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Abstract: Much is now known about how protein folding occurs, through the sequence analysis of proteins of known 
folding geometry and the sequence/structural analysis of proteins and their mutants. This has allowed not only the modifi-
cation of natural proteins but also the construction of de novo polypeptides with predictable folding patterns. Struc-
ture/function analysis of natural proteins is used to construct derived versions that retain a degree of biological activity. 
The constructed versions made of either natural or artificial sequences contain critical residues for activity such as recep-
tor binding. In some cases, the functionality is introduced by incorporating binding sites for other elements, such as or-
ganic cofactors or transition metals, into the protein scaffold. While these modified proteins can mimic the function of 
natural proteins, they can also be constructed to have novel activities. Recently engineered photoactive proteins are good 
examples of such systems in which a light-induced electron transfer can be established in normally light-insensitive pro-
teins. The present review covers some aspects of protein design that have been used to investigate protein receptor 
binding, cofactor binding and biological electron transfer.  
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INTRODUCTION 

 Proteins are amino acid sequences that are folded into a 
unique structure allowing them to perform specific structural 
or catalytic functions. The diversity of folded protein struc-
tures affords an enormous range of biological functions. The 
folded structure allows functional groups such as the side 
chains of residues, organic cofactors or redox-active metals 
to come into close proximity with each other. All residues 
play a role in the overall structure and stability of the protein, 
although only a small number of them have a key functional 
role. These key residues can be involved in enzymatic activ-
ity, receptor binding, cofactor binding or redox chemistry. In 
this review, we summarize some of progress made in creat-
ing functional artificial proteins from natural or synthetic 
amino acid sequences in relation to receptor binding, metal 
and porphyrin binding, and constructing photoactive pro-
teins.  

PROTEIN STRUCTURE 

 The uniquely configured native structure of a protein is 
formed from a random coil through a transition where an 
astronomical number of other configurations can theoreti-
cally occur. For proteins with < 100 residues, the transition 
often appears to be without any kinetic intermediates and 
involves only two states, native and denatured [1, 2]. The 
chain length seems to be the main criteria for two-state fold-
ing. The stability of proteins with a two-state folding behav-
iour can change by 2-8 kcal/mole while the unfolding and 
refolding rates can vary by more than a factor of 105 [2]. The  
 

*Address correspondence to this author at the Research School of Biological 
Sciences, and Department of Chemistry, The Australian National Univer-
sity, Canberra, ACT 0200, Australia; E-mail: reza.razeghifard@anu.edu.au 

rate-limiting step in the folding transition is the rate of the 
formation of a particular conformation in a set known as the 
transition-state ensemble which is an ensemble of structures 
with similar energies [3]. In a thermodynamic view, a suffi-
ciently large energy gap is required to favor the native state 
over the unfolded state and partially folded states. The low-
est energy conformation is stabilized by a number of factors 
including hydrophobic effects, van der Waals packing inter-
actions, hydrogen bonding and disulfide covalent bond for-
mation. The topology of the transition-state ensemble is 
similar to that of the native state, but it lacks native-like 
properties such as the full formation of secondary structure, 
the close packing of side chains and complete burial of hy-
drophobic residues from the solvent. For example, the study 
of mimics of partially unfolded intermediates for cyt b562 at 
atomic resolutions showed that these intermediates had na-
tive-like topology but lacked native-side chain interactions 
[4].  

 Proteins that perform the same function often have a dif-
ferent amino acid sequence in different species. In many 
cases modifying a protein results in no loss of stability and 
even sometimes produces a stability increase [5]. For exam-
ple, many studies have been performed to understand the 
relatively high-temperature stability of thermophilic and hy-
perthermophilic proteins. The thermostability of these pro-
teins seem to be related to an increased proportion of hydro-
phobic residues with branched side chains and charged resi-
dues as well as deletion or shortening of loops [5]. In a re-
cent study made on cytosine deaminase, an enzyme that con-
verts cytosine to uracil, it was shown that three substitutions 
of one hydrophobic residue for another (A23L/I140L/V108I) 
produced a 10 °C increase in apparent melting temperature 
Tm and a 30-fold increase in half-life of the enzyme at 50 °C, 
with no reduction in its catalytic activity [6]. The crystal 
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structure of the mutant at 1.7 Å revealed the tight packing of 
these residues in the enzyme core filling cavities providing a 
70 Å2 additional buried surface area. Mutation of surface-
exposed residues can also play an important role in protein 
stability. The enhanced stability of a thermophilic cold shock 
protein (Bc-Csp) compared to its counterpart from a meso-
phile (Bs-CspB) was shown to be mainly due to electrostatic 
interactions of Arg 3 and hydrophobic contribution of Leu 66 
at the C-terminus [7]. When both residues were introduced 
into Bs-CspB the midpoint of the thermal unfolding transi-
tion was increased by 20.6 °C. Both Bs-CspB and Bc-Csp are 
small (66-67 residues), monomeric proteins with no disulfide 
bonds.  

 On the other hand, proteins are also known to exist in an 
ensemble of conformers with the equilibrium shifting in fa-
vor of the native conformation upon binding to their targets 
(for a review see [7]). In some extreme cases, functionally 
active proteins are found to exist in natively unfolded con-
formations. The advantage of molecular disorder seems to be 
in adopting various folded structures to recognize different 
biological partners. Some examples of these proteins are the 
fibronectin-binding domain protein [8], tau protein  [9], 
prothymosin  [10] and the cyclin-dependent kinase inhibi-
tor p21waf1/cip1/sdi1 [11]. In the case of these proteins, the dis-
ordered structure and conformational variability are related 
to their binding diversity that is required for their biological 
activity. When designing a ligand for a receptor, the impor-
tant factor is that the actual structural target of the ligand is 
achieved upon receptor binding. This is often the case for 
designing short peptides as the ligand because short peptides 
lack the complexity necessary for forming a stable confor-
mation [12].  

 The implication is that since natural proteins can tolerate 
a variation in the sequence, there is a potential for redesign. 
However, successful design of proteins from scratch is lim-
ited by our current knowledge of the relationship between 
the amino acid sequence and the folded structure of a pro-
tein. There has been some recent progress in making small 
artificial proteins with a desired fold using mainly two ap-
proaches, rational and combinatorial designs. In the rational 
design, a sequence is chosen such that the desired target is 
achieved based on rules governing folding a sequence into a 
particular geometry. The rational design often proceeds 
through an iterative process. The design strategy can be posi-
tive, incorporating rules directed towards obtaining the target 
fold, or negative by including rules disfavoring alternative 
folds. In the combinatorial approach, variants are selected 
from libraries of sequences with the specific target structure 
or activity. Phage display is a common technique for this 
approach.  

PROTEIN DESIGN 

 One application of protein design is to construct simpler 
versions of proteins using either artificial or natural se-
quences. At present, one of the main challenges is to give 
thermodynamically stable designed proteins native-state 
characteristics. The native-like properties can be achieved by 
including sufficient structural complexity in the design. 
Thermodynamic and kinetic understanding of the direct for-
mation process of a native structure from an unfolded state is  
 

important for de novo design to avoid the formation of mol-
ten globular states [13]. Compared to the design of -sheets, 
the design of an -helix fold has been more successful. This 
is because interactions required for the formation and stabili-
zation of an -helical structure are between local residues 
while it can be long range for a -sheet involving residues 
that are ~20 amino acids apart in sequence. An -helix is 
basically formed by the formation of a hydrogen bond be-
tween the carbonyl oxygen of residue n with the amine hy-
drogen of residue n+4.  

 An alternating pattern of hydrophobic and hydrophilic 
residues in a heptad repeat is sufficient for the formation of 
an -helical structure [14]. For a heptad repeat, labeled a-g, a 
and d are typically hydrophobic while b,c,e,f,g are usually 
hydrophilic. In aqueous solution, designed helical peptides 
self-assemble into oligomeric structures such as a helix bun-
dle in order to shield the hydrophobic residues and give them 
further stabilization. An example of one such design is the 
antiparallel four-helix bundle protein formed from the de 
novo design of four monomeric helices (24 residues) using a 
heptad repeat template [15]. This mimics a commonly occur-
ring motif in natural proteins [16]. However, in general the 
construction of monomeric helices using a heptad repeat 
template is not sufficient alone to ensure a native-like struc-
ture. It is important that each hydrophobic residue on each 
helix monomer be selected carefully to maximize the stabil-
ity of the helix bundle protein. Three rounds of iterative de-
sign were used to find the most promising variants carrying 
Leu, Ile, Val, Ala or Phe in the a and d positions to produce 
four-helix bundle proteins with native-like structure [17]. 
Additional constraints can be placed on the properties of the 
four-helix bundle proteins by linking the -helix monomers 
with loops or disulfide bonds. Four-helix bundle proteins 
made of two helix-loop-helix [18] or two disulfide-bridged 
helical peptides [19] were constructed with NMR structures 
showing both anti or syn topologies. The incorporation of 
loops between individual -helices enabled the construction 
of three-helix proteins and provided a way to control the 
orientation of helices [20]. Examples of de novo designed 
four-helix bundles where all the helices are linked by loops 
were also presented [21].  

