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ABSTRACT: The redox potential of cytochromes sets the energy yield possible in metabolism and is also
a key determinant of the rate at which redox reactions proceed. Here, the heme protein, cytochromeb562,
is used to study the in vitro evolution of redox potential within a library of variants containing the same
structural archetype, the four-helix bundle. Multisite variations in the active site of cytochromeb562 were
introduced. A library of variants containing random mutations in place of R98 and R106 was created, and
the redox potentials of a statistical sampling of this library were measured. This procedure was carried
out for both the low- and high-potential variants of a previously studied F61X/F65X, first-generation
library [Springs, S. L., Bass, S. E., and McLendon, G. L. (2000)Biochemistry 39, 6075]. The second-
generation library reported here has a range of redox potentials which is greater than 40% (160 mV) of
the known accessible potential among cytochromes with identical axial ligands (but different folds) and
exceeds the range exhibited phylogenetically by the cytochromec′ family which internally maintains the
same axial ligation and fold. A statistical analysis of the libraries examined reveals that the redox potential
of WT cyt b562 is found at the high-potential extremum of the distribution, indicating that this protein
apparently evolved to differentially stabilize the reduced protein. The 2.7 Å crystal structure of F61I/
F65Y/R106L (low-potential variant of the second-generation library) was solved and is compared to the
wild-type structure and the 2.2 Å resolution structure of the F61I/F65Y variant (low-potential variant of
the first-generation library). The structures indicate that charge-dipole effects are responsible for shifting
the redox equilibrium toward the oxidized state in both the F61I/F65Y and F61I/F65Y/R106L variants.
Specifically, a new protein dipole is introduced into the heme microenvironment as a result of the F65Y
mutation, two new internal water molecules (one in hydrogen-bonding distance of Y65) are found, and
in the case of F61I/F65Y/R106L (∆Em ) 158 mV vs NHE), increased solvent exposure of the heme as
a result of the R106L substitution is identified.

One general question in molecular level evolution is:
“How does function evolve within a fixed protein architecture
to exploit the range of possible chemical reactivity?” For
example, consider a heme redox protein, whose reactivity
can, in part, be defined by a thermodynamic metric, the redox
potential,E°. The active site heme has its reactivity altered
by incorporation into a protein matrix, which provides a
different local environment than does bulk solvent. As Hecht
has shown, proteins found in evolutionarily naive libraries
can bind heme selectively and with a range of redox
potentials.1 As heme-containing proteins evolve to meet a
specific physiological niche, two broad outcomes are pos-
sible. A variant may be chosen “robustly” near the center of
the chemically permitted range of redox potentials. Alter-
natively, selection might drive toward an extremum in the
range of potentials permitted. Given that recognition of redox
partners and tunneling reactivity can be dramatically altered

by changing the fold of a cytochrome, here we only address
“evolution” within a fixed topology, rather than coevolution
of functions such as redox potential and molecular recogni-
tion.

We consider here the four-helix bundle motif, which is
observed in several cytochromes (cyt),2 including the cyto-
chromec′ family, cytochromeb562, and cytochromeb559 (1,
2). Within this set of four-helix bundle proteins, a reduction
potential range of∼400 mV is exhibited:Rhodospirillum
rubrum cytochromec′ has a reduction potential of-8 mV
vs NHE, and cytb559 exhibits a potential of 400 mV vs NHE.
Cyt b562, the subject of our study, has a potential which lies
between these two extremes at 167 mV vs NHE (Figure 1).
Nature can access such a range by tuning factors unrelated
to global structure: covalent vs noncovalent heme attach-
ment, heme substituents, heme axial ligands, heme solvent
exposure, surface charge of the cytochrome, and protein
electrostatic effects all play a role in mediating reduction
potential (2, 3). The effects of changing axial ligands and† This work was supported by the NIH (Grants GM18627-02,

GM33881, and GM44038).
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heme substituents are well described for cytochromes. Thus,
it is constructive to consider the range observed in a family
of cytochromes (cytochromesc′), which have not only the
same structural type but consistent axial iron coordination.
In such a case, a range of 140 mV is observed phylogeneti-
cally. This provides a benchmark for the range that might
be expected among a family of structural homologues of
cytochromeb562.

The work presented here uses a library approach to
examine the impact of electrostatic effects on redox potential
within a fixed structural archetype, the four-helix bundle.
This approach provides more information than isolated
analyses of redox variants. This is because (a) a statistical
analysis of the range and variance of redox potential when
wild-type residues are varied for all possible amino acid
residues in the heme pocket of a cytochrome can be
performed and (b) variants with statistically large shifts in
the redox potential (∆Em) can be identified in an unbiased
way. Rather than choosing a variant for study that a priori
appears as though it may exhibit a large shift in potential,
the library contains essentially complete information about
the variations. We have found that the most interesting
variations in redox potential may result from apparently
conservative replacements. Given this, redox/structure analy-
sis of variants with statistically significant potential shifts
can be instructive in a search to understand the relative
importance of contributing factors. In addition, such a library
provides a data set for testing our quantitative means of
predicting reduction potential given a structural input.

