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ABSTRACT: The respiration of metal oxides by the bacterium Geobacter sulfurreducens requires the
assembly of a small peptide (the GS pilin) into conductive filaments termed pili. We gained insights into
the contribution of the GS pilin to the pilus conductivity by developing a homology model and performing
molecular dynamics simulations of the pilin peptide in vacuo and in solution. The results were consistent
with a predominantly helical peptide containing the conserved α-helix region required for pilin assembly
but carrying a short carboxy-terminal random-coiled segment rather than the large globular head of other
bacterial pilins. The electronic structure of the pilin was also explored from first principles and revealed a
biphasic charge distribution along the pilin and a low electronic HOMO−LUMO gap, even in a wet
environment. The low electronic band gap was the result of strong electrostatic fields generated by the
alignment of the peptide bond dipoles in the pilin’s α-helix and by charges from ions in solution and amino
acids in the protein. The electronic structure also revealed some level of orbital delocalization in regions of
the pilin containing aromatic amino acids and in spatial regions of high resonance where the HOMO and
LUMO states are, which could provide an optimal environment for the hopping of electrons under
thermal fluctuations. Hence, the structural and electronic features of the pilin revealed in these studies support the notion of a
pilin peptide environment optimized for electron conduction.

■ INTRODUCTION

Extracellular electron transfer to Fe(III) oxide minerals is the
hallmark of the physiology of bacteria in the family Geo-
bacteraceae.1 The insoluble nature of the electron acceptor has
selected for a complex respiratory network across the cell
envelope that electronically connects the cell with its
environment.2 Much of what we know about this respiratory
assembly comes from studies in Geobacter sulfurreducens,3 which
serves as a genetically tractable model representative of the
family.4 Electron transfer across the multilayered cell envelope
of G. sulfurreducens involves metalloproteins, mostly c-
cytochromes,2 and also requires the assembly of thin protein
filaments known as pili.5 The pili of G. sulfurreducens (herein
called GS pili) are conductive and required for growth with
Fe(III) oxides, suggesting that they are the main electrical
connection between the cell and the extracellular Fe(III)
oxides.5 The GS pili maximize the cellular surface available for
electron transfer reactions and have also been proposed to
promote efficient electrical contact with the Fe(III) oxides,
which are often heterogeneously dispersed as coatings on small
clay particles and other particulate matter in soils.5 Although
bacterial pili are the most widespread cell structure for cell
attachment and surface motility,6 evidence today suggests that
the GS pili do not mediate these functions.5,7 Rather, they carry
out a specialized role as electronic conduits between the cell
and extracellular electron acceptors (such as insoluble Fe(III)
oxide minerals5 and toxic, soluble contaminants such as
uranium8) or across electroactive biofilms.7,9

Scanning tunneling microscopy (STM) spectroscopy along
the GS pili revealed electronic states near the Fermi level,
consistent with a conducting material, but did not detect any
electronic signatures of heme groups, which could have
reflected the contribution of redox-active proteins such as
cytochromes.10 Furthermore, topographic and electronic
features intrinsic to the GS pilus fiber were readily apparent
in STM images, consistent with the contribution of the pilus
protein to its conductivity.10 As the GS pili are homopolymers
of a single peptide subunit, the GS pilin,8 the electronic
structure of the pilus fiber resolved by STM reflects the
contribution of the density of states of the pilin subunit. This
suggests that the GS pilin has evolved to promote both
intramolecular and intermolecular charge transport.
Much of what is currently known about the GS pilin comes

from amino acid sequence analyses of the encoding gene or
pilA.5 The GS pilin is synthesized as a precursor or prepilin
carrying a signal peptide with the distinctive features that enable
recognition and processing by a type IV pilin peptidase or
PilD,11 which also N-methylates the newly exposed N-terminal
amino acid residue.6,12 The amino(N)-terminal amino acid of
the mature GS pilin is a phenyalanine, as in pilins of the type
IVa subgroup.12 However, unlike other type IVa pilins, which
have an average length of ca. 150 amino acids,12 the mature GS
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pilin is only 61 amino acids long. Furthermore, despite sharing
homology with the N-terminal region of other type IVa pilins,
phylogenetic analyses placed the GS pilin in an independent
line of descent along with pilin subunits from other members of
the family Geobacteraceae.5 This is consistent with a divergent
amino acid sequence that could be related to the peptide’s
specialized function in electron transfer.
Studies in well-characterized biological systems (such as