 On the other hand, -hairpins are comprised of two anti-
parallel -strands, with a building unit of a polar-nonpolar 
pair, joined by a loop (for a review see [22]). For example, a 
three-stranded antiparallel polypeptide was constructed that 
could cooperatively fold in aqueous solution [23]. Placement 
of aromatic residues, ionic interactions and the loop se-
quence all played a role in this successful design. The burial 
of hydrophobic groups and the interaction between aromatic 
side-chains seemed to stabilize the three-stranded conforma-
tion [24]. Recently, the design and characterization of a ho-
motetrameric miniprotein (BBA) was reported in which each 
monomer (21 residues) adopted a mixed  secondary 
structure [25]. The compact BBA miniprotein was then re-
designed to convert it into a heterotetramer [26]. A success-
ful design of a novel fold, not present in the Protein Structure 
Data Base, was reported for a 93-reside /  protein, called 
Top7 [27]. Top7 was shown to be monomeric with a good 
thermal stability and its structure was resolved by X-ray 
crystallography.  
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1. RECEPTOR BINDING 

 Protein-protein interactions between receptors and their 
ligands are generally quite specific. The specificity origi-
nates from the spatial arrangement of key contact residues on 
the ligand and their interaction with partners on the receptor. 
The interactions are in the form of hydrogen bond and hy-
drophobic or electrostatic interactions. It seems possible to 
create an antagonist through protein design by introducing 
interacting residues on the surface of another protein or a 
miniprotein. The miniprotein needs to have a stable structure 
preserving the spatial geometry of the binding interface or 
acquire such geometry after binding. To successfully design 
an antagonist, knowledge of the X-ray or NMR solution 
structure of the receptor-ligand complex is usually required. 
For example, a mimic of interleukin-4 (IL4) was created by 
transferring the key residues for binding to the IL4  recep-
tor (IL4-R ) onto helices of GCN4 [28] or DHP [29] (Fig. 
1). While GCN4 is a natural two -helical protein, DHP is a 
de novo designed four -helix protein. In the case of GCN4, 
the antagonist was made by introducing 8 residues of IL4 
and a disulfide bridge cross-linking two helices to improve 
binding affinity and stability. For DHP, an improved antago-
nist was achieved using 14 residues of IL4 even though its 
affinity for IL4-R  is still 2.7 104 times lower than that of 
IL4. A loss in stability by 5 kcal/mol was seen for this new 
designed DHP protein, but its structure was still well-ordered 
leading to an instructive crystal structure.  

 In another study, to create a fully -helical and biologi-
cally active version of a C-peptide (C34), the complete bind-
ing epitope (19 residues) was grafted onto the surface of the 
GCN4 protein (C34-GCN4) [30]. C-peptides, which are de-
rived from the C-terminal region of HIV-1 gp41, have an 
unstructured conformation when unbound but are -helical 
when bound to the gp-41 N-peptide region inhibiting HIV-1 
entry into cells. To improve the poor helical content and 
solubility of the C34-GCN4, it was linked by a disulfide-
bridge to the GCN4 protein forming a heterodimer denoted 
C34 coil. C34 coil exhibited potent antiviral activities with 
IC50 values of some nM which is an order of magnitude bet-
ter than those of C34. C34 coil was also shown to be about 
1,000 fold more resistance to proteolytic degradation. A 13-
mer peptide (WRYYESSLEPYPD) was designed to bind to 
snake-venom -bungarotoxin with high affinity (IC50 of 2 
nM) inhibiting the toxin interactions with the nicotinic ace-
tylcholine receptor [31]. This peptide was derived from a 
previous version, which was isolated using a phage display 
library, based on structural information of the peptide-toxin 
complex. The peptide appears to fold into a -hairpin struc-
ture created by two antiparallel -strands.  

 A mimic of interleukin-5 (IL5) was identified by random 
mutagenesis of the turn in a coiled coil miniprotein (CCSL) 
using the phage display technique [32]. IL5 is a homodimer 
comprised of two -helical bundles [33]. The structure also 
contains two antiparallel -sheet motifs on opposite sides of 
the molecule. CCSL is a 56-residue polypeptide with a disul-
fide bond connecting the N- and C- terminus [34]. It appears 
that the dominant selectant was the CCSL variant with a turn 
sequence (PVEGRV) resembling the -strand sequence in 
the CD turn region of IL5. For its binding ability, this variant 
of CCSL contains a Glu/Arg pair similar to Glu89/Arg91 of 

IL5 which are believed to be crucial for binding to IL5 
 receptor. The phage display technique was also used to 

search for a peptide antagonist of interleukin-1 (IL1) [35]. 
Some of these peptides were able to block binding of IL1  
to the type I IL1 receptor with IC50 values of about 2 nM. 
The binding was shown to be selective since these peptides 
did not bind the human type II IL1 receptor or the murine 
type I IL1 receptor. A mini-antagonist peptide (14-residues) 
based on the loop AB of IL6 was synthesized by computer-
aided design [36]. The peptide was shown to compete with 
IL6 for binding to human IL6  receptor.  

 A 27-amino acid CD24 mimic (2.9 kDa) was rationally 
designed to inhibit HIV-1 infection by binding to gp120 with 
a CD4 native-like binding affinity (IC50 of some nM) [37, 
38]. This mini-CD4 possesses the ability to unmask con-
served neutralization epitopes of gp120 that are cryptic on 
the unbound glycoprotein. The rational design of this potent 
mini-CD4 was based on modifying the original CD4M9 
miniprotein [39] by computer modelling using the crystallo-
graphic structure of the gp120-CD4 [40] as a template. The 
N-terminal residue of CD4M9 was replaced by thiopropionic 
acid to prevent unfavorable steric contacts at its N terminus 
upon binding to gp120. Also Phe23 was replaced by a 
biphenylalanine to increase its hydrophobic interaction with 
the apolar Phe43 cavity. The binding affinity was further 
improved by introducing three more mutations. CD4M9 is 
derived from the scorpion scyllatioxin with abolished toxic 
activity. It contains a solvent exposed -hairpin similar to 
that of the CDR2-like region of human CD4 [41].  

2. COFACTOR BINDING 

 It is estimated that more than 30% of all natural proteins 
require cofactors such as metal ions and organic moieties to 
carry out their biological functions [42]. Native scaffolds 
contain crafted binding sites that are proven to have high 
tolerance for cofactor substitution and mutation. The capac-
ity of binding sites to tolerate cofactor substitutions has al-
lowed the introduction of novel functions into a native pro-
tein without loss of the protein structural integrity. Cofactors 
can either be covalently bound to the protein backbone or 
coordinated to residues. There are various groups in proteins 
that are involved in cofactor ligation: amides from Asn, Gln 
or the protein chain, aminos from Lys or the N-terminus, 
carboxyls from Asp, Glu or C-terminus, hydroxyls from Ser 
or Thr, imidazole from His, sulphide from Met, thiol from 
Cys and carbonyls from the protein backbone [43]. Examples 
of cofactors are porphyrins like heme, (bacterio)chlorophyll 
((B)Chl), (bacterio)pheophytin ((B)Pheo), and redox-active 
metals.  

2.1 Porphyrins 

 Various oxidoreductase proteins use porphyrin type co-
factors. These cofactors include metalloporphyrins such as 
heme and Chl. The common heme cofactor is iron protopor-
phyrin IX. Chls are chlorin tetrapyrroles with a fifth ring 
fused to one of the pyrrole rings and Mg or Zn as their cen-
tral metal.  

