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ABSTRACT: Oxidoreductases have evolved over millions of years to perform a
variety of metabolic tasks crucial for life. Understanding how these tasks are engineered
relies on delivering external electron donors or acceptors to initiate electron transfer
reactions. This is a challenge. Small-molecule redox reagents can act indiscriminately,
poisoning the cell. Natural redox proteins are more selective, but finding the right
partner can be difficult due to the limited number of redox potentials and difficulty
tuning them. De novo proteins offer an alternative path. They are robust and can
withstand mutations that allow for tailorable changes. They are also devoid of
evolutionary artifacts and readily bind redox cofactors. However, no reliable set of
engineering principles have been developed that allow for these proteins to be fine-
tuned so their redox midpoint potential (Em) can form donor/acceptor pairs with any
natural oxidoreductase. This work dissects protein-cofactor interactions that can be
tuned to modulate redox potentials of acceptors and donors using a mutable de novo
designed tetrahelical protein platform with iron tetrapyrrole cofactors as a test case. We
show a series of engineered heme b-binding de novo proteins and quantify their resulting effect on Em. By focusing on the surface
charge and buried charges, as well as cofactor placement, chemical modification, and ligation of cofactors, we are able to achieve a
broad range of Em values spanning a range of 330 mV. We anticipate this work will guide the design of proteinaceous tools that can
interface with natural oxidoreductases inside and outside the cell while shedding light on how natural proteins modulate Em values of
bound cofactors.

■ INTRODUCTION
Natural oxidoreductases mediate a large number of metabolic
reactions involving chemical catalysis and DNA binding.1−3

Unraveling their functional design has been hampered by the
high levels of complexity brought on by evolution. Even minor
sequence changes can result in defective natural proteins or
lowered reactivity.4,5 Unfortunately, small chemical oxidants
and reductants have proven to be imperfect tools.6−10 They are
frequently toxic impeding in vivo experiments and are often not
biocompatible. An alternative approach employs a separate
protein at a specific redox potential to interface with the
oxidoreductase.11 Yet, connecting with the large number of
different redox proteins, all with their own unique behavior,
will be quite a challenge.12,13 Even seemingly benign mutations
can have unintended consequences on the redox midpoint
potential (Em) and generate misleading data. We need a
reliable toolkit to probe oxidoreductase function in a neutral
fashion. Ideally, this will take the form of a single protein
platform with various tunable properties.

De novo proteins can function as redox tools that do not
require significant genetic modifications, stumble over evolu-
tionary artifacts, or poison the system with harsh chem-
icals.14−20 To date, there have been an impressive number of
these systems and more are being developed every day.4,21−26

However, we are missing a set of fundamental engineering
guidelines that allow for the reliable tuning of Em values

impeding their utility.27,28 Currently, designed proteins are
characterized as they are made and used where appropriate.25

More broadly, our knowledge of how natural proteins modify
Em values comes from a limited set of data, which may be
complicated by evolutionary artifacts like misfolding or
compensating amino acids we have not identified. Zheng and
Gunner have highlighted this fact concluding that no single
type of protein-cofactor interaction can be pinpointed as the
single most important and that different proteins use different
structural and chemical features to tune the Em values of heme
cofactors.29 However, it has been shown that Em is integral to
function and even minor sequence changes can result in
defective proteins. For de novo designed proteins to reach the
next level of integration with natural proteins and be a true set
of tools with tunable potentials, we first need to understand
how to modulate the Em value with precision.
Here, we use de novo design to investigate the protein-

engineering requirements for fine-tuning Em to a desired value
for a specific redox function, principles which will help other
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groups develop effective tools that can interface with natural
oxidoreductases over a wide range of donor/acceptor
potentials and act as tunable ET partners. The proteins in
this paper have been intentionally developed from first
principles bearing no resemblance to any natural sequence.
This lack of evolutionary baggage allows us to extract
fundamental biophysical parameters from the work, leading
to new biotechnological possibilities. Similarly designed
proteins have been shown to interact with a range of natural
proteins without altering their own structure or damaging the
natural protein.30−35 Their simple designed structure allows
them to be altered easily without the risk of unforeseen side
effects. These de novo designed proteins are practical systems
for studying biological redox reactions.19,36

In this work, we explore new dimensions of protein design
and cofactor modifications to identify four different ways of
modulating Em: surface charge, different cofactors, cofactor
placement, and cofactor ligations. These parameters all take
advantage of the added versatility of de novo designed proteins.
The principles in this paper can be used to tailor proteins to
function as ET donors and acceptors, guiding the design
process from the selection of cofactors, their placement, and,
importantly, Em control.

