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Abstract

Redox-active enzymes perform many key biological reactions. The electron transfer process is complex, not
only because of its versatility, but also because of the intricate and delicate modulation exerted by the protein
scaffold on the redox properties of the catalytic sites. Nowadays, there is a wealth of information available
about the catalytic mechanisms of redox-active enzymes and the time is propitious for the development of proj-
ects based on the protein engineering of redox-active enzymes. In this review, we aim to provide an updated
account of the available methods used for protein engineering, including both genetic and chemical tools, which
are usually reviewed separately. Specific applications to redox-active enzymes are mentioned within each tech-
nology, with emphasis on those cases where the generation of novel functionality was pursued. Finally, we fo-
cus on two emerging fields in the protein engineering of redox-active enzymes: the construction of novel nu-
cleic acid-based catalysts and the remodeling of intra-molecular electron transfer networks. We consider that
the future development of these areas will represent fine examples of the concurrence of chemical and genetic
tools. Antioxid. Redox Signal. 11, 167-192.

I. Introduction such as cysteine or tryptophan, although nonencoded
residues may also be incorporated by post-translational

THE REDOX CHARACTER OF AN ENZYME is a complex trait. It ~modification. The primary sequence also encodes for the po-
is naturally influenced by the amino acid sequence of the  tential conformation of cofactor binding pockets, whether
protein due to the presence of redox-active natural residues  metallic or organic. At the next level, the native fold pattern

IDepartamento de Ingenieria Celular y Biocatalisis and 2Departamento de Medicina Molecular y Bioprocesos, Instituto de Biotecnologia,
Universidad Nacional Auténoma de México. Cuernavaca, Morelos, México.

167



168

of a protein displays a unique distribution of charged and
uncharged amino acid side chains on the surface that deter-
mines the electrostatic potential surrounding the molecule.
Finally, the specificity and efficiency of intra- and intermol-
ecular electron-transfer pathways depend on the interaction
of all the previous features.

Redox-active proteins and enzymes carry out many key
reactions of biological importance. The underlying process
essential for these reactions is electron transfer. In general,
oxidative enzymes abstract two electrons from the substrate;
the intermediates are stabilized by the active site to avoid
the uncontrolled production of reactive species. A subset of
the redox enzymes transfer a single electron, in a free radi-
cal-based catalysis. In the latter case, the highly reactive in-
termediates are stabilized as protein-based free radicals.
Given the importance of redox-active enzymes, a profound
knowledge of their catalytic mechanisms has been accumu-
lated. This knowledge, along with the recent optimization of
different protein engineering tools, gave rise to a promising
scenario for the development of novel strategies aimed at the
generation and modulation of redox properties in enzymes.

Il. Basic Features of Redox Sites

A. Amino acid residues

From the 20 genetically encoded amino acids, only cys-
teine undergoes facile redox chemistry. The functional group
of cysteine is the thiol (-SH) moiety, sometimes called the
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sulfhydryl or mercapto group, which is prone to form disul-
fide bonds between cysteine residues that are close together
in space. The disulfide bridge between cysteine residues can
be released by reducing agents that include other thiols. Re-
action of cysteine thiols with organic or inorganic oxidants
leads to the potential formation of at least seven different ox-
idation products, including protein-sulfenic, -sulfinic and
-sulfonic acid derivatives (Fig. 1). The physiological poten-
tial of these post-translational modifications, regarded by
protein biochemists in the past to be a result of unspecific
oxidative damage, has recently acquired a preeminent role
in the field based on novel roles, a selection of which will be
described next (103, 167, 201).

Cysteine thiols are sensitive to hydrogen peroxide down
to micromolar concentrations and react to form sulfenic acid
derivatives. Higher hydrogen peroxide concentrations effec-
tively convert catalytic cysteine-sulfenic acid groups into
sulfinic acids, with subsequent loss of enzyme activity (54,
83). Cysteine-sulfenic acids and disulfides are known to be
reduced by glutathione or thioredoxin in biological systems,
but cysteine-sulfinic acid derivatives have been regarded as
irreversible protein modifications. The recent identification
of sulfiredoxin, a protein able to reduce cysteine-sulfinic acid
in Saccharomyces cerevisiae, revealed the exquisite simplicity
of the cysteine-based redox sensing circuitry that endows
systems with the ability to respond not only to peroxides,
but also to superoxide and to reactive nitrogen species (41,
238).
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The physiological relevance of this reaction was recently
confirmed by the demonstration of how the selective transi-
tion between sulfenic and sulfinic acids in thioredoxin per-
oxidase 1 (Tprx1) of S. pombe regulate the hydrogen perox-
ide-sensing Pap1l pathway (225). An equivalent chemistry
has been described in prokaryotes, where the transcriptional
regulator OhrR serves both as a sensor and effector of ox-
idative conditions (157). Furthermore, the formation of a
sulphenyl-amide intermediate creates an elegant mechanism
to protect the catalytic cysteine residue in the human pro-
tein tyrosine phosphatase 1B where the irreversible oxidiza-
tion to sulfinic or sulfonic acids lead to protein deactivation
(222). Taken together, these data indicate that the controlled
reduction of cysteine-sulfinic groups serves a cellular func-
tion possibly as important as the regulatory and catalytic
roles of cysteine-sulfenic residues.

Despite the increasing awareness of the critical roles
played by cysteine residues in proteins, the identification of
function for specific positions is still the limiting step for pro-
tein engineering. So far, relevant positions have been iden-
tified case-by-case using both chemical and molecular strate-
gies, including countless reports of site-directed substitution.
In recent publications, bioinformatic tools have been applied
to the prediction of cysteine residue variations. Fiser and Si-
mon, based on the observation that Cys tends to occur in the
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same oxidation state within the same protein, predicted the
redox state of homologous positions (74). Fomenko and col-
laborators exploited the natural occurrence of the rare amino
acid selenocysteine, previously identified as part of active
sites serving thiol/selenol-based redox functions (103).
Based on a genome-wide survey of proteins homologous to
those where selenocysteine residues have been identified,
the authors developed a large-scale procedure for the iden-
tification of previously unknown catalytic redox-active
cysteine residues in proteins (76, 78) . Interestingly, only cys-
teine residues involved in thiol-based catalysis were detected
by the method, leaving out residues involved in indirect re-
dox-related functions, such as metal binding. The method is
simple and highly predictive and will undoubtedly expand
our knowledge of physiologically relevant cysteine-based re-
dox enzymes.

B. Quinoproteins

The field of quinoproteins began with the discovery and
characterization of a low molecular weight, dissociable co-
factor from bacterial alcohol dehydrogenase, designated
pyrroloquinoline quinone (PQQ). Since then, it has been
clearly demonstrated that nonbound quinones, including
ubi-, mena-, and plastoquinone, are essential components of
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membrane-bound electron-transfer reactions and for the con-
version of redox energy into the proton gradient required
for ATP synthesis. As enzyme cofactors, quinones may be
present in the form of noncovalently bound elements such
as PQQ and caldariella quinone. However, there is also a di-
versity of covalently-bound quinones, derived from protein
modification that also participate as cofactors in redox reac-
tions, such as topaquinone (TPQ), lysine tyrosyl-quinone
(LTQ), tryptophan-tryptophyl-quinone (TTQ), and cysteine-
tryptophyl-quinone (CTQ) (Fig. 2) (8, 51, 59, 61, 134). PQQ
is the prosthetic group of dehydrogenases for methanol,
higher alcohols, aldose sugars, aldehydes, and polyvinyl al-
cohol, and for hydroxylation of lupanine. Amine dehydro-
genases may present TTQ, derived from two tryptophan
residues, or CTQ, derived from an o-quinone-modified tryp-
tophan side chain covalently crosslinked to a cysteine
residue, as cofactors (50). Most copper-containing amine ox-
idases use TPQ, a modified tyrosine residue as cofactor, with
the exception of lysyl oxidase that makes use of LTQ. De-
tails of the catalytic mechanism of all these enzymes have
been described elsewhere (6, 8, 60, 84, 113). The mechanism
of amine oxidation, one of the best characterized for quino-
proteins, occurs through the formation of enzyme-substrate
covalent adducts with TPQ, TTQ, CTQ, and LTQ redox cen-
ters (50, 145, 188, 232). The final electron acceptors of quino-
proteins may be other soluble redox enzymes such as c-type
cytochromes or amicyanin which have been widely studied
as model systems for the characterization of intramolecular
electron-transfer reactions (7, 52, 53).

C. Flavin-binding proteins

Flavoproteins are enzymes that catalyze redox reactions
using flavins as cofactors. The most abundant natural flavins
are riboflavin and its two main derivatives, flavin mononu-
cleotide (FMN), with a phosphate group attached to the 5’
carbon atom of the ribose chain, and flavin adenine dinu-
cleotide (FAD), further derived from FMN by addition of a
diphospho-adenosine moiety at the 5" phosphate terminal.
The fused ring structure of flavin nucleotides (the isoallox-
azine ring) undergoes reversible reduction, accepting either
one or two electrons in the form of one or two hydrogen
atoms from a reduced substrate, so they can exist in three
different redox states, namely the oxidized quinone, the one-
electron reduced semiquinone, and the two-electron reduced
hydroquinone (Fig. 3). These states are spectroscopically dis-
tinct from each other, allowing the progression of electron
transfer between the different states to be followed over time.

Because of the stability of the semiquinone form, flavopro-
teins can participate in either one- or two-electron transfers, al-
lowing them to be involved in a greater diversity of reactions
than the pyridine nucleotide-linked dehydrogenases. Thus, a
flavoprotein can oxidize a reduced substrate by removal of two
electrons and transfer them as a pair to a two-electron accep-
tor such as molecular oxygen to form hydrogen peroxide, or
individually to a one-electron acceptor such as a cytochrome.
A common reduced substrate for many flavoproteins is NADH
or NADPH serving as a cellular electron source which can then
be targeted to specific electron acceptor compounds of proteins
by the flavoprotein. The nature of the electron acceptor defines
the physiological role of the flavoproteins, whereas the selec-
tive transfer of single electrons from one to other proteins de-
fines a pure electron transferase. Coupling to small substrates
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FIG. 3. Oxidized (upper) and reduced (lower) forms of the
isoalloxazine ring of flavin nucleotides. R indicates the re-
mainder of the coenzyme molecule.

further divides them in dehydrogenases/oxidases, dehydro-
genases/oxygenases, transhydrogenases, and dehydrogenases/
electron transferases

In general, the flavin nucleotide is tightly bound to flavo-
proteins, and in some cases, it is even covalently bound. In
consequence, flavin nucleotides do not transfer electrons by
diffusing from one protein to another; rather, they provide
ameans by which the flavoprotein can temporarily hold elec-
trons while it catalyzes electron transfer from a reduced sub-
strate to an electron acceptor. One important feature of the
flavoproteins is the variability of the standard reduction po-
tential of the bound flavin nucleotide. Tight association be-
tween the enzyme and the cofactor confers on the flavin ring
a reduction potential typical of that particular flavoprotein.
Flavoproteins are often very complex; some have, in addi-
tion to a flavin nucleotide, tightly bound metal ions (45, 107,
133, 215).