2.1.1. Heme 

 Heme is used for a variety of functions by proteins. For 
example, while the hemes in the cyt b6f complex are in-
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Fig. (1). The structure of IL4 and DHP-14-AB with binding residues for IL4-R  highlighted. IL4 is a 129 amino acid protein containing three 
disulfide bonds. The IL4 structure is a highly compact left-handed antiparallel four-helix bundle with a short two-stranded antiparallel –
sheet [161, 162]. The helices are labeled A through D for residues 4-19, 40-60, 70-94, and 109-126, respectively. IL4 is a highly dynamic 
protein with an unfolding free energy of ~ 4 kcal/mol and a denatured-dependent m value ~ 1.3 kcal/mol-2 [163]. The multiple biological 
functions of IL4 are mediated through the formation of an oligomeric complex with a heterodimeric receptor complex consists of IL4-R  and 
either the common  receptor or the IL-13 receptor 1 chain. The high affinity binding of IL4 to IL4-R  is mediated through the complemen-
tary charged residues at the binding interface. The binding interface, determined from the crystal structure of the complex, is located on heli-
ces A and C with Glu9 and Arg88 as the most important binding residues [164]. The interaction of Glu9 with the receptor appears to have 
polar steering effect in the receptor-complex formation [165]. DHP-14-AB represents a de novo designed protein with 108 residues carrying 
binding residues for IL4  receptor on the adjacent helices A and B. It is a right-handed helical bundle that was created through two genera-
tions of design from DHP-1, based on the incorporation of positive elements and avoidance of negative elements. The DHP-14-AB protein 
showed a cooperative unfolding transition with an unfolding free energy of 8.1 kcal/mol and a well-ordered crystal structure. The low appar-
ent affinity DHP-14-AB for IL4R , IC50 of 27 μM, may be due to transplantation of only a subset of IL4 binding residues as well as the ge-
ometry of the helices interacting with IL4R . Figures were generated from PDB entries 1RCB and 1Y4C using DS Viewer (Accerlys, CA) 
program.  
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volved in electron transfer (ET), the primary function of 
heme in myoglobin (Mb) is O2 storage and transport. The 
biological function of heme is tuned by the protein environ-
ment through factors such as axial ligation, hydrogen bond-
ing, out-of-plane distortion and covalent attachment. For 
example, by random mutation of the protein environment 
surrounding the heme in horseheart Mb, the peroxidase ac-
tivity was significantly increased [44]. Variants of horseheart 
Mb were screened by separating E. coli colonies which 
turned green as a result of the peroxidase activity. One vari-
ant exhibited a 25-fold higher peroxidase activity compared 
to the wild-type Mb. In another study, variants of cyt P450 
were co-expressed with horseradish peroxidase in E. coli to 
screen for those with improved hydroxylation reactivity [45]. 
The peroxidase enzyme was used to convert the product of 
cyt P450 into a fluorescent compound for the activity assay.  

 The redox potential of heme in natural proteins is highly 
variable and spans over 800 mV in range (from +400 mV for 
cyt b559 to -400 mV for cyt c3) [46]. For example, the mid-
point potential of cyt c553 which performs anaerobic sulphate 
respiration is +20 mV [47]. This potential is lower, by 200-
450 mV, than for the general cyt c family and has been re-
lated to a high solvent accessibility of the heme propionate 
groups [48]. In c-type cyts, the heme has an additional cova-
lent attachment, compared to other hemes that are bis-ligated 
to the protein. For cyt b562 when the ligation of the heme was 
mutated from the native His/Met to the classic cyt b-type bis-
His ligation, the midpoint potential at pH 7 decreased by 270 
mV and the pH dependence of the Em was considerably al-

tered [49]. A new type of heme, named heme x, was recently 
discovered in the cyt b6f complex [50]. This atypical heme is 
covalently bound to the protein but lacks any protein axial 
ligands. The axial water ligand of heme x is hydrogen 
bonded to the propionate group of an adjacent heme. The 
function of heme x is currently unclear.  

 De novo designed heme binding proteins also exhibit 
catalytic activity such as CO binding, peroxidase activity and 
ET reactions. Eight of these proteins derived from combina-
torial libraries were studied to measure their affinity for CO, 
the kinetics of CO binding and release, and to analyze the 
local hydrogen-network environment around the bound CO 
[51]. The CO binding affinities were similar to that of engi-
neered Mb, with a narrow range of dissociation rate con-
stants from 0.028 to 0.11 s-1. For natural heme proteins, the 
CO dissociation rate constant can vary from 7.2 x 10-5 s-1 for 
horseradish peroxidase to 6.5 s-1 for cyt P450. When syn-
thetic heme proteins were screened for the peroxidase activ-
ity, one was found to have a turnover number of 17000 min-1 
that is fourfold lower than horseradish peroxidase but higher 
than μperoxidase [52]. Modulation of the redox potential 
was also achieved in simple heme maquettes [46]. The redox 
potential was varied over 435 mV through altering the elec-
tron-donating/withdrawing nature of the peripheral macrocy-
cle substituents of the heme and the protona-
tion/deprotonation state of neighboring charged residues. 
Some of the activity differences between natural and de-
signed proteins are due to partial shielding of the heme in 
designed proteins.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Chl binding sites in the cyt b6f complex (A) and peridinin-Chl protein (B). The Chl a in cyt b6f is a single Chl molecule ligated to the 
protein possibly by the carbonyl group of a Gly with an intervening water molecule. The phytyl chain ends within the Qo pocket where hy-
droplastoquinone oxidation and proton release take place. Less bulky side chains at the opposite wall of the cleft compensate for the presence 
of the phytyl chain.  The Chl a function in cyt b6f is not yet understood. The peridinin– chlorophyll a–protein (PCP) acts as an accessory 
photosynthetic light-harvesting pigment-protein complex in the dinoflagellate Amphidinium carterae. The complex transfers its excitation 
energy to PSII. The distance between the centers of the two Chl a molecules in the 30.2-kDa monomer of PCP is 17.4 Å. Peridinin pigments 
are not shown. Figures were generated from PDB entries 1PPR and 1Q90 using DS Viewer (Accerlys, CA) program. 
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 The cofactor may also perform a structural role that is 
important for the stability of the holo-protein. For example, 
in the absence of heme, apo cyt b562 is a molten globule due 
to partial unfolding of helix IV and a poor packing interface 
between helix III and IV [53]. The stability is given by the 
heme cofactor, which has an area of 1.0 nm2, by providing 
crucial hydrophobic contacts. To convert apo cyt b562 into a 
more stable structure, the phage display technique coupled 
with proteolysis was used to redesign this protein [53]. The 
rational was to increase the stability by filling the heme-
binding pocket cavity. Three residues of Arg98, His102 and 
Arg 102 (RHR) were randomly mutated to accomplish this. 
The axial ligand of the heme, Met 7, was also changed to a 
bulky Trp residue. The structure of two of the most stable 
variants ING and IRL, which surprisingly used a charged 
residue in the place of His, were then resolved by NMR or 
X-ray crystallography. This showed that all four helices were 
formed in these variants. The heme is also thought to assist 
the rapid submillisecond folding of cyt b562 by reducing the 
conformational freedom of the polypeptide chain. The as-
sumption is that the heme is still bound to the denatured state 
of cyt b562 [54] or the axial ligation of the heme Fe(II) to Met 
is the first step in the heme-facilitated refolding of cyt c-b562 
and cyt c556 [55]. Cyt c-b562 is a variant of cyt b562 in which 
heme is covalently linked to the protein like c-type cyto-
chromes.  

 Like natural proteins, heme can also play a structural role 
for de novo designed proteins. A four helix bundle protein 
made of four monomeric peptides was designed to selec-
tively bind two Fe(III)-diphenylporphyrin (DPP-Fe(III)) co-
factors through bis-His ligation [56]. In the absence of DPP-
Fe(III), the protein was mainly unstructured but the assem-
bled DPP-Fe(III)-protein complex gave rise to a well-
dispersed 1-D proton NMR spectrum which is indicative of a 
native-like structure. The structural specificity was cofactor 
dependent since the complex of heme with this protein 
lacked a well defined structure, as shown by its CD spectra. 
A successful design of another native-like complex was also 
reported for a di-heme four-helix bundle protein which was 
constructed as a model for cyt bc1 [57, 58].  

2.1.2. Chlorophyll 

 (B)Chl pigments are the photocatalysts in membrane-
bound photosynthetic protein complexes. These large pig-
ment-protein complexes have evolved into multi-component 
systems, which efficiently capture light energy and convert it 
into an electron flow. The light energy captured by (B)Chls 
in the light-harvesting systems is channeled to special photo-
oxidizable (B)Chls in the reaction centre (RC) where the 
photochemistry occurs. These special photo-oxidizable 
(B)Chls are called primary electron donors (P) and are the 
key determinant for the unique function of each photosys-
tem. Two photosystems (PSI and PSII) work in tandem in 
plants and cyanobacteria while only one photosystem (the 
bacterial reaction centre) is found in anoxygenic photosyn-
thetic bacteria. Even though fundamental principles of the 
photochemical reactions are conserved, the RC of each pho-
tosystem is unique according to the chemical nature of its 
electron acceptor and donor [59]. All known photosynthetic 
RCs have two branches of structurally parallel redox cofac-

tors and pathways, but generally only one branch is used for 
functional ET.  

 The interaction of Chl with the binding protein is com-
plex because of the large hydrophobic phytyl tail of Chl. The 
binding sites for Chls in natural proteins are tailored so that 
both the entire porphyrin head and the phytyl tail are buried 
within the protein making contact with distal residues (Fig. 
2). Crystallographic determinations of antenna and RC pro-
teins have unveiled a variety and multiplicity of structural 
configurations [60, 61, 62, 63, 64, 65, 66, 67]. There are sev-
eral types of Chls (a-d) that are different only in their periph-
eral groups. For example, Chl b and d are structurally identi-
cal to Chl a except for the substitution of the methyl to a 
formyl group for Chl b and the vinyl to a formyl group in 
Chl d. The optical spectra are however significantly differ-
ent. Despite the small structural differences, Chl binding 
sites in proteins can be very selective. In addition, PSII and 
the bacterial RC contain two (B)Pheo molecules which are 
(B)Chl molecules the central metal is replaced by two pro-
tons. They are the primary electron acceptors which partici-
pate in transferring electrons from the excited P to a tightly 
bound quinone on the acceptor side of the photosystem.  