■ MATERIALS AND METHODS
Materials. All chemicals were purchased from Sigma-

Aldrich unless otherwise noted. Solvents were purchased from
Fisher Scientific.
Porphyrins. All porphyrins were purchased from Frontier

Scientific unless otherwise noted. They were dissolved in
DMSO, and these stock solution concentrations weree
determined by mass. The exceptions are heme b, Fe-
mesoporphyrin, and Fe-deuteroporphyrin, which had their
concentrations measured by the pyridine hemochrome assay,
utilizing the extinction coefficient at 556 nm as described
here.37

Protein Preparation. The proteins used in this paper were
obtained as follows. The gene for the protein was ordered from
DNA2.0. The construct contained a His-tag, a TEV cleavage
site containing linker, and the protein of interest. Upon
delivery, the DNA was transformed into BL-21 strain
Escherichia coli (E. coli) cells. For expression, the BL-21 cells
were grown in TB media until the OD600 was at 0.6 AU.
Overexpression was induced by addition of 1 mM IPTG. The
cells overexpressed the protein for 4.5 h and then were spun
down to a pellet. The pellet was then resuspended in
resuspection buffer (300 mM NaCl, 50 mM NaH2PO4, 10
mM Imidazole, pH 7) and sonicated to lyse the cells. The
lysate was spun down for 1 h at 20,000g. The supernatant was
then run through a GE-Histrap column. A linear gradient from
resuspension buffer to elution buffer (300 mM NaCl, 50 mM
NaH2PO4, 500 mM Imidazole, pH 7) over 1 h was used to
elute the protein. The eluted protein was mixed with TEV
protease to cleave the His-tag off and rerun. The flow-through
of this second column was dialyzed into CHES buffer (20 mM
CHES, 150 mM KCl, pH 9). Its concentration was determined
by the absorbance at 280 nm using an extinction coefficient of
22,500 M−1 cm−1. The extinction coefficient was determined
with the ProtParam software on the ExPASy website (http://
web.expasy.org/protparam/). Where mutagenesis was re-
quired, primers were ordered from Integrated DNA Tech-
nologies (IDT) and dissolved to 10 uM. Using this stock, 1 μL
of this primer was mixed with 5 ng of template DNA, Phusion

Hot Start DNA polymerase mix to 1× (2× master mix: 4 μL of
5× Phusion buffer, 0.5 μL of 10 mM dNTP, 0.2 μL of Phusion
Hot Start, 0.2 μL of 50 mM MgCl2, 5.1 μL of Milli-Q water),
and Milli-Q water to obtain a 10 μL final volume. This was
subject to a PCR cycle of 98 °C for 30 s, followed by 98 °C for
10 s, annealing temperature for 30 s, 72 °C for the extension
time (repeat for 15 cycles), and followed by a final extension
step at 72 °C. This DNA was then transformed as discussed
above, and the protein was purified as discussed above.
Certain proteins were unable to be made in E. coli. These

were prepared at a 0.1 mmol scale on a CEM Liberty
microwave peptide synthesizer using standard FMOC/tBu
protection protocols.38 Amino acids were purchased from
Nova Biochem. After synthesis, the protein was cleaved from
the resin by incubating it with a mixture of trifluoroacetic acid
(TFA), ethanedithiol, anisole, and thioanisole in a 9:0.2:0.5:0.3
ratio for two and a half hours protected from light. The crude
product then had an excess reagent removed via a rotovap and
was subsequently precipitated with 4 ° C methyl, t-butyl ether.
The protein was then purified by reverse-phase HPLC using a
C18 column and a linear gradient of acetonitrile with 0.1% (v/
v) TFA in water with 0.1% (v/v) TFA. The products were
verified with MALDI mass spectroscopy using a 2-(4′-
hydroxybenzeneazo) benzoic acid (HABA) matrix. All proteins
have Trp in the sequence allowing for quantification of the
concentration using UV−vis spectroscopy.

