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ABSTRACT Controlling the reduction midpoint potential of heme B is a key factor in many bioelectrochemical reactions,
including long-range electron transport. Currently, there are a number of globular model protein systems to study this biophysical
parameter; however, there are none for large polymeric protein model systems (e.g., the OmcS protein fromG. sulfurreducens).
Peptide amphiphiles, short peptides with a lipid tail that polymerize into fibrous structures, fill this gap. Here, we show a peptide
amphiphile model system where one can tune the electrochemical potential of heme B by changing the loading ratio and peptide
sequence. Changing the loading ratio resulted in the most significant increase, with values as high as�22mV down to�224mV.
Circular dichroism spectra of certain sequences show Cotton effects at lower loading ratios that disappear as more heme B is
added, indicating an ordered environment that becomes disrupted if heme B is overpacked. These findings can contribute to the
design of functional self-assembling biomaterials.
SIGNIFICANCE Many polymeric proteins can transport electrons; however, no model systems exist to study them. We
provide, to the best of our knowledge, the first peptide-polymeric model system that can bind heme B and carry out
tuneable oxidation/reduction activity. In this article, we perform initial characterizations on this system to show how the
redox properties can be tuned to match natural proteins and what is likely happening in the system. We believe many
researchers who study polymeric electron transport proteins will want to use this model system to study the underlying
biophysics of their complex natural systems.
INTRODUCTION

Metalloproteins are widely studied due to their active role in
biological systems. Proteins utilize metal ions, metal-con-
taining cofactors, or prosthetic groups to catalyze crucial
functions including respiration and water oxidation (1,2).
Heme is an iron-containing porphyrin that serves as the
prosthetic moiety of hemoproteins, which carry out vital
and diverse functions including oxygen binding and waste
processing. Understanding these functions has been the
topic of a number of studies over many years, in both natural
and de novo systems, from which we have developed a thor-
ough understanding of how heme reduction properties are
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controlled (1–16). However, no model systems of polymeric
peptides or biomaterials exist to study heme properties, and
therefore it is unclear whether many of the principles carry
over or what parameters change. This paper shows the
development and characterization of a polymeric peptide
model system to fill this gap.

Polymeric metalloprotein fibers undergo a number of
electron transport functions (17). The OmcS protein (18)
from G. sulfurreducens and the MtrCAB protein (19) from
S. oneidensis are two well-known examples. These two pro-
teins use 6- and 20-heme subunits, respectively, to transport
electrons over micron distances. In both cases, it is observed
that the heme cofactors are kept in a precise arrangement to
one another, often as stacked pairs. Recent work by Jiang
et al. sought to compare the two proteins through MD sim-
ulations and decipher what about their structures leads to
differences in their electron transport rates and abilities
(20). However, due to the proteins’ inherent complexities,
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these results can be skewed. Dahl et al. recently noted that
there is even debate and a lack of clear evidence to explain
the specific mechanism of electron transport and the con-
ductivity that is observed in both of these proteins (21). A
new model system is therefore required to probe the funda-
mental biophysical elements, which can then be applied
back to these natural proteins and help explain their
function.

Simplified model systems remove much of the protein
complexity and allow for a more direct probing of protein
function (12,22–29). The ideal model system must have a
simple sequence, which allows for minor changes to have
a larger impact on function. There have been studies that
remove the protein entirely (30,31); however, the role of
protein has been shown to be important, and therefore
function cannot be fully explained without it. Simula-
tion-based studies have also been done on these systems
(32,33); however, it is unclear whether those results are
being biased by unforeseen complexities in the protein ar-
chitecture. Peptide amphiphiles (PAs) are excellent candi-
dates to function as a model system for polymeric
proteins. They reproduce the amino acid environment of
natural proteins, but in a simplified way, where small
changes have a large effect. Similarly, they provide an
easier computational system with fewer atoms to model
function.

PAs are a class of polymeric peptides defined by their
short peptide headgroup attached to a lipid tail (34,35).
Importantly, they offer a simplified system in which funda-
mental biophysical principles of electron transport can be
studied as they lack the complexity that plagues natural pro-
teins. The PAs we use have the added advantage of binding
the redox active cofactor, heme B (36). Past work has sought
to investigate how these materials can control the bio-
electrochemical properties of heme B (36,37). Solomon
et al. modulated the functional region of the peptide to char-
acterize peroxidase function (36).