In previous work, we examined the effect of simultaneous
replacements at amino acid positions F61 and F65 of
cytochromeb562 (4). In this work, we have used the high-
and low-potential variants of the first generation of redox
variants as parents for a second generation of variants
containing mutations at positions R98 and R106 (see Figure
1). The redox potentials of the second-generation library and
a redox/structure analysis of the low-potential variant (based
on a 2.7 Å X-ray crystal structure) are presented.

EXPERIMENTAL PROCEDURES

Cloning and Mutagenesis. PCR-based mutagenesis was
carried out as described in ref4. In this case, different oligo-
nucleotide primers (OEP1B, AK55HATAG, Pos98•106•P3,
and OEP4B) were used to generate the library of mutations
(4-6). The oligonucleotides used were as follows: OEP1B,
5′-biotin-CGCGCAGAATTCGAGCTCGGTACCCGGG-
CGAAT-3′; AK55HATAG, 5′-GGCAACAGGAAATGA-
GGAATTASNNATACTTCTGGTGATAGGCGTTSNNG-
GTCGTTTTCAG-3′; Pos98•106•P3, 5′-TTCCTCATTTC-
CTGTTGCCTGCACTCAGG-3′; OEP4B, 5′-biotin-CGCG-
GCGGATCCCGACGGCAAATTTGTGCAG-3′. All addi-
tional cloning procedures were carried out as in ref4.

Protein Purification. Purification was carried out as
described in ref4. The integrity of all mutants was confirmed
by electrospray ionization mass spectrometry on a Hewlett-
Packard 5989B mass spectrometer and DNA sequencing
analysis on an ABI PRISM 377 sequencer.

Spectroelectrochemistry.The spectroelectrochemical ti-
trations were performed under anaerobic conditions in an
optically transparent thin-layer cell that has been described
previously (4). All measurements were made in 20 mM
potassium phosphate buffer (pH) 7.2) and 100 mM NaCl
with hexaammineruthenium chloride (E° vs NHE) 60 mV),
2,6-dichlorophenolindophenol sodium salt (E° vs NHE )
220 mV), or 2,3,5,6-tetramethylphenylenediamine (E° vs
NHE ) 260 mV) as the mediator. The protein concentrations
were approximately 5.0× 10-5 M, and the mediator
concentrations were between 0.5 and 1.0× 10-3 M. The
experimental procedures and data analysis were carried out
as described in ref4.

X-ray Crystallography.X-ray quality crystals of the F61I/
F65Y/R106L variant were obtained at 4°C using the hanging
drop vapor diffusion method (7). X-ray diffraction data were
recorded on a Rigaku system using a copper rotating anode
electrode and an R-axis II image plate detector. X-ray data
used for structure determination were collected at 100 K from
a single crystal, grown in 30% PEG 4000, 0.1 M MgCl2,

FIGURE 1: The four-helix bundle structural type is represented by cytochromeb562. The second-generation library of cytb562 variants
contains randomization at positions 98 and 106 (shown in yellow). Positions 61 and 65 (shown in cyan) were randomized in the first-
generation library (4). On the right, the range of redox potential in a series of four-helix bundle proteins is displayed. Cytochromeb559, a
four-helix bundle cytochrome with bis-Met axial ligation and a midpoint redox potential of 400 mV vs NHE, is not shown (2). The range
among the cytc′ family, which maintain identical axial coordination, is approximately 140 mV.
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and 0.1 M Tris-HCl, pH 8.5. The reflections were integrated
and merged using DENZO and SCALEPACK in the HKL
suite of programs (8). The F61I/F65Y/R106L variant crystal-
lizes in the space groupP212121 with unit cell dimensionsa
) 42.1 Å, b ) 49.0 Å, andc ) 114.4 Å and contains two
molecules in the asymmetric unit.

Using the atomic coordinates of WT cytb562 as a search
model for molecular replacement, solutions for both non-
crystallographic symmetry mates were obtained with the
program AMORE (9). To reduce the bias of WT cytb562 in
the structure of the variant, side chains of the mutated
residues (i.e., positions 61, 65, and 106) in the initial model
for building and refinement were replaced with alanine. Initial
cycles of refinement were accomplished using simulated
annealing, positional refinement, andB-factor group mini-
mization within the CNS program suite (10), and rebuilding
of the model into the electron density maps was performed
with the modeling program O, version 6.2 (11). After the
third annealing, further refinement was achieved using only
cycles of positional refinement,B-factor group refinement,
and building.