ruthenium-modified c-cytochrome or azurin, photosynthetic
reaction centers, cytochrome c oxidase, and DNA photolyase
enzyme) or synthetic peptides have provided evidence for the
involvement of structural motifs and individual amino acids in
intramolecular and intermolecular electron transfer reac-
tions.13−17 Seminal work by Beratan, Onuchic, and collabo-
rators,18,19 for example, successfully predicted the relative rates
of electron transfer in rhuthenium-modified metalloproteins by
regarding the protein as a complex tridimensional tunneling
barrier for electrons, with specific residues mediating electronic
coupling. However, single-step tunneling through proteins is
limited by the distance (∼20 Å) that electrons can tunnel at
biologically relevant rates.20 For larger distances, relay amino
acids are often involved that promote the hopping of
electrons14 and accelerate the rates of electron transfer.21

Furthermore, the protein’s structural dynamics and electrostatic
properties, which also depend on the protein’s environment,
also influence the electron transfer rates greatly.22,23 Hence, the
protein’s structure and amino acid composition can tune the
mechanism and rate of electron transfer.
Interestingly, the GS pilin contains several aromatic amino

acids in positions conserved in the pilin subunits of other
bacteria in the family Geobacteraceae,5 which could provide a
relay pathway for intramolecular and intermolecular electron
transfer. Furthermore, although structural information of the
GS pilin is lacking, its assembly into the pilus fiber suggests
structural conservation of the pilin’s α-helix domain that is
necessary for pilin polymerization,24 which could provide an
optimal peptide environment for electronic coupling.25 We,
therefore, investigated the structure of the GS pilin by
developing a homology model and a molecular mechanics
method based on empirical potentials. We also took a first-
principles, quantum-mechanical approach to enable the
theoretical exploration of the main electronic structural features
of the GS pilin around the electronic band gap. This is
necessarily connected to structural and electrostatic character-
istics of the molecule in close to natural conditions. The
electrostatics affects the electronic signatures substantially due
to the strong fields generated by ions, both in solution and
within the protein, the latter including the end amino and
carboxylic groups (the zwitterion form), and similar ions
related to particular residues specific to the GS pilin. In
addition, the dipoles associated with peptide bonds, which align
in the pilin’s α-helix, gave rise to additional electrostatic effects
and contributed to the low band gaps. Hence, the results are
consistent with a divergent pilin structure and amino acid
composition evolved to favor electron transfer reactions.

■ METHODS
A. Homology Modeling of the GS Pilin. A homology

model of the GS pilin was built using the Swiss-PdbViewer
(DeepView) software26 available at the ExPASy Bioinformatics
Web Portal (http://www.expasy.org/spdbv). The high-reso-
lution X-ray crystal structure of the full-length pilin of
Pseudomonas aeruginosa strain K or PAK pilin27 was retrieved

from the Protein Data Bank Europe (PDBe; PDB entry 1oqw)
and used as a template. The PyMOL software was then used to
generate the 3D images of the PAK and GS pilin structures
shown in Figure 1. The atomic coordinates of the GS pilin can
be found in the Supporting Information.

B. Molecular Mechanics (MM) Simulations. The
homology model of the GS pilin provided the initial atomic
coordinates for structural and dynamical studies (molecular
dynamics) using the standard all-atom version of the optimized
potentials for liquid simulations (OPLS) empirical force field.28

OPLS consists of empirical potential terms for binary
interactions (including Coulombic among charges and
Lennard-Jones and bond-harmonic-stretching contributions),
bond-bending and dihedral angle terms. All simulations were
done in periodic boundary conditions, with an Ewald-
summation treatment of the long-range electrostatics. All
molecular mechanics (MM) simulations were done using the
GROMACS code.29

For in vacuo studies, the homology model, which comprised
944 atoms in total, was confined to a cubic box of 104.04 Å per
side, such that the smallest distance between neighboring
molecules was 10 Å. The system was relaxed by molecular
dynamics (MD) using the empirical force field at 1 ns, with 1 fs
time steps. A thermostat was used to control the temperature
around 300 K. For conformational analysis, we took statistically
independent snapshots (sufficiently far apart in time) of the
MD run. The conformers were then relaxed by minimizing the
potential to the nearest minimum. The atomic coordinates
obtained by the MM and quantum-mechanical (QM)
relaxations in vacuo (see below) can be found in the
Supporting Information. As a control, we also modeled an 18
amino acid-long polyalanine α-helix and a 10 amino acid long
polyproline helix in dry conditions, to access the specific

