of the eukaryotic [38] and bacterial [39] complexes
formed by Pc and the soluble part of Cyt f. They collected
an extensive set of experimental NMR chemical shift data
during Pc/Cyt f complex formation that were then used, to-
gether with other experimental information [39, 53], to per-
form a restrained MD calculation. The eukaryotic complex
structures in the NMR ensemble (pdb code: 2pcf) are sim-
ilar to one of the structures identified previously by Ull-
mann et al. [50], although they have a shorter average Cu-
Fe distance (dg, . = 10.9 vs. 14 A), with Cu site region of
Pc facing the heme region of Cyt f. The eastern site is also
part of the complex interface and interacts with a region
rich in basic residues on the surface of the Cyt f small do-
main. The results of the study by Ubbink et al. [38] sug-
gested a two-step mechanism for complex assembly: (i)
formation of a relatively unspecific, dynamic encounter
complex followed by (ii) reorganization into a specific
complex, suitable for electron transfer, under the influence
of short-range interactions. The accepted scheme of the
overall reaction is that reported in equations 1—4, and in the
case of Pc and Cyt f can be written as follows:
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eukaryotic Pc/Cyt £
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cyanobacterial Pc/Cyt £

Figure 6. (Top) Representation of the structures of the eukaryotic Pc/Cyt f complex (pdb code: 2pcf) [38] (lef?) and the cyanobacterial Pc/Cyt
f complex from P laminosum [39] (right). The secondary structure elements are highlighted (see fig. 1). The Cu ion and the heme are rep-
resented in CPK and sticks, respectively. Color code: green, Pc structure; blue, copper atom; yellow, Cyt f structure; pink, heme; (bottom)
MEPs (at ionic strength of 100 mM) of the Pc and Cyt f structures from the eukaryotic protein complex (2pcf) (lef?) and of the cyanobacte-
rial Pc and Cyt f species from P laminosum (pdb code: 1baw and lci3, respectively) (right). Isopotential contours as in figure 5.
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where the rate constants have the same meanings as for
equations 1—4; and the ratio of k,, to k ; corresponds to
the association constant K.

The cyanobacterial Pc/Cyt f complex structures in the
NMR ensemble [39] are quite different from the an-
giosperm structures, in that Pc interacts with Cyt fin a
‘head on’ manner, with its main axis almost perpendicu-
lar to the plane of the Cyt f surface (fig. 6). The northern
hydrophobic site is primarily involved in complex forma-
tion, while the eastern site (which has no acidic features)
is not part of the interface. The relative involvement of
electrostatic interactions in bacterial complex assembly is
further supported by the negligible dependence of com-
plex structure and association on the increasing ionic
strength and variation of pH values [35, 54-55].

The publication of these works [38—39] spurred new ex-
perimental and computational studies [49, 56—59], since
the structure of the Pc/Cyt f complex can be used as a
starting point for proposing new experimental assays and
further computation and statistical analyses of the avail-
able experimental data.

From this perspective, De Rienzo et al. [59] exploited the
known structural, mutation [38] and kinetic data [53] on
the Pc/Cyt f ET reaction to gain new insights into the role
of molecular recognition in the overall ET process. BD
calculations were performed to simulate the association
of Pc and Cyt f. This allowed the evaluation of the effects
of mutations on the Pc/Cyt f association rate, and the
comparison of the results obtained with the experimental
second-order kinetic constants (k,) for the overall ET
process measured by Kannt et al. [53] for the in vitro ET
reaction between wt and mutant Pcs from spinach and the
soluble part of Cyt f from turnip:

(6)

k
Pcox + Cytfred <k—2> PCred + Cytfox
2



1132 F. De Rienzo et al.

The k, values do not provide direct information about the
ET or association mechanisms; however, they are useful in
comparative studies for estimating the effects of mutations
in Pc and/or Cyt f on the overall ET rate [1]. The mutations
reported by Kannt et al. [53] are seven single and multiple
point mutations (D42N, E43N, E43K, E43Q/D44N,
ES9K/E60Q, ES9K/E60Q/E43N and Q88E) involving
residues located in the eastern site (fig. 4). The analysis of
the experimental results for the interaction of these mutants
with the wt form of Cyt f suggested that at least in this set
of mutants, the overall reaction is modulated by the associ-
ation step, while the ET step itself appears to be almost un-
affected by mutations [45, 53].

On this basis, it was possible to assume that association is
the limiting step of the reaction in equation 6 and, there-
fore, to compare the experimental k, values with the bi-
molecular diffusional association rate constants k, (here-
after referred to as k ), computed by simulating protein-
protein encounters by electrostatically steered BD [60]
and to examine their dependence on protein mutations
and on the nature of the physical environment [33,
60—61], with particular attention to ionic strength. Al-
though good agreement was found between calculated
and experimental values, the k, values always overesti-
mated the experimental k, values. Overestimation might
be due to the intrinsic limits of the BD simulations, in
which protein conformational flexibility and hydrody-
namic interactions, as well as phenomena such as postdif-
fusional association rearrangement or conformational
gating effects (which might affect real system dynamics)
are not modeled [32, 60].