RESULTS

Library Design.In the second generation of cytochrome
b562 variants created here, wild-type cytb562 and F61I/F65Y
(the high- and low-potential variants of the first generation,
respectively) were used as the parental DNA for new cyt
b562 progeny which include mutations at positions 98 and
106 (Figure 1). As outlined in our previous report, the
necessary criteria for choice of cytochrome include use of a
well-characterized protein for which structural analyses of
variants might be possible and use of a cytochrome which
will allow a straightforward screen for variants with only
local structural changes rather than global conformational
changes (4, 12). These criteria were used to select cyto-
chromeb562 as a physical system in which to study reduction
potential mediation. Cytb562 is a 12.3 kDa, 106 amino acid
protein consisting of fourR-helices connected by three turns
to form a four-helix bundle (13). It occurs naturally and can
be overexpressed in the periplasm ofEscherichia coli(14).
The structure of oxidized cytochromeb562 has been solved
in solution by NMR (15) and by X-ray crystallography to
1.4 Å resolution (16). The heme of cytb562 is noncovalently
bound by axial ligands Met 7 and His 102 (13). The heme
is oriented such that one face, adjacent to the Met 7 ligand,
is buried within the hydrophobic core of the protein, while
the face adjacent to the His 102 is partially solvent accessible
(13). As demonstrated previously, the noncovalently bound
heme of cytochromeb562 allows a first-order screen for global
structural homology between the wild-type protein and
variants (4, 5). This is becauseE. coli harboring variants
that have maintained their ability to fold and bind heme
exhibit a red phenotype, while those which no longer fold
properly or bind heme maintain the background color ofE.
coli.

Positions 98 and 106 of cytochromeb562 are located in
the heme microenvironment (Figure 1) and are therefore
expected to play a role in mediating reduction potential.
Unlike the nonpolar phenylalanine residues at positions 61
and 65 that were the subject of the first-generation library,
WT cyt b562 contains charged arginine residues at positions

98 and 106. A priori, it is unclear whether replacement with
amino acids that alter the solvent exposure of the heme or
those which influence the charge will have the greater impact
on redox potential at these positions.

A complete understanding of the effects of mutation at
positions 98 and 106 on reduction potential can be gained
by randomization of the amino acids at these two positions
and characterization of the reduction potentials of the
resulting variants. In addition to insight into the specific role
of R98 and R106, a multigenerational approach [using the
extrema of the first generation of redox variants (F61X/
F65X) as parents for the second generation], allows the
accessible range and distribution of redox potential available
given limited internal variation near the heme of a four-helix
bundle cytochrome to be further probed.

To create a library of variants at positions 98 and 106,
the DNA of WT cytb562 and of the F61I/F65Y variant was
randomized (for all 20 naturally occurring amino acids) at
positions corresponding to amino acids 98 and 106, using
the overlap-extension PCR-based mutagenesis procedure
and color screen previously described.3 Approximately 30
members exhibiting a red phenotype were randomly selected
from the two sublibraries of second-generation variants.

Sequencing Analysis.The diversity of the library at the
genetic level was determined by analysis of the DNA
sequences of 46 clones prior to library screening.4 An NNS
randomization was used; therefore, the expected nucleotide
frequency at N positions is 25% G, A, C, and T, while the
expected nucleotide frequency at the S positions is 50% G
and 50% C. The actual frequencies were found to differ at
N positions with G and T overrepresented (33% and 32%,
respectively) and A and C underrepresented (15% and 20%).
At S positions, C was present 37% of the time, while G was
present 63% of the time.5 This type of bias is common and
must be assessed when considering the distribution of amino
acids occurring in the library chosen on the basis of a red
phenotype. When the amino acid distribution in a library
parented by WT cytb562 (based on an NNS randomizaton
and including the bias just described) is analyzed before and
after screening for red phenotype (as in ref 4), the data clearly
show that the wild-type residue, arginine, is significantly
overrepresented relative to its occurrence in the library
analyzed prior to screening for red phenotype. The same is
true for the library parented by the F61I/F65Y variant.
Considerably fewer double (or, in the case of the F61I/F65Y
parent, quadruple) variants were observed than would be
statistically expected given our sequencing data. This result
indicates that R98 and R106, independent of their role in
attenuating redox potential, likely stabilize protein folding
and/or heme binding in cytochromeb562.