Here, we use PAs as a model system to probe the effects
of polymeric protein structure and heme stacking on the
reduction potential. We created a series of peptides with
different structural regions and porphyrin loading ratios
and carried out redox titrations to measure their effect on
the midpoint potential. We demonstrate a significant shift
upward in heme B reduction potential as a function of the
burial away from water, the proximity to positive surface
charges, and the ratio of heme B in the materials themselves.
Our work demonstrates that these peptide materials can be a
useful model system to study functions such as long-range
electron transport, or oxygen binding, in protein polymers
(38) and to investigate the role of heme B cofactor organiza-
tion on a few biophysical properties. These findings can then
be used in the design of functional electron transport model
systems or for the development of functional biomaterials
that utilize the heme B cofactor over a wide reduction poten-
tial range.
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MATERIALS AND METHODS

Materials

All reagents for peptide synthesis were procured from Sigma-Aldrich (St.

Louis, MO, USA) unless stated otherwise. Milli-Q water was used to prepare

all buffers in biophysical experiments, such as circular dichroism (CD).
Methods

Peptide synthesis

PAs were synthesized using conventional solid-phase chemistry in an auto-

mated peptide synthesizer. The synthesis employed Rink amide AM resin,

which was swelled in dichloromethane and dimethylformamide (DMF) for

2 h. Fmoc deprotection was performed with 3 mL of 20% piperidine in

DMF. After deprotection, the resin was filtered and washed with DMF

(2�, 3 mL). Coupling was carried out using O-(1H-6-Chlorobenzotria-

zole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU) (3

equiv) and Oxyma (3 equiv) in DMF for 20 min at 75�C. This process

was repeated twice. The resin was filtered and washed with DMF (2 mL).

Prior to cleavage, the resin was transferred to a sintered glass vessel and

washed with DMF (4�, 3 mL) and dichloromethane (5�, 2 mL). The cleav-

age step was performed under acidic conditions using trifluoro acetic acid

(TFA) (95%)/triisopropylsilane (TIS) (2.5%)/H2O (2.5%) for 4 h. The re-

sulting filtrates were evaporated. Purity was assessed by analytical high-

performance liquid chromatography (C18 column, method: 10%–100%B/

10 min, A: Milli-Q H2O þ 0.1% TFA, B: acetonitrile (ACN) þ 0.1%

TFA, flow ¼ 1 mL/min, T ¼ 50�C, l ¼ 214 nm). The product was purified

by preparative high-performance liquid chromatography (Phenomenex

C18ec column, method: 40%–100%B/20 min, A: Milli-Q H2O þ 0.1%

TFA, B: ACNþ 0.1% TFA, flow¼ 5 mL/min, l¼ 214 nm) and lyophilized

to obtain a powder. Peptide mass was confirmed by MALDI-TOF.

Circular dichroism

The secondary structure of peptides was determined using circular dichroism

(CD) in a J-1100 CD spectrophotometer (Jasco) with a quartz cuvette having a

path lengthof1mm.Toconfirm the secondary structure, the spectra ofpeptides

were recorded at both pH 7 and 11 using concentrations of 300 and 100 mM,

respectively. Samples were prepared in 10 mM HEPES and 5 mM NH4OH

for the corresponding pH and allowed to incubate at 90�C for 10 min. Data

were collected at 20�C within the wavelength range of 190–240 nm at

0.2 nm intervals,with a scanning speed of 50 nm/min and three accumulations.

The data were plotted using OriginPro 8.5 after subtracting the blank.

To understand the stacking of heme B within the peptide-heme complex,

spectra of peptide-heme complexes were compared to the spectra of pep-

tide-zinc protoporphyrin IX (ZnPPIX) complexes. Samples were prepared

in 5mMNH4OHat 300or 500mMwith 50mMhemeBorZnPPIX for loading

ratios of 1:6 and 1:10, respectively. Samples were incubated at 90�C for

10 min and allowed to cool to room temperature before measurement. Data

were collected at 20�C within the wavelength range of 350–500 nm at

0.2 nm intervals, with a scanning speed of 50 nm/min and three accumula-

tions. The data were plotted using OriginPro 8.5 after subtracting the blank.