Besides the influence of ionic strength, another crucial
aspect of protein association is dependence on pH. This
effect is fundamental when protein association involves
proton release or uptake. Crnogorac et al. [62] developed
a method (the Modified Proton Linkage Model) for
studying the effects of pH on noncovalent association of
proteins. Differently from the traditional Proton-Linkage
Model [63], which allows determination of the number of
protons exchanged during association, the Modified Pro-
ton Linkage Model is also able to determine the pKa val-
ues of those residues at the complex interface which are
responsible for the pH dependence of the association con-
stant. The method is based on the definition and identifi-
cation of groups of isoacidic residues, i.e. residues that,
due to their similar pKas, are treated together as a group
with a composite pKa, thus reducing the number of vari-
ables taken into account. To test their model, the authors
chose a pair of well-characterized globular proteins,
spinach Pc and horse-heart cytochrome c (Cyt c), that
can bind together through their complementary charged
patches: the acidic area of Pc abuts the basic area of
Cyt c. The pH dependence observed for the formation of
the wt complex changed as a consequence of mutations of
one or both wt protein sequences and of the specific mu-
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tation introduced. To study this trend, Crnogorac and col-
laborators [62] compared the variation of association
constants for the wt complex and three other complexes
formed by wt Cyt ¢ and different Pc mutants (D42N,
E59Q, E60Q) within a pH interval (5.4 <pH <9.0) com-
patible with the stability and optimal functioning of the
proteins. The results of the calculations were in good
agreement with the experimental data and provided some
interesting hints for elucidating microscopic details that
cannot be obtained experimentally. In particular, they re-
vealed that upon association, the ionic forms of both the
basic and acidic residues are stabilized with respect to the
neutral forms. This is due to a few Pc acidic residues with
anomalously high pKa values (about 6.3) and a few Cyt c
basic residues with anomalously low pKa values (about
7.0), which change their pKas during complex formation
and become, respectively, deprotonated and protonated.
The authors were also able to identify two acidic residues
(namely E59 and E61, see fig. 4) of Pcs with a high prob-
ability of releasing a proton upon binding. This work
shows the feasibility of identifying unusual pKa values
for potentially biologically relevant ridges of residues.
Very recently, Gross and Pearson [64] carried out a BD
study (using the Macrodox program [65]) of an algal
(Chlamydomonas) Pc/Cyt f complex formation. Algal Pc
and Cyt f largely resemble their respective relatives from
higher plants, as far as 3D structures and the interaction
properties are concerned. Consistently, they found for the
Chlamydomonas Pc/Cyt f complex a structure that is
highly similar to those previously predicted for eukary-
otic complexes by computer simulation [47-50, 59] and
coupled NMR/MD simulation techniques [38]. In partic-
ular, both the eukaryotic and the algal complexes show
(1) important hydrophobic interactions at the complex in-
terface between nonpolar residues in the heme region of
Cyt f and in the Cu region of Pc; and (ii) electrostatic in-
teractions between residues forming a positive patch and
a negative patch on the Cyt f and Pc surfaces, respec-
tively. In addition, all the complexes obtained share the
same essential conformation and orientation, whose ran-
domness is increased by increasing the ionic strength
and/or introducing mutation at key interface residues. All
these findings support the fundamental role played by the
electrostatics in complex formation.

Gross and Pearson [64] also compared the algal Pc/Cyt £
structure with the results obtained by an analogous study
performed on the complex formed by the Cyt f and cy-
tochrome c6 (Cyt c6) from Chlamydomonas. Interest-
ingly, they found that the Cyt c6/Cyt f complex closely re-
sembles the Pc/Cyt f complex, in hydrophobic and elec-
trostatic interactions. Cyt c6, which is expressed by the
organism in particular growth conditions, can substitute
Pc in its interaction with Cyt f. In fact, these two proteins,
although very different in sequence and structure, share
the same interaction properties.
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Similarly to De Rienzo et al. [59], the global ET rate con-
stant estimated by Gross and Pearson [64] are overesti-
mated with respect to the experimental values, probably
as a consequence of the intrinsic limitations of the BD
program used or of the choices and assumptions made on
the simulated system.

Recently, the high-resolution crystal structure of the
whole PSI complex from the cyanobacterium Prochloro-
thrix elongatus [36, 37] has become available. PSI (which
is the electron acceptor of Pc) is a multisubunit trans-
membrane protein complex that takes part in the reduc-
tion of NAD to NADH. Due to the extreme complexity of
the PSI structure, only the structures of some subunits
were known previously [66]. Taking advantage of the new
high-resolution structure of PSI by Jordan et al. [37],
Myshkin et al. [67] docked Pc from Prochlorothrix hol-
landica to the PSI lumenal subunits PsaA and PsaB,
which are considered to be involved in the binding of Pc
from crystallographic and mutagenesis studies. While the
structure of P. hollandica Pc was available from NMR
studies [68], the P hollandica PsaA and PsaB were mod-
eled by homology to the known PSI structure of P elon-
gatus. The Pc structure was then docked to the lumenal
loops using different rigid-body algorithms, based on
geometric criteria [69, 70], energetic criteria [71] or both
[72], for comparison purposes.

The best docking conformation was defined as the one
which best satisfied a predefined set of geometric and
distance criteria, imposed on the basis of the available ex-
perimental data on the complex interface and the ET
process.

The free energy of binding (AG;,q) was evaluated for the
complex structure selected by means of the molecular
mechanics Poisson-Boltzmann surface area (MM/PBSA)
approach developed by Kollmann et al. [73, 74]. This
free-energy study was performed on the wt complex and
the complexes formed with two Pc mutants relevant to the
ET process. The computational results obtained by
Myshkin et al. [67] were in reasonable agreement with
the experimental information [75], thus supporting fur-
ther applications of this approach to other bacterial
Pc/PSI complexes.