D. Pyridine nucleotide-bound proteins

Nicotinamide adenine dinucleotide (NAD+ in its oxidized
form) and its close analog nicotinamide adenine dinucleotide
phosphate (NADP+) are composed of two nucleotides joined
together through their phosphate groups by a phosphoanhy-
dride bond. Both molecules undergo reversible reduction of
the nicotinamide ring by accepting a hydride ion from the ox-
idized substrate (Fig. 4). The disparate concentration of these
two analogs in the cell, such that NAD+ /NADH is 10-fold
more concentrated than the NADP+ /NADPH pair, results in
a functional specialization favoring the participation of
NAD+ in oxidation reactions and NADPH in reduction re-
actions. A few enzymes can use either cofactor, but most show
a strong preference for one over the other. Currently, >200
different enzymes have been described which are known to
catalyze reactions with these molecules as redox cofactors. The
association between the protein and NAD or NADP is rela-
tively loose and the cofactor readily diffuses from one enzyme
to another, acting as a water-soluble carrier of electrons (45,
107, 182, 187, 215, 221).

As mentioned before, the use of the cofactor NADPH is
favored over NADH in reduction reactions in biological sys-
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tems; however the high cost of NADPH over NADH has mo-
tivated protein engineers to pursue the change of specificity
of reductases for NADH in the development of biocatalysts.
In this sense, several strategies have been applied, from
structure-based protein design (90, 101, 180), consensus
based (75), and CASTing (126).

E. Metallic redox cofactors

The most biologically relevant metals are first-row transi-
tion metals, notably iron, nickel, copper, zinc, vanadium, and
manganese. Occasionally, transition metals combine with
second-row transition elements such as molybdenum to
form heterogeneous clusters (91, 97). In cells, iron is the most
abundant metal and is normally found in the +2 or +3 ox-
idations states. However, higher oxidation states may be gen-
erated transiently in the course of the catalytic cycle of en-
zymatic reactions (23). Besides single iron ions, proteins can
bind a range of iron-containing cofactors, such as heme,
iron—sulfur, iron-nickel, or iron-molybdenum clusters (166).
The second most abundant transition metal in living organ-
isms is copper. Although less versatile than iron (copper ions
present only two redox states compared with six of iron),
copper holds a unique position because it presents a fairly
high reduction potential (4, 172). Both iron and copper have
been recruited for electron transfer, binding and activation
of oxygen, and oxidation-reduction of substrates.

Metals resemble protons in that they are electrophiles able
to accept an electron pair to form a chemical bond. In this
aspect, metals may act as general acids to react with anionic
and neutral ligands. The larger size of the metal atom rela-
tive to protons is compensated for by their ability to react
with more than one ligand, typically two, four, or six ligands.
If a metal is bound with two ligands, it will form a linear
complex. If the metal reacts with four ligands, the metal will
be set in the center of a square that is planar or it will form
a tetrahedral structure, and when bound with six ligands,
the metal sits in the center of an octahedron (178).

Approximately one-third of the known proteins are met-
alloproteins, conformed by a scaffold complemented with
metal atoms in individual arrays or combined with other
metals or with inorganic molecules (97). Inorganic ligands to
these metals involve sulfide, water, carbon monoxide, and
cyanide. Organic molecules such as homocitrate and dithi-
ols can also so be involved. The most common metal ligands
in proteins are cysteine for iron and histidine for copper, al-
though any protein group capable of forming a coordination
bond has been found to do so (58).The protein environment
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may affect the redox potential of the transition metal-based
redox centers in a controlled manner, expanding their bio-
logical functionality.

Metallocluster-containing enzymes are an important
group among metalloproteins composed mainly of iron,
nickel, copper, manganese, and molybdenum (66, 97, 185).
The reactions catalyzed by them typically involve small mol-
ecules such as molecular nitrogen, carbon dioxide, and hy-
drogen. The most abundant metalloclusters appear to be the
iron—sulfur clusters, presenting two, three, or four iron atoms
coordinated to protein residues and bridged by inorganic
sulfide, with cubane (4Fe—4S) being the prototypical and
most ubiquitous (23, 173). The wide variation observed
among measured redox potentials of the same cubane con-
figuration has been attributed to a variety of factors, includ-
ing electrostatic interactions between the metal center and
point charges and dipoles in the protein, hydrogen bonding
between the metal center and the protein, and the hy-
drophobicity and solvent accessibility of the metal center.
Accordingly, a great effort has been imprinted into the de-
sign of metallocluster binding sites by the site-directed mu-
tagenesis of ligands and of other parts of the proteins.

F. Prediction of metal-binding sites in protein sequences

One of the main limitations for the engineering of metal-
loproteins is the limited amount of information available
from a very small number of cases with sufficiently charac-
terized metal binding sites. In contrast to the mainstream in
protein research, sequence identity-based search engines
such as BLAST (even last generation upgrades) do not allow
a robust prediction of whether a given sequence might or
might not bind a metal atom (2, 3, 117, 190). This problem
was previously addressed by the Metalloprotein Program
Project team of the Scripps Research Institute with the con-
struction of the PROMISE database and the Metalloprotein
Database and Browser (MDB) (36, 57). These databases col-
lected structural and functional information on metallopro-
teins, with emphasis on the properties of the metal sites. Un-
fortunately, PROMISE was discontinued in 2002 and MDB
in 2004. Nevertheless, these databases still provide the
largest amount of public information available on metal-
binding sites.

Metal-binding capabilities are encoded in the primary se-
quence of proteins and are displayed through the three-di-
mensional arrangement of specific amino acid side chains
(24, 35). Some primary sequence “signatures” for binding
special metal cofactors have been identified over the years
(i.e., the nature and spacing of amino acids that determines
the ligand field for a specific metal site). The predictive ca-
pacity of these signatures strongly depends on the length
and composition of the intervening sequences between li-
gand residues, being more informative when short and with
low complexity (21, 64, 76, 77, 87).

The number of metalloproteins of known three-dimen-
sional structure is growing exponentially, providing struc-
tural biologists with enough information in the search for
rules regarding the type and frequency of amino acid
residues that participate in metal coordination. It is widely
accepted that metalloproteins may constitute as much as one-
third of all known proteins. The most common side chain
group for iron, copper, and nickel atoms coordination is His,
followed by Cys, Asp, and Glu; for zinc and cadmium the
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side chains of His and Cys are equally frequent, followed by
those of Glu and Asp (58). The coordination number of the
metal ions differs significantly among the metal types. How-
ever, for the majority of metals, the most frequent coordina-
tion numbers are four and six. The preferred coordination
number for copper, zinc, and cadmium is four, while cobalt
and iron prefers number six (58).

In order to investigate if there is any structural feature
common to all metalloproteins, we performed an annotation-
based search of the Protein Data Base (PDB) aimed at evi-
dence of transition metal-binding. By the end of 2007, almost
15% of the deposited structures (7001/47403) contained at
least one of the following metal atoms: iron, copper, zinc,
vanadium, molybdenum, or nickel. The most frequent metal
was zinc (4314/7001), which is consistent with previous ob-
servations and may reflect a bias in the PDB towards eu-
karyotic proteins (5, 36, 57). The abundance of the other metal
species was as follows: iron (1282), copper (765), nickel (462),
molybdenum (159), and vanadium (19).

With the exception of zinc-containing entries, where it was
not possible to discriminate whether the metal satisfied a
structural or a catalytic role, we tried to elucidate potential
correlations between the metal species bound and the fold-
ing pattern of the protein. To achieve this, each one of the
2687 PDB entries was classified according to the CATH cat-
egorization scheme (Fig. 5) (153). The most frequent class
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was Alpha Beta (47%), followed by Mainly Alpha (29.9%),
Mainly Beta (19.9%), and Few Secondary Structures (3.1%).
The most populated architectures were Orthogonal Bundle
(16.2%), 2-Layer Sandwich (14.8%), 3-Layer (¢Sa) Sandwich,
and Up-down Bundle (12.2%), and Alpha Beta Complex
(10.8%).

From this analysis, there seems to be a correlation between
the folding pattern of a protein and the presence of a metallic
center, being significantly more frequent in folds with a high
content of alpha helix structures. Possible reasons for this cor-
relation are: (a) the set of amino acid side chains electronically
capable of metal coordination (mainly cysteine and histidine,
although methionine has also been observed) are less repre-
sented in beta sheets (153); (b) that the precise tridimensional
arrangement that amino acid side chains required for metal co-
ordination is more difficult to attain in protein surfaces with
stronger steric limitations as are frequently found in beta-rich
structures; (c) that alpha-rich structures would be more flexi-
ble, allowing the conformational adjustment of ligands trig-
gered by the geometry change of the metal atom during oxi-
dation-reduction (47); and (d) the dipole formed by alpha
helices may be a natural attractor to charged species, especially
in a parallel arrangement of several of these elements of sec-
ondary structure, as is the case in helix bundles.

Independently of the reasons for the higher frequency of
metal sites in alpha helix-rich folds, there is an important

- 25

- 20

@ IRON (127)

Il COPPER (83)

[J VANADIUM (7)

[J NICKEL (108)

Bl VMOLYBDENUM (26)

-15

- 10

-
§3 %
— x < Q
- D 5] <
B _(D(D-Q-E’—sgggg % «
— OO=TF5037 D S c [0}
- x330:202282238mEE T 5
cE S 38 FS5EB855220L 038 (2
082835 5¢2 280p@ocaa g P n
'Egggo_mE ,_ch_cwmv,\mﬁ'c
-O'O'Oo o) ‘_—O_C(U;mh [
Tegg§a8O 28530 m T
SESJL D g <8° & =]
n P . oo _&“Eoé_ 1 L
=T 023 a<£ £SO ’ o
388 >gcl =SS5t ®
>Q 89 TS ow <ZO
T8 =4 8L
- L = i
5 g‘”f.) <_(0- Mainly Beta
g 9 N ;
- = Mainly Alpha
m @ Few
Alpha Beta secondary
structures

FIG. 5. Distribution of annotated metalloproteins according to their topologies. Individual topologies are organized by their
common architecture, and architectures are organized in classes (Alpha Beta, Few Secondary Structures, Mainly Alpha, and
Mainly Beta) according to the CATH categorization scheme. (For interpretation of the references to color in this figure, the reader
is referred to the web version of this article at www.liebertonline.com/ars).