Em Titrations. Preparation of all porphyrin-protein samples
for redox titration experiments was carried out using the
following protocol. Three milliliters of each protein were
mixed with 0.9 equiv of porphyrin and allowed to equilibrate
for approximately 10 min. Samples were then run through a
PD-10 desalting column to remove any residual free porphyrin.
In the case of the offset protein variant, the protein was mixed
with 2.2 equiv of heme and allowed to equilibrate for
approximately 15 min. After this time, the protein was put
through a PD-10 column to remove unbound heme. In all
cases, the UV−vis spectra were taken to confirm that no free
porphyrin was present.
Redox titrations were performed in combination with UV/

vis monitoring, adapted from Dutton.39 Samples of typically
5−25 μM were monitored electrochemically by a calomel
electrode purchased from Radiometer Analytical. The change
from oxidized to reduced was monitored by the change in
absorbance at the q-band region of the Bis-His ligated
porphyrin. These titrations were done anaerobically under a
constant stream of Ar. All redox titrations were performed in
CHES buffer pH 9. The environmental potential was
modulated by 1−3 μL injections of a freshly prepared sodium
dithionite solution when trying to lower the potential or a
potassium ferricyanide solution when trying to increase the
potential. The following redox mediators were used:
anthraquinone-2-sulfonate (20 μM), benzly viologen (10
μM), methyl viologen (10 μM), sulfanilamide (10 μM),
indigo trisulfonate (10 μM), phenazine (10 μM), pyocyanin
(10 μM), and hydroxynapthquinone (10 μM).
The data was analyzed the same as Gibney et al.38 The

absorbance value of the reduced peak (corrected for baseline
shifts) was plotted against voltage and fit to the Nernst
equation described in the introduction and displayed below:
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where Ecell is the reduction potential and E°cell is the standard
potential (also denoted as Em and Eh, respectively), R is the gas
constant, T is the temperature in kelvin, z is the number of
electrons involved in the half-cell reaction, F is Faraday’s
constant (96,485 J V−1 mol−1), [red] is the concentration of
reduced components, and [ox] is the concentration of oxidized
components. This equation is converted to the following when
used for fitting:

fraction reduced
1

10 1E E /( )h m
RT
nF

=
+ (2)

When two midpoint potentials are present, the equation can be
expanded to account for that.
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Where the fraction reduced is a combination of the sum of
the concentrations of each species. All values from these
experiments are reported versus the standard hydrogen
electrode (SHE).
Spectral-Electrochemistry Titrations. Spectroelectro-

chemical titrations were carried out with a platinum working
electrode, gold counter wire, and a Ag/AgCl reference
electrode. A CH Instruments (Austin Texas USA) Electro-
chemical Workstation was used with the CH Instruments
interface program version 9.07. This experiment was
performed in a cuvette with a 0.1 cm path length, 200 μM
protein with one porphyrin bound. The reagents were
dissolved in 20 mM CHES 150 mM KCl buffer pH 9.
Mediators used were: anthraquinone-2-sulfonate (100 μM),
benzly viologen (50 μM), methyl viologen (50 μM),
sulfanilamide (50 μM), indigo trisulfonate (50 μM), phenazine
(50 μM), pyocyanin (50 μM), and hydroxynapthquinone (50
μM). Eh was set by the computer, and the current was
monitored. When the current reached zero, a spectrum was
taken. This was repeated in 20 mV steps from −450 mV up to
−150 mV. This was done multiple times (two oxidative, and
two reductive) to see if there was any hysteresis. Afterward, the
absorbance value of 535−517 nm was plotted against voltage
and fit to the Nernst equation as above yielding an Em value.
All values from these experiments are reported versus SHE.