Electron transfer
The rate constant for electron transfer kg is given by the
Fermi golden rule as [3]:

Kgr = (27/h) |H,p|2FC @)

where h is h/2m, H,}, is the electronic coupling matrix el-
ement between a donor (D) and an acceptor (A) site (i.e.
the superposition of the wavefunctions of D and A), and
FC is the Frank-Condon factor, which is mainly related to
the structural and vibrational properties of the protein
complex system. According to Marcus interpretation [3]:
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FC =[1/(4m ART)"2] exp [ - (AG°+ A)2/(4ART)].  (8)

Therefore, kg depends on H,, on the free energy of the
reaction AG® (i.e. the reduction potential) and on the re-
organization energy A. H,p,, AG® and A are often evaluated
by theoreticians as separate contributions.

When modeling and simulating ET in large biological
systems, it is first necessary to decide the level of ap-
proximation to be used to describe the systems. ET be-
tween macromolecular systems often covers distances of
20 A or more, and thus it is necessary to consider models
with large numbers of atoms. An ab initio QM treatment,
in which the electron distributions are modeled, would be
the most correct and complete approach. However, treat-
ing a whole protein-protein complex with ab initio or
even semiempirical QM techniques is still prohibitive
from a computational point of view. Thus, two main al-
ternatives to a full ab initio QM approach are normally
envisaged: (i) using QM (ab initio or semiempirical) tech-
niques in a restricted volume of the protein system, or
treating the whole protein system using (ii) empirical en-
ergy-based methods or (iii) QM/MM approaches.

QM methods

An interesting example of the first approach can be found
in the paper by Larsson [76]. Here, the postulate is that
the requirements for a redox operative Cu site are a small
reorganization energy barrier to the electron transfer and
a connection to the outer world through suitable ET path-
ways.

A is conventionally considered to be made of a contribu-
tion from the structural changes involving the first coor-
dination sphere of the redox site (inner-sphere 1) and a
contribution from the surrounding protein matrix and the
solvent (outer-sphere A). In the case of the BC proteins,
the inner-sphere A is due to the four (or five, in the case
of Az) residues directly bound to the copper center (fig.
2). Total A has been evaluated from ET experimental as-
says [76] to be quite small (0.4—1.2 eV), thus explaining
of the fast ET process. Theoretical estimates are limited
to inner-sphere A, preventing direct quantitative compar-
ison with experiments.

Larsson et al. [76—77] evaluated inner-sphere A arising
from differences in the bond lengths and bond angles of
Cu ligand atoms observed between oxidized and reduced
X-ray Cu-site structures as:

A=1,%k 6R? ©)

where OR, are the changes upon electron transfer in the
ith bond length or bond angle, and k; are the force con-
stants obtained from the vibrational modes.

They obtained A = 0.5 eV for the oxidation of the Cu(I)
site of Az from Alcaligenes denitrificans. The largest
contribution (0.34 eV) to this value is due to the change
of the Cu-Sc,, bond length, as expected since the singly
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occupied orbital of the Cu(Il) site filled at reduction is a
dCu-pSc,, m-antibonding orbital. However, the author
discuss that, A being quadratic in R, small variations in
the geometric values (of the order of the experimental er-
ror in crystallographic data) might significantly alter the
results.

Another relevant study was performed by Ryde et al. [10,
78], who estimated inner-sphere A from their calculated
model of the Pc site (see discussion above) to be 62 kJ/
mol, which corresponds to about 0.64 eV. Similarly to
Larsson [76, 77], they found that comparison of theoreti-
cal with experimental estimates of A is not at all straight-
forward. In fact, the experimental value also contains the
contribution from the outer sphere, which includes the
protein matrix, the solvent and the redox partner docked
to the protein. Thus, Ryde et al. [10, 78] provided an ap-
proximate value of the total A by combining the computed
inner-sphere A with an estimate for outer-sphere contri-
bution (42 kJ/mol = ~0.45 eV) obtained by force-field
calculations on the complex formed by Pc and its electron
donor Cyt f docked in a few different conformations. The
resulting total A was about 100 kJ/mol (=1.04 eV), which
is comparable to the experimental value obtained for Pc
(102 kJ/mol, i.e. ~1.06 eV) [79].

On the basis of their calculations on a model Cu-site
structure, the authors then discusses how a low reorgani-
zation energy is achieved by BC proteins through an ap-
propriate choice of Cu ligands. According to the authors,
being the inner-sphere A calculated on model systems
comparable to that of the Cu site in the protein, neither the
reorganization energy nor the site structure seem to be af-
fected by the protein matrix. In open contrast with other
researchers [80] who support the idea that a low A is
achieved through a constrained coordination imposed by
the protein matrix on the Cu site, Ryde et al. [10, 78] af-
firm that the low reorganization energy observed is
achieved by the site flexibility. This is ascribed to the
presence in the first coordination shell of particular Cu-
coordinating atoms, such as Sy, which seems to be able
(as demonstrated by calculations) to modulate its position
with respect to the copper at very low cost.