PROTEIN ENGINEERING

consequence, since the accumulated dipolar moment of the
secondary structures may affect the redox potential of the
metal sites. In this regard, it has been demonstrated that the
identity of a single amino acid in an alpha helix tunes the re-
dox potential of a (Fe(SCys)y) site in rubredoxin by adjust-
ing the peptide dipolar moment (66, 69).

lll. The Protein Engineer’s Tool Chest

The undisputed power of genetic engineering is based in
its ability to modify the complex properties of proteins by
the use of the rather straightforward methods of recombi-
nant DNA. The central dogma of molecular biology states
that the biological information flows from the chromosomes
(or any other genetic material) to proteins through an inter-
mediate RNA molecule. Nowadays we know that the flux is
dynamic and in some instances bidirectional. Nevertheless,
the premise remains valid, and any modification performed
on a gene will translate into a residue substitution on the en-
coded protein.

Genetic engineering relies on the isolation of a protein-en-
coding piece of genomic material, its cloning in an expres-
sion vector, and the subsequent manipulation of the se-
quence to produce altered versions of the encoded protein
by two different and equally powerful resources: (a) random
mutagenesis followed by selection, also known as directed
or molecular evolution, and (b) the rational design of novel
properties based on the knowledge derived from the three
levels of the protein structure. Each one of them will be de-
scribed in detail below and significant examples of their ap-
plication to redox-active enzymes will be discussed.

IV. Directed Evolution

Also called in vitro evolution, directed evolution is used
in protein engineering to harness the power of Darwinian
selection in the evolution of proteins with desirable prop-
erties not found in nature (136). There are two main chal-
lenges to overcome when using directed evolution, one is
the generation of variability and the second is selection.
Variability may be incorporated randomly in vivo, by the
use of “mutator” bacterial strains (deficient in the 3" — 5’
exonuclease activity of Pollll) (199), or in vitro by error-
prone replication. The advent of the polymerase chain re-
action (PCR) allowed the economical and efficient synthe-
sis of practically any sequence independent of the biological
source. Whereas template amplification may be achieved by
the use of any DNA-dependent DNA polymerase, those
from thermophilic sources are easier to handle. Because of
their thermal stability, they can be used in several cycles of
denaturation of the double-chain DNA, and annealing of a
primer and extension of DNA at the optimal temperature of
the polymerase, allowing the amplification of large amounts
of the target piece of DNA. In this regard, the DNA poly-
merase I from Thermus aquaticus, now produced recombi-
nant in Escherichia coli, is probably the most frequently used
enzyme for in vitro synthesis of DNA. Taq polymerase nat-
urally lacks the 5" — 3’ proofreading activity required for
high-fidelity replication, the background rate of misincor-
porations can be artificially enhanced by increasing the con-
centration of Mg, *, introducing Mn, ", by adding inosine or
dimethylformamide, or an unbalanced mixture of the four
natural nucleotides (33).
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Nowadays, it is possible to generate as much variability
and with all the characteristics required by the experimenter.
The real bottleneck is then the identification of those unique
combinations yielding proteins with novel properties,
whether it is increased activity, stability to pH, thermal sta-
bility, stereoespecificity, new catalytic functions, or others.
To relieve this, it is absolutely critical to design a precise de-
tection method preferable by selection, although a well-de-
vised screening scheme might provide significant results as
well. Under ideal conditions, a bacterial strain harboring spe-
cific auxotrophy markers can be used for complementation.
Selection systems are easy to handle but this benefit might
be obscured by an intrinsic disadvantage, that cells are po-
tentially able to respond to selective pressures by adapting
themselves to novel metabolic conditions that might com-
pensate for the lack of function or even to generate regula-
tory shortcuts for the overproduction of low-activity vari-
ants.

The main advantage of directed evolution techniques is
that only the primary sequence of the protein is required, al-
though a good knowledge of the catalytic mechanism allows
a better selection design. The drawbacks are that the diver-
sity generation is often limited by technical reasons, and that,
even in those cases where the generated diversity is enough
to cover the sequence landscape, downstream analysis re-
quires expensive robotic equipment to automate the process.
Furthermore, not all desired activities can be easily screened
for. Finally, the results of directed evolution experiments are
often poorly informative in that the selected mutations
schemes are not necessarily valid for other proteins, even if
they are closely related (211, 242).

Despite these drawbacks, directed evolution is extremely
useful in those cases where there is a clear phenotype to se-
lect for. Several redox-active proteins have been submitted
to directed evolution protocols for the selection of diverse
phenotypes, frequently for industrial and environmental
purposes, including oxido-reductase variants with broaden
substrate specificity (9, 120) or with altered specificity such
as the evolution of vanillil-alcohol oxidase (VAO), a flavoen-
zyme that catalyzes the oxidation of a wide range of pheno-
lic compounds, to produce vanillin from creosol (220). VAO
catalyzes the oxidation of creosol with low efficiency in a
two-step reaction. In the first step, creosol is oxidized to
vanillil alcohol that is further oxidized in the second step to
the alkanone vanillin. The formation of a stable abortive com-
plex between the enzyme-bound flavin and creosol limits the
yield of the reaction. Moreover, the second step is inhibited
by the competitive binding of creosol (219). After error-prone
PCR, seven single mutants capable of producing vanillin
from creosol were isolated. The increased activity was ap-
parently due to destabilization of the creosol-flavin adduct
formed. None of the substitutions were positioned near the
substrate binding site, and therefore, would not have been
targeted in a rationally designed strategy.

In another example, the nonheme iron-dependent estra-
diol catechol dioxygenase was evolved by error-prone PCR
for a change in product specificity. Oxidation of catechol sub-
strates is catalyzed by two types of dioxygenases during the
degradation of aromatic organic compounds. Intradiol
dioxygenase catalyzes the oxidative cleavage of the C-C
bond between the two phenolic hydroxyl groups using a
nonheme-iron (III) cofactor. On the other hand, extradiol
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dioxygenase catalyzes the oxidative cleavage of the C-C
bond adjacent to the hydroxyl groups and uses a nonheme-
iron (II) cofactor. Although the products are different, it has
been proposed that catalysis of both reactions proceeds
through a common hydroperoxide intermediate (30, 191).
Schlosrich and coworkers used directed evolution to gener-
ate variants of class III extradiol dioxygenase with intradiol
oxidative activity towards environmentally important chlo-
rinated catechols. Just as in the aforementioned cases, some
of the mutations giving rise to altered specificity are hard to
explain in terms of their distance to the substrate binding
site. Another important result from the analysis was the iden-
tification of a switch between extradiol and intradiol cleav-
age activities, supporting the hypothesis that both mecha-
nisms occur via a common intermediate.

For the Rieske-type three-component enzyme biphenyl
oxygenase, which natural function is the oxidative degrada-
tion of biphenyl, shuffled variants composed from the bphA1l
genes from Pseudomonas pseudoalcaligenes KF701 and Burk-
holderia sp. strain LB400 were selected for the degradation of
chlorinated biphenyls, a highly toxic and recalcitrant pollu-
tant (118). Interestingly, the deduced amino acid sequences
of the evolved variants showed only a few amino acid
changes compared to the original enzymes.

As documented above, error-prone PCR has proved to be
a powerful tool for protein evolution; yet, the analysis of a
large number of variants relies on the availability of a suit-
able detection method. Without any doubt, the direct esti-
mation of product is the most reliable way of assessing the
success of an evolved enzyme. However, each particular case
requires the development and validation of a method that,
in many cases, involves the modification of the product to
obtain some measurable property. As a consequence, there
is an increase in time and reagents needed, not always ap-
plicable to a high-throughput format. For redox-active en-
zymes, the most frequent alternative methods are based on
the estimation of used cofactors, co-substrates, and surrogate
substrates (210).

The determination of cofactors or co-substrate consump-
tion has the advantage of simplicity and general applicabil-
ity, however, the uncoupling problem in monooxygenases
might lead to the selection of variants with increased pro-
duction of peroxide instead of the product of interest. Sur-
rogate substrates, on the other hand, have been successfully
used with redox-active enzymes. The search of cytochrome
P450 variants for the regio- and enantioselective monooxy-
genation of medium-chain alkanes and carboxylic acids was
achieved through the use of p-nitrophenolate derivatives of
the substrates (165). This is based on the formation of an un-
stable hemiacetal that decomposes, releasing p-nitrophenol
which can be monitored spectrophotometrically. The hy-
droxylation of alkanes has also been successfully tackled us-
ing methyl ethers as surrogate substrates (135, 165). In this
case, the decomposition of the unstable hemiacetal produced
formaldehyde that was detected as an end point product by
its reaction with purpald, yielding a purple compound.

The random mutagenesis strategy is further challenged by
the compromise between obtaining the substitutions needed
to achieve the target property and the accumulation of dele-
terious mutations (22, 25). In fact, only about half of the ran-
dom single-base pair substitutions yield changes at the
amino acid level, and from these, only five to six other amino
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acids can really be explored at a given position. As a conse-
quence, only 25% of all possible single amino acid replace-
ments can be recovered. In order to enhance the exploration
coverage and also to confine the structural consequences of
the perturbation, sequence variation may be introduced by
the use of mutagenic oligonucleotides. This strategy requires
some knowledge of the three-dimensional structure of the
protein to identify the region to be mutagenized, which usu-
ally covers a sphere around the active site, or it can rely on
residues identified though a general mutagenic/selection ex-
periment as important to evolve certain property. Even
though this strategy is site directed, an evolutionary com-
ponent is added by introducing diversity at several residues
at a time, followed by selection or high-throughput screen-
ing for a given functional property. We will briefly describe
some successful cases in which this strategy was applied.

For dihydrofolate reductase type II (DHFR), a combinato-
rial approach was used to randomize residues 66-69 which
constitute the active site surface. In this protein, only one
monomer of the functional tetramer can be occupied by sub-
strate (DHF) and cofactor (NADPH) at a time. As a result,
the combination of subunits carrying different mutations, in-
crease the sequence space for activity exploration (192). The
most interesting contribution of their work was that an en-
tirely new active-site constellation can be constructed, as
long as the participant residues can be simultaneously var-
ied. These results demonstrate the plasticity of the active site
and the roughness of the function-sequence landscape.

In another example, the combinatorial mutagenesis strat-
egy was applied to elucidate the functional role of three key
residues in cytochrome c peroxidase (189). A distal arginine,
originally thought as a stabilizing factor for the negative
charge developed during the heterocyclic cleavage of the
peroxide bond, in fact stabilizes Compound I and controls
reactivity and specificity by restricting the access to the fer-
ryl oxygen atom. The tryptophan residue at position 51 that
was considered to hydrogen-bond the ferryl oxygen atom
was randomized. The only viable variant obtained at this po-
sition contained a phenylalanine; this substitution favored
the proton transfer from the substrates to the ferryl oxygen
atom, thus increasing reactivity towards phenolic substrates.
The third position, tryptophan 192, which is located in the
core of the protein, tolerated mutations to polar and posi-
tively charged residues, reflecting the complementarity to
the environment around this residue which is transiently
charged during the reaction mechanism.