3 To ensure that a statistical analysis would give meaningful results,
the randomization was kept at a maximum of two positions per
generation of library. In this way, the maximum possible library size
is limited to 400 members, so that one need only sample ca. 15 members
to ensure with high confidence levels that the range of redox potential
observed corresponds to the range existing in the entire population.

4 This number excludes several clones which exhibited frame-shift
mutations.

5 Such bias can originate at the solid-phase oligonucleotide synthesis
level or as a result of selection at the DNA synthesis level during the
polymerase chain reaction. This type of bias is common. (See, for
instance, ref24.)
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Redox Potentials.The midpoint redox potentials for wild-
type cytochromeb562, the F61I/F65Y variant, and the second-
generation variants were determined spectroelectrochemically
and are given in Table 1 and graphically displayed in Figure
2. As in the first-generation library, virtually all of the
variants (whether parented by the WT or F61I/F65Y
structure) exhibited reduction potentials lower than their
parent (Figure 2). The second-generation sublibrary parented
by F61I/F65Y exhibited a 72 mV range in reduction
potential. The sublibrary parented by the WT structure
exhibited a range of 107 mV. The overall range exhibited
by the second-generation variants is 160 mV. The low-
potential variants of the library parented by the F61I/F65Y
mutant are F61I/F65Y/R106L and F61I/F65Y/R98L, exhibit-
ing reduction potentials of 9 and 7 mV vs NHE, respectively.

A series of variants containing changes at position 98
(R98E, R98A, R98L, and R98W) are of particular interest.
Replacing arginine with a glutamic acid (R98E) replaces a
positive charge in the heme microenvironment with a
negative charge. The reduction potential of R98E is 104 mV
vs NHE, a 62 mV shift from the wild type. The R98A, R98L,
and R98W mutations replace a positively charged residue
with a nonpolar side chain. These variants exhibit reduction
potentials of 146, 111, and 65 mV vs NHE, respectively.
This raises several questions. Why does replacing arginine
with leucine or tryptophan elicit an equal or greater shift in
reduction potential than replacing arginine with glutamic
acid? In a series of nonpolar replacements, why does the
smaller hydrophobic residue, alanine, elicit less of a response
than leucine? What is more important: charge or solvent

exposure of the heme (which will be controlled by the
volume, hydrophobicity,and orientation of an amino acid
given local structural constraints)? In the case of position
98, the data suggest that solvent exposure is as important as
or more important than charge. This issue will be revisited
later in the context of detailed structural information.

One possible effect of replacing a charged amino acid with
a large, nonpolar amino acid would be todecreasesolvent
exposure and increase the reduction potential. Such an effect
might be expected to counterbalance the effect of removing
the positively charged arginine side chain, the magnitude of
which is difficult to assess given the positional uncertainty
of the arginine side chains in solution. In this scenario, the
observation of only marginally shifted redox potentials
[certainly more marginal than mutations resulting in total
charge reversal, R98E (∆Em ) 62 mV)] might be expected.
However, this is not what is observed. Within experimental
error, an R to L mutation is worth as much as an R to E
mutation.

In the crystal structure of cytb562, Câ and Cγ of the R98
and R106 side chains are in van der Waals contact with the
solvent-exposed face of the heme, while the remainder of
each side chain extends into solvent. Thus, it is possible that
the role of the arginine residues at positions 98 and 106 is
twofold: the charged guanidinum portion of the side chain
destabilizes the oxidized state through charge-charge in-
teractions, and the hydrocarbon portion of the side chain
destabilizes the oxidized state by reducing the solvent
exposure of the heme. A corollary to this would be that a
leucine side chain in position 98 or 106 does not reduce the
solvent exposure of the heme as effectively as arginine.
Structural data are, of course, necessary to test this hypothesis
and shed light on the effect of replacing arginine with a
hydrophobic residue such as leucine.

X-ray Crystallographic Analysis of the F61I/F65Y/R106L
Variant. In an effort to understand the structural factors
giving rise to the significantly decreased reduction potentials
of the F61I/F65Y and F61I/F65Y/R106L variants (the low-
potential variants of their respective generations), the crystal
structures of these two variants were solved. The 2.2 Å
crystal structure of the F61I/F65Y variant will be described
in detail elsewhere. The salient features of this structure are
described here for the purpose of comparison only. Table 2
contains data collection and refinement statistics for the F61I/
F65Y/R106L structure.

The global structures of the two molecules contained
within the asymmetric unit are essentially identical, with an
overall rms deviation of 0.4 Å. No obvious hydrogen-bonding
contacts between the interfacial residues exist, and unlike
the structure of WT cytb562, the crystal contacts do not
involve the surface with the solvent-exposed heme. In the
variant structure, clear interdigitation of some residues,
particularly around histidine 63 of molecule B, is observed
between the two molecules of the asymmetric unit.