 If the affinity of Chl molecules for the apo-protein is 
mainly due to hydrophobic interactions between the porphy-
rin head and residue side chains, then what controls the bind-
ing selectivity? The central metal of Chl molecules are 
penta-coordinated with four ligands provided by the tetrapyr-
role nitrogens. The fifth, axial ligand is usually the side chain 
of an amino acid such as His, Glu, Asn, Gln, Ser, Met, Gly 
although water molecules and phospholipids are also known 
to serve as axial ligands. For the recruitment of Chl or Pheo, 
the decisive factor seems to be the presence or absence of a 
ligating residue. For the bacterial RC, introduction of M-
H202L and L-H173L mutations causes the replacement of 
two BChls with two BPheo molecules, while introduction of 
the M-L214H mutation favors the incorporation of a BChl 
into the BPheo binding site [68]. By introducing a His in 
place of Leu (D1-L210H), it was shown that the inactive 
Pheo in the RC of PSII was replaced with a Chl impairing 
the charge separation capacity [69]. The forward ET was 
substantially reduced giving rise to photoaccummulation of 
reduced Pheo. The binding site specificity for a particular 
Chl type can be related to the nature of the ligating residue. 
For example, mutagenesis studies of the CP29 antenna pro-
tein in PSII showed that glutamine is the favored ligand for 
Chl b while glutamate favors Chl a [70]. The CP29 variants 
were over-expressed in bacteria and reconstituted with puri-
fied Chl molecules in vitro. This complicated binding mode 
makes the design of small proteins for Chl binding very chal-
lenging.  

 There is also another class of Chl-containing proteins that 
are water soluble, unlike photosystems. Examples of these 
proteins are water-soluble Chl binding proteins (WSCP) [71] 
and the peridinin-Chl protein [72] (Fig. 2). The peridinin-Chl 
protein is a trimer in which each monomer consists of two -
helical domains. The pigments are organized into two clus-
ters, each containing one Chl and four peridinin molecules 
and are positioned in the hydrophobic space between the 
domains. The distance between the Chls of the two clusters 
is 17.4 Å. However, the structures of WSCPs are yet to be 
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determined. Biochemical studies of WSCPs showed that 
these proteins form tetramers upon binding Chl. The number 
of bound Chl molecules can vary from 1-4 depending on 
species. The tetrameric form exists only in the presence of 
Chl indicating that the phytyl tail is shielded from the solvent 
upon oligomerization [73]. Other Chl derivatives such as Zn-
pheophorbide a or chlorophyllide a and b can bind to the 
WSCP protein but do not make oligomers. Binding appears 
to be driven by axial ligation since Pheo cannot bind to this 
protein.  

 The binding of Chl molecules to designed peptides, how-
ever, requires the presence of detergent to increase the solu-
bility of hydrophobic Chl in aqueous solutions. The binding 
is usually performed in the present of n-octyl- -D-
glycopyranoside or -dodecyl-maltoside micelles. Like the 
natural WSCPs, Chl-peptide complexes oligomerize forming 
large complexes upon binding Chl molecules resembling 
light harvesting (LH) complexes. Artificial LH complexes 
were created by binding BChl a molecules to synthetic four 

-helical peptides (57 residues) containing either two or four 
His residues [74]. Complex formation was verified by a large 
red-shift (777 to 863 nm) in the Qy absorption band of Chl. A 
clear red-shift was not observed for binding BChl a to the 
synthetic four -helical peptides with 4 His residues perhaps 
due to its poor hydrophobic packing. Binding studies were 
also performed with Zn-BChl a, since BChl a was easily 
decomposed under the experimental conditions used. In an-
other study, a pigment-peptide complex containing a Chl 
dimer was constructed by adding Chl dissolved in THF to 
the peptide containing a His residue [75]. The binding was 
completed after 22 h and was shown to be His dependent, as 
the control peptide appears to form aggregates with Chls. In 
another approach, segments of amino acid sequence of the 
bacterial core LH complex (LH1) were chemically synthe-
sized to determine structural features required for making 
natural-like subunit complexes [76]. Truncated peptides that 
were shorter than the natural LH1 -polypeptides by 17 to 23 
residues were fully competent in binding BChl a but did not 
interact with -polypeptides to form LH1 type complexes. 
The formation of a LH1 like complex was only achieved 
with longer synthetic polypeptides [77]. Another membrane-
spanning helical peptide (16 residues) containing a con-
served motif of LH complexes was also shown to bind Chl 
molecules [78]. The specific binding of Chl to the peptide 
was detergent dependent. A peptide lacking ligation residues 
(His or Glu) was used as a control to test the non-specific 
binding of Chl. This approach is generally required as Chls 
and some peptides can non-specifically aggregate in deter-
gent solubilized systems. Ni-BChl was shown to ligate to His 
residues in the lipophilic (LP) domain of a novel, designed 
amphiphilic protein maquette (AP3) [79, 80]. Ni-BChl-AP3 
is a four-helix bundle formed from 42-mer peptides co-
assembled in detergent micelles. The LP domain (24 resi-
dues), which is drawn from a de novo designed membrane 
channel, was joined through a flexible linking sequence to a 
hydrophilic sequence taken from their previously designed 
water-soluble maquettes.  

2.2. Redox Active Metals 

 There are two types of metal binding sites in proteins. 
The first type is a pre-organized binding site while in the 

second case the binding site is structured after the metal is 
bound.  

 The coordination environment of a metal can be deter-
mined by analyzing the structure of natural proteins [81]. 
Even though metals in proteins have structural, catalytic, and 
regulatory functions, our focus in this review is on redox-
active metals. The activity of a metal in the binding site is 
affected by the metal core, ligand groups, and second shell 
interactions. Effects of long-range electrostatic interactions 
due to the distribution of charged residues throughout the 
protein and solvent shielding are also important factors. For 
example, second shell interactions are generally responsible 
for making the midpoint potential (Em) value for the Cu(II) 
center vary in the range from +200 to +1000 mV in different 
proteins [82]. Even though a similar coordination pattern is 
present in both rusticyanin and plastocyanin, the redox po-
tential of the Cu(II) in the latter protein is much lower. For 
blue copper, the second shell appears to include some sol-
vent-exposed residues while for Mn ions the second shell 
residues are mostly buried. Interestingly, unlike Cu ions that 
are never ligated by acidic residues, the primary ligands for 
Mn ions are mostly Glu or Asp residues.  

 Binding of a metal to a peptide does not appear to require 
a complex design, however accommodating a metal binding 
site inside a protein to mimic a biological function is a more 
challenging task. For example, a single tripeptide sequence 
Gly-Gly-His can effectively form a tetradentate complex 
with Cu(II) [83]. Interestingly such a peptide is selective for 
Cu(II) with minimal binding affinity for other metals such as 
Mn(II), Fe(II), Co(II), Ni(II), Zn (II), Cd(II), Mg(II) and 
Ca(II). In terms of de novo design, a metal binding site can 
be introduced for the purpose of improving structural stabil-
ity as well as introducing function. For synthetic peptides 
with partially folded conformations, the conformation is of-
ten stabilized upon binding of the metal. For example, 
Ghadiri et al showed that by introducing His or Cys residues 
in positions i and i + 4, two small 15 mer-peptides interacted 
with transition metals to from a bidentate complex [84]. The 
interaction generated sufficient conformational constraints to 
turn the peptides into -helical structures. The metal binding 
was selective since the peptide carrying the Cys residue 
binds Cd (II) but not Zn(II). However, introducing function 
requires an understanding of the second-shell interactions 
which influence metal binding affinity as well as redox activ-
ity. The residues involved in second shell interactions can 
form hydrogen bonds with the ligands as well as affecting 
the pKa values of ligands. The design of a metal binding site 
can be quite simple when all the ligands are contained in a 
small sequence of amino acids. For example, a tetrahedrally 
distorted square plane with a redox potential of +75 mV was 
created by including all four blue Cu(II) ligands into a 22-
residue peptide [85]. The peptide (YCSPHQGAGMVGK) is 
the natural binding loop of plastocyanin containing Cys, 
Met, and His ligands with a flexible Gly linker to add the 
fourth ligand. In plastocyanin, copper is ligated to the protein 
by two His nitrogen atoms, a Cys sulfur donor, and a Met 
sulfur atom at a longer distance in a distorted tetrahedral 
geometry [86]. The Cu ion of plastocyanin acts as the elec-
tron donor to the oxidized P+ in PSI. When a His residue is 
used as the ligand, the metal is ligated through N( ) but the 
existence of free N( ) offers an opportunity to introduce sec-
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ond shell interactions. For de novo designed proteins, this 
property was used to enforce the perpendicular orientation of 
the ligating His residues to the porphyrin by creating hydro-
gen bonds between His N( ) and Thr O( ) [58, 87].  