In addition to the reorganization energy evaluation, Lars-
son [76] also presented an ab initio QM study of ET path-
ways in Pc. He modeled a limited region of the Pc struc-
ture, obtained by cutting out the protein around the Cu
site and subsequent saturation of the dangling bonds with
H atoms. This region contains the Cu atom and its four
amino acid ligands (H87, H37, M92 and C84) (fig. 2)
plus the residues connecting C84 to H87 (E85 and P86)
and Y83, directly bound to C84. Y83, located in the east-
ern site, midway between the small and the large acidic
patches (fig. 4), might be involved in ET. Larsson used a
semiempirical QM method (INDO/S) [81] to evaluate the
possibility that this residue is the entry/exit site for elec-
trons. More precisely, he hypothesized a proton-transfer-
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assisted ET in which, after association with the partner
protein, Y83 loses its hydroxyl proton (which has a rela-
tively low pKa value of ~9), leaving an activated conju-
gated system that could donate an electron to the partner.
An electron coming from the proper Cu site could then
‘move’ readily [81] to the Y83 to substitute the lost elec-
tron. The calculations showed that the Highest Occupied
Molecular Orbital (HOMO) of the reduced Cu-site—Y 83
system is localized isotropically on the Cu atom and its
ligand residues, with a peak on the solvent-exposed H87
and vanishing electron density on Y83. Calculations on
the system after removal of the Y83 hydroxyl proton
showed instead that HOMO is completely localized on
the activated tyrosine. Thus, the hypothesis is that excess
electron charge on the deprotonated Y83 is transferred to
the other protein (intermolecular ET) and replaced by an-
other electron from the Cu (internal ET). This might be
the electron pathway connecting the Cu site of Pc with the
outer world, i.e. in this case, the electron acceptor of Pc,
PSL

FF methods

An alternative way to treat the ET and to evaluate the H,,
term in equation 7 for BC proteins was presented some
years ago by Ullmann et al. [50]. They used Pathways, a
semiempirical approach developed by Beratan et al. [82],
to identify the different possible ways in which the elec-
tron can move from the heme of Cyt f to the Cu site of Pc,
taking into account the whole structure of the protein
complex.

The Pathways model allows one to evaluate the electron
coupling (H,p) between an electron donor site and an ac-
ceptor site that are not directly coupled and that are sepa-
rated by an intervening medium, called the bridge. As
shown in equation 7, the kg; is proportional to |Hp,|?
through the FC factor. Therefore, by estimating Hy,,, the
method provides an estimate of the rate of the ET process.
The quantum-mechanical effects are not explicitly ac-
counted for, and the method is based on a parameteriza-
tion of electron tunneling through different bond types.
The concept of electron tunneling path is introduced and
1s meant as a combination of covalent, H-bond and van
der Waals interactions connecting the donor site to the ac-
ceptor site. Each bond type has an associated factor de-
scribing the probability that an electron is transferred
through that bond (the attenuation of the electronic cou-
pling is lower for ET through covalent bonds and it in-
creases progressively for H-bonds and van der Waals con-
tacts). Many different electron pathways connecting the
same donor and acceptor sites can be found, whose elec-
tronic couplings differ depending on the nature of the
bonds in each path. The method may be deficient in de-
scribing situations in which not only the nature of the
bridging medium but also the solvent or other local fac-
tors largely affect the ET process. Due to the approxima-
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tions of the method, only trends in Hy,, values should be
considered, since absolute values have little meaning.
Ullmann et al. [50] applied the Pathways method to six
different configurations of the Pc/Cyt f complex that they
obtained after docking and MD simulations (see para-
graph 2a). The configuration with the strongest electronic
coupling was the one with the shortest Cu-Fe distance,
not the most energetically stable one. The most energeti-
cally stable configuration had the second-best electronic
coupling. The best path showed the electron moving from
a heme propionate to P86 in the northern site of Pc,
through van der Waals interactions, and then directly to
the Cu through H87 or the path S85-C84, which are
tightly coupled to the Cu (fig. 7). In all cases, the path
C84-S85-P86-H87 in the northern site seems to be in-
volved in electron transfer. These electronic pathways can
also be envisaged in the NMR/MD ensemble structures
determined by Ubbink et al. [38], where, however, an ad-
ditional putative electron path is also suggested, which
connect directly the Fe-ligand Y1 directly to the Cu-lig-
and H87 (see fig. 7).

Ullmann et al. [50], similarly to Larsson [76], also specu-
lated on the possibility of a different electron pathway,
which could involve interaction of Y83 with a charged
side chain of Cyt f. Here, Y83 is treated as an electron ac-
ceptor, in contrast to Larsson’s hypothesis. In the energet-
ically most stable structure of Ullmann et al. [50] a hydro-
gen bond or a cation-Tt interaction between Y83 and Cyt f
K65 could be established. The cation-mt couple (formed
between the positive ion of the K65 and the aromatic ring
of'Y83) could act as an electron acceptor and form a radi-
cal intermediate during the electron transfer from Fe to
Cu. Even though the formation of this intermediate has
never been detected experimentally, it could theoretically
form in vivo during the interaction of Pc with the physio-
logical partner. In this case, the transfer of the electron
from Fe to Cu would not be direct but mediated by Y83. To
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Figure 7. Scheme of the possible ET pathways from the heme in
Cyt f to the Cu in Pc proposed by Ullmann et al. [50]. The residues
at the Pc/cyt f complex interfaces, the Cu atom and the heme (with
its propionates) are represented. Symbols: straight line (—), cova-
lent bonds; broken line (- - -), hydrogen bonds; dotted line (eee),
van der Waals interactions.
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analyze this process, Ullmann et al. [50] performed Path-
ways calculations by splitting the problem in two parts,
from Fe to Y83 and from Y83 to Cu, and considering all
the conformations recorded during the MD simulation
that led to the most stable optimized conformation. The
analysis highlighted a pathway, at the beginning of the
simulation, which was mainly composed of hydrogen
bonds connecting Fe and Cu through K65 of Cyt fand Y83
of Pc (fig. 7). This path was not persistent in the simula-
tion due to disruption of the H-bond network involving
Cyt £ K65, as a consequence of its diversion towards the
Pc acidic patch. In this situation, the ET pathway runs
through a different route via backbone atoms connecting
K65 of Cyt fand Y83 of Pc. This second path was charac-
terized by a much lower electronic coupling than the first
one, suggesting that the structures of Pc and Cyt f need to
be in a precise orientation and conformation for the com-
plex to be electron transfer active. The presence of these
electron pathways connecting Pc Y83 and Cyt f K65 can-
not be observed in the NMR/MD structures by Ubbink et
al. [38], since the K65 side chain points towards the small
acidic patch residues S58 and E59, far away from Y&3.
The Pathways analysis [50] provided a viable explanation
for the results of cross-linking experiments [83—84],
which demonstrate that ET from Fe to Cu can be pre-
cluded by covalently bonding an acidic residue in the
eastern site of Pc to a lysine of Cyt f. Ullmann et al. [50]
hypothesized that formation of a relatively rigid (or cova-
lent) complex structure might prevent the complex re-
arrangement that is necessary for ET, and/or disrupt the
interaction between Pc Y83 and Cyt f K65, thus com-
pletely blocking the ET reaction.