Figure 1. Structural alignment of the PAK and GS pilins showing the
relative lengths (in amino acids) of the α1-helix (light gray), the αβ-
loop (green) and the D-region (magenta) (top). Structure of the GS
pilin modeled against the structure of the PAK pilin and color-coded
to match the location of the α-helix, αβ-loop, and D-region (bottom).
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contributions of the amino acid composition and the helical
structure.
The molecular-dynamics simulations including liquid water

used the empirical TIP3P force field for pure liquid water30

which considers rigid water molecules, a Lennard-Jones
potential for the intermolecular interactions, as well as three
effective point charges accounting for the charge distribution in
each water molecule. The protonation states of the residues
were set to match those corresponding to a pH of 7. This
resulted in an overall charge of −2|e|, which was compensated
by countercations in solution by dissolving Na and Cl ions into
the water at a 0.2 M concentration. The same cell in periodic
boundary conditions used for the in vacuo calculations was
used as well, except that the whole box was filled with water,
which surrounded the pilin molecule so as to avoid water
surfaces and bubbles. The number of water molecules was
chosen so that the overall pressure remained close to room
pressure in average for the original box (with the shortest
distance among periodic images of the pilin being ∼10 Å). The
total number of atoms in the cell was 4580. A first ns of MD
was run with the empirical MM potential for the protein with a
fixed structure, so as to allow the water and solute ions to relax
around it, at 300 K. The linear constraint solver algorithm
(LINCS18) was used for the purpose. A second 1 ns run
allowed for a full relaxation, but using a NPT ensemble, i.e.,
with a thermostat at 300 K and a barostat for P = 1 bar to allow
for the pressure relaxation of the wet system. The zwitterion
form of the polyalanine peptide was embedded in a NaCl
solution following the same procedures used for the GS pilin,
the whole system consisting in 1041 atoms.
C. First Principles. The quantum-mechanics (QM) first-

principles calculations used in this study are based on density-
functional theory (DFT), using the generalized gradient
approximation for the exchange and correlation potential, in
its PBE form.31 Core electrons were replaced by norm-
conserving pseudopotentials,32 fully factorized33 and using
nonlinear partial-core corrections for pseudowave function
smoothness close the nuclei. The Kohn−Sham wave functions
for the valence electrons were expanded in a double-polarized
(DZP) basis set of soft-confined, finite-support numerical
atomic orbitals34 and specific basis set and pseudopotentials.49

The calculations were done using the SIESTA method,35 using
the Γ-point approximation for k-point sampling, and a finite
real-space grid corresponding to a 150 Ry plane-wave cutoff for
the integrals in real space.35 Energy minimizations for structure
relaxations were performed using conjugate gradients, to within
a tolerance of 30 meV/Å in the maximum force component for
the whole system. For the studies of the protein in vacuo, a
classical conformation analysis was made to identify the
relevant structures and a subsequent QM optimization was
carried out in each representative structure. The GS pilin was
also studied in solution to mimic the pilin’s natural environ-
ment. For these studies, statistically independent snapshots of
the MM simulations were extracted for QM single-point
calculations and used to calculate statistical averages of the
electronic structure and electrostatics from first principles. Ten
snapshots, spaced by 50 ps, were used, and the last 0.5 ns of the
last simulation were sampled.

■ RESULTS AND DISCUSSION
A. Homology Model of the GS Pilin in Reference to

the PAK Pilin. The structure of the GS pilin was investigated
by constructing a homology model using the X-ray crystal

structure of the full-length PAK pilin27 as a template (Figure 1).
The PAK pilin serves as a structural model for type IVa
pilins,27,36−38 as it shares with them a conserved modular
architecture: an α-helix spanning approximately the 53 N-
terminal amino acids (α1 domain) and a globular domain
containing an antiparallel β-sheet region and two conserved
cysteines, which form a disulfide bond between the β-sheet and
the C-terminal segment of the helix.24 The globular head of
bacterial pilins also contains an αβ-loop region between the α1
helix and the β-sheet region and a C-terminal D-region that is
flanked by the two conserved cysteines (Figure 1). The
structure of the GS pilin is unique among all known type IVa
pilins because, although it contains the hydrophobic N-terminal
α-helix (α1 domain), it lacks the globular head, which is
replaced by a short random-coiled segment at the C-terminus
(Figure 1). The α-helix is a flexible region that facilitates
subunit assembly into the hydrophobic core of the pilus
filament and confers on the fiber both strength and flexibility.12