Combinatorial mutagenesis has also been used to in-
crease stability of Mn-peroxidase towards peroxide (138).
In a more ambitious scheme, Suemori and Irakura applied
a systematic combinatorial strategy to simultaneously
buildup activity, specificity, and thermal stability of p-hy-
droxybenzoate hydroxylase (209). Their mutagenesis was
directed only to cysteine and methionine residues to ex-
plore all 18 amino acid replacements. They selected single
mutants for each improved property and they recombined
them iteratively, increasing the number of properties to be
screened in each round to end up with multiple mutants
improved in all four traits. Although this strategy allowed
an effective adaptive walking towards particular objec-
tives, while restricting the variability to be searched, the
assumption of additive effects leaves out any potentially
synergistic interaction.
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Finally, the combinatorial mutagenesis strategy has also
been successfully tested to change substrate specificity, as
demonstrated by Arnold and coworkers who simultaneously
explored 11 positions in the substrate binding channel of
P450 Cyt BM3, with the aim to find variants able to produce
ethanol from ethane (135). As expected, the resultant active
mutants had an increased side chain to fill in the cavity in
order to fix the considerably smaller substrate. These muta-
tions were complemented with mutations at the reductase
domain to increase the coupling of electron transfer.

A more systematic technique based on combinatorial mu-
tagenesis is the so called CAST (Combinatorial Active-site
Saturation Test), implemented and successfully applied to
expand substrate specificity of lipases (175) and to change
enantioselectivity of epoxy hydrolase (26, 174) and of cyclo-
hexanone monooxygenase (42). In a first round of CAST, sets
of two or three amino acids with side chains forming part of
the binding pocket are randomized simultaneously with the
generation of relatively small libraries easy to screen for ac-
tivity. The hits of the first rounds are used for the next round
where other positions are explored. The different regions
considered for mutagenesis can be handled in parallel to gen-
erate independent libraries from which to build up the next
generations until a decision is made of which branch will be
used to continue the evolutionary process. With this strat-
egy, the authors were able to increase the enantioselectivity
factor, E, of the epoxy hydrolase from 4 to 115, after screen-
ing a total of 20,000 variants. In contrast, the same labora-
tory obtained an enantioselective factor of only 60 after a se-
ries of error-prone PCR and screening an equal number of
variants (176).

Although CAST requires the sampling of a large number
of libraries, the lower demand on screening and the higher
performance pays the effort off. These strategies can be fur-
ther improved by the use of intelligent mutagenic DNA
oligonucleotides. The saturation mutagenesis, using NNG/C
codons can be replaced by the synthesis of trinucleotide
phosphoramidites representing codons for all 20 amino acids
(224), avoiding redundancy due to degeneracy of the code,
as well as undesired amino acids and stop codons. Thus, the
number of variants to screen is considerably reduced, as-
suring a complete mutant coverage in the screen process.
Several techniques have been developed to increase the yield
of the mutagenic DNA primers with simultaneous control of
the proportion and quality of the mutagenic codons, such as
orthogonal chemistry (82).

Naturally, recombination plays a key role in evolution by
enhancing the evolutionary rate of an enzyme for a given
trait (72, 73). Artificial recombination methods have been re-
cently developed in order to reduce decision-making to a
minimum and to avoid laborious protocols aimed to build
mutations on top of the already selected ones. DNA shuf-
fling (200) and STEP (243) are two such methods, in which
DNA mixes and matches pieces of successful variants to pro-
duce better results by mimicking recombination as it occurs
naturally during sexual reproduction (27, 211). In the origi-
nal approach, DNA fragments encoding the proteins of in-
terest were enzymatically chopped up in pieces and allowed
to pair among themselves until the whole gene was recon-
structed (Fig. 6).

A comprehensive evolutionary scheme has been followed
for the modification of a fungal multicopper enzyme. In a
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first report, the selection of randomly generated variants of
the Myceliopthora thermophila laccase were selected for a more
efficient expression in yeast (31). Ten generations and the
screening of 20,000 clones were necessary to obtain a mutant
with ~20-fold increased activity named MtLT2. The deduced
protein sequence of MtLT2 presented 13 differences when
compared with the parental enzyme. From these, only three
are probably related to the enhancement of the catalytic per-
formance, whereas the rest might be involved in protein sta-
bility. In a second report, this same mutant was subjected to
directed evolution selecting tolerance to high concentrations
of two different cosolvents in one screening assay (244). The
strategy followed relied on the utilization of gradually in-
creased concentrations of acetonitrile and ethanol and the si-
multaneous selection of high activity and stability. Ran-
domized variability was generated by in vitro as well as in
vivo methods, taking advantage of the recombination appa-
ratus of S. cerevisiae. The best mutant obtained displayed a
remarkable tolerance toward cosolvents, retaining in 40%
ethanol or in 30% acetonitrile the same activity as the
parental MtLT2 displayed in aqueous media.

Since the reconstruction method is based on sequence
complementarity among pieces, only variation of the same
gene whether obtained by in vitro mutagenesis or from dif-
ferent homologs with high degree of sequence identity at the
DNA level could be included. The assembled product re-
sulted in a mosaic gene with 1 to 4 crossed-over points, har-
boring the variability encoded by each one and all the dif-
ferent parental sequences (46, 200). The natural limitation of
this technology is the high level of conservation required
among the parental sequences (over 60%) and that the re-
combination sites are constrained to those segments with
even higher sequence identity. This limitation is even more
restraining when distantly related sequences are to be com-
bined into chimaeras.

The rationale behind the evolution of proteins through
chimeragenesis is the introduction of variability that has al-
ready been proved to be compatible with the structure and
function of a given protein. Recently, a series of alternatives
to the basic DNA shuffling method have been developed that
reduce the identity treshold required for the parental se-
quences. In the SHIPREC technique (Sequence Homology-
Independent Protein Recombination), the two genes to be re-
combined are linked by a separator sequence harboring a
restriction site. This construction is circularized, truncated
randomly, and the fragments corresponding to the size of a
single gene are purified, treated with Klenow to produce
blunt-end DNA, and self-ligated. Digestion of the sequence
at the separator size yields a collection of linear fragments
of chimeric genes coding for the N-terminal part from one
protein and the C-terminal part from the other, with
crossovers distributed over the entire length of the gene (Fig.
7). With this method, the soluble P450 cytochrome from B.
megaterium and the membrane-associated human P450 were
recombined. These genes share only 16% identity, and there-
fore a conventional gene-shuffling strategy would have not
been possible. The resulting library was amplified and
cloned for characterization as translational fusions to a fold-
ing reporter gene (e.g., chloramphenicol acetyl transferase)
(196). According to their folding-assessing screen, ~20% of
the library was properly folded, and 80% of these clones re-
tained CO binding ability. After screening 2,000 variants for
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FIG. 6. Performance of different mutagenesis-recombination-selection schemes on the exploration of the fitness land-
scape of an enzyme. (A) The use of random saturation allows the population to travel the sequence space in discrete steps.
The strength of the method is that no deleterious mutations are introduced, given the low intensity of the mutagenesis. (B)
An improvement of the previous method is the recombination of a group of independent mutants on the same gene. The
combination of methods will allow the population to bounce through the sequence space faster than the use of each one of
the parent methods. Additionally, the positive phenotype of different mutants recombined is expected to add while the
negative effect of others is expected to dilute and eventually to loose from the population. (C) The most powerful, yet the
most difficult, approach is the recombination of different genes, homologous or nonhomologous. In this regard, the popu-
lation could be expected to use regions of the sequence space that would be forbidden to any one of the parent sequences
and also to reach novel fitness peaks, for instance, those that embrace a new catalytic activity on an extant fold (catalytic
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migration).

deethylation of 7-ethoxyresorufin, activity exhibited by the
human P450 cytochrome, the authors were able to isolate two
active clones. Both clones had the chimeragenesis site in-
serted into the first 16 amino acids of the human cytochrome;
in one of them these residues were replaced by the sequence
of the soluble bacterial enzyme; in the other there was some
frame shift that was later recovered, giving an initial differ-
ent sequence, but in both cases the result was a soluble en-
zyme present in the cytosolic fraction.

In a third method, named RACHITT (Random Chimera-
genesis on Transient Templates), two genes with no identity
are recombined. One of the parental sequences is enabled as
a transient template as a uracil-containing single strand
while the other is chopped up in small pieces with DNAse

III. The small pieces are allowed to anneal randomly to their
homologous parts of the uracil-containing template and the
single-strand intervening fragments are filled with Klenow.
Once the extension step is performed, the uracilated tem-
plate is destroyed. The mosaic products might contain as
many as 14 crossed-over intersection points per gene and the
recombined pieces might be as small as five base pairs (44).
Coco and collaborators used this strategy to construct a li-
brary of chimeras from dszC genes encoding dibenzothio-
phene monooxygenase (DBT-MO), which catalyzes the first
and limiting step of the dszABCD diesel biodesulfurization
pathway. They used as parental genes DBT-MO from No-
cardia asteroides A3H1, which shows a wide substrate spec-
trum but poor activity and DBT-MO from Rhodococcus ery-
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FIG. 7. Experimental strategy to generate chimeras
through Sequence Homology-Independent RECombina-
tion (SHIPREC). The genes are fused through a linker con-
taining a unique restriction site. The fusion is circularized
through a ligase and digested randomly with DNasel. Frag-
ments of the size of a single gene are purified and treated to
produce blunt ends that are ligated back and finally lin-
earized by the specific restriction enzyme. The chimera
genes are amplified, cloned into a vector, and screened for
function.

thropolis 1GTSS8, that shows higher conversion rates, but
higher specificity for sparsely alkylated DBTs. Screening of
175 chimera proteins allowed identification of variants with
high activity and broad specificity, while previous extensive
efforts of random mutagenesis on the target genes by the
same laboratory failed in improving the properties of these
gene products.