The F61I/F65Y/R106L variant differs from WT cytb562

primarily in the turn regions and in the microenvironment
of the heme. Figure 3a shows the structure of the variant
molecule B superimposed on the WT structure (PDB access
no. 256B). The rms deviation for molecules A and B of the
variant superimposed onto WT are 0.60 and 0.67 Å,
respectively.

Table 1: Reduction Potentials of the Second Generation Variants

variant
Em

(mV vs NHE)
∆Em

(Em
wt - Em

v)

F61Y F65Y R98K R106Q 62( 5 105
F61I F65YR98K 66( 4 101
F61I F65Y R98G 57( 2 110
F61I F65Y R98A 65( 5 102
F61I F65Y R98L 7( 2 160
F61I F65Y R98Fa 34 ( 14 133
F61I F65Y R98Ta 47 ( 8 120
F61I F65Y R106K 79( 2 88
F61I F65Y R106W 42( 3 125
F61I F65Y R106L 9( 1 158
R98W R106K 67( 3 100
R98K R106G 103( 2 64
R98L R106Qa 116( 9 51
R98A R106S 60( 2 107
R98V R106Q 116( 3 51
R98H 120( 4 47
R98E 104( 3 63
R98A 146( 5 21
R98F 125( 4 42
R98G 117( 1 50
R98L 111( 1 56
R98P 157( 3 10
R98W 66( 4 101
R98K 160( 5 7
R106S 107( 2 60
R106K 145( 2 22
R106M 99( 1 68
R106E 77( 2 90
a These variants were eliminated from the study due to the high error

values associated with their reduction potentials. Two variants were
eliminated from the study due to anomalous mass spectroscopic data
(F61I/F65Y/R98S and R98S/R106C). R106M and R106K were pre-
pared independently and are not bona fide library members.
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Positions 61, 65, and 106.In the variant structure, there
are clear, but subtle differences between the two molecules
of the asymmetric unit with respect to the side chains at
positions 61 and 106. Figure 3b depicts a CPK rendering of
the heme of both molecules of the unit cell, as compared to
the WT structure. At position 106, the leucine residues are
oriented with torsion angles which are opposed to one another
in molecules A and B. In molecule B, the leucine residue is
oriented such that the terminal methyl groups are pointed
up, away from the heme. This creates a solvent-exposed
channel, leading from the iron atom at the center of the heme
to the solvent. In molecule A, the terminal methyl groups
are pointed “down” toward the face of the heme ligated by
histidine. This orientation creates a pocket of open space
between the histidine and the leucine large enough to
accommodate a water molecule. There is also variation
between the isoleucine residues at position 61. Again, the
origin of this variation is the orientation of the terminal
methyl groups.

At position 65, the replacement of the WT phenylalanine
with a tyrosine side chain in the variant induces a slight shift
in the placement of this residue. This is a similar feature of
the F61I/F65Y structure. With the additional hydroxyl group,

the tyrosine is no longer accommodated in the same space
as the phenylalanine which it replaced. The residue is
therefore shifted partially into the space which was occupied
by the phenylalanine at position 61 in the WT structure. In
the variant, however, the phenylalanine at position 61 has
been replaced with an isoleucine. The combination of the
isoleucine and the tyrosine leaves a small space open in
which a solvent channel could form, as it does in the F61I/
F65Y variant (see Figure 3c).

The shift of the tyrosine residue at position 65 in the F61I/
F65Y/R106L variant is consistent with the crystal structure
of the F61I/F65Y variant (Figure 3c). This structure was
solved to 2.2 Å resolution, and clear electron density
corresponding to water molecules (shown in red in Figure
3c) is observed in this case. In the F61I/F65Y structure, the
hydroxyl group of the tyrosine is hydrogen bonded to a water
molecule (2.85 Å), which is, in turn, hydrogen bonded to a
second water molecule (2.85 Å). This creates a hydrogen-
bonding network and introduces two molecules of water into
a space that, in the WT cytb562, is completely hydrophobic.
The introduction of these water molecules into the heme
microenvironment provides a rationale for the low-reduction
potential of this variant. Given that the F61I/F65Y and F61I/
F65Y/R106L variants exhibit a nearly identical structural
arrangement near I61 and Y65, it is probable that this variant
is also participating in a hydrogen-bonding network with
buried water molecule(s).