Atomic force microscopy imaging

The self-assembly of peptides and peptide-heme complexes was imaged us-

ing atomic force microscopy (AFM) at both pH 7 and 11. The peptide and

peptide-heme samples were prepared by dissolving them in 5 mM NH4OH

and incubating them at 90�C for 10 min at pH 11 or dissolving them in

10 mM HEPES buffer at pH 7. A few microliters (5 mL) of the sample

were drop cast onto mica and allowed to dry at room temperature. The final

concentration of peptide samples was 10 mM. Imaging was performed using

Nanosurf AFM with a contact mode cantilever tip (force constant: 0.2 N/m;

resonance frequency: 13 kHz).



FIGURE 1 (a) Molecular structures of peptide amphiphiles with four rationally designed chemical moieties. Different components of the peptide amphi-

phile molecules are color coded as follows: palmitoyl (yellow), histidine (red), leucine (green), and lysine (blue). The heme-binding peptide amphiphiles

were designed with variable Leu residues to study the effect of hydrophobic segment with heme binding and are named based on the number of Leu residues

(n ¼ 0, 1, 2, 3, 4, and 5). (b and c) The CD spectra of the peptide amphiphiles in free state were recorded at pH 7 and 11, revealing distinct conformational

characteristics. At pH 7, the spectra indicate an unstructured conformation, while at pH 11, a b-sheet conformation is observed, as indicated by characteristic

peaks minima at 218 nm.
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Heme binding assay

Binding constants were determined by measuring the absorbance change of

varying peptide concentrations in the presence of heme B. Peptide samples

were prepared in either 10 mM HEPES buffer or 5 mM NH4OH, at pH 7 or

11, respectively. PA samples were diluted to varying concentrations of 0–

1000 mM, and heme B was added to each sample with a final concentration

of 50 mM. PA samples were then allowed to incubate at 90�C for 10 min and

to cool to room temperature before being transferred to a clear 96-well

plate. The absorbance was measured from 300 to 750 nm using a Tecan

Spark microplate reader. The [peptide]/[heme] vs. absorption data were

plotted, and the KD value was obtained using the loose-binding equation

(Eq. 1) from the dose-response analysis package (‘‘DRC’’) in R Studio (39).

½peptide : heme� ¼ ½PA� � ½heme�
KD þ ½heme� (Equation 1)

Redox titration

The midpoint reduction potential (EM) of the peptide-heme complex was

determined using spectroelectrochemistry (40,41). To achieve the peptide

fibers, the peptide was dissolved in 5 mM NH4OH and incubated at 90�C
for 10 min. 25 mM heme was incorporated into the peptide solution at

heme/PA molar ratios of 1:6 and 1:10, followed by further incubation

at 90�C for 10 min. Mediators (phenazine methosulfate, gallocyanine, in-

digo carmine disulfate, 2-hydroxy-1,4-naphthoquinone, anthraquinone

2-sulfonate, benzyl viologen, methyl viologen, and anthraquinone) were

added to the solution at a final concentration of 1 mM. Stock solutions of

each mediator were prepared in DMSO. A small magnetic bar was added

to the cuvette for constant stirring of the solution.
The heme-PA sample was placed in a 1 cm path length quartz cuvette. A

platinum 3M Ag/AgCl combination electrode (Microelectrodes) was in-

serted through a septum in the cuvette for measuring the solution potential,

and an N2 gas line was attached through the septum. The electrode was cali-

brated before insertion using saturated quinhydrone solutions at pH 7 and 4.

The electrode potential was measured relative to the standard hydrogen

electrode at 280 mV.

The absorbance was measured using ultraviolet-visible (UV-vis) spec-

troscopy. Sodium hydrosulfite (Na2S2O4) was used as a reducing agent,

and a small aliquot of 1 mL Na2S2O4 was added to the solution per injection.