Besides A and H,,, the third factor to be considered is the
variation of the free energy AG° due to the redox reaction,
i.e. the redox potential. In De Rienzo et al. [85], the vari-
ation of the experimental redox potential E,, (midpoint re-
dox potential) in a Pc mutant series [53] was studied by
computing the redox potential differences (AE,). be-
tween the Cu(I) and Cu(II) states of the wt Pc and its mu-
tants. Redox potential differences were computed as

(AEm)c = (EmPC)c - (Eth)c (10)

where (E,,Pc), is the computed redox potential value of
each mutant and (E wt), is that of the wild type. The val-
ues (E,,wt), and (E,,Pc), were computed considering the
electrostatic free energy difference between the reduced
and the oxidized form of the each protein [85].

Briefly, this procedure computes the pKa values of each
titratable group in the protein, taking into account its en-
vironment and allowing the pK,s of titrating residues to
be evaluated from the average protonation states of each
site at a given pH. The electrostatic free energy is then
calculated by integrating the titration curve.

The calculations were performed for both the reduced
and oxidized states of the protein, to evaluate the differ-
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ence in the electrostatic free energy of the two states,
which, at a given pH, is related to the redox potential by
the Nernst equation (AG® = — nFE). If there are no rele-
vant conformational changes of the protein within the
range of pH considered for the titration curve, the values
of the redox potential obtained at a given pH can be com-
pared with those from experiments carried out at the
same pH. For Pc, this is true for pH > 5 [34].
Considering that the available experimental values of the
midpoint redox potential are accurate to £3 mV, the cal-
culated values are in reasonable agreement with the ex-
perimental data, though generally underestimated. The
underestimation might be a consequence of the lack of
conformational flexibility (which could affect the entropy
of the system) in the computational procedure.

QM/MM methods

Very recently, Olsson et al. [86] published a paper where
they report on the calculations of reduction potentials of
Pc and rusticyanin (Rus). These two BC proteins have
very different redox potentials (375 vs. 680 mV for Pc vs.
Rus, meaning a redox potential difference of 305 mV),
while having nearly identical Cu sites. The authors inves-
tigated the possible reasons for this difference and com-
pared the results obtained with different simulation tech-
niques, including all-atom classical methods, with or
without a polarizable force field, the semiempirical
macroscopic protein dipole Langevin dipole method and
QM/MM approach.

In the semimacroscopic calculations, a relevant number
of configurations for both redox states were produced for
averaging the electrostatic energy, which was then used as
input in the Linear Response Approximation formulation
[87]. Interestingly, this approach gave rise to the best es-
timates of the reduction potential differences between Pc
and Rus: AE° is in fact about 310 mV, in the range of the
experimental value (305 mV). Instead, with the long
(about 1 ns) all-atoms classical simulations, the reduction
potential difference obtained was much larger (500—
700 mV). Even repeating the simulations for a large num-
ber of protein configurations did not lead to results com-
parable to the experimental data. This problem was par-
tially overcome using a polarizable force field: the Pc-
Rus redox potential difference fell then in the range 269—
313 mV, thus being in good agreement with experiments.
The implementation of a QM/MM simulations arose
from the need to describe the system to a more accurate
level, to represent correctly its physical behavior and to
improve the predictive power of simulation and energy
calculations. Here, the system was split into three re-
gions: (i) the core, constituted by the copper, its ligand
residues and the closest water molecules, which was
treated by an ab initio approach using regular full DFT;
(i1) the outer region, made of the rest of the protein matrix
and the solvent, which was treated with a classical force
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field; (iii) the region at the interface between the QM and
the MM parts, generally constituted by the residues and
the water molecules in the second coordination shell
of the metal, which was represented by frozen electron
density with a frozen density functional (FDFT). This
method is faster than classical QM/MM approaches
where the interface is represented with point charges,
thus it allows one to include in the QM part a larger por-
tion of the whole system and to run the calculations over
different configurations in order to obtain an average
value of the computed property. The FDFT QM/MM ap-
proach, depending on system modeling and implementa-
tion, produced an energy difference between the two BC
proteins of 180— 340 mV. Thus, at the present stage of de-
velopment, a lower description level is still able to pro-
duce better estimates of the reduction potential than an
accurate quantum-mechanical treatment of the system.
The authors also studied a model Cu site (with no protein
matrix around) in an aqueous environment, to obtain fur-
ther insight into the origin of the E° difference between Pc
and Rus. They found that the redox potential for this
model system ranges from 400 to 600 mV, lying between
that of Pc and that of Rus. They deduced that the primary
effect of the protein matrix is to tune down the redox po-
tential for Pc and to tune it up for Rus, as a consequence
of different orientation and organization of the micro-
scopic protein and water dipoles in the two protein sys-
tems.