■ COMPUTATIONAL CHARACTERIZATION
Proteins and heme-coordination states were modeled using
PyMol version 4.1 and were adapted from the crystal structure
of a progenitor 4-helix bundle protein termed “BB”.40

Mutations were made to convert the sequence into the protein
variants seen in this paper, but the backbone confirmation was
held constant. Electrostatic maps were also created in PyMol
using the ABPS and surface display tools.
Data Analysis and Coding. Data were analyzed in a

Jupyter notebook.41 The spectra were imported and converted
to dataframes using the Pandas package. The data was plotted
as a scatterplot, and the best fit line found with the
scipy.optimize.curve_fit function. Both midpoints and the n
value were the variable parameters. The scatter plot data was
converted into a linear space before being fit, to avoid biasing
from outlier datapoints. The error in the measurements is
denoted as a “±” value whose units are mV.

■ RESULTS
After a brief introduction to the proteins we are using, we
demonstrate a series of changes showing how individual effects
to the protein scaffold or porphyrin modulate the Em value. We
then show the additive effects of the bundle system.

De Novo Protein Morphologies Used in This Work.
Table 1 displays the three different morphologies of de novo

designed proteins, all of which assume a 4-α-helix bundle
structure in solution. For much of this work, we will be
concerned with the single chain (SC) morphology as its lack of
repeating units allows for individual amino acids to be changed
without affecting other helices. Sequences were also developed
using the helix-loop-helix (HLH) motif. Both the SC and HLH
variants shown in Table 1 have been previously characterized
and display midpoint potentials of −260 mV, providing a
baseline for comparison in this study.34 All sequences have
glutamate residues that become buried upon heme b binding
(depicted as red wedges in the cartoons). These amino acids
were added to provide strain on the His-heme b bond and
foster oxygen binding activity as observed here.16

Environmental Changes. We first chose to measure the
effect of surface charge on the Em values of bound heme b. We
developed three different SC variants: a negatively charged
protein, a positively charged variant, and a mixed charged
bundle�termed binary variant. Table 2 shows a comparison of
these three proteins with different surface charge patterning,
which were generated in PyMol using the APBS plugin.
Starting with the single chain protein that has been previously
characterized and whose net charge is −16;34 the charge
pattern along the outside was altered such that the net charges
become −2 for the binary protein and +11 for the positively
charged variant (+2 charge in each helix, and an additional +1

Table 1. De Novo Protein Morphologies
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from lysine residues in each loop). For the binary protein, the
minus-two charge is a sum over the entire protein, including
lysine residues in two of the loops connecting the helices. This
protein has two domains, one positively charged domain of +6
and a negatively charged domain of −8. These two
environments are created by arranging two negatively charged
helices and two positively charged helices such that each pair
binds one heme b. We observe that the charge patterning has a
significant effect on Em. The wholly negatively charged protein
(−16) has an Em value of −261 (± 4) mV. Increasing the
charge of the outside of the protein shifts this value up to −151
(± 6) mV difference (Figure 1). The binary protein, due to its
individual environments, generates a split in potentials at −225
(± 9) mV and −151 (± 6) mV, a ∼74 mV split. In this variant,
the core sequence for all four helices is identical, and the only
changes made are to the surface.
We further wanted to test the effect of buried negative

charges. We generated a series of HLH proteins that replaced
certain buried Glu residues with Ala maintaining the surface
charge of the negatively charged variant. Single residue charge
modifications do not sufficiently change Em (Figure 2). We
mutated targeted Glu residues into Alanine in the vicinity of
the heme b cofactor. We chose E8 and E57, one Glu near each
heme b binding site. Given the 2-fold symmetry of the HLH
motif, this yielded two changes to the protein. Neither of the
two HLH proteins E8A and E57A shows a substantial shift in
potential from the original HLH protein remaining at
approximately −280 mV (Figure 2). We next mutated all of
the buried Glu residues to alanine generating the protein A6 in
the HLH motif. This protein only had one midpoint potential
of −169 (± 3) mV, a ∼100 mV shift compared to the single
chain negatively charged variant, and the related single mutants
E8A and E57A. Removing single negative charges from the
vicinity of the heme b is not enough; more global changes need
to be made to exert a noticeable effect on the cofactor.