2.2.1. Iron-Sulfur Cluster 

 Iron-sulfur (Fe-S) clusters are iron atoms which are 
wholly or predominantly coordinated by sulfur atoms usually 
provided by Cys residues. The Em of these clusters in pro-
teins varies from +450 mV to -700 mV, which is believed to 
be controlled by solvent accessibility, hydrogen bonding and 
the distribution of neighboring charged residues [88]. There 
are three 4Fe-4S clusters (FX, FA and FB) in the RC of PSI 
that function as secondary electron acceptors. They are se-
quentially reduced by an electron transferred from the ex-
cited P, via a monomeric Chl molecule and phylloquinone. 
The electron is finally transferred to the ferredoxin protein 
(in some cases flavodoxin), which is used to reduce NADP+ 
to NADPH2, the reducing compound needed for CO2 fixa-
tion. Different methods have been used to incorporate Fe-S 
clusters into proteins. For example, Gibney et al incorporated 
two 4Fe-4S clusters into a synthetic four -helix bundle [89]. 
Each dimeric peptide contains two helical regions of ~ 27 
residues with a Clostridial ferredoxin binding domain for the 
cluster (CEGGCIACGAC) inserted into the glycine loop 
connecting the helices. The self-assembly of the 4Fe-4S clus-
ter with the peptide was achieved by adding a solution of 
ferric chloride and sodium sulfide to the chemically reduced 
peptide under anaerobic conditions. The formation of the 
4Fe-4S cluster was confirmed by EPR spectroscopy and its 
reduction potential was determined to be -350 mV. Further 
studies on this design were made to determine the most im-
portant amino acids in the binding domain for the cluster 
formation [90, 91]. A similar approach was applied to form a 
single 4Fe-4S cluster resembling the FX cluster of PSI by 
inserting the 10-residue CDGPGRGGTC sequence into in-
terhelical loops 1 and 3 of the 4 protein which was origi-
nally designed to form a synthetic four-helix bundle protein 
[92, 93]. The cluster formation in the holoprotein was con-
firmed by EPR and shown to have an Em of -422 mV, which 
is more positive than that of the natural counterpart. Binding 
sites for a 4Fe-4S cluster were also included in the design of 
a four -helical protein formed by two helix-loop-helix pep-
tides (63 residues), as a mimic of the A-cluster of carbon 
monoxide dehydrogenase [94]. One cluster was incorporated 
into each 63 mer-peptide when the peptide was reacted with 
a preformed cluster [Fe4S4(SCH2CH2OH)4]

2- and Ni (II). The 
loop contained the ferredoxin consensus sequence Cys-Ile-
Ala-Cys-Gly-Ala-Cys to bind the 4Fe-4S cluster with a 
fourth Cys serving as the bridging ligand between the cluster 
and Ni(II). A miniferredoxin protein was also created from a 
31-residue peptide carrying a 4Fe-4S cluster with a redox 
potential of -370 mV [95]. Recently, a synthetic 4-helix bun-
dle protein containing a tetranuclear Cu4S4 cofactor with a 
strong room temperature luminescence was reported [96]. 
The folding of the apo-peptide, Ac-K(IEALEGK)2 

(CEACEGK) (IEALEGK) GGY-amide, was induced upon 
binding of Cu(I) to the Cys-X-X-Cys binding domain. 

2.2.2. Manganese Cluster 

 Multi-Mn clusters are versatile cofactors found in en-
zymes. Examples of these enzymes are arginase, ribonucleo-

tide reductase, catalase and photosynthetic water oxidaze 
[97]. These proteins are often multimeric, but based on a 
four-helix bundle monomer motif (e.g. catalase). A common 
feature found in most binuclear Mn centers is the presence of 
one or two μ-carboxo bridges derived from Asp or Glu side 
chains of the protein (Fig. 3). Bridging carboxylates proba-
bly serve a functional role beyond merely that of a passive 
structural bridge to bring the metal ions together. Their size 
and negative charge enables them to spatially separate and 
electrically screen the metal ions so that the degree of inter-
metallic electronic coupling is small. Catalases catalyze dis-
proportionation of hydrogen peroxide into O2 and water. 
Unlike catalases with a heme cofactor, the type II catalases 
are four-helix bundle proteins containing a dinuclear Mn 
active site that forms a two-electron catalytic cycle [98]. The 
catalytic site in the water oxidase contains up to 4 Mn and 1 
Ca in a compact, exchange coupled cluster (Fig. 3). It exe-
cutes the most chemically demanding reaction in nature, 
anodic oxidation of water to O2 and protons. This is the ki-
netically limiting step in the electrolytic decomposition of 
water into H2 and O2. The water splitting site in PSII per-
forms this reaction at close to thermodynamically limiting 
efficiency (< 0.2V over-voltage), at a high turnover rate 
(~103 s-1), under mild external pH and in the presence of sig-
nificant concentrations of environmentally common anions, 
such as Cl  [99]. Although the full structural detail of the site 
is yet to be resolved, mutagenesis studies [100] suggest that 
most of the protein ligands which define the cluster geometry 
are located in a very small region (~ 15 residues) near the C-
terminus of the D1 polypeptide of the PSII reaction centre. 
This is most unusual for a protein redox center and presuma-
bly reflects aspects of the unique chemistry which the metal 
site executes. In particular, a certain flexibility or lability of 
the enfolding peptide may be necessary for full assembly and 
function. Fig. 3D compares the three published medium 
resolution structures of the PSII D1 protein folding near the 
luminal region containing the Mn/Ca cluster [60, 63, 64]. 
Significant variation in the C-terminal structure is evident. 
At present the implication of this is unclear, as it is not 
known which of any of the four quasi-stable oxidation states 
or assembly forms of the site the crystal structures represent. 
However the possibility is raised that functioning catalytic 
site analogs may be assembled from small, model peptides 
[101]. 

 To create a binding site for a dimetal, the due-ferri-1 
(DF1) protein was designed that is a dimer formed from two 
helix-loop-helix proteins [87]. DF1 was shown to bind a di-
Mn cluster in the hydrophobic core (Fig. 3) [102]. The two 
Mn(II) ions are ligated by Glu and His residues with a 
DMSO molecule, from the crystallization buffer, appearing 
to form a mono oxo bridge with the dimer. DMSO was in-
cluded in the buffering system to increase water solubility. 
When the binding site was further expanded by introducing a 
Gly in the place of Leu, two Mn ions appeared to be coordi-
nated to two terminal water molecules or bridged by a single 
water molecule [103]. Another series of DF1 proteins called 
DFtet proteins were designed later to introduce catalytic ac-
tivity [104]. Unlike DF1, the four helices in DFtet are dis-
tinct chains that are self-assembled in aqueous solution by 
non-covalent interactions. The binding pocket for a substrate, 
4-amiophenol, was then sculpted and optimized by removing 
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Leu15 and Ala-19 (corresponding to positions 9 and 13 of 
DF1, respectively) to avoid unfavorable contacts with the 
substrate. The variant was capable of catalyzing the two-
oxidation of 4-aminophenol to its quinone mono-imine de-
rivative in atmospheric O2.  

3. REDOX-ACTIVE RESIDUES 

 Radicals of some amino acids formed from Tyr, Trp, Cys 
and Gly are known to take part in the enzymatic activities of 
some metalloenzymes. These residues are involved in ET 
and can be linked to hydrogen transfer. There are two redox-
active Tyr residues, called YZ and YD, in the PSII protein 
[105, 106]. The Tyr radicals are paramagnetic and give rise 
to a structured EPR signal with the line shape dependent on 
the location of the spin density and the dihedral angle ( ) at 
the C -C1 bond. The exact function of YD is not known but 
the YZ radical is directly involved in water oxidation chemis-
try [107]. Two water molecules are oxidized producing four 
electrons, four protons and a molecular oxygen. The oxida-
tion reaction requires four oxidizing equivalents that are se-
quentially stored in the Mn cluster. The Mn cluster is oxi-

dized by P+ via YZ as the electron carrier. The oxidation rate 
of the Mn cluster transition can then be obtained by measur-
ing the Yz

• re-reduction rate using time-solved EPR [108, 
109]. These rates are good indicators of the intactness of the 
water oxidizing enzyme and are slowed in detergent-treated 
PSII preparations and when PSII centers are genetically 
modified [110, 111]. The rates are also affected when the 
reaction conditions are displaced from optimal, such as by 
changing pH. This provided mechanistic insights into the 
enzyme function [112].  