Olsson et al. [86] pointed out in their work two essential
aspects of redox potential calculations: (i) the importance
of considering explicitly the influence of the active site
environment (both protein and solvent) which contributes
to the energy changes related to protein function, and (ii)
the need to perform a proper configuration sampling and
to consider average property values, as a consequence of
the high flexibility and dynamics of the protein systems.

Structure-function relationships

Understanding the structure-function relationship in pro-
teins is fundamental, since this, with the aid of protein en-
gineering and molecular biology techniques, may allow
the design of new proteins with desired properties and
functionalities.

We have already discussed how theoretical quantities de-
rived from 3D protein structures in water can be useful to
describe the different behavior of proteins under different
conditions [25, 26]. However, from a different point of
view, it is interesting to ask what molecular determinants
are intrinsic to protein structure and sequence and
whether and how they can be related to specific func-
tions. The idea is to infer from the protein structures in-
dices which contain information about a particular struc-
tural property, and to compare variations of these indices
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to variations observed experimentally in the behavior of
the proteins.

Semi-quantitative structure-function relationships

of cupredoxins

Despite the large amount of data now available from mu-
tagenesis studies, kinetic analysis and biochemical as-
says, a detailed functional characterization of the proteins
belonging to the different cupredoxin subfamilies is dif-
ficult to achieve experimentally, due to the complexity of
the redox cascades in which they are involved. As previ-
ously mentioned, all the cupredoxins have similar barrel-
like architectures and ET properties [34, 41]; however,
their sequence similarity is low, and they can recognize
and bind different partner proteins. The redox partners
are unknown in the case of many cupredoxins, and to
complicate the picture further, the interaction of a cupre-
doxin with its partner does not seem to be exclusive: in
fact, it is possible that more than one donor or acceptor is
suitable for interaction with the same cupredoxin and, on
the other hand, that the cupredoxin itself might be substi-
tuted with other isofunctional proteins [50, 88, 89].

With the aim of gaining a comprehensive, objective and in-
sightful overview of the interaction properties of the cupre-
doxin superfamily, De Rienzo et al. [90] recently computed
indices which describe the interaction properties of the
available 3D structures of cupredoxins using the PIPSA
(Protein Interaction Property Similarity Analysis) proce-
dure [33, 91]. These indices were used to perform a semi-
quantitative comparative analysis of the proteins to identify
the differences in the structural features of cupredoxins
that can affect their molecular recognition properties. Mol-
ecular interaction fields (MIFs), in particular the molecu-
lar electrostatic potential (MEP), which is effective at
medium and long range, and the hydrophobic interaction
field were computed for all the cupredoxins. To obtain de-
scriptors of MIF variability, the electrostatic and hy-
drophobic properties were then compared quantitatively by
means of the pairwise similarity index (SI) [92], which
translate the property differences observed between any
two proteins into a single number.

The analyses resulted in an extensive comparison of in-
teraction properties for a set of BC proteins with known
3D structure representing the different cupredoxin sub-
families (plastocyanins, azurins, pseudoazurins, ami-
cyanins, rusticyanin, basic copper protein, stellacyanins),
providing a classification of the BC proteins with respect
to their MIFs.

To verify whether the interaction properties depend
strictly on the protein structure, pairwise comparative
analyses of the sequence and the structural elements of
the proteins were also performed.

The results showed that the hydrophobic interaction prop-
erties are strictly related to the protein sequence and local
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structure. This is probably a consequence of the fact that
the hydrophobic interactions are effective at short-range
distances from the protein structure and therefore they
depend largely on the local structure and sequence varia-
tions. Thus, proteins sharing a similar sequence will share
similar hydrophobic properties. On the other hand, simi-
larities in the electrostatic properties do not simply mir-
ror the similarities of protein sequences and structures.
This was a crucial result, meaning that for understanding
the function of a protein, it is not enough to consider sim-
ply its local structure or sequence. In fact, the detailed
analysis of the electrostatic potential of cupredoxins pro-
vided different and complementary information with re-
spect to those related to sequence and structure. For
example, it showed that some proteins belonging to dif-
ferent subfamilies (and having very low sequence simi-
larities), such as amicyanins and pseudoazurins, can
have similar electrostatic potentials (fig. 5). This result
explained the experimental observation that in certain
environmental conditions, these two proteins might work
as isofunctional proteins. Similarly, some Azs and
pseudoazurins, although having different overall binding
profiles (fig. 5), showed sufficient local similarity to bind
to redox partners belonging to the same family (Cu-
NIRs) [90, 93]. On the other hand, it was possible to ob-
serve that proteins belonging to the same subfamily, such
as eukaryotic, algal, fern and cyanobacterial Pcs, might
show different interaction properties (fig. 5), consistent
with the differences observed in their binding specifici-
ties to their redox partners, as previously discussed.
Besides the different specific applications, what is partic-
ularly interesting in this method is the fact that it is rapid,
automated and reliable, which renders it particularly
suited for large-scale analyses and comparisons of large
numbers of experimentally determined and modeled pro-
tein structures. The limitations are in the qualitative or
semi quantitative nature of the results which, neverthe-
less, can be used to design experimental assays to obtain
further insights into the physiological functions of the
proteins.