Ligation Changes. Heme b ligation bonds are another
means of shifting Em. Figure 3 demonstrates the change in Em
when Bis-His ligation�the standard ligation in both the SC
and HLH proteins�is mutated to His-Cys and Cys-Ala. All of
these proteins are variants of the negatively charged SC
morphology. The His-Cys ligation changes Em to change from
−261 (± 4) mV in Bis-His to −280 (± 3) mV. Although

Table 2. Comparison of the Three Charge Variants Used to
Modulate Em

a

aPositive and binary variants contain additional lysine residues in the
loops connecting the helices and are not shown here.

Figure 1. Nernst curves showing the shift in Em as a function of
surface charge. Protein sequences and structures depicted in Table 2.
Filled circles are reductive, and open circles are oxidative titration
points.

Figure 2. Replacement of Glu residues with Ala causes a shift in Em.
(A−D) Cartoons showing the specific Ala residues replaced. (E)
Nernst curves of the various Ala substitutions maquettes. Replace-
ment of single Glu residues with Ala does not cause a significant shift,
while replacement of all six increases the midpoint potential by 100
mV. Filled circles are reductive, and open circles are oxidative titration
points.
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slight, this change also opens up the possibilities for other
functions as the Cys residue is used as a ligand in many P450
enzymes. Changing the ligation to Cys-Ala yields spectra that
correspond to a 5-coordinate state typically seen in P450s
(Figure S8, Das, Sligar42). This ligation change has a more
profound effect on Em, raising it to −165 (± 9) mV, a
difference of ∼95 mV. This is in line with natural P450
enzymes43 and represents a major increase in the reduction
potential of the heme b.
While cysteine residues are tolerated, other ligations tend to

not have a comparable affinity. A single His site is unable to
bind heme b at a measurable level. Met residues, like those
seen in the natural protein b562, do not bind heme b in our de
novo protein system. This is comparable to natural systems.
Changing the Met residue of b562 to a histidine shifts the
midpoint potential down approximately ∼262 mV; however, it
decreases the affinity by at least 13-fold.44

Using Cofactors to Shift the Potential. We next
attempted to move two heme b-cofactors within van der
Waals distance of one another so that they would be
electronically coupled in an effort explore new methods to
change the midpoint potential. We moved the ligating histidine
amino acids in the HLH maquette such that the two heme b
cofactors would be adjacent to one another. However, the
adjacent HLH was unable to bind more than 1 equiv of heme
b. To address this, the next variant moved one heme b down
one heptad such that the two cofactors were now “offset” to
one another. Figure 4 shows redox titration of the offset-variant
with Em values of −180 (± 3) mV versus the single chain
protein with heme b at −261 (± 4) mV, a split of 80 mV. This
effect stems from either the positive charge on one heme b
affecting the other or destabilization of the core. To verify that
this effect is not due to the placement of the site itself, we
performed a redox titration with less than 1 equiv of heme
(Figure S10). In these data, we only see one potential at
∼−271 (± 3) mV. We are unable to identify the predominant
factor from these data.

Using Alternative Porphyrins. The final method we used
to change the midpoint potential of the cofactor was to replace
heme b in the SC variant with a different Fe-centered
porphyrin. We obtained Em values for a variety of synthetic Fe-
centered porphyrins bound to the single chain (negatively
charged) protein variant (Figures S11−S15). For these studies,
one porphyrin was bound to the SC variant; all proteins have
similar KD values.45 Using modified porphyrins expands the
potential range in both oxidizing and reducing directions
(Supplemental Table 1, Figure 5). Mesoporphyrin despite
differing by a minor structural change has a shift downward to
−319 (± 1) mV (approximately 60 mV relative to heme b).
This is not the case with deuteroporphyrin whose Em is −270
(± 1) mV, an approximate 10 mV shift downward, within error
for this method. The last porphyrin with a more reducing
potential is the Fe-tetracarboxyphenyl porphyrin (TCP), which
has four electron donating carboxyphenyl substituents that
drive the potential down to −320 (± 9) mV.
The rest of this series of porphyrins have substituents that

push the potential in the more oxidizing direction (Figure 5).
Isohematoporphyrin shifts the potential up to −236 (± 5) mV,
likely caused by the hydroxyl groups increasing the water
concentration in the core. Hydroxyl groups are polar, which
could bond to water inside the protein. It is also possible that
the hydroxyl groups are interacting with the porphyrin skeleton
stabilizing the reduced state. However, it is not possible to
elucidate the main contributing factor from these data. The
largest increase in midpoint potential was seen when highly
electron withdrawing groups are attached to the porphyrin
macrocycle. This destabilizes the reduced state by removing

Figure 3. (A−C) Various heme-ligations that are possible in the
single chain maquette protein. These ligations allow for changes to the
midpoint potential as seen in (D): Nernst curves of the single chain
Bis-His (seen in Figures 1 and 2), along with His-Cys, and Cys-Ala.
Filled circles are reductive, and open circles are oxidative titration
points.