The UV-vis absorbance spectrum and solution reduction/oxidation potential

were measured after each injection. After complete reduction of the sample,

potassium ferricyanide was added to oxidize the sample. The data were

analyzed by taking the absorbance of the Q-band region (556 nm) and con-

verting that into a Nernst curve depicting the fraction reduced. These titra-

tion curves were fitted to the Nernst equation to obtain the reduction

midpoint potential. All titrations were repeated at least 24 h later with

new peptide preparations to ensure reproducibility.
RESULTS

Peptide design and their characterization

To design our simplified heme-binding system, PAs were
created based on previously reported self-assembling PAs:
K3L3 (palmitic acid-AHLLLKKK) (36). The peptide
sequence consists of four segments (Figs. 1 a and S2–S12;
Table S1). The first is a hydrophobic tail—in this case,
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FIGURE 2 Characterization of peptide-heme

complexes at pH 11. Peptides K3L1, K3L2, K3L3,

K3L4, and K3L5 reveal fibrous structures.K3L0 ex-

hibits an aggregated structure. Peptide-heme com-

plexes were prepared in a 10:1 ratio in 5 mM

NH4OH. AFM samples were then diluted to 10

mM before being drop casted onto shaved mica sur-

faces. To see this figure in color, go online.
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16-carbon palmitic acid—is attached to the N-terminus of
the sequence to achieve hydrophobic collapse. The second
is a hydrophobic structural region. Here, a b-sheet is formed
that provides stability and is indicative of fiber formation
(37,42). In this region, we kept the leucine residues, which
have been shown to have the best cofactor binding proper-
ties, even though leucine residues are not commonly consid-
ered strong b-sheet-forming amino acids (43,44). The third
section is environmentally responsive and is composed of
three positively charged lysine residues. At pH 11, the Lys
residues deprotonate, and the electrostatic repulsion be-
tween them is minimized, allowing b-sheets to form, which
stabilizes the long polymeric fibrous structures (Figs. 2 and
S13). The fourth section is the functional part of the peptide.
A heme-binding site is introduced using the commonly em-
ployed histidine residue. Other ligation sets have been
shown but have not been as thoroughly characterized
(36,42). As we were primarily interested in the effects of
sequence on the EM, we decided to maintain the alanine-his-
tidine ligation set in this work, which also provides more es-
tablished benchmarks to measure our results.

To better understand how the hydrophobic Leu region
contributes to self-assembly and regulates the heme reduc-
tion potential, we designed and synthesized a series of
K3L3 analogs (Table 1) with an increasing number of
Leu. With these peptides, we aim to understand the effects
of local hydrophobicity on peptide-heme assembly.
Effect of leucine length on self-assembly

We explored the hydrophobic Leu region and its corre-
sponding role in regulating the gross morphological struc-
ture. The supramolecular architectures of peptides are
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presumed to have a potential effect on modulating heme
redox activity. Therefore, the self-assembled properties of
six variants (K3L0–K3L5) were investigated at two
different pHs, i.e., pH 7 and 11.

We employed CD to determine the secondary structures
of PAs at pH 7 and 11 (Fig. 1, b and c). The characteristic
peak at 218 nm indicates the presence of b-sheet structures,
which has been shown to implicate fiber formation (35,42).
Nevertheless, the CD spectra do not show a b-sheet confor-
mation at pH 7 but rather an unstructured conformation
(Fig. 1, b and c) for peptides K3L0–K3L3. However, for
peptides K3L4 and K3L5, we note the presence of a b-sheet
signal at pH 7, which we hypothesize is due to the one/two
additional Leu residues. This provides a longer b-sheet re-
gion of the peptide, in turn providing more hydrogen bonds
and additional hydrophobic character. The additional struc-
tural interactions overcome the electrostatic repulsion of the
Lys residues. After an initial investigation into the second-
ary structure of peptides, we confirmed that the structure
remained consistent when heme was bound to them
(Fig. S13). In line with their free state, peptides K3L0–
K3L3 displayed an unstructured conformation at pH 7,
while K3L4 and K3L5 exhibited a b-sheet signal. However,
at pH 11, all peptides showed an indication of fiber forma-
tion except for K3L0, which retained its unstructured
conformation. AFM reveals that the variants K3L0–K3L3
exhibit a micelle-like structure at pH 7 and a fiber-like
morphology at pH 11 (Fig. S14). Again, peptides K3L4
and K3L5 show a fiber-like morphology at pH 7 and fibrous
structures at pH 11, supporting the CD data. At pH 11, the
amine group in lysine is neutralized, eliminating the electro-
static repulsion and resulting in a transition from a micelle
to fiber structure. We further analyzed the morphology of