Thus, conservation of the α1 domain in the GS pilin is
consistent with a conserved mechanism of pilin assembly and
the formation of a flexible and mechanically strong pilus fiber.
However, the GS pilin lacks the C-terminal globular head with
the αβ-loop and D-region that determine the shape and
chemistry of the exposed globular head and confer on the pilus
fiber specific biological functions such as adhesion, surface
(twitching) motility and cell aggregation.24,27,39 Not surpris-
ingly, pili are not required for adhesion and surface motility in
G. sulfurreducens.5,7,9 As with other bacterial pili, the GS pili are
required for cell−cell aggregation and biofilm formation, yet in
Geobacter these functions also require the pili to function as
electronic conduits between the cells.5,7,9

The lack of a C-terminal globular head also reduces the size
of the GS pilin peptide considerably (61 amino acids, compared
to 144 amino acids in the PAK pilin) and locates most of the
pilin’s amino acids in the α-helix. Interestingly, peptide length
and helical structure contribute greatly to peptide conductiv-
ity.40 Electron transfer is faster, for example, in α-helices than in
extended β-strands because electronic coupling is higher in
helical structures.25 Furthermore, the permanent dipole of
helical peptides generates an electrostatic field along the helix
axis dominated by a positive charge at the N-terminus and a
negative charge at the C-terminus that promotes intramolecular
electron transfer.41 Such electrostatic effect is minimized in
PAK-like pilins because the globular head embeds much of the
C-terminal half of the α-helix (the so-called α1-C domain) and
promotes electrostatic interactions between the α1-C residues
and the β-sheet region.24 This effectively neutralizes the
negative charge at the α1-C end and the electrostatic field
along the helix axis. Reduced electronic coupling is also
expected in PAK-like pilins due to the presence of β-strands in
the globular head.25 Not surprisingly, the PAK pili are not
conductive by conductive probe atomic force microscopy (CP-
AFM) whereas the GS pili are.5 Hence, the divergent molecular
structure of the GS pilin compared to other bacterial pilins is
consistent with a peptide environment optimized for electron
transfer.

B. Molecular Dynamics of the GS Pilin in Vacuo. As the
conformational dynamics of a protein are critical to their
function,42 we used the atomic coordinates provided in the
homology model of the GS pilin (Figure 1) for in vacuo
calculations after neutralizing the side chains and the N- and C-
termini of the peptide. As shown in Figure 2A, the MD
simulations show that the angle between the C-terminal
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segment and the α-helix opens up with temperature but
stabilizes at 40°. We identified three types of conformers, each
having the C-terminal, random-coiled segment at a different
angle (20 o, 40 o, and 180°) with respect to the α-helix, with the
20° conformer displaying the highest stability and the 180 o

being the most unstable (Figure 2B).
One conformer from each representative type was chosen for

further QM optimization. The energies obtained for each
conformer after QM optimization revealed a similar pattern of
stability among the conformers (20° > 40° > 180°) (Figure
2C). However, higher energy differences were observed
between the conformers. The conformer with the lowest-
energy (20°), which was used as a reference, was 4.2 eV more
stable than the 40° conformer and 6 eV more stable than the
conformer with the highest energy (180°). Although lower
energy structures cannot be ruled out by this method, the low-
energy structure (20°) obtained represents a plausible
approximation to a stable conformer in these conditions. Not
only does the C-terminal segment contain amino acid residues
known to destabilize helical conformations, but the 20°
conformer also matches the position where the number of
hydrogen bonds are maximized in the neutral protonation state.
These results can be interpreted as there being at least three
clear basins in the energy landscape for the molecule, each
capturing the relative disposition of the tail with respect to the
helix. Although the deeper basin is the one with 20° angle, the
40° one allows for more entropy and, therefore, stabilizes with
temperature. These calculations thus validated the homology

model, which showed the C-terminal segment at an angle with
respect to the α-helix. They also confirmed the predominantly
helical structure of the GS pilin and conservation of the pilin’s
α-helix region, which displays robust stability in vacuo at 300 K
as expected of a conserved domain involved in pilin assembly.