In the last method reviewed here, called structure-based
CHEMeragenesis algorithm (SCHEMA), an algorithm was
developed to determine the number of interactions that
would be disrupted upon formation of a hybrid enzyme at
every single position when several parents are used to re-
combine (226). The automatic energetic evaluation of all pos-
sible chimeragenic sites allows the identification of inde-
pendent folding fragments that can be recombined,
maintaining the integrity of the three-dimensional structure
of the protein, increasing the proportion of folded chimeras.
The method has proved to be successful in generating a li-
brary with high diversity (an average of 72 amino acid sub-
stitutions with respect to the closest parent sequence), and
high content of folded chimeras (~50%). The library was
formed when eight fragments of cytochrome P450 heme do-
main genes from three bacterial parents, B. megaterium (BM
3) and its B. subtilis homologs (A2 and A3), were recombined
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(154). The resultant library was screened for thermostability
(125) and for activity towards a set of substrates (121). A sig-
nificant number of chimeras were found that were more sta-
ble than the parental enzymes. These chimeras also showed
a good correlation between the presence of particular frag-
ments and stability, so that a combination of those fragments
expected to confer the higher stability behavior was assem-
bled. Regarding activity, a set of 14 chimeric proteins was
tried for a set of substrates, finding in all cases that for the
entire substrate set, one chimera outperformed even the best
parental enzyme.

V. Rational Design

Along with directed evolution, rational design has been
exploited as a powerful approach for unveiling the basic
principles of redox-active mechanisms. In this section we will
present the most effective methods, both genetic and chem-
ical, for the exploration of redox properties.

A. Loss of function approach

From the technical point of view, the simplicity of the site-
directed substitution methods allows the production of any
possible variation in the sequence of a protein in a fast and
accurate manner. It is not the aim of this paper to analyze
the techniques for single-site mutagenesis in detail, but only
to identify some general strategies applied to the study of
redox enzymes.

There are countless reports of the site-directed substitu-
tion of redox-related residues, mainly cysteine, methionine,
and histidine, in order to characterize the effect of side-chain
modification on the molecular mechanism. As a consequence
of this systematic approach, a series of motives or signatures
has become available [e.g., the CxxC sequence, employed by
thioredoxins and glutaredoxins as a redox-sensing site (77)
or the CxxS sequence involved in methionine sulfoxide re-
duction (76,119)]. In the case of cofactor binding sequences,
the best known are the nucleotide binding sites, where de-
spite minor divergence, a core assembly of secondary struc-
tures with conserved sequence can be easily recognized us-
ing standard bioinformatics tools (181, 235). The robust
prediction of metal binding is relatively more difficult, since
the ligand atoms are usually spread apart in the primary
structure of the protein without conservation of the inter-
vening sequences. Despite the difficulties, highly repre-
sented sites such as the zinc-binding motif allowed the com-
position of a sequence pattern with significant prediction
capabilities (5, 64, 158).

B. Incorporation of non-natural amino acid residues

The availability of chemical functions afforded by natural
amino acid residues is limited to that of acids, amides, alcohols,
basic amines, and thiols. The possibility of expanding the nat-
ural repertoire of reactive groups in proteins has been actively
pursued by protein engineers. Amino acid analogs have been
used to unveil new roles of individual residues in protein func-
tion, structure, folding, and localization. For instance, it is now
possible to incorporate fluorescent labels for protein-trafficking
studies, to add photoactivatable crosslinkers for protein-pro-
tein interaction studies, or to make post-translational modifi-
cations to exogenously produced proteins (68, 128) .
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Novel amino acids can be introduced into recombinant
proteins in either a residue-specific or in a site-specific fash-
ion. These methods are complementary: residue-specific in-
corporation allows engineering of the overall physical and
chemical behavior of proteins and protein-like macromole-
cules, whereas site-specific methods allow mechanistic ques-
tions to be probed in atomic detail. The most common strat-
egy for incorporating amino acid analogs into proteins relies
on reading through amber stop codons (UAG) in mRNAs by
a suppressor tRNA that is aminoacylated with the desired
non-natural amino acid (148).

The incorporation may be achieved in vivo or in vitro. The
basis for in vitro systems is the use of a suppressor tRNA that
is chemically aminoacylated, whereas in vivo systems rely on
the misacylation activity of a mutant aminoacyl-tRNA syn-
thetase. The essential requirement for the in vivo method is
that two of the recognition elements (i.e., the suppressor
tRNA and the aminoacyl-tRNA synthetase) behave orthog-
onally, that means that there they should present a strong
specificity between them, avoiding cross-interaction with the
rest of their cellular analogs (10, 130, 186). Original efforts to
develop a stringent orthogonal system in E. coli were mar-
ginally successful until a proficient selection system was de-
veloped by Schultz and coworkers (230). They submitted a
library of tRNA mutants (derived from a heterologous sup-
pressor tRNA) to negative and positive selection rounds in
the absence and presence of the cognate synthetase. In the
negative selection stage, the tRNA library is introduced into
E. coli along with a mutant barnase gene in which amber
nonsense codons are introduced at sites permissive to sub-
stitution by other amino acids.

When a member of the suppressor tRNA library is
aminoacylated by an endogenous E. coli synthetase (i.e., that
it is not orthogonal to the E. coli synthetases), the amber
codons are suppressed and ribonuclease and barnase are
produced, resulting in cell death. Only cells harboring or-
thogonal or nonfunctional tRNAs can survive. All tRNAs
from surviving clones are then subjected to a positive selec-
tion round in the presence of the cognate heterologous syn-
thetase and a B-lactamase gene with an amber codon at a
permissive site. tRNAs that can function in translation and
are good substrates for the cognate heterologous synthetase
are selected on the basis of their ability to suppress the am-
ber codon and produce active B-lactamase. Therefore, only
tRNAs that (a) are not substrates for endogenous E. coli syn-
thetases, (b) can be aminoacylated by the synthetase of in-
terest, and (c) function in translation, will survive both se-
lections (230).

Nevertheless, the use of amber codons presents an intrin-
sic limitation: the natural propensity of the ribosome to re-
cruit release factors as soon as an amber codon reaches the
A-site. The suppressor t-RNA must then compete for the re-
lease action with the concomitant reduction of the overall ef-
ficiency to <50%. Higher suppression efficiency may be
achieved by the use of one of several strategies: the design
of non-natural codon/anticodon base pairs; selective expan-
sion of codons from three to four or five nucleotides; the in-
duced accumulation of the suppressor tRNA, or the selec-
tive inactivation of temperature sensitive release factors
(231). Despite the relative success of all these alternatives, ef-
ficiencies are still below optimal values. Moreover, as the
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number of amber codons in a gene increases, the efficiency
of non-natural amino acid incorporation decreases.

An upgraded version of the orthogonal method has re-
cently been reported that allows the evasion of its natural
limitations by adding a specialized ribosomal particle,
named “ribo-X” to the E. coli machinery able to specifically
translate the UAG-containing orthogonal mRNA, but that
also appears to present reduced affinity for the cellular re-
lease factor RF-1 (229). The design of ribo-X bases on the
recognition of the Shine-Dalgarno sequence in the mRNA
by the anti-Shine-Dalgarno sequence in the ribosome. Site-
directed substitution of the Shine-Dalgarno sequence in an
encoding sequence along with the complementary substitu-
tion in a copy of the 16S rRNA generates an orthogonal pair
specific for the translation of mutant mRNAs (169, 170). Ribo-
X, not being part of the cellular machinery, is tolerant to mu-
tations that would otherwise cause lethal effects. With an ex-
perimental strategy that combined rational design and
directed evolution, Chin and coworkers evolved orthogonal
ribosomes that are more efficient in the translation of amber
codons through the manipulation of the A-site encoding
fragment of 165 rRNA. The authors demonstrate that the mu-
tant ribosome enhances the suppression efficiency of single
amber codons threefold, compared to the wild-type ribo-
some, and 22-fold for two amber codons in the same gene.
Even further, ribo-X does not augment read-through of stop
codons other than amber. The development of ribo-X adds
a powerful tool to the protein engineer’s tool chest and will
undoubtedly facilitate protein engineering for a wide array
of application.

C. Chemical synthesis of proteins

Biological protein synthesis, even enhanced by the most
powerful adaptations, limits the components of proteins to
a-amino acids. In contrast, chemical synthesis allows the
facile introduction of non-natural structures into proteins
(111, 112). The basic chemistry of peptide synthesis comes
from the beginning of the 20" century after the work of the
Nobel Prize winner Emil Fischer. Early liquid-phase meth-
ods were substituted in the late 1960s by more efficient and
controllable solid-phase alternatives that were also easily au-
tomated. However, the cumulative loss of product in current
solid-phase methods still limits the length of routine prepa-
ration of peptide fragments to 50-60 residues.

Recently, the same principles of polymer-supported pep-
tide synthesis have been applied to develop the native chem-
ical ligation method (Fig. 8) (55, 56). Substrate peptides can
be protected or unprotected, and coupling can occur in an
aqueous or organic solvent, in solution, or on a solid sup-
port. After this method became established, a significant
number of complex proteins were produced by convergent
synthesis, including integral membrane ion channels and
glycosylated proteins (12, 39, 63, 106, 114).

The field of chemical synthesis of proteins is vast and the
different methods for the generation of peptide backbones
and for the chemical ligation reactions have been recently re-
viewed (56, 88, 89, 115, 147). Thus, we will focus on the im-
pact of this technology on the development of redox-active
protein analogs that could not have been obtained by bio-
logical means.
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FIG. 8. Basic chemistry of the Native Chemical Ligation
method. A peptide containing a C-terminal thioester reacts
with another peptide containing an N-terminal cysteine, in
the presence of an exogenous thiol catalyst. The product re-
arranges irreversibly under the usual reaction conditions to
form the desired amide bond. A limitation of this technique
is that cysteine has to be part of the produced protein at a
suitable place.

D. Protein engineering by semisynthesis

Currently, most protein analogs are generated by genetic
and chemical methods. Nevertheless, difficult cases involv-
ing more drastic modification or complex experiments that
require site-specific markers and labels may get solved by
an intermediate approach called semisynthesis, a crossroad
for the complementary fields of physical biochemistry,
chemical, and molecular biology. Semisynthesis is based on
the chemical manipulation of the protein itself, allowing the
preparation of homogeneous defined analogs using a lim-
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ited number of chemical steps on synthetic intermediates de-
rived from the native protein (62, 150, 151). The theoretical
framework was established by Offord and Rose after ex-
ploring the use of hydrazone- and oxime-forming reactions
for chemically ligating synthetic and recombinant peptide
fragments (80, 81, 179). The field received a recent impulse
by the discovery of protein splicing, a post-translational pro-
cess that proceeds through a branched protein intermediate
releasing an internal protein sequence, termed an intein,
from a protein precursor (70, 239). During the splicing pro-
cess, the intein self-catalyzes its excision and the ligation of
the flanking protein regions, termed exteins (Fig. 9) (149). To
date, >400 intein sequences from bacteria, archaea, and fungi
have been documented in the Intein Database (164). Further
development of this natural phenomenon resulted in the ex-
pressed protein ligation method (141, 143, 239).