TABLE 1 Abbreviated names, structures, and sequences of the peptides used in this project
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peptide-heme complexes at pH 11, which yielded fibrous
networks for peptide analogs K3L1–K3L5 (Fig. 2). In these
peptides, we see larger structures of tangled peptides, which
occurs due to the lack of electrostatic repulsion on the sur-
face due to the neutralized Lys residues. However, K3L0 re-
vealed a micelle-like structure, and this coincides with the
weak b-sheet signal in CD. The lack of the hydrophobic re-
gion results in the difficulty with fiber formation. The utili-
zation of a series of peptide variants allows for the
examination of the influences of primary sequences on the
self-assembly of peptides, the structure of peptide-heme
complexes, and the functionality of heme binding.
Binding constant analysis

To investigate the affinity of PAs to heme with length-
dependent sequence variants and morphologies, we em-
ployed absorption spectroscopy to gain insight into heme
insertion and ligand coordination. In both the fiber and
micelle morphologies, all of the peptides exhibited a signa-
ture Soret peak (412 nm) and Q-band peaks (535 and
560 nm) (Figs. S15–S20). Peptides K3L1–K3L5 showed
strong heme binding affinity in micellar structures at pH
7, indicating axial histidine ligation in the peptides (Ta-
ble 2). The K3L0 micelles showed a weaker affinity, as
indicated by the KD value of 60 mM at pH 7, which is
has a Z score of 2.12 compared to the rest of the data, indi-
cating that it is significantly weaker. This observation can
be attributed to the absence of the leucine region in
K3L0, which resulted in lower hydrophobicity compared
to the other PAs. The reduced hydrophobicity of K3L0 hin-
dered the binding of heme at pH 7. However, at pH 11, the
K3L0-heme binding KD was comparable to the other five
peptides.

Next, we explored the binding affinity of rigid fiber struc-
tures of PAs. In fibers, at pH 11, distinct Soret and Q-band
peaks were observed, indicating the presence of 5-coordi-
nate His coordination (Figs. S15–S20). We noticed that all
peptide variants exhibit a similar binding affinity for heme
at pH 11 (Table 2). Additionally, there was no significant
trend for binding affinity in relation to the change in
leucine-region length at either pH 7 or 11.

For all peptide variants that were tested, the data show the
heme binding affinity to be in the low micromolar range. For
future experiments, the heme concentration surpasses these
values, ensuring our confidence that the heme remains
bound throughout the duration of these experiments.
Redox potentiometry

The EM of heme was evaluated in the presence of PAs
by spectroelectrochemical titrations (Fig. 3). We were
Biophysical Journal 123, 1781–1791, July 2, 2024 1785



TABLE 2 The KD values of heme B to the peptides used in this

work

PAs

KD (mM)

pH 7 pH 11

K3L0 60.0 5 0.7 11.0 5 1.3

K3L1 4.2 5 0.3 13.0 5 0.3

K3L2 14 5 1 2.6 5 0.7

K3L3 22 5 2 9.0 5 2.7

K3L4 2.1 5 0.8 8.1 5 0.7

K3L5 11.0 5 1.8 5.5 5 0.7

Binding titrations were carried out at both pH 7 and 11. Stronger binding is

observed at pH 11 over pH 7.
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interested in the potential impact of changes in heme envi-
ronment and fiber stability on the heme EM. Prior work
has indicated a difference in ZnPPIX cofactor behavior is
dependent upon their arrangement in the fiber matrix (42).
We sought to investigate whether similar behavior is
observed for heme B in various Leu environments. Notably,
we observed a distinct change in the EM at two distinct
molar ratios: 1:6 and 1:10 heme/PA. These two molar ratios
were selected based on previous work indicating that at a 1:6
loading ratio, ZnPPIX cofactors interact with one another,
whereas that interaction is diminished at a loading ratio of
1:10. Due to significant light-scattering interference disrupt-
ing measurements, exceeding the 1:10 loading ratio was
unfeasible.