 Cyt c oxidase which reduces O2 to water uses a cross-
linked His-Tyr pair to provide an extra reducing equivalent 
in the active site, resulting in formation of the oxidized radi-
cal species intermediate [113, 114]. The reduction reaction 
requires three more electrons two coming from the oxidation 
of heme (Fe2+ to Fe4+) and one from the oxidation of Cu+ to 
Cu2+. In proposed to form galactose oxidase, a Tyr residue 
cross-linked to Cys through a thioether bond is used to cata-
lyze the two-electron oxidation of a primary alcohol to the 
corresponding aldehyde (for a review see [115]). Ribonu-
cleotide reductases (RNR) are involved in the synthesis of 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). The structure of Mn clusters in some Mn redox proteins: (A) Mn catalase monomer, (B) PSII and (C) a de novo designed DF1 pro-
tein. In the type II catalases from mesophilic bacteria or thermophiles, the dinuclear site is located in a 4 helix bundle which multimerizes 
with some  sheet interactions between monomers. The two Mn ions are μ-oxo, hydroxo and carboxylate, bridged and operate between redox 
states II-II and III-III in cyclic turnover. In the currently most resolved structure of PSII [64], the Mn ions are proposed to form a cubane-like 
Mn3CaO4 cluster connected to the fourth Mn in the extended region. . The metals are largely shielded from solvent by extrinsic proteins 
whose loss destabilizes the cluster. In the fully reduced form, the cluster contains either Mn(II) or Mn(III) and is progressively oxidized to 
higher levels (Mn(IV), possibly Mn(V)) during 4 electron turnovers. In the de novo designed DF1 protein, the coordination environments of 
Mn ions were different giving rise to four crystallographically independent Mn-dimers. In three of the four dimers a solvent molecule bridges 
the two Mn ions (probably water), while in the fourth two terminal solvent molecules are coordinated to the two Mn ions. Based on the coor-
dination geometries, Mn ions are in the Mn(II) oxidation state. The Mn-Mn distance in the solvent-bridged dimers was 3.59 Å while an in-
crease to 4.20 Å was seen for the dimer with two terminal solvent molecules. (D) The D1 peptide folding near the luminal region from the 
three available medium resolution crystal structures of cyanobacterial PS II. Cartoons were drawn based on the data of Ferreira et al [64], 
Biesiadka et al [60] and Kamiya and Shen [63]. Residues suggested as ligands from mutagenesis studies [100] are indicated, including the C-
terminal (Ct) carboxylate of Ala344. No existing structure locates all of these within binding range of the metal cluster. A progressive C-
terminus ‘unfolding’ may be evident when comparing these structures. Figures were generated from PDB entries 1JKU, 1S5L and 1LT1 
using DS Viewer (Accerlys, CA) program. 
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deoxyribonucleotides from their ribonucleotide precursors. 
Three classes of RNR differing in their metal cofactors have 
been identified. Class I, Class II and Class III RNR enzymes 
use a diiron cluster, a cobalt containing cobalamin cofactor 
or a 4Fe-4S cluster coupled to S-adenosylmethionine, re-
spectively. However, a new R2-type protein from Chlamydia 
trachomat has recently been reported that lacks the tyrosyl 
radical site and the protein yields an iron-coupled radical 
instead [116]. A common feature of all RNRs is a conserved 
Cys residue that is believed to be converted into a thiyl radi-
cal in all three classes. The thiyl radical that initiates the sub-
strate turnover is generated by radical transfer from a tyrosyl 
or glycyl radical in Class I and III RNR enzymes, respec-
tively. Transfer of the electron hole occurs over a long dis-
tance since Tyr122 on the R2 subunit and Cys439 of the R1 
subunit are 35 Å apart. One possible mechanism to describe 
such long distance ET is a hopping mechanism, where 
charge is relayed along on a cascade of suitable sites which 
are electronically coupled to each other [117, 118]. Such a 
multistep electron-hole transport pathway involving three 
Trp residues was proposed for the photoactivation process in 
photolyase enzyme [119].  

 A 20-mer peptide derived from the C-terminal of the R2 
subunit containing a Trp as a phototrigger and a Tyr was 
constructed to show that radical transfer in RNR enzymes 
occurs through a defined pathway of conserved aromatic 
residues [120]. The photooxidation of Trp was sufficient to 
initiate nucleotide reduction suggesting that the radical trans-
fer to Cys439 was through Y731 of R1, with the peptide Tyr 
acting as Y356 of R2. The reaction is coupled to the reduc-
tion of dioxygen to hydrogen peroxide. A redox-active Trp 
residue was created as a result of multistep ET on a de novo 
helix bundle peptide [121]. The electron donation of the Trp 
residue to the photo-oxidized pyrene effectively competed 
with the back ET between pyrene+• and methyl viologen+•. 
Both pyrene and methyl viologen moieties were bound to the 
peptide. Tommos et al used two variants of de novo designed 
proteins of 3W and 4W to create radical proteins. The 
redox properties of a single Tyr or Trp in the two de novo 
designed radical proteins were probed by differential pulse 
voltammetry [122, 123]. The redox potentials were signifi-
cantly elevated compared to the free Tyr and Trp in solution 
and this was related to the specific - interaction of the Tyr 
and Trp side chains with the neighboring residues.  

4. ELECTRON TRANSFER 

 ET in proteins typically occurs between protein bound 
cofactors, an electron donor cofactor and an electron accep-
tor cofactor, which are separated by large distances (5 to 20 
Å). In general non-adiabatic theory, the electron is consid-
ered to switch between two states, a process commonly 
called electron tunneling. The ‘tunneling’ term invokes an 
image of a particle disappearing from one side of a barrier 
and re-appearing on the other, rather than one of spending 
time inside the barrier on passing through. In a protein ET 
reaction, energy is placed in an orbital on the donor cofactor 
by some means (eg. thermal, photochemical) and then the 
electron transfers to an orbital on the acceptor cofactor. The 
tunneling electron is coupled to the nuclear vibrational 
modes of both the surrounding protein and solvent as well as 
vibrational modes on the donor and acceptor moieties them-

selves. The nuclear vibrational modes are collectively called 
the bath. If the donor and acceptor states could be isolated 
from the bath, the electron would coherently transfer back 
and forth between the donor and acceptor orbitals. In reality, 
the tunneling electron loses energy to the bath which ac-
counts for the polarization of the surrounding protein and 
solvent environment in response to the field of the transfer-
ring electron as well as shifts of vibrational modes on the 
donor and acceptor cofactors. Because the bath contains a 
very large number of modes, it is highly improbable that any 
energy transferred to the bath will be transferred back to the 
tunneling electron. The end result is that the electron moves 
from being localized on the donor to being localized on the 
acceptor, with some energy lost to the bath.  

 In classical Marcus theory [124], the rate constant for a 
non-adiabatic ET reaction is given by 

ket = (2 /h) TDA
2 FC, (1) 

where TDA is the electronic coupling matrix element and FC 
is the nuclear Franck-Condon factor. In a semi-classical 
treatment of the nuclear motions, 

FC = (4 kBT)-1/2 exp(-( G0+ )2/4 kBT) (2) 

 ere G0 is the free energy change due to ET,  is the 
reorganization energy, kB is the Boltzmann constant and T is 
temperature. According to Eq. (2), for a given TDA the ET 
rate will be maximal when - G0 = , i.e. the energy loss nec-
essary to localize the electron on the acceptor equals the en-
ergy the bath needs to reorganize in response to the transfer 
of the electron. When - G0 =  the reaction is activationless. 
As G0 becomes more negative, - G0 > , according to clas-
sical Marcus theory the ET rate will slow. When - G0 >  
the ET reaction is said to be in Marcus inverted region. 
However, it is important to realize that the inverted region 
dependence of ket on G0 is entirely reliant on the classical 
limit of the ET rate law Eq. 1. If the effects of nuclear tun-
neling between the reactant and the excited vibrational levels 
of the products are included, then ket becomes considerably 
less sensitive to G0 in the inverted region [125]. 

 The criteria for the ET to be in the non-adiabatic regime 
is that there is a small overlap of the electron donating orbital 
and the electron accepting orbital. In the case of proteins, the 
donor and acceptor cofactors are separated by such a large 
distance that there is a negligibly small probability of the 
electron directly tunneling between the two orbitals. Instead, 
the tunneling of the electron is facilitated by a bridging me-
dium which lowers the effective barrier height between the 
donor and acceptor orbital by providing a series of virtual 
orbitals that the electron can transiently populate. The virtual 
orbitals on the bridge give rise to the concept of superex-
change [126] which is typically applicable to ET reactions in 
proteins. The intervening protein medium between the donor 
and acceptor cofactors is considered to be the bridge.  

 The role of the protein bridge in protein ET has been the 
subject of numerous investigations, with the question being 
whether fast pathways through the protein bridge have been 
selected in evolution. Dutton and co-workers [127, 128] pre-
sented evidence that the protein bridge appears to be a uni-
form structure where TDA ~ exp(- R) as predicted by tunnel-
ing through a uniform square barrier. Here R is the ‘edge to 
edge’ distance between the donor and acceptor moieties. 
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Based on a the statistical analysis of available protein struc-
tures for which ET rates were measured, and assigning an 
edge-to-edge distance between cofactors, a value of   1.4  
Å 1 was suggested [128]. The explanation for an observed 
lack of fast tunneling pathways through the protein bridge is 
that any favorable (or unfavorable) characteristics of the pro-
tein bridge between the donor and acceptor tend to average 
out for protein ETs over large distances [129]. 