The objective of most semisyntheses is the creation of a
mutation at a single site in a protein (142, 227). The infor-
mation defining the target may include the deduced se-
quence of the protein, as well as a three-dimensional model
of its structure based on crystallographic or NMR data, or
even a homology-based reconstruction. Each of the phases
presented might involve several chemical and physical pro-
cesses and the potential for variation is vast. An alternative
scheme would be stepwise semisynthesis, where subsequent
chemistry is performed with the whole protein. This tech-
nology has enabled the preparation of semisynthetic proteins
aimed towards the investigation of numerous biological pro-
cesses and biochemical mechanisms including nonredox
metalloproteins (14, 79), nonmetallic redox enzymes (65, 98,
177), redox metalloenzymes (228), and for the incorporation
of spin-labeled amino acids (13).

A particularly interesting case of semisynthesis applied
to the study of redox-active intermediates is the characteri-
zation of the intermolecular radical propagation pathway in
ribonucleotide reductase. Class I ribonucleotide reductase
(RNR) catalyzes the reduction of nucleoside diphosphates
to deoxynucleoside diphosphates. The enzyme from Esche-
richia coli is composed of two homodimeric subunits (R1 and
R2). Whereas R1 binds the nucleoside diphosphate and the
allosteric regulatory nucleotides, R2 harbors a diferric-tyro-
syl radical (Y122-) cofactor that is essential for nucleotide
reduction. Numerous studies using isotope effects, mecha-
nism-based inhibitors, site-directed mutants, and electron
paramagnetic resonance, suggested that the reductive ac-
tivity of the enzyme requires the propagation of the Y122-
radical from R2 to the active site C439 residue in R1 (193,
205). The unusually distant position between both sites (>35
A) entailed the existence of at least one intermediate posi-
tion for the productive transfer of the radical, possibly other
tyrosine residues, as was demonstrated by site-directed mu-
tagenesis (15, 67, 183). However, the substitution of tyrosine
residues by phenylalanine not only perturbed the reduction
potential of the side chain but also disrupted the coupling
of proton and electron transfers. Since the protonation state
of a residue modulates its reduction potential, the absence
of a deprotonable group in phenylalanine made the inter-
pretation of the mutant phenotype difficult. The generation
and transport of protein-based radicals occurs by proton-
coupled electron transfer, a quantum mechanical tunnel ef-
fect that results in essential constraint, since proton transfer
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FIG. 9. General mechanism for intein
self-catalyzed cleavage. The N-terminal
splice junction is activated by a N-O or
N-S acyl rearrangement at the intein N-
terminus that moves the N-extein to the
side chain of the Ser/Cys at the intein
N-terminus, forming the linear ester/
thioester intermediate.
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E. De novo design of redox-active enzymes

is limited to short distances relative to electron transfer (171,
202).

In order to overcome these limitations, the authors syn-
thesized semisynthetic versions of R2 harboring the site-di-
rected substitution of the putative intermediate position
Y356 by NO,Y, F,)Y, or aniline side chains (37, 194, 195, 240).
The rationale behind these substitutions was that analogs
might present altered nucleotide reduction relative to their
different ability to be oxidized compared to tyrosine. Anal-
ysis of the pH rate profile of these analogs suggested that
the mechanism of long-distance intersubunit radical/proton
transfer in RNR proceeds with electron transfer prior to pro-
ton transfer. Radical transfer through position 356 only be-
comes rate-limiting upon raising the reduction potential of
the residue at that location and is not affected by the proto-
nation state of either the ground state or oxidized amino acid.

Thus, semisynthesis is a modern and broadly applicable
technique that permits the site-directed modification of com-
plex protein targets and may be exploited as a powerful tool
to characterize redox-active proteins (163, 203, 204).

C-terminal
Extein

This is perhaps the most challenging approach for the de-
sign of redox-active enzymes. It requires both a knowledge
of protein folding and stability, and of coordination chem-
istry (1, 241). In order to achieve this goal, two alternative
approaches have been envisioned. The first one relies on the
initial design of a stable scaffold and the subsequent ratio-
nal incorporation of redox-reactive/related residues. In this
regard there are four examples that deserve mention. The
strategy followed by Hellinga and coworkers uses the struc-
ture of thioredoxin, a small protein that does not contain
metal centers, as template to construct the framework for a
metal binding site and an oxygen binding pocket. They used
the automated program DEZYMER (96) to identify the pos-
sible positions to introduce three histidine residues to form
the binding site for a single metal center (18). From 200 pos-
sible sequences, the authors selected six that placed the metal
center in three different environments: on the surface, in a
groove, or deep inside the protein. All three constructed vari-
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ants were able to bind not only iron, but all first-row transi-
tion metals. In a second stage, the authors monitored three
different activities commonly catalyzed by metals in pro-
teins: the dismutation of superoxide, the reductive cleavage
of hydrogen peroxide (Fenton chemistry), and of molecular
oxygen (Undenfriend chemistry) to produce the corre-
sponding free radicals. The constructed enzymes were able
to catalyze all three reactions to different degrees with a lo-
cation-dependent effect of hydroxyl binding on pKa as well
as on the redox potential of the metal center, suggesting that
location of the metal active center can be used to modulate
catalytic activity and specificity.

In the strategy followed by DeGrado and collaborators,
they departed from an heterotetrameric helical bundle fold
able to conform a diiron site (17, 110, 116). The sequence of
the protein was obtained by an automated method (43, 159),
a binding pocket was subsequently chiseled in the core of
the bundle, the affinity towards the substrate estimated by
direct means and finally, the ability of the construction to
perform the catalytic oxidation of a model substrate was
demonstrated (96). The obtained activity was low but sig-
nificant and presented saturation kinetics.

The strategy of Tommos and collaborators for the con-
struction of a de novo designed quinone protein departed from
a stable three-helix bundle (108). This scaffold was able to in-
corporate redox-reactive residues such as tryptophan to ex-
plore the structural basis of some free radical enzymatic re-
actions (105). Using the same scaffold, Hay and collaborators
introduced designed modifications of the bundle core that al-
lowed the covalent binding of 2,6-dimethylbenzoquinone.
The bound quinone was able to perform redox cycling with
electrochemical parameters close to those expected for a two-
electron redox process at room temperature (48).

In the last case, Haehnel and coworkers based their de novo
design of redox-active enzymes on the chemical synthesis of
immobilized four-alpha-helix bundles (93). They synthesized
a library of 352 heme proteins with a single ligating histidine
residue as the proximal iron ligand and enough space for the
binding of a sixth iron ligand, such as water or oxygen. Two
of the variants were not only able to bind iron, but also to
perform the oxidative opening of the porphyrin moiety
yielding biliverdin, by following the same intermediate steps
catalyzed by heme oxygenases.

The alternative approach is that of Hecht and collabora-
tors who use a combinatorial strategy for the generation of
variability, with emphasis on the explicit location of polar
and nonpolar residues but not on their identity (146). In do-
ing so, variability can be generated without compromising
the protein core stability. Because the precise identity of each
polar or nonpolar residue is not specified, this method al-
lows the construction of large libraries with enormous com-
binatorial diversity. Among other proteins, the group has
generated a series of novel heme-binding variants able to
perform a number of functions of natural heme proteins (94).
The redox potential of these proteins ranged from —112 to
—176 mV, close to the midpoint reduction potential of un-
bound heme (—220 mV).

VI. Emerging Fields

Here we will present some fields that may boost the in-
vestigation of redox phenomena by the application of some
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of the protein engineering approaches mentioned in the pre-
vious sections.

A. Redox-active ribozymes

One of the advantages of protein engineering methods is
that its basic theory as well as many of its experimental tools
can be expanded for the study and manipulation of RNAs
and DNAs. It has been documented how a combination of
site-directed mutagenesis and directed evolution techniques
were applied for the selection of ribosomal particles with
novel functions for the design of orthogonal translation sys-
tems (229). Since the discovery in the early 1980s that cat-
alytic RNA molecules are naturally endowed with endonu-
clease and self-splicing activities, rare RNA-based molecules
with novel activities have been isolated in the past yielding
binding (aptamer) or catalytic (ribozyme) species (28, 236).

Redox reactions are a key part of all living systems, but so
far, only proteins are naturally able to perform them. In a
pre-protein world (the hypothesized RNA world), the bur-
den of catalyzing redox reactions might have been borne
by RNA molecules (16, 234). An essential observation is
that many redox-sensitive cofactors (i.e., NAD, FAD, or
cyanocobolamin) harbor a ribonucleotide moiety and may
represent a vestige of ancient RNA-based cofactors.

Synthetic RNA templates are able to evolve in vitro as ap-
tamers for redox cofactors such as hemin, FMN, riboflavin,
FAD, and cyanocobolamin (32, 123, 131, 184, 212). The abil-
ity of an aptamer to discriminate between different nucleo-
tides was demonstrated by directed evolution experiments
in which an aptamer against FMN or FAD was evolved to
bind GMP by partially randomizing the parental RNA se-
quence and selecting for binding to the new ligand (95). The
new anti-GMP aptamers could no longer bind FMN or FAD,
even though no negative selections against FMN or FAD
were carried out. While the sequence differences between the
parental and the new aptamers ranged from 20% to 57%, as
few as three nucleotide substitutions were found to alter
specificity from FAD to GMP, indicating the existence of fine-
tuning specificity determinants, as in proteins.

Ribozymes can covalently self-incorporate NAD and CoA
by the same mechanism that is normally used for the inser-
tion of guanosine into the RNA during the initiation of
Group-I splicing (29) or by developing new catalytic activi-
ties through in vitro directed evolution. In the last example,
a pool of synthetic RNA was incubated with phosphate in a
column, and variants that could append themselves to the
column were selected. These variants were able not only to
incorporate phosphate but to use any molecule containing a
phosphate moiety as substrate. Subsequent rounds of site-
directed mutagenesis and selection on the original ribozyme
sequence resulted in a remarkable species able to synthesize
RNA-linked NAD, FAD, and CoA from their precursors and
the 5'-terminal ATP of the ribozyme. (99, 100)

So far, we have documented evidence that RN A molecules
might not only interact with nucleotide cofactors as aptamers
but also that it is possible to evolve ribozymes able to bind
them covalently. Despite this significant advancement, the
long-standing question whether RNA molecules would be
able to perform redox reactions remained unanswered (104).
Soluble cofactors such as NAD or FMN are able to oxidize
or reduce substances, albeit at a extremely low rate (156).
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Protein scaffolds are required for rate enhancement, al-
though there is not a stringent requirement for the cofactor
to be covalently bound, as has been observed for many of
NAD-dependent enzymes. In consequence, once an RNA
molecule was able to tightly bind the cofactor, the investi-
gation of whether this aptamer could actually be bred to en-
hance the nucleotide catalytic rate was an obvious question.