UV-vis spectroscopy of oxidized heme shows a steady
increase with lmax at 429, 529, and 560 nm (Figs. 3 and
S22–S27). All PA variants, K3L0, K3L1, K3L2, K3L3,
K3L4, and K3L5, exhibit a higher EM value at a higher
molar ratio of 1:10: �103, �78, �40, �69, �41, and
�36 mV, respectively (Figs. 4 b and S22–S27). The vari-
ation in Leu length did not yield a significant effect on the
EM of the heme. Minimal fluctuations of EM were
observed with increasing hydrophobic segment in PAs,
whereas a noticeable shift was evident with increased pep-
tide concentration. This observation suggests that at a
higher molar ratio (1:10), the metalloporphyrin site is
well protected from the solvent and surrounded by a
low-dielectric medium, which leads to the destabilization
of the ferric state (45). Conversely, in highly polar and
mobile aqueous environments, the ferric state is stabilized
by solvent water molecules, resulting in a lower reduction
potential at a lower molar ratio (1:6). The surface charge
of the complex has also been shown to have an effect on
the EM (3). We suspect that not all of the Lys residues are
fully deprotonated in the fibrous state, resulting in a pos-
itive charge on the fiber surface. This positive charge
likely contributes to an increase in the EM value of
heme in a similar fashion.

To ensure that the heme remained bound, we took
reduced samples, spun them down, and looked at the spectra
again. No spectra showed an appreciable loss of heme at
either a 1:6 or 1:10 loading ratio (Table S2; Figs. S28 and
1786 Biophysical Journal 123, 1781–1791, July 2, 2024
S29). Certain samples appeared to have slightly more
reduced heme after spinning down, which we attribute to
the removal of aggregated fibers that may have blocked light
from getting through.
CD analysis

We were then interested in understanding how the stacking
of hemes could lead to the observed increases in EM. To
explore this, we employed CD spectroscopy, which reveals
that when cofactors are stacked, they can form chiral struc-
tures that exhibit new properties distinct from their individ-
ual states.

Past work has shown that adjusting the ratio of cofactor to
peptide changes the cofactor stacking characteristics for
ZnPPIX (46). At a ratio of 1:1 ZnPPIX/peptide, the cofac-
tors are not wholly bound to the peptide and do not display
any repetitive structure or CD signal. At intermediate ratios
(i.e., 1:6 ZnPPIX/peptide), the cofactors are bound to the fi-
ber and arranged in a chiral aggregate structure inside the
peptide, which can be observed through CD. Finally, at
higher ratios (1:10), the cofactors are dispersed throughout
the fiber and do not stack on one another; thus, a noticeable
CD signal is not observed. We confirmed these measure-
ments with ZnPPIX in our K3L2 peptide here (Figs. 4
and S30).

Interestingly for peptides K3L1 and K3L2, the heme ex-
hibits distinct behavior. At low concentrations of PAs (1:1
ratio), no CD signal is observed, aligning with our expecta-
tions from the ZnPPIX data. At a 1:6 ratio, which produced
the highest CD signal for ZnPPIX, we observe a minimal
signal with heme. However, upon increasing the heme
loading to a 1:10 ratio, Cotton effect bands appear, indi-
cating that the heme assumes a chiral orientation within
the fiber bundle. This contrasts with ZnPPIX, which appears
to form a chiral aggregate structure in the fiber matrix (Figs.
4 and S30) (46).

We hypothesize that in these peptides, at a 10:1 peptide/
heme ratio, the heme becomes buried in a somewhat defined
binding pocket within the fiber, assuming a specific chiral
orientation. We further hypothesize that the propionate
groups of heme are oriented toward the fiber surface due
to the potential for charge pairing potential and lower hydro-
phobicity. The environment effectively stabilizes the
reduced state. However, with an increased heme load, steric
hinderance occurs as the hemes begin to disrupt one another,
overcrowding the binding site. This leads to a loss of order
withing the binding site, resulting in the diminished Cotton
effect band. We suspect that this crowding allows more wa-
ter into the system, thereby driving the reduction potential
down, accounting for the drop we see in those values.