In the WT crystal structure, the terminal guanidinium
groups of arginine 98 and 106 project into the solvent, but
Câ and Cγ are in van der Waals contact with the heme,
protecting the heme from solvent. In the F61I/F65Y/R106L
variant, there are two critical differences in the new amino
acid side chain at position 106: (1) leucine is completely
nonpolar and (2) leucine does not contain an extended
hydrocarbon chain, as does arginine. Analysis of the F61I/
F65Y/R106L structure shows that the heme is more solvent
exposed in the variant than in the wild-type structure. As
mentioned, the orientation of the leucine residues in the two
molecules of the asymmetric unit is slightly different, but in

FIGURE 2: Range of redox potential in the first- and second-generation libraries. The overall range exhibited is 166 mV. With the exception
of one, all variants studied exhibit lower redox potentials than wild-type cytochromeb562. See text for discussion of the redox potentials of
specific variants.

Table 2: Data Collection and Refinement Statistics for the F61I/
F65Y/R106L Structurea

(a) data statistics
space group P212121

unit cell (Å) a ) 42.1,b ) 49.0, andc ) 114.4
resolution (Å) 50-2.7
molecules per asymmetric unit 2
Rmerge(%) 8.5 (28.7)
no. of reflections 49249
completeness (%) 98.2 (98.4)
I/σ(Ι) 8.2

(b) refinement statistics
Rworking (%) 23.2
Rfree (%) 33.3
averageB-factor (Å2), all atoms 39.6
a The numbers in parentheses are values for the highest resolution

bin (2.8-2.7).
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both, the structure suggests the possibility of a solvent
channel existing in the variant structure that is not present
in the WT structure. Due to the lower resolution of the variant

structure, density corresponding to specific water molecules
in the pocket of space created by the location of leucine 106
was not observed. However, a water molecule occupies a
box with rough dimensions of 1.19 Å× 0.91 Å × 0.45 Å;
the space left open by the “pocket” in molecule A is large
enough to encompass this volume.

The solvent accessibilities of the heme for both molecules
of WT cyt b562 and the F61I/F65Y/R106L variant were
calculated using the Surface subroutine in the CCP4 suite
of programs (17). The Câ, Cγ, O1, and O2 atoms of the heme
propionates were not included in the calculation, due to the
uncertainty of their location in solution. The solvent-exposed
surface area for the two molecules of wild-type cytb562 and
the F61I/F65Y/R106L variant are 93.8, 102.2, 116.2, and
114.0 Å2, respectively. Thus, the heme group of the F61I/
F65Y/R106L variant (in both molecules of the unit cell) is
more solvent exposed than the WT heme. It is interesting to
speculate that because leucine is aγ-branched amino acid,
this mutation leaves the heme even more exposed than an
analogous mutation to alanine (the shift in redox potential
for R98A was only 21 mV; that for R98L was 56 mV).

DISCUSSION

We have generated a library of cytochromeb562 variants
and examined the redox potentials of a statistical sampling
of this library. For a statistical analysis, the sample data need
to be corrected for bias in the population. An intrinsic bias
is introduced by the differing codon frequencies, but ad-
ditional bias is introduced by the mutagenesis procedures.
Such bias, since it can be independently assessed, can be
corrected by probability weighting the sample to estimate
the mean, the variance, and the range (18). The statistics
must be calculated independently for each of the two
sublibraries that comprise the second generation. For variants
which resulted from the wild-type parent, the unweighted
mean is 111 mV, and the probability weighted mean is 113
mV. For the sublibrary originating from the F61I/F65Y
parent, the unweighted mean is 52 mV, and the probability
weighted mean is 65 mV. For the library parented by WT
cyt b562, the WT redox potential is clearly at the extremum
of the distribution. The most conservative possible estimate
of the range is given by Chebyshev’s theorem (19), which
makes no assumption about the form of the distribution. By
this estimate, the sample data reported here represent at least
75% of the total possible range for each sublibrary.

The redox potential of heme proteins with the same axial
ligands can be found to vary by approximately 400 mV (3).
The second-generation library of cytb562 mutants which
maintain identical axial coordination and global structure
exhibits a range of 160 mV. This means that, through
mutation of only four residues, greater than 40% of the
known potential possible has been accounted for in this
library. When the comparison is restricted to the structurally
homologous family of cytochromesc′ (which contain identi-
cal axial ligands among one another), a range of 140 mV is
observed phylogenetically. This range is easily recaptured
by only two generations of mutation of WT cytb562.