The first demonstration that it is possible to select RNA
sequences able to perform the oxidation of a substrate with
a significant rate enhancement was recently achieved (213).
In this report, Suga and coworkers developed an elaborate
in vitro directed evolution strategy for the selection of ri-
bozyme variants able to efficiently oxidize ethanol using
NAD™ and Zn?* as cofactors. In this selection scheme, a pool
of randomly synthesized RNA sequences primed with
guanosine-5’-monophosphorothioate (GMPS); the thiolate
group was then used for the incorporation of a benzyl alco-
hol derivative in order to generate a substrate-RNA conju-
gate. The conjugated pool was incubated with biotin hy-
drazide in the presence of NAD™. If the conjugated alcohol
group was oxidized by NAD™, the resultant aldehyde could
be coupled to biotin and the self-tagged catalysts separated
by streptavidin capture. Two selections were carried out in
parallel, one with 100 mM Mg?" as sole divalent cation and
the other with a mixture of Mg?" and 0.5 mM Zn?*. Inter-
estingly, catalysts were only obtained in the presence of Zn?*
after 15 rounds of in vitro evolution. The stringent require-
ment for Zn?* and NAD™ is consistent with the mechanism
of natural alcohol dehydrogenases. Based on the estimated
background rate, the best performing ribozyme, Ribox2,
achieved a single-turnover rate enhancement of >107-fold.
Subsequently, the same ribozyme was shown to catalyze the
reverse reaction, the reduction of benzaldehyde by NADH
(214). Furthermore, the reaction progressed still in the pres-
ence of only NADH and FAD, indicating the operation of a
multicomponent redox relay for the regeneration of NAD™.
Subsequent evolution of Ribox2 produced second generation
variants able to catalyze the reaction ~25% more efficiently,
at the same time being more robust (160).

Taken together, these demonstrations shed some light on
our understanding of the evolution of metabolism in the
RNA world. The use of NAD and FAD as cellular redox coins
is ubiquitous in modern metabolism, and presumably would
have been equally widespread in the RNA world. The rela-
tively easy evolution of nucleic acid catalysts that utilize such
cofactors implies that the early paths to the establishment of
these nucleotide-based structures in biology would have
been common.

Structural and mechanistic properties of ribozymes may
be translated into the more stable DNA molecule in the form
of deoxyribozymes. Although there is no known example of
a deoxyribozyme in nature, catalytic variants selected in vitro
to perform peroxidations were observed for hemin aptamers
(212). Alternatively, the translation of the catalytic function
encoded by a ribozyme with RNA ligase activity into a de-
oxyribozyme can be obtained by directed in vitro evolution
of the translated sequence (161). In this report, Joyce and
coworkers demonstrate that the basic chemistry of the ri-
bozyme catalytic activity could be detected in the evolved
deoxyribozyme although the value of the catalytic parame-
ters and the stereospecificity were not preserved. Interest-
ingly, the two endpoints of the evolutionary transition are
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mutually exclusive: when either the ribozyme is prepared as
the corresponding DNA or the deoxyribozyme is prepared
as the corresponding RNA, there was no detectable activity.
An equivalent treatment of redox-active ribozymes might
produce a light but robust redox-deoxyribozyme.

The design of functional redox-active polynucleotide scaf-
folds might fulfill unexpected niches in redox biochemistry.
Not only for the resolution of fundamental questions on the
origins of life, but also as therapeutic agents. Catalytic se-
quences might be transfected as parts of larger fragments
susceptible to self-processing. Once activated, high affinity
aptamers for the cofactor would be expected to self-load
(even covalently) with the necessary conformational adjust-
ments for cofactor stimulation. In this form, redox-active ri-
bozymes would be enabled for the intracellular execution of
defined redox reactions or simply for fine tuning of the cel-
lular redox status. Even further, the conventional phospho-
diester bonds of the backbone may be substituted by pep-
tide bonds in the form of PNA (peptide nucleic acids) able
to form extremely stable complexes with great resistance to
both nuclease and protease (129, 144, 233).

B. Manipulation and design of intramolecular electron
transfer pathways

Electron transfer in proteins is one of the few biological
processes based on quantum mechanical tunneling. The ki-
netics of intraprotein electron transfer becomes temperature-
independent at temperatures <100°K, which is an undis-
putable feature of quantum tunneling reactions. While
thermal energy may be insufficient to classically carry the
electron over the insulating barrier imposed by the protein
medium, quantum tunneling through the energy barrier is
still possible allowing electron transfer in biological systems
to proceed rapidly over large (10-15A) distances.

Long-range intraprotein electron transfer is fundamental
to respiration, photosynthesis, and other redox metabolic re-
actions. Participant redox-active proteins have been selected
by their ability to transfer electrons between donors and ac-
ceptors in a controlled, efficient, and specific manner. Given
its preeminent role in biochemistry, the topic of biological
electron transfer has been systematically studied for >50
years. At the beginning it was studied from a merely chem-
ical point of view, but more recently it has been the subject
of numerous investigations by biochemists and molecular bi-
ologists. In particular, after the seminal characterization of
the electron transfer processes at photosynthetic reaction
centers (139), the search and characterization of electronic
pathways inside proteins has been intensely pursued.

Nowadays, the accumulated knowledge of the basic prin-
ciples of electron transfer theory, supplemented by a vast
amount of experimental data obtained from natural systems,
allows the enunciation of the rules followed by natural en-
gineering of electron transfer proteins. In general, we are in-
terested in unveiling what elements of their design are im-
portant for function and which are not; in particular, we
consider it is fundamental to learn how the intervening or-
ganic medium components affects the electron transfer path-
ways. This issue has important consequences for the design
and optimization of redox-active proteins.

Theoretical calculation of the reaction rates in systems in-
volving thousands of atoms at a detailed molecular level pre-
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sents an enormous challenge, even when the structure of
these systems is known. The protein environment is com-
posed of a relatively compact arrangement of amino acid side
chain atoms connected by the covalent skeleton of the back-
bone. Additionally, numerous low-energy contacts occur in-
side the protein such as hydrogen bonding, electrostatic and
Van der Waals interactions. Donor and acceptor redox cen-
ters are usually scattered throughout this matrix. The trans-
fer efficiency depends on the ability of the electron wave
function to penetrate the classical forbidden insulating bar-
rier between the donor and acceptor. The higher the barrier
the more dramatically the electron transfer rate decays with
distance. The highest value for the barrier would be found
in vacuum. The presence of an intervening organic solvent
where the positively charged nuclei can interact favorably
with the electron reduces the barrier. A typical protein
medium presents a barrier between these extremes (139). No
matter the value for the barrier, the rate of electron tunnel-
ing will be fastest over short distances (132).

There are two main models that consider which part of
the protein environment is more significant in the electron
tunneling between a redox pair. The first one, originally sug-
gested by Beratan et al. is that specific electron tunneling
pathways exist in which covalent bonds are predominantly
used, hydrogen bonds are ancillary, and through-space
routes are rarely used (20). According to this model, the elec-
tron tunneling pathways depend on the detail of the three-
dimensional structure of the protein. In this model the over-
all shape of the electron transfer routes are far from straight,
branching and assuming a significant breadth, resembling
pathways or corridors.

The method based on the tunneling pathway model
searches for the shortest set of connected bonds and short
through-space gaps to define a path between redox centers,
and then applies a rate penalty for each bond and a greater,
distance dependent penalty, for each through space gap (19,
152, 198). Applying this method to a series of analogous re-
actions allowed the parameters to be adjusted to fit existing
experimental rates. This method successfully identifies pro-
tein regions that are more or less well bonded and are gen-
erally correlated with faster or slower tunneling.

In the original theoretical framework envisioned by Mar-
cus (132, 208) and subsequently developed by Gray and Win-
Kler (85), three factors determine electron transfer within pro-
teins: nuclear reorganization energy (A); the electronic
coupling strength (Hp) of involved redox-active sites; and
the distances between redox-active sites (R). The model sug-
gests that different protein secondary structures mediate
electronic coupling with different efficiencies, a notion sup-
ported by experimental evidence. Analyses of electronic cou-
pling strengths in Ru-modified proteins suggest that the ef-
ficiency of long-range electron transfer strongly depends on
the protein secondary structure: sheets appear to mediate
coupling more efficiently than a-helical structures, with hy-
drogen bonds playing a critical role in both. (85, 86, 122, 237).

The variations in coupling efficiencies among different
protein secondary structures could have important func-
tional consequences. In subunit redox enzymes, the structure
between subunits may play a key role in directing and reg-
ulating electron flow (Fig. 10). An important inference from
this model is that the electron tunneling pathway has been
optimized by natural selection to guide the electron, so that
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changes to the medium, for example, through mutagenesis,
will perturb the electron transfer rate. The evolutionary im-
plications of this and the second model will be discussed be-
low.

The second model, originally suggested by Dutton and
coworkers, assumes that the electron tunneling pathway can
be approximately described as a straight line with a width
defined by the sizes of the connecting donor and acceptor.
In support of this model, they plotted the logarithm of the
rate as a function of the distance between donor and accep-
tor taken from various biological systems, creating a Dutton
plot (139). An improvement of the model was performed
later with the consideration of the slope as dependent on the
packing density of atoms in the protein environment con-
fined by the straight line connecting the redox centers (155).
According to the concept of the Dutton plots, the electron
transfer rate would be determined only by the distance be-
tween the redox pairs, with specific electron tunneling path-
ways being insignificant in biological electron transfer,
which means that the velocity of the electron would remain
constant, independent of travel through a covalent or a hy-
drogen interaction as if the connecting atoms form a straight
line. Additionally, the identity of the protein atom in the
pathway would be irrelevant, so that changes by mutation
would have no impact in the electron rate (Fig. 11).

Experimental support for this model comes from the anal-
ysis of structural data of redox proteins, with the observa-
tion that the protein packing in the volume between redox
centers is indistinguishable from that of other parts of the
same protein (presumably not involved in electron transfer)
(155). Additionally, a clear tendency was observed for redox
centers to be located within 14A of each other. In the case of
long-range tunneling involving more than two centers in dif-
ferent proteins, it was concluded that natural proximity
(within 14A) together with thermal activation, rendered the
decay of the electron transfer rate between them linear, in
contrast to the exponential decay that occurred in any other
direction (155). In this model the protein matrix can be
viewed as a homogenous medium lacking detailed structure,
whose only purpose is to providing virtual orbitals for the
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electron lowering the tunneling barrier and making long-dis-
tance transfer between redox sites possible. Even further,
conserved amino acids and structural motives in these re-
gions may have many other biologically important functions
with their own selective pressures not directly related to elec-
tron tunneling.