Figure 4. (A, B) HLH proteins with heme cofactors placed in distant
or offset positions relative to one another (C): Nernst curves showing
the effect heme molecules have on one another when placed close
together. Filled circles are reductive, and open circles are oxidative
titration points.
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electron density.46 This is most clearly seen in DADPIX where
the potential is −48 (± 5) mV. This porphyrin has the two
vinyl groups of heme b replaced with highly electronegative
acetyl groups, raising Em by approximately 210 mV.
Additivity in Our Maquette System. A key benefit of the

maquette system is the ability to combine characteristics.
Throughout this work, we have been identifying individual
parameters of the protein or cofactor and modifying them to
measure their effect onEm. We sought to take two of those
parameters to measure the effect of additivity in our system.
We utilized the positive mutant’s +11-charged surface that was
able to elevate the heme b Em to −151 (± 6) mV and
combined it with the DADPIX porphyrin whose electron
withdrawing groups push Em up to −48 (± 5) mV. Figure 6
shows the Nernst curve for this combined maquette where we
observe a 10 (± 6) mV Em, raising the DADPIX Em up ∼62
mV. Compared to the negatively charged protein with
mesoporphyrin, we are able to cover a range of over 330 mV
in our de novo protein system. We anticipate that exchange of
the charged residues near the heme b with nonpolar Ala would
extend this range even further, bringing these proteins in line
with many electron transfer proteins in nature and allowing for
our tunable system to interface with naturally occurring
oxidoreductase and taking part in a slew of electron transfer
reactions.

■ DISCUSSION
Here, we demonstrate a simple straightforward set of
engineering principles that can guide future designs and
allow for a tunable Em: (1) surface charge, (2) altering buried
charged groups near the heme b itself, (3) changing the
ligation to the heme b toa Cys-Ala, and (4) placing a second
cofactor near in the vicinity. A fifth engineering principle
replacing the heme b with other porphyrins allowed us to
drastically increase the Em of the holo-protein, but the effects of
the protein itself did not contribute. We were able to establish
that the Em of the holo-protein can be raised higher due to the
partial additivity of these principles when we combined the
positively charged helical sequence with the DADPIX cofactor.
This work represents the next steps in the findings of

Shifman et al., Gibney et al., Koder et al., and others who have
studied the mutational effects on protein electrochemistry in de
novo designed 4-helix bundle proteins.38,47−50 Shifman et al., in
particular, looked into many of the effects that we see studied
here.48 However, the bundles in that work were exclusively
homotetrameric, and therefore, the authors could not make
targeted mutations in the same way we do here. This
additional control led to a diversity of heme ligation modes,
surface charge differences, and targeted alanine mutations that
provide new insights into the functional roles of amino acids in
the Heme binding sites of natural proteins. Proteins in this
work can have separate redox domains that can be individually
modified to drive electron transfer in one direction.
The base de novo protein in Shifman et al.’s work, named

H10A24 had a different, electrostatically neutral sequence, and
the bound Heme B had two Em values at −216 and −144
mV.48 One heme B bound had an Em of −156 mV. The
splitting with two hemes bound occurred due to their adjacent
placement to one another and electrostatic coupling.
Replacement of one of those heme cofactors with the neutral
Zn-protoporphyrin IX resulting in a single midpoint potential

Figure 5. Reduction potentials of the Fe-porphyrins able to bind to
the single chain protein. All titrations done at 25 μM. All titrations
done in CHES buffer pH 9 at room temperature. Nernst curves in
Figures S10−S15.