For peptides K3L3, K3L4, and K3L5, a more intense CD
signal is observed at the 6:1 loading ratio (Fig. S30, c–e).
This is likely due to the additional Leu residues stabilizing
the binding site. Thus, even with additional heme crowding,



FIGURE 3 (a) Potentiometric titration of heme-

K3L2 complexes was performed at pH 11. Heme

was fixed at 15 mM, and peptide was added at molar

ratios of 1:6 (90 mM) and 1:10 (150 mM), respec-

tively. All experiments were carried out at 22�C in

125 mM NH4OH buffer (pH 11) or 10 mM

HEPES buffer (pH 7). The results demonstrated

that the presence of heme B had a significant effect

on the incorporation of peptide K3L2, leading to

changes in the reduction potential. Notably, the

reduction potential of heme B exhibited significant

variations with the change in heme-K3L2 molar ra-

tios, indicating the influence of peptide structures in

coordinating with heme B. (b) The list provides the

midpoint potentials (EM) of heme B in the presence

of different peptides. A diverse range of midpoint

potentials was observed, depending on the peptide sequences and morphologies. Notably, a higher midpoint potential was observed at a higher heme/peptide

molar ratio of 1:10, indicating that heme B was buried and less accessible to the solvent.
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the fiber can maintain a stable binding pocket, retaining the
chiral orientation of heme.
DISCUSSION

We have generated a model peptide system in which we can
tailor the reduction/oxidation properties of bound heme co-
factors. To understand the influence of the b-sheet region,
we have synthesized a number of peptide variants contain-
ing different hydrophobic segments. Changing the peptide
sequence by simply changing how much heme is added
into the fiber showed significant changes to the reduction
midpoint potential. We showed ranges of up to 100 mV dif-
ference when we increased the molar ratio from 1:6 to 1:10.
The rise in the midpoint potential indicates that the metallo-
porphyrin is buried and protected from external solvents.
However, for peptides K3L2–K3L5, no significant changes
(i.e., no Z score greater than or equal to 2) were observed
when employing different lengths of the hydrophobic
b-sheet segment. This suggests that the peptide assemblies
in this paper create a similar hydrophobic pocket regardless
of the length of the Leu region. We observed that K3L0 has
slightly lower potentials (�103 mV). Though still relatively
high, these are lower than K3L2 (�40 mV). We attribute this
difference to the lack of a hydrophobic pocket and the acces-
sibility of water in the heme site.

The differences we see when going from 1:6 to 1:10 go as
high as 124 mV. In the context of natural proteins, this dif-
ference is significant. Bonaventura et al. discuss the effect of
changing the EM on oxygen binding and side reactions that
are caused by a change in the heme midpoint potential (47).
In that work, they show that hemoglobin A in two different
conditions has an EM split of approximately 40 mV, which
leads to a 10-fold difference in affinity for oxygen. Our pep-
tides have a range of differences that indicate there would be
clear functional changes in similar circumstances.

The EM of heme in these fiber systems is controlled by a
variety of factors. The most impactful parameter is heme
loading, which affects almost all of the fiber sequences,
showing EM differences up to 125 mV for the K3L1 pep-
tide. Past work has shown that moving heme cofactors
into close proximity or stacking aromatic molecules on
heme increase the potential (3,48); however, in our system,
we see the opposite effect. This can most readily be ex-
plained by the stacking hemes creating a small yet bulky
porphyrin structure that mildly disrupts the binding site
and allows water to access the heme itself, thereby driving
down the potential (1). We did not observe any changes in
the morphology, so we do not believe that the b-sheet inter-
actions nor the fiber’s shape are impacted by this. The
spectra of heme we have in our fibers do not match the J-
or H-aggregate spectra of heme B seen elsewhere
(49,50). We attribute this to the lack of His ligation in those
aggregates, whereas in our fiber, the hypothesized heme
structure appears to have His ligands based on similarities
to established heme B UV-vis spectra (Figs. S15–S20)
(3,36). Similarly, our fibers do not show similar spectra
to the OmcS protein itself (51), which we attribute to the
lack of bis-His ligands in our fibers (36).

The peptides K3L0, K3L1, K3L2, K3L3, and K3L5 all
have EM splits ranging from 26.5 to 124 mV. However,
K3L4 has a noticeably low difference of 2.5 mV. We attri-
bute this to the structure of the peptide inhibiting formation
of any porphyrin structure. As noted in the CD spectra
(Fig. S30), K3L4 does not display any Cotton effect signal
in either heme/peptide ratio. Further studies are needed to
determine why the K3L4 peptide is inhibiting this structure
and how that affects the electrochemical properties of
heme B.