Quantitative structure-function relationships

of cupredoxins

In the field of pharmaceutical chemistry, theoretical
methods have long been developed to describe the influ-
ence of the structure of drugs (or of potentially active or-
ganic molecules) on the function they play in living or-
ganisms. Methods to derive quantitative structure-activ-
ity (QSAR) and structure-property relationships (QSPR)
have been widely used in the literature. They aim is to de-
rive theoretical indices able to decipher the code of vari-
ations of the molecular structure and to relate them, in a
quantitative way, to experimentally observed variations
of specific functional properties (e. g. binding affinity, se-
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lectivity, efficacy, activity). Classically, these indices de-
scribe the property of a whole molecule and are based on
molecular connectivity and the chemical nature of the
constituent atoms. Although good predictive models have
been obtained for small organic molecules, application of
this same technique to large molecules is not yet straight-
forward due to the complexity of the biological systems,
i.e. the huge number of atoms they contain, their confor-
mational flexibility, the difficulty of obtaining experi-
mental information about their functionality etc. How-
ever, the overwhelming growth of information about pro-
tein function provided in the last years by structural
genomic and proteomics studies can help to move the
QSAR/QSPR perspective from small organic molecules
to macromolecules such as proteins.

De Rienzo et al. have shown [59, 85, 94] that it is possi-
ble to use descriptors, typically developed for QSARs of
small molecules, to perform QSPR studies of series of
protein mutants. This approach proved to be successful in
elucidating the causes that determine the variations of
molecular properties crucial for protein function. The
studies were performed on the Pc/Cyt f system, and the
biological functions analyzed were (i) the capability of
the two molecular systems to recognize and bind each
other, (ii) the electron transfer between them and (iii) the
redox properties of Pc. The experimental data, which
highlight the trends in these protein functions, are re-
spectively:

(i) the mutation-dependent variation of the association
constant K, (see eq. 5) for the Pc/Cyt f interaction
process, which describes the ability of a protein to
bind its partner [85];

(i1) the mutation-dependent variation of the overall ET
rate constant k, (see eq. 6) [59, 85]; and the redox
potential E [86] of the Pc/Cyt f electron transfer,
which relates to the efficiency of the whole process
between the two molecules;

(iii) the mutation-dependent variation of the thermody-
namic experimental parameters (AH®, AS°, AE®) of
the Pc Cu(Il) reduction, which describes the redox
properties of the Pc variants at an electrode [94].

The K,, k, and E,, data in 1) and 2) were available for a
set of spinach Pc mutants with single or multiple muta-
tions in the region of the eastern site involving residues
D42, E43, D44, ES9, E60 and Q88, which interact with
the wt form of Cyt f from turnip (fig. 4) [53]. The ther-
modynamic data in 3), in contrast, were available for a set
of spinach Pc variants obtained by mutating three
residues in the region of the Cu site, L12, Q88 and N38
(northern site mutants), which are thought to influence
the redox properties of the protein (fig. 4) [94].

The protein descriptors which yield the most significant
correlations are related to (i) electrostatic and dipole-di-
pole interactions, effective at medium- and long-range
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distances (encoded by indices derived from the dipole
moment or the MEP [59, 94]); (ii) polar interactions (en-
coded by partial charged surface area indices [95]); (iii)
hydrogen bond interactions (encoded by descriptors such
as the hydrogen bond interaction energy or the surface
area accessible to solvent and capable of establishing H-
bond interactions) [96]; (iv) dispersion and repulsive in-
teractions (encoded by descriptors which take into ac-
count the steric hindrance or the branching ratio [97]).
In addition, estimations of mutation-dependent variation
of wt Pc redox potential E, and overall reaction rate k,
were obtained by electrostatic free-energy calculations
[86] and BD simulations [59], respectively.

The QSPR analysis showed that at least for Pc eastern site
mutants, the recognition and binding process is the limit-
ing step, while the intracomplex electron transfer is little
affected by mutations [53]. In fact, mutations of the neg-
atively charged residues of the Pc eastern site into posi-
tively charged or polar residues strongly affected the elec-
trostatic properties of the protein and especially its dipole
moment, reducing the protein polarity and its ability to at-
tract the basic patch of Cyt f and, consequently, the over-
all reaction rate. Alternatively, it can be said that the more
mutations perturb the electrostatic distribution on the wt
Pc surface, the more the reaction of the Pc mutant with
Cyt f is hampered. This provided a theoretical confirma-
tion to the thesis by Kannt et al. [53] that the overall rate
constant for the Pc/Cyt f reaction is mainly affected by
electrostatically steered association.

The northern site Pc mutants were used to study the rel-
ative variation of the thermodynamic parameters and the
redox potential of Pc with respect to an electrode [94].
This was useful to address the issue of how and to what
extent the protein matrix and the solvent selectively sta-
bilize the two oxidation states of the Cu atom in spinach
Pc and to establish relationships between the redox po-
tential (E°”) and protein structure/sequence features.
QSPR analyses were performed to determine how struc-
tural factors and electrostatic and solvation effects influ-
ence the redox properties of Pc through the combined ef-
fects on the reduction enthalpy and entropy.