The color screen employed in these studies returns
members of the redox library on the basis of structural
integrity and heme-binding affinity. If either of these is
compromised severely, a variant is selected against. Given

FIGURE 3: (a) Superimposition of the 1.4 Å resolution structure of
wild-type cytochromeb562 and the 2.7 Å resolution structure of
the F61I/F65Y/R106L variant. WTb562 is shown with a green
ribbon, and residues 61, 65, and 106 are highlighted in yellow.
The F61I/F65Y/R106L variant is shown with a gray ribbon and
residues 61, 65, and 106 highlighted in purple. This superimposition
shows the global homology between these two structures, which
have redox potentials which differ by 160 mV. (b) CPK rendering
of the heme and three sites of mutation for WT cytochromeb562
(PDB access no. 256B) (top) and the variant F61I/F65Y/R106L
molecule A (lower left) and molecule B (lower right). At position
106, the replacement of an arginine side chain with leucine leads
to increased solvent exposure of the heme. (c) Superimposition of
the 2.2 Å resolution structure of the F61I/F65Y variant with the
2.7 Å resolution structure of the F61I/F65Y/R106L variant. The
F61I/F65Y variant is depicted with a green ribbon and yellow side
chains, and the F61I/F65Y/R106L variant is depicted with a gray
ribbon and purple side chains. Two internal water molecules (shown
in red) can be easily identified in the 2.2 Å structure of F61I/F65Y.
Given the similarity between these structures, it is possible that
such a network of water contributes to the low potential of the
F61I/F65Y/R106L variant also.
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this and the fact that the redox potential of a heme/protein
complex can be linked in a thermodynamic cycle to the
oxidized/reduced binding equilibrium, it is important to
consider whether the color screen preferentially selects
variants which bind heme better than wild type and if this
skews distribution of redox potentials returned. The color
screen is performed on whole cells overexpressing cyto-
chromeb562 and variants in the periplasm. The environment
of the periplasm is significantly more reducing than the redox
potential of WT cytb562; thus, the proteins are present in
the reduced oxidation state when subjected to the color
screen. If bias existed among the variants returned, it would
be for variants which bind heme in the reduced state with a
higher affinity than wild type, thus returning potentials
artificially skewed to higher values of the redox potential
than the WT protein. Our experimental data do not indicate
that such bias exists. While it is theoretically possible that
the heme affinity threshold of the reduced variants in the
periplasm could put a lower limit on the potentials returned
in the selection, this does not appear to be the case as the
lowest potential variant of the second generation of redox
mutants has a redox potential of 7 mV vs NHE, which is
approaching the value for a solvent-exposed heme with
identical axial ligands.

No correlation between redox potential and side-chain
hydrophobicity (or volume) was observed among as many
as 8-10 variants at positions 61, 65, and 98, respectively
(data not shown). Each protein variant must be analyzed in
structural detail in order to fully understand the consequences
of a specific mutation. For example, an analysis of the R98E,
R98A, R98L, and R98W variants shows that the change from
a positively charged arginine residue to a neutral tryptophan
residue produces a greater shift in reduction potential than
does the change from arginine to a negatively charged
glutamic acid. This certainly could not be predicted on the
basis of simple concepts such as side-chain hydrophobicity
or volume.

In the absence of structural data, it is difficult to rationalize
reduction potential shifts such as those mentioned above. An
analysis of the crystal structure of the low-potential variant
from the second-generation library, the F61I/F65Y/R106L
variant, reveals the types of structural rearrangements that
can lead to statistically large changes in redox potential. This
variant exhibited a midpoint reduction potential of 9 mV vs
NHE, a 158 mV shift from WT, and a 58 mV shift from the
F61I/F65Y variant. One might predict that such a shift in
reduction potential has occurred because the positive charge
on the arginine, which destabilizes the oxidized state of the
heme, has been replaced with an uncharged residue. How-
ever, such a prediction would be incomplete. Reduction
potential mediation is governed not only by the presence/
absence of charged residues in the heme microenvironment
but by many factors, including the heme solvent exposure
(3, 20). The 2.7 Å resolution crystal structure of this variant,
solved here, indicates that the placement of a leucine at
position 106 leaves the heme face more exposed to solvent
than the arginine it replaced. The structure suggests that heme
solvent exposure may be increased in two locations: at
position 106 and also near positions 61 and 65. The crystal
structure of the F61I/F65Y variant (the low-potential variant
from the first generation) reveals that the tyrosine at position
65 is slightly shifted from the position of the phenylalanine

in the WT structure, allowing room for two water molecules
near the heme. While no water molecules were observed
directly in the F61I/F65Y/R106L structure, the similarity
between the two structures just mentioned provides an
indicator that a solvent channel may exist near position 61/
65 of F61I/F65Y/R106L also. Calculation of the solvent-
accessible area surrounding the heme reveals that the F61I/
F65Y/R106L heme is more solvent exposed. In both mutants
for which structural data exist, there is a significant increase
in the interaction of the heme with water. Water molecules
in close proximity to the heme stabilize the charged oxidized
state of the heme relative to the neutral reduced state and
result in a lowering of the reduction potential.