Figure 6. Cartoon depictions of the SC protein with heme (A),
DADPIX (B), and the positively charged protein with DADPIX (C).
The combination of charge variation with a different porphyrin can
raise the midpoint potential ∼200 mV. Filled circles are reductive, and
open circles are oxidative titration points.
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of −148 mV. This corroborates our results showing a large
splitting when two hemes are placed offset to one another and
electrostatically coupled. However, due to difference of the
surface charges, the single-heme Em is lower in our SC variant
(Figure 4 and Table 3). Similarly, Shifman et al. showed a large
change in Em when the porphyrin itself is changed. They bound
heme A, a known high potential porphyrin, to H10A24 and
showed an increase in Em from −156 mV up to +18 mV, a
difference of 174 mV. This was primarily due to the electron
withdrawing effects of the aldehyde group directly attached to
the tetrapyrrole macrocycle. In our work, we used a larger
library of porphyrins with more variable modifications. We
showed a greater range of −270 mV in this system purely
though different porphyrins as well as additional additivity
when these are combined with other changes depicted here
(Figure 6 and Table 3).
This work studying the effect of protein structure on the Em

of bound porphyrin cofactors improves our understanding of
oxidoreductase function and the extent to which certain
parameters can tune the potential. Our work generally agrees
with much of the literature examining heme-protein inter-
actions.51−53 However, we believe our work, due to its more
direct characterization of individual parameters, can shed
further light on the effects of protein structure. Zheng and
Gunner computationally analyzed a library of heme-proteins
and showed that combinations of the charge, ligand, dielectric,
and other key parameters all contribute toEm.

29 Incorporation
of this work into their analysis may clarify individual roles and
lead to an even deeper understanding the protein structure-Em
relationship. Similarly, this work supports that of Bhagi-
Damodaran et al. who examined the effect of a serine to
alanine mutation in a myoglobin mutant.52 The authors
attributed the Em change to a combination of the hydrogen
bonding network and an increase in hydrophobicity in the
heme binding site. Our work agrees that increasing hydro-
phobicity increases Em but the magnitude is different. The
impact in their myoglobin mutant was ∼28 mV compared to
∼100 mV here. We attribute that difference to unknown
compensating factors built into the myoglobin structure. This
hypothesis is further supported by Zhang et al. who made
similar alanine scanning mutations to a related de novo four-
helix bundle protein.49 Although their primary focus was on
the oxygen binding functions of the resulting protein,
electrochemistry was a significant part of the work. In that
paper, the authors measured a 65 mV split between their
normal and alanine variants. It is unclear what is causing the
∼30 mV discrepancy in measured values, but the effect in both
cases, Em is raised when all six Glu residues are replaced with
Ala. Zhang et al. did not make individual mutations to identify
which Ala residues contributed to the effect or search for the
minimal number of hydrophobic amino acids needed to
change Em. Here, we made two mutations near the heme itself.
In this topology, the single residue changes were duplicated on
the other side as well resulting in two changes per mutation.
However, neither position yielded any noticeable difference
compared to the SC variant (Figure 2 and Table 3). From this,
we can conclude that removing single Glu residues does not
materially affect the Em of heme B.
A boon for the tetrahelical bundle system is the malleability

of the de novo scaffold. This is very clearly shown in the wide
range of midpoint potentials achieved in this paper, and the
variety of functions they have been shown to accomodate.15,34

Making surface mutations and being able to couple them to

modified porphyrins is a significant advantage over natural
proteins, allowing both large scale and fine-tuning control of
Em values over approximately a 330 mV range.
This work also establishes principles needed to create

subdomains within our simplified scaffold, which is important
for directing electron transfer. Complex I of the mitochondrial
respiratory chain uses different local environments to shift the
Em of Fe-S clusters to direct electrons transfer.54 A small
number of de novo protein model systems were designed to
study Fe-S clusters.55−57 In those studies, the authors have one
cluster per protein and therefore cannot show directionality in
electron transfer reactions. In this work, we show tetrahelical
bundles engineered to create different redox domains�with
tailorable distances�that can drive electron transfer in one
direction. This concept of protein modularity is an important
aspect of the maquette platform. This also allows for de novo
proteins to be inserted into more diverse electron transfer
pathways, bridging multiple redox centers.
For design considerations, changing the porphyrin directly