Additional considerations enriching the theoretical frame-
work for the modeling of intraprotein electron transfer in-
clude the dependence on driving force, the nature of the
medium, electrostatic interactions, protein molecular dy-
namics, the concept of single and multiple electron currents,
the effect of water molecules, conformational gating and cou-
pling, and Brownian dynamics (34, 38, 52, 71, 109, 127, 197,
198, 206, 207). In the rest of the section, we would like to fo-
cus on the evolutionary implications of each one of the mod-
els previously described, and the possible consequences for
the manipulation and design of electron-transfer pathways
by protein engineering methods.

Theoretical treatments share the view that the amino acid
matrix has been optimized naturally to guide electron tun-
neling and predict the selectability of each of the residues in-
volved during protein evolution, perhaps even water mole-
cules (49). In contrast, other models consider that the single
characteristic selected for in the evolution of electron tun-
neling in redox-active enzymes is the positioning of redox
centers within reach (140, 155). One interpretation of this po-
sition is that the flow of electrons transferred between redox
centers does not necessarily follow a unique route, but that
the shortest one will be favored for kinetic reasons. In con-
sequence, every change of amino acid residue in the main
route with deleterious effect on the electron transfer rate, will
automatically elicit the engagement of alternative residues
to form an equivalent secondary pathway.

Independent of the model supported, we consider that the
use of proteins that naturally transfer electrons for hypoth-
esis testing might present an inherent drawback. Electron
transfer proteins, especially when associated with respira-
tion, perform extremely important metabolic reactions. In
this regard, they have been subject to millions years of pres-
sure for any selectable trait: solubility, folding, thermal sta-
bility, rate, thermodynamic efficiency, etc. Perhaps the whole
protein has been optimized for electron transfer. As an al-
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ternative, the feasibility of exploring the selectability of atyp-
ical electron transfer processes in redox-active proteins might
shed some light on the discussion.

The oxidative inactivation of heme proteins is an unusual
case of enzymatic performance where the enzyme itself is
used as electron source and is led to irreversible deactiva-
tion as the oxidative damage accumulates (216). The molec-
ular basis underlying this phenomenon is extraordinarily
complex since the stoichiometric release of free radicals from
the active site triggers the simultaneous occurrence of mul-
tiple reactions (216, 218). Independent of the source, protein-
based free radicals travel inside the protein until their stabi-
lization occurs at the position with the lowest redox potential
available (92). The mechanism-based oxidative inactivation
of heme peroxidases has been addressed from different
standpoints, including directed evolution and site-directed
mutagenesis, and the successful redox-inspired protein en-
gineering strategy described below.

Significant results increasing oxidative stability in heme pro-
teins have resulted from site-directed mutagenesis. In the case
of cytochrome P450 BM-3, the substitution of F87A signifi-
cantly increased the stability toward hydrogen peroxide (124).
In hemoglobin, the formation of a stable thiyl radical decreased
the rate of autoxidation and reduced heme degradation at-
tributed to the reaction of superoxide with the heme (11).

Site-directed engineering of the hydrogen peroxide-bind-
ing pocket of a recombinant manganese peroxidase from
Phanerochaete chrysosporium ATCC64314 allowed the recov-
ery of a single methionine to leucine substitution that en-
hanced the tolerance of the enzyme towards low concentra-
tions of hydrogen peroxide (1-3 mM) (137). In a subsequent
report, selected positions inside the hydrogen peroxide-bind-
ing pocket of the same protein were subjected to saturation
mutagenesis. Approximately 10,000 mutated proteins were
individually synthesized in a cell-free expression system and
screened for activity and stability. At the end of the screen-
ing procedure, 15 clones belonging to four different classes
were sequenced. In all cases the common substitution was
I83L; in addition A79 was changed for either E or S and N81
for Sor L (138).

In the only example of molecular evolution of a heme pro-
tein aimed at increasing protein stability towards hydrogen
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peroxide, Cherry and coworkers used a combination of ap-
proaches to develop a fungal peroxidase active in highly al-
kaline and oxidative conditions (40). Using the crystal struc-
ture as a guide, site-directed mutagenesis first targeted
amino acid residues susceptible to oxidation by hydrogen
peroxide. Three amino acids were identified and combined
using site-directed mutagenesis to generate a variant with
an oxidative stability fivefold higher than the wild-type en-
zyme and a thermal stability improvement of >100-fold. Fur-
ther random mutagenesis and selection rounds identified a
series of mutants with even further improvements in ther-
mal stability and peroxide stability, but such improvements
came at the cost of reducing the overall activity of the en-
zyme. To overcome this obstacle, the authors then shuffled
in vivo clones with improved thermal stability with high ac-
tivity clones. The output of these experiments was mutants
with higher activity and higher stability than any of the in-
put parental genes. A final round of in vivo shuffling using
a pool of mutants with improved activity relative to the wild-
type protein resulted in two distinct mutants with substitu-
tions in the same position. The best of these was 174-times
more thermally stable and 100-times more stable towards hy-
drogen peroxide than the starting point enzyme. Most of the
changes selected in the former mutant were located inside
the active site, mainly in the contact point between two he-
lices which coordinate the binding of peroxide. The replace-
ment of 149 to side chains able to establish hydrogen bond-
ing was especially important. The I49S substitution increased
oxidative stability 50-fold, probably by promoting the es-
tablishment of an alternative hydrogen bonding network.
With exception of the last example, where turnover rates
were severely reduced, there was no indication if the muta-
tion(s) were of any consequence on the catalytic properties
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of the enzymes. In all heme proteins, free radicals are pro-
duced with certain stoichiometry during catalytic turnover;
in consequence, a drastic reduction on the catalytic parame-
ters of the enzyme will pass for stability unless rigorously
demonstrated.

We consider that only the redox-inspired reconfiguration
of the electron abstraction pathways between the source and
the alternative sinks would lead to productive electron-allo-
cation equilibrium (216). Our experimental strategy assumed
a large difference in redox potential between the heme iron
atom and the rest of the protein components. The redox land-
scape of a protein can thus be deconvoluted from the usual
representation (lineal or tridimensional) into a model that
disregards the actual position or even the sequence of the
amino acid residues in the polypeptide (Fig. 12). Most of the
protein elements are redox neutral and are not considered
in the model. Only elements, whether internal or external, in
which redox value is different from the background are in-
cluded. The actual number and identity of the elements de-
pends on the presence of redox-active side chains, redox
cofactors (organic or metallic), soluble electron donors/ac-
ceptors, and other proteins with a different global redox po-
tential value.

Following these premises, we developed a redox-inspired
strategy aimed towards remodeling the intramolecular elec-
tron transfer pathways involved in the oxidative deactiva-
tion of the model heme peroxidase c-type cytochrome from
yeast (218). It is important to notice that these pathways are
not the same as those which participate in the interprotein
electron transfer between its physiological partners, and
therefore have not been subject of selective pressure (102,
162). After several sequential substitution stages, a variant
with a fully stable phenotype at catalytic concentrations of

B Heme
External
e |

FIG. 12. Redox landscape of a model heme-protein. Ordinates represent the relative redox potential of electron accep-
tors with positive values and donors with negative values in arbitrary units. (A) The single peak with a positive value rep-
resents the activated heme-iron atom as the final electron sink (or free radical source). Peaks with negative values repre-
sent the external substrate and protein elements that may become potential electron sources (or free radical sinks). The
external substrate behaves as a local minimum and, although it may allocate free radicals, it is out competed by the pro-
tein elements. The relative value of the external substrate minimum modulates the frequency with which it behaves as the
electron donor, as has been demonstrated experimentally. (B) In the absence of low-redox potential side-chains, the exter-
nal substrate behaves as the systemic minimum and will allocate all the free radicals produced during the enzymatic turn-
over, annulling the oxidation of the protein backbone and stabilizing the catalytic activity of the enzyme without compro-
mise of the catalytic parameters. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article at www.liebertonline.com/ars).
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hydrogen peroxide was obtained, harboring the N52I, W59F,
Y67F, K79A, and F82G substitutions. None of these substi-
tutions afforded stability separately or even in smaller
groups, indicating that disruption of electron transfer from
the multiple protein donors to the iron acceptor must be ab-
solute. The phenotype of this variant was reflected in the sta-
bility of its electronic components, allowing the identifica-
tion of a protein-based radical intermediate.

Several lines of evidence indicated that the internal elec-
tron donors were tyrosine residues (168, 223). Simultaneous
substitution of the five positions abolished the formation of
the protein-based radical signal, supporting their suggested
role. The radical was still formed and was located as a tran-
sient porphyrin-based species (g| =2.52 and g+— =2.0
values), indicating that in the absence of tyrosine side chains,
the porphyrin moiety acted as the final electron source (217).
Interestingly, removal of the tyrosine residues did not im-
prove the stability of the protein on the contrary, the tyro-
sine-less mutant was 10 times less competent to use external
donors. This phenotype indicates that other protein elements
were still used as electron donors, although the redox po-
tential difference with the oxo-iron(IV)porphyrin acceptor
was less significant.

Comparison of these experiments allows us to draw sev-
eral conclusions: (a) If there was a major electron/radical
transfer pathway from the donor sites to the acceptor, it
would have been exposed after several rounds of random
mutagenesis and stringent selection. Protein perturbation
was intense enough to generate variants that mimicked the
selected phenotype without alteration of the electron trans-
fer process. However, electron transfer and oxidative dam-
age accumulations were not affected in the mutants. The phe-
notype is consequence of a strong reduction on the radical
production rate. Macroscopically, the effect is similar, i.e., ac-
quired resistance to oxidative deactivation. (b) Development
of a rational approach that assumed the absence of major
electron transfer pathways yielded positive results after the
“electric isolation” of the acceptor from possible protein
donors.

From this evidence we support the view that most of the
primary sequence of the protein is irrelevant for electron
transfer, and that the chemical properties of the residues in-
volved in the pathways are less critical than other factors
(45).

VIl. Conclusions

This review serves several purposes. One of them is to give
an updated account of the methods used for protein engi-
neering aimed at non experts. In order to offer a compre-
hensive view of the field, we decided to include both genetic
and chemical methods which are usually reviewed sepa-
rately. Specific applications to redox-active enzymes are
mentioned along each technology, with emphasis in those
cases where the generation of novel functionality was pur-
sued. Finally, we focused in two emerging fields in the pro-
tein engineering of redox-active enzymes: the construction
of novel nucleic acid-based catalysts and the remodeling of
intramolecular electron transfer networks. We consider that
the future development of these areas will represent fine ex-
amples of the concurrence of chemical and genetic tools. In
conclusion, with the advent of the powerful tools here de-

SAAB-RINCON AND VALDERRAMA

scribed, this seems to be an excellent time for projects based
on the protein engineering of redox-active enzymes.
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