While individual variants, such as the low-potential
variants discussed above, shed light on the physical aspects
of reduction potential mediation, the library of variants, as
a unit, could be useful for studying quantitative means of
analyzing reduction potential. This is because the library
identifies variants that exhibit large shifts in potential. The
composition of variants defining the redox extrema of each
generation is not a priori chemically intuitive. Variants
identified with the library should make interesting case
studies for fine-tuning our ability to calculate redox potential.
Such calculations are in progress.

While it is possible, we believe it unlikely that subsequent
mutagenesis at additional sites in the heme microenvironment
would reveal a dramatically greater range of accessible
reduction potential. Cytochromeb562 can only tolerate limited
mutations at the heme binding site before heme binding and
protein stability become severely compromised. There is
already some indication of this in the second-generation
library, where only one variant containing substitutions at
positions 61, 65, 98, and 106 survived the color screen and
analysis. By contrast, the majority of randomly selected
variants in the first-generation library contain mutations at
both position 61 and position 65.

CONCLUSIONS

Exhaustive multigenerational evolution has been employed
to explore the range of redox potential available with fixed
ligation and within a single structural archetype. Our model
archetype is the four-helix bundle of the type exhibited by
cytochromeb562 and the cytochromec′ family. Through this
process, we discovered that the entire phylogenetic range
(140 mV) for homologous four-helix bundle structures which
maintain self-consistent axial ligation (i.e., cytochomesc′)
can be recapitulated through a very restricted set of mutations
(positions 61, 65, 98, 106) in cytochromeb562. These changes
cannot be predicted a priori from the type of substitution:
“conservative” nonpolarf nonpolar substitutions can have
larger effects than do polarf nonpolar or even substitutions
resulting in charge reversal. Consequently, structural data
are currently required to predict redox potential.

We suggest that the range observed through two genera-
tions of “in vitro” evolution represents the intrinsic chemical
structural limits possible within the cytochromeb562 family
(variation to axial ligands excluded). The wild-type protein
represents one extreme in potential: evolution has driven
the structure to be as reducing as this four-helix bundle
allows. The triple mutant F61I/F65Y/R98L approaches an
alternate extremum. This variant shows stable heme incor-
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poration into a structure in which the main chain fold is
essentially identical to wild type. Nonetheless, the limiting
potential approaches that of a fully exposed heme with
equivalent substituents and axial ligands (Em ) ∼-50 mV).
Such studies suggest how readily (redox) function can be
tuned by a very few substitutions within a fixed archetype.
Initially, incorporation of heme into a protein may have a
minimal effect on redox potential (relative to a protein-free
heme with equivalent ligation). A challenge for biology, then,
is to attenuate heme redox potential by judicious combina-
tions of charge and solvation effects. Our studies show that,
within the fixed b562 structural archetype, the system can
rapidly converge toward maximum stabilization, which the
wild-type protein seems to represent.

All of the variants in theb562 library, save one, exhibited
a reduction potential lower than that of their parent. This
characteristic is striking and points toward a fundamental
characteristic of cytochrome evolution. Furthermore, this
result is not unique to theb562 protein. An analysis of redox
variants of several cytochromes and iron-sulfur proteins6

indicates that, in some cases (i.e., cytc, cyt b562, Rieske ISP’s,
and rubredoxin), the wild-type protein has likely evolved
toward a redox potential extremum (see Figure 4). Having
said this, evolution toward an extremum need not be the case
for all redox proteins. A counter example can be found in
variants of theRhodobacter sphaeroidesreaction center,
where the wild-type potential lies near the midpoint of the
variants examined thus far (25, 26). In the case of cytochrome
b562 it is likely that further evolution toward higher redox

potentials (by alteration of electrostatics in the heme region)
will be limited. For the other proteins examined in Figure 4
it is not obvious if this is the case as the data were not
collected in a statistically rigorous manner. Nonetheless, the
pattern appears to be clear and poses an interesting challenge
for evolutionary theory.
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6 The∆Em values shown in Figure 4 were calculated from a variety

of literature sources. (See for instance, refs21-23.)

FIGURE 4: Shift in redox potential from the wild-type value for
variants of several different cytochromes and iron-sulfur cluster
proteins. In the case of cytochromeb562, the potentials shown are
from a statistical sampling of variants from three combinatorial
libraries. In the case of cytb562, it is strictly true that the wild-type
potential lies at near the extremum of the distribution. In the case
of cytochromec and the other proteins shown, the potentials have
resulted from many independent studies, and therefore, statistical
analysis of these distributions is not rigorous. Despite this, the data
provide a strong indication that some of these proteins may be
evolving toward a redox potential extremum.
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