yields the most extensive range going from −311 mV up to
−48 mV in the same protein scaffold without significant
changes to the affinity or having to make mutations to the
protein. Adding electron-withdrawing groups to the porphyrin
increases the redox potential, an effect seen in nature between
groups like heme b and heme a or in in vitro settings between
heme a and synthetic mimics.46,52,58 However, there previously
existed no neutral way to test their functional implications
without potentially upsetting other unknown interactions.
Inserting a new cofactor into an existing natural protein can be
difficult due to steric constraints or misaligned contacts. In our
robust tetrahelical bundle platform, cofactors can be swapped
out easily�as can the ligating amino acids�providing a
simplified system that can highlight the effect of Em changes on
function. It has been shown that Em is a key factor, and this
work provides an excellent system for these studies.5

Changing the charge pattern on the helix can allow for Em
changes of approximately 150 mV. Recent literature has shown
protein supercharging to be a novel way of controlling protein
function.59,60 That work focused primarily on allosteric
regulation and molecular switching. In this work, we expand
on its potential by considering the implications this would have
on the redox. First, the change in charge itself is shown here to
be a major factor in Em. However, there is a second important
element, the change in structure and oligomerization. The
balancing of charge with high levels of salt allowed for Cyt b562
to adopt its native structure or the GFP variants to oligomerize.
These morphological and structural changes could be used to
develop new domains for redox cofactors that have different
potentials�and therefore different functions�based entirely
on the salt concentration. Furthermore, the interfaces between
two separately supercharged dimers could form a neutralizing
allosteric effector capable of switching an oxidoreductase
function on or off.
Ligation changes result in a 95 mV shift in the heme Em in

these tetrahelical bundles, which provide an ideal way to study
its effects on function and other downstream properties. It has
been shown that ligations are important to function and can
even change a protein from a mono-oxygenase into a carbene
transferase.61 Our system, with its robust tolerance of
mutations, can be a new tool for these studies. Recent work
has shown that the pocket of myoglobin can be affected by the
heme itself causing ligand switches if the propionates are
esterified.62 In our system, this porphyrin also binds but the
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ligation is unaffected.45 In this work, we have engineered tools
that can further investigate function without any complications
like competing ligands in the binding site. The tetrahelical
bundles can be made with the peptide synthesizer, which can
incorporate nonstandard amino acids with minimal structural
perturbation.63 Recent work has also shown the need to
expand the possible ligand set to Fe-centered porphyrins to
help study and promote carbene transfer.64 These proteins can
fill that niche and be an impactful tool for these studies.
Cofactor placement impacts Em by approximately 80 mV. In

the offset-HLH, despite the low affinity in the reduced state,
the two-heme b cofactors are electronically coupled as seen by
their redox activity. The natural OmcS protein from Geobacter
sulfurreducens has six closely stacked heme cofactors that all are
used to transport electrons over long distances, but it is unclear
how their relative orientation affects their electrochemical
properties.65,66 This work can help explain how the
directionality of electron transport is achieved and how the
Em of the multiple cofactors is set and maintained at both the
local-subunit and whole-fiber levels.

■ CONCLUSIONS
The engineering principles we uncovered here: surface charge,
buried charge, cofactor ligation, cofactor coupling, and cofactor
replacement, all have effect on the Em of bound porphyrins and
can be combined to produce potent additive effects. This
tunability can lead to a library of de novo proteins with tailored
Em values that can accommodate a large range of ET partners
in varying directions. All mutations were made in a similar
four-helix bundle architecture, meaning that different folds are
not required to achieve a difference in potential and that the
same interface can be used at different levels. These principles
can also be applied to natural proteins to better understand
how they poise Em values and better diagnose redox-based
metabolic diseases from a functional perspective. These de novo
proteins can potentially lead to a variety of tools that make
studying oxidoreductases far easier and provide a new way to
study electron transfer. In the future, groups will choose the
midpoint potential they want when studying oxidoreductases
in vivo and in vitro. The modularity allows these tetrahelical
bundles to interface with existing proteins as either electron
donors or acceptors by changing Em without significantly
changing the rest of the structure.
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