Previous work measured the EM of the K3L3 peptide at a
6:1 peptide/heme loading ratio to be �655 mV, far lower
than the data we show here (36). We believe that this
discrepancy stems from the spectral-electrochemical cell
not having space for a stir bar in the previous experiments.
In this case, the fibers, which are prone to aggregation, may
have crashed out of the solution. The resulting low measured
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potential could thus be the result of slow reduction kinetics
leading to a mismatch in the environmental EH and the
oxidation state of the heme cofactor. In the current work,
all titrations were run with a stir bar, which kept the fibers
from aggregating and falling out of the solution.

Currently there are many groups looking into long-range
electron transport proteins such as MtrCAB and OmcS
(20,38,51). Our system can serve as a simplified model sys-
tem for these processes where the properties of the cofactors
(e.g., heme stacking, EM) can be tuned and electron trans-
port can be modeled to understand how these parameters
are linked. It is important in these systems to tune the poten-
tial, as it may influence the ability for these fibers to accept
or donate electrons from certain electrodes or other environ-
mental contaminants.

For example, many studies have been done trying to un-
derstand why heme is spaced out as it is in the OmcS protein
and the implications for long-range electron transport and,
by extension, bioremediation functions (21,31,52,53).
Here, we show that a significant overlap of heme cofactors
can dramatically lower the EM. The coupling of heme cofac-
tors in the OmcS protein is responsible for its low potential
of�200 mV (54). In our system, we show that spacing those
cofactors out and burying them in a hydrophobic core under
a positively charged surface leads to much higher potentials
that could impede long-range electron transport in these sys-
tems, confirming those other results. The protein structure
therefore may be tuned to promote some overlap in this
way to tune the potential.

The implications from our new understanding of this ma-
terial are immense. Several heme-based reactions are
constantly being exploited for industrial purposes including
waste processing, drug production, chemical synthesis of
flavors and fragrances, polymer synthesis, bioremediation,
and more (55–62). It has also been used for medical pur-
poses including artificial oxygen carriers and diagnostics
(63–67). With such control over the redox properties, we
are setting up PAs to meet many of these needs through sim-
ple modifications. These principles could be used to develop
artificial oxygen carriers (16,68), as the ability to reversibly
bind molecular oxygen, and not form reactive oxygen spe-
cies, is tightly linked to the EM (47,63).
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Similarly, the modifications that would allow the fibers
we have produced to transport electrons could be used in
a variety of areas, most directly in the generation of new bio-
electronic technologies where peptides can be used in place
of wires for microbial fuel cells (40,41,69,70). OmcS pro-
teins have been implicated in the transfer of electrons
from the bacteria to the electrode in these systems (71),
and we hypothesize that the tunability of our fibers and
the range of potentials can create microbial fuel cells with
different voltage and current outputs.

As mentioned above, OmcS and MtrCAB play a role in
the bioremediation of water. Similarly, the fibers we pre-
sent here could also play a role in the bioremediation of
water by transporting electrons to metal ions and removing
impurities. Our new understanding and insights have led to
us being able to tune the pH stability of our fibers and the
EM values of bound redox cofactors. Other groups can use
these findings to create materials or polymeric systems
where specific analytes can be reacted with based on their
EM values.

In conclusion, we designed and synthesized PAs that self-
assemble and bind the redox-active cofactor heme B. Using
different sequences and heme/peptide molar ratios, we regu-
lated the heme’s reduction and oxidation properties. The
midpoint potential of heme-bound PAs suggests a similar
heme environment. We believe that this system can both
serve as a model system for natural proteins and lead to
new biomaterials and biotechnologies that incorporate
high-potential heme cofactors.
CONCLUSIONS

We have successfully characterized a PA material, establish-
ing it as a model system for studying long-range electron
transport phenomena in natural proteins. This material holds
significant promise for advancing such studies, offering an
accessible tool for making small but impactful modifica-
tions and examining their effects without concern about pro-
tein misfolding or other artifacts. Similarly, this material
holds potential for further development, particularly incor-
porating new functions using the versatile redox cofactor
heme B. This could lead to the creation of functional
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materials with applications ranging from waste purification
to biomedical functions.
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