 Gray and co-workers [130] presented evidence that some 
structural selection to increase TDA was possible, for exam-
ple, protein secondary structures such as an -helix. In an 
extensive number of studies dating back since the early 
1980’s, Gray and co-workers investigated protein ET reac-
tions using ruthenium (Ru)-modified metalloproteins [131]. 
Cyt c, Mb, azurin and cyt b5 were modified through the at-
tachment of Ru complexes (usually penta-amine-ruthenium 
or bis(bipyridine)-ruthenium-(imidazole)). Changes in the 
point of attachment of the Ru-complexes were used to de-
termine the distance dependence of ET as well as the effect 
of the intervening medium in coupling electron donors and 
acceptors. Approaches to modify the driving force G0 and 
the reorganization energy  included modification of the Ru-
complexes as well as through metal-substitution (e.g., Zn, 
Mg, Cd, Pt, Pd) of the heme. The results from the experi-
ments were interpreted in terms of a model for ET as a path-
way of electron wavefunctions through specified bonds, each 
bond being represented by its length, , multiplied by a cou-
pling electronic factor  [132]. The rate constant for ET, ket, 
in terms of this model was given by: log ket = constant x  
( i i) where i is an atom on one path of n atoms. The path-
way of bonds is selected as the path that maximized the 
value of TDA. Winkler and Gray 1997 stressed differences 
between -helical and -structures (different H-bond  
terms were proposed) to explain deviations of measured ET 
in blue copper azurin proteins and cyt c from a fit to a line 
with slope   1.4  Å 1 [133]. 

4.1. Electron Transfer in Artificial Proteins 

 Synthetic peptides have proven to be a valuable tool to 
investigate the role of the protein bridge in biological ET. A 
de novo-designed metalloprotein containing ruthenium-
bipyridine complex and a heme was constructed and used to 
study the laser-induced ET across an -helix [134]. The 
modular assembly of different amphiphilic helices by chemo-
selective coupling to a cyclic peptide template was used to 
construct an antiparallel four-helix bundle. A heme was 
bound in a binding pocket by two ligating His residues and a 
ruthenium-tris(bipyridine) complex was covalently bound to 
different positions at the hydrophilic side of one of the heme-
binding helices. The transient optical absorptions of the syn-
thetic proteins were followed at 430 and 420 nm, respec-
tively, to detect the slow recombination reaction RuIII-
heme(FeII) RuII-heme(FeIII). A single exponential fit in the 
range from 5 to 80 s yielded rate constants between 0.02 
and 0.07 s for heme-Ru-metalloprotein variants, respec-
tively. However in attempting to explain the ET kinetics, the 
authors suggested further work was necessary using a shorter 

linkage to the ruthenium complex, to reduce uncertainties 
about the possible conformations and distances involved in 
the process. 

 Similarly, flash photolysis and pulse radiolysis measure-
ments on a designed metalloprotein in both folded and un-
folded states were used to investigate effects of helical con-
formation on ET rates [135]. A 16-mer helical bundle (three-
helix metalloprotein) was modified with a capping 
CoIII(bipyridine)3 electron acceptor at the N-terminus and a 
1-ethyl-1'-ethyl-4,4'-bipyridinium donor at the C-terminus. In 
the presence of 6 M urea, the random coil bundle (0% helic-
ity) had an observed ET rate constant of ket = 900 ± 100 s-1 
while in the presence of 25% trifluoroethanol, the helicity of 
the peptide was 80% and the ket increased to 2000 ± 200 s-1. 
The increase in the rate constant was ascribed to the change 
in donor-acceptor distance between the random coil and 
helical bundle states. As a mimic for in vivo ET, a dimeric 
31-mer synthetic metalloprotein containing two ruthenium 
complexes was designed to accomplish ET across the non-
covalent peptide-peptide interface [136]. This design allowed 
Ogawa and co-workers to show a long-range intra-protein 
ET ( 24 Å) with a rate constant of 380 s-1 across a non-
covalent peptide-peptide interface [137]. The rates of pho-
toinduced ET from a pyrenyl group to a nitrophenyl group 
attached to an -helical polypeptide were determined as 
function of the number of spacer amino acids and shown to 
be dependent on the edge-to-edge distance between the two 
chromophores [138]. It was also shown that a light-induced 
triplet ET between a Zn(II)-protoporphyrin bound to a His in 
the interior of a synthetic four-helix bundle protein and an 
anthraquinone molecule as a external electron acceptor oc-
curred [139]. The protein was constructed by coupling four 
amphiphilic synthetic helical peptides via a linker to a cyclic 
decapeptide template.  

 In the -helical structure, the dipole moments of the resi-
dues align in the same direction, nearly parallel to the helix 
axis. The -helical structure can potentially be stabilized by 
changes in cofactor charges that give rise to dipole-dipole 
coupling. Also, proteins are known to fold or change con-
formation in response to a change in the charge distribution 
of their cofactors. Measurements by Lockhart and Kim [140, 
141, 142] of the interaction between monomeric -helices 
and solvent-exposed dipolar groups or titratable groups 
showed that an interaction energy of >1 kcal mol-1 existed 
between probe and partial charge on the helix N-terminus 
and was stabilizing to the -helices. Tris-bipyridyl deriva-
tives of Ru(II) were used by Huang et al to investigate the 
folding kinetics of a series of peptides and their Ru-modified 
derivatives [143]. The incorporation of an aromatic capping 
group led to a slight enhancement of the helical content and 
an enhanced stability of ~0.15 kcal/mol through the mecha-
nism of dipole-dipole coupling. The permanent field arising 
from the helical dipole could have an effect on rapid ET be-
tween redox centers [144].  

 A directional ET was reported between N,N-
dimethylaniline donor and pyrene acceptor attached to two 
peptides which differed in the positions of the donor and 
acceptor with respect to the helix ends [145]. The directional 
sensitivity was ascribed to the helix dipole moment; how-
ever, such an effect was not observed when ET between po-
lar metal complexes in a metallopeptide was studied [146]. 
The two metal complexes were Ru polypyridyl donor and 
pentammine Ru (III) acceptor covalently attached to a 30-
residue polypeptide via a Cys and a His, respectively. The 
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ET direction was reversed by switching the position of the 
Cys and His residues on the peptide. By varying the distance 
between two ruthenium ions attached to a three-helix bundle 
motif, a strong distance dependence for the ET rate was ob-
served indicating the structural integrity of the designed pro-
tein [147]. It was also shown that ET occurred between a 
covalently attached flavin and a bis-His ligated heme in a 
light-activatable molecular maquette under continuous illu-
mination [148]. 

4.2. Electron Transfer in Reaction Centers 

 Reaction centers of photosystems contain multiple redox 
cofactors with tuned redox potentials. The distances and ori-
entations of cofactors are optimized such that a directional 
ET can be established while avoiding charge recombination. 
The use of multiple cofactors separated by < 14-15 Å en-
sures that electron tunneling is the much more efficient 
mechanism of transfer than catalytic turnover [149]. The 
result is a charge-separated state with the oxidized and re-
duced cofactors well separated from each other. In the pho-
tosystems, the initial ET steps between primary electron do-
nors and acceptors are extremely fast but these gradually 
slow as the probability of charge recombination becomes 
smaller. The oxidation potential of P is dependent on the 
type of photosystem and varies from 0.35 V in Chl d–
containing PSI of A. marina [150] to > 1.2 V in PSII [151] to 
serve the particular photochemical function. In the purple 
bacterial RC, P870, is a special pair of BChl a molecules with 
an Em of +0.45 for the P870

+/P870 couple. The BChl molecules 
in this red-shifted dimer are separated by 3 Å in the pyrrole 
ring I and by  7 Å from the ring centers. In PSII, the Chl a 
molecules in the P680 dimer have a more monomeric nature 
and the ring centers are positioned about 8.5 Å apart, gener-
ating the extremely strong oxidant (Em  + 1.2 V) needed to 
oxidize water to O2 (+ 870 mV at pH 6). As a demonstration 
of additional mechanisms for tuning the redox potential, it 
was shown that the formation of up to four hydrogen bonds 
with the chlorin ring of the BChl special pair in a genetically 
modified Rhodobacter sphaeroides could additively increase 
the oxidation potential of P by a remarkable 355 mV [152, 
153]. The mutated bacterial RC was then able to mimic the 
PSII donor side by oxidizing a nearby engineered Tyr resi-
due [154] and a tightly bound Mn ion in a designed binding 
site [155]. Interestingly, the increase in the midpoint poten-
tial was found to be dependent on the chemical nature of the 
H-bond forming residue, with His being the most effective.  