The analysis showed that the changes observed in the re-
duction enthalpy of Pc can be explained mainly on elec-
trostatic bases, considering the variation of the dipole
moment and its components. More precisely, a negative
charge introduced in the surroundings of Cu seemed to be
capable of stabilizing the Cu(Il) state, enhancing the re-
duction enthalpy with respect to the wt protein (less neg-
ative AH}/ values) and decreasing the reduction potential,
while opposite considerations hold for insertion of a pos-
itive charge. On the other hand, the variation of the re-
duction entropy seemed to be related to the capability of
the protein to donate or accept hydrogen bonds.
Counterintuitively, if an extended negative surface area,
which can accept H bonds, is localized on the northern re-
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gion of the protein, the Cu(]) state is favored entropically,
while if the same region is positive and capable of donat-
ing H bonds, then the Cu(II) state is favored. Thus, the in-
sertion of a mutation can modify the charge distribution
around the copper site and affect the dipolar features of
the wt Pc in such a way as to determine a realignment of
the water dipoles at the Cu site, and with consequences on
the redox state stability which are opposite to that ex-
pected on the basis of electrostatic effects.

The analysis also showed that the presence of a strong hy-
drogen bond network in the proximity of the Cu can affect
the redox potential in the sense that the insertion of residues,
which enlarge the H-bond network thus favoring the rigid-
ity of the copper site, tends to stabilize the Cu() state.

All these results support the idea that the redox potential
of Pc is largely affected by the electrostatic field experi-
enced by the solvent around the protein.

Conclusions

This review summarizes recent research trends in the ap-
plication of computational approaches to the study of
cupredoxins, a superfamily of copper-containing pro-
teins. The interest in these proteins is primarily due to
their involvement in complex redox processes fundamen-
tal for their host organisms (such as photosynthesis).
Cupredoxins are themselves experimentally well charac-
terized, but their interactions with their ET partner pro-
teins are only partially characterized experimentally. To
obtain a complete and detailed description of these sys-
tems means not only unraveling the microscopic features
of their structure and function, but also understanding
how the structural modifications and the physicochemi-
cal properties of the environment influence the protein
functionality.

First, the interest in understanding the influence of the
environment on protein local structure is highlighted [ 10,
21, 23, 24-27]. Experiments and computational studies
are aimed at answering questions such as: To what extent
are the local properties of the metal site determined by its
protein and solvent environment? Which is the influence
of protein internal dynamics on structural regions rele-
vant for the protein functionality? How is protein confor-
mation connected to solvent dynamics? Although the an-
swers to these questions are not unique, they all point out
the importance of simulating a model system that is as
complete and consistent with the real biological system
as possible. As a consequence, mixed methods combining
computational approaches, such as DFT or quantum-
chemical and molecular mechanics methods, are being
increasingly applied and preferred to traditional methods
due to their versatility and ability to describe the same
system at different levels of detail. Thus, the solvent (typ-
ically water) can be explicitly introduced in the simula-

Review Article 1139

tions or described using implicit parameterization. In ad-
dition, MD and essential dynamics are extensively used
to provide insight into the dynamic behavior of the pro-
tein structure in its solvent environment and to relate con-
formational changes and internal fluctuations to the func-
tional role played by the proteins.

The environment not only affects the protein structure but
also protein functionality. In computational studies, it is
important to take into account modifications of solvent
characteristics such as pH and ionic strength, and to ana-
lyze them in the light of the different functions played by
the protein [32]. pH and ionic strength are particularly
relevant when molecular recognition and protein-protein
association are studied [59, 62]; however, other protein
functions can also be affected, such as electron transfer,
as in the case of cupredoxins [76].

Two fundamental processes in which the BC proteins are
involved have been analyzed and studied extensively and
from different perspectives: the association of cupredox-
ins with their partners and their electron transfer. Force-
field-based computational techniques (electrostatic po-
tential calculations, MD, docking, BD) are used in com-
bination with experimental assays to understand how
proteins bind to each other, to propose hypotheses for the
structure of bimolecular protein complexes [1, 38, 67]
and to estimate rate constants for association [59]. Deriv-
ing clues for understanding the details of ET processes
in biology is a far more complicated matter to be ap-
proached computationally. Questions such as: What are
the requirements for fast electron transfer? How does an
electron exit or enter the Cu site? Which residues are di-
rectly involved in the ET process? How can we estimate
the parameters involved in the ET process, such as reor-
ganization energy, electronic coupling between two redox
active sites and reduction potential? These issues are ad-
dressed with computational approaches which imply dif-
ferent levels of system description. Ab initio QM meth-
ods [76] are used to focus on the local properties of the
region around the Cu site such as reorganization energy
or change in charge distribution during ET. Force-field-
based methods [50, 85] are applied to the analysis of the
whole protein system in order to compute the electronic
coupling and the ET rate constant between two metallo-
proteins, or provide estimates of reduction potential. Fi-
nally, QM/MM simulations are being implemented with
the hope of enhancing the power of computer techniques
to predict the redox energy, thanks to a more physical de-
scription of the systems.

Recently, a new quantitative approach (QSPR) commonly
used in pharmaceutical chemistry has been introduced to
rationalize the influence of protein structure on protein
function and to quantify their relationship with the aid of
regression models [4, 59, 85, 90, 94]. Once validated on
different protein systems, the application of QSPR analy-
ses might be exploit in protein engineering.
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