 The quantum yield of charge separation is estimated to 
approach unity in the RCs of photosystems. The near perfect 
quantum yield that is achieved is due to the favorable ratios 
of the charge separation over the charge recombination reac-
tions. Each ET step is at least 100 times faster than the asso-
ciated charge recombination reaction, or decay of the initial 
excited state to the ground state by fluorescence or internal 
conversion. An explanation for the favorable ratios of the 
charge separation and recombination reactions is that the 
electronic coupling matrix element TDA is large for the 
charge separation reaction and small for the recombination 
reaction. One way that RCs optimize the ratios of TDA for 
charge separation and recombination is to break the charge 
separation process up into a series of small steps by using a 
set of electron carriers with extended  molecular orbitals. 

The initial ET step, which must compete with the fastest 
recombination reaction, occurs through the accessory chlo-
rophyll bridge such that the cofactors are essentially in con-
tact. For charge separation to out-compete the recombination 
reaction, the product of the electronic coupling TDA for each 
of the forward ET steps must be larger than the electronic 
coupling TDA for the charge recombination ET step. Indirect 
recombination reactions that might return the system to an 
earlier radical pair are defeated by the loss of free energy at 
each step. 

4.2.1. Artificial Reaction Centers 

 The design of a protein-based artificial RC capable of 
executing a stable charge separation must adhere to the same 
principle as natural RCs. The simplest design is a two-step 
ET where the first ET occurs from an excited photocatalyst 
to a properly positioned electron acceptor. The photocatalyst 
cation then accepts an electron from a properly positioned 
electron donor. If the electronic coupling TDA between the 
electron donor and electron acceptor is smaller than the 
product of the electronic couplings between the photocatalyst 
and the electron acceptor/donor, then a stable charge separa-
tion can potentially be created. The design also needs to op-
timize the respective redox potentials to ensure indirect re-
combination reactions are defeated as in the natural systems. 
The electron acceptor can be a heme, a quinone or a Fe-S 
cluster while the electron donor can be a heme, a metal or a 
redox-active residue. The first example of a protein-based 
artificial RC was reported in Dutton’s group [156]. The de-
sign was based on covalent attachment of two coproporphy-
rins at the two N-termini of peptides forming a four -helix 
bundle forming a pair. The two coproporphyrins appear to be 
positioned on the exterior of the helix bundle allowing four 
bis-His ligated hemes to occupy the interior. The four -
helix bundle protein is a self-assembled dimer of helix-loop-
helix structures each formed by two peptides (CGGG 
ELWKLHE ELLKKFE ELLKLHE RRLKKL-CoNH2) 
linked through a disulfide bond in the loop region. To make 
these peptides photoactive, either Zn(II) derivative porphy-
rins were used or alternatively approach a Ru(II) porphyrin 
was incorporated into one of the heme binding pocket via 
His ligation. In the first design, the photoactive moiety is 
solvent exposed while in the second case it is placed in the 
interior. The effect of the distance between heme and pho-
toactive electron donor was analysed in a series of designs 
and it was concluded that successful creation of charge sepa-
ration would require a second redox cofactor, such as qui-
none, be incorporated in the system. In a similar approach, 
Cristian et al. reported a designed metalloprotein (aRC) that 
consists of a four-helix bundle functionalised with two bis-
His-bound metal cofactors: a Ru(bpy)2 moiety and a heme 
group. The tetrahelical scaffold is comprised of two identical 
54-residue helix-loop-helix peptides joined through a disul-
phide bond between the C-terminal cysteines to yield an an-
tiparallel four-helix bundle. Photoexcitation of this aRC led 
to efficient quenching of the luminescence of the ruthenium 
complex by the heme group. The ET rate was estimated from 
steady-state luminescence measurements to be of the order 
5 1010 s-1. The charge recombination reaction was three or-
ders of magnitude slower, enabling the aRC to oxidize cyt c 
and reduce napthoquinone-2-sulfonate in solution. 
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 The design of an artificial RC can take advantage of Chl 
derivatives that can be bound to proteins much more simply 
than Chl (Fig. 4). The Chl derivatives can be made by enzy-
matic reactions or by using organic chemistry methods to 
remove the phytyl tail while maintaining the chlorin ring. 
Some examples of these compounds are chlorin e6 (Ce6), 
pyropheophorbide and tetracarboxyphenylchlorin. These 
compounds, like their parent molecule of Chl, donate or ac-
cept electrons from extensive conjugated  molecular orbi-
tals and have small reorganization energies because the up-
take or release of an electron can be accommodated with 
only minimal structural changes. They are photoactive but 
with more desirable physicochemical properties compared to 
Chls. The more desirable physicochemical properties include 
being more stable than Chls and, most importantly, aggrega-
tion can be controlled allowing for specific binding to engi-
neered binding sites in a protein. In these cases, binding 
modes other than His ligation become feasible. For example, 
using a chemo-selective method, a Zn-pheophorbide b de-
rivative was covalently attached to a synthetic four-helix 
bundle protein through an aldehyde group and a modified 
lysine residue [157]. Similarly, it was also shown that light-
induced ET could occur between a chromophore bound in 
the interior of a synthetic four-helix bundle protein and ex-
ogenously added anthraquinone [139]. We reported a His-
dependent binding of Zn-Ce6 to a synthetic four-helix bun-
dle protein (Fig. 4) [158]. By preparing two variants of the 
peptide lacking either one or both of the His residues, we 

showed that each monomer had two bound Zn-Ce6 mole-
cules. Light-induced ET between Zn-Ce6 and a quinone as 
the external electron acceptor was established and measured 
using time-resolved EPR spectroscopy monitoring the oxida-
tion of Zn-Ce6 and its reduction with the quinone. The kinet-
ics showed a bi-phasic behaviour with a very fast component 
lasting through the flash duration. More studies were per-
formed to characterise the photochemistry of the system us-
ing various quinones and chlorin derivatives [159]. The very 
fast kinetic component is now attributed to the ET between 
Zn-Ce6 and quinones that entered into the interior of the 
complex. A similar strategy was used to modify Cyt b562 by 
replacing the heme with the Zn-Ce6 [160]. In this design, the 
quinone was covalently bound to the interior of the protein 
through an engineered Cys residue. Fluorescence studies 
showed ET between the Zn-Ce6 and the bound quinone.  

CONCLUSION 

 In this review, we have summarized aspects of functional 
design for artificial proteins, particularly in relation to recep-
tor binding, metal and porphyrin binding, and construction of 
photoactive proteins. The literature in this area is already 
large and rapidly increasing and this review surveys the more 
recent developments. Future challenges for this exciting field 
of protein biochemistry are likely to include a substantial 
expansion in the range of design strategies used to mimic 
ever wider classes of natural proteins, but also the creation of 
more complex de novo artificial proteins with the ability to 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). A cartoon presentation of an artificial protein-based RC (A) and the ET process (B). The artificial RC can be either a water-soluble 
protein carrying a photocatalyst such as a chlorin or a membrane-bound protein carrying a Chl molecule. Quinone can be used as the electron 
acceptor either covalently-bound to the protein or free like mobile plastoquinones. Upon light excitation of the photocatalyst, an electron is 
transferred to the quinone with a rate constant of ket. In the absence of a third cofactor, functioning as the electron donor to the oxidized pho-
tocatalyst, a charge recombination occurs with a rate constant of kcr. The charge recombination rate that controls the lifetime of the initial 
charge-separated state is dependent on the redox potentials and distance between cofactors and may be manipulated as a consequence.  
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bind multiple cofactors. The design of small proteins con-
taining multiple cofactors with native-like structures will 
require the development of more sophisticated design princi-
ples than those being employed currently. Such proteins 
would be able to mimic some functions of large membrane-
bound oxidoreductases, which are capable of multi-step ET 
reactions.  
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ABBREVIATIONS 

(B)Chl = (Bacterio)chlorophyll 

(B)Pheo = (Bacterio)pheophytin 

AP3 = An amphiphilic protein maquette 

BBA = A homotetrameric miniprotein 

Bc-Csp = A thermophilic cold shock protein 

Bs-CspB = A mesophilic cold shock protein 

C34 = The C-terminal region of HIV-1 gp41 

CCSL = A coiled coil miniprotein 

Ce6 = Chlorin e6 

DF1 = Due-ferri-1 protein 

DPP-Fe(III) = Fe(III)-diphenylporphyrin 

Em = Midpoint potential 

ET = Electron transfer 

Fe-S = Iron-sulfur 

IL1 = Interleukin-1 

IL4 = Interleukin-4 

IL4-R  = IL4  receptor 

IL5 = Interleukin-5 

LH = Light harvesting 

LH1 = Bacterial core LH complex 

LP = Lipophilic 

Mb = Myoglobin 

P = Primary electron donor 

PCP = Peridinin– chlorophyll a–protein 

PSI = Photosystem I 

PSII = Photosystem II 

RC = Reaction centre 

WSCP = Water-soluble Chl binding protein.  
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