C. Electronic Structure of the GS Pilin in Vacuo. The
charge distribution along the GS pilin modeled in vacuo
revealed a substantial net electric field along the peptide (Figure
3), which is likely to be larger once corrected for periodic

boundary effects. The imposed periodicity on the potential
generates a potential drop across the vacuum gap, to
compensate for the ramp within the molecule. It is analogous
to having an isolated molecule with an applied electric field
countering the intrinsic one. Although methods exist to correct
the electric field, e.g., by introducing a dipole correction in
vacuo (a narrow capacitor), such corrections are appropriate for
arrays of two-dimensional slabs, but not for the system at hand.
It is, however, not essential for extracting qualitative
information. Such an electric field tends to push up electronic
states from one end, and bring down the ones at the opposite
end. Consistent with this, the electronic structure of the GS
pilin in vacuo gives an electronic band gap of 0.2 eV. This is
much smaller than expected for any protein, even when
considering the tendency of generalized gradient approxima-
tions density functional theory (GGA-DFT) to underestimate
the gap. One can thus see what happens with the simplified
picture of a typical band gap in such a protein (a few
electronvolts) being locally shifted along the helix axes, thus
giving a reduced global gap.

Figure 2. (A) Distribution of the C-terminal segment overtime in 1 ns
MD. (B) Histogram of conformer distribution from the conforma-
tional analysis study. (C) QM-optimized conformers derived from
representative conformers generated in (B), each having the C-
terminal segment at a different angle (20, 40, or 180°) with respect to
the pilin’s α-helix. The energy values associated with each conformer
are shown in brackets (eV).

Figure 3. Color-coded map (top) and plot (bottom) of the
electrostatic potential for the lowest-energy conformer of the GS
pilin in vacuo obtained from first principles. The map shows a plane
generated as a longitudinal cross section of the pilin molecule, and the
plot shows the electrostatic potential versus z averaged in the
perpendicular x, y plane (pilin length is highlighted by vertical dashed
lines and the C-terminal segment, by the gray boxed area).
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A short (18 residues) polyalanine α-helix with intact
carboxylic and amine ends was simulated as a control. The
electrostatic field (Figure S1, Supporting Information) and
band gap (0.4 eV) were similar to the GS pilin. In contrast, a
calculation of an infinitely periodic α-helix of polyalanine gave a
much larger gap (3.6 eV). The electric field is completely
absent in this infinite polyalanine as the dipole is neutralized by
the imposed periodicity of the infinite continuous protein.
Physically, it is the same as the potential and electronic
structure of a long polyalanine connected to shorted metal
leads at both ends. In contrast, a finite polyproline peptide
modeled in vacuo had a homogeneous distribution of charges
(Figure S1, Supporting Information) and a larger band gap (3.9
eV). This is because the steric hindrance between the cyclic
side chains in the proline peptide induces distortions in the
direction of the helix axis and prevents the alignment of the
peptide bond dipole moments (Figure S2, Supporting
Information). The data therefore suggest that effects intrinsic
to the α-helical structure of the GS pilin such as one-
dimensional polarization effects by the aligned dipoles
associated to the peptide bonds in helices and related
electrostatics (Figure S2, Supporting Information) contributed
to the low band gap.
Despite similarities in the electrostatic potential and energy

band gap noted for the GS pilin and the polyalanine peptide
modeled in vacuo, the spatial distribution of the HOMO and
the LUMO was different. The polyalanine peptide had the
HOMO and LUMO orbitals located at the N-terminal and C-
terminal ends, respectively, due to the ramp in potential
induced by the helix field. A similar distribution of frontier
orbitals was modeled in the polyproline peptide due to the
contribution of the positively charged N-terminus and
negatively charged C-terminus (Figure S3, Supporting In-
formation). However, the frontier orbitals displayed weight at
both ends in the GS pilin (Figure 4), consistent with the
contribution of specific residues of the pilin to the HOMO and
LUMO states. These residues included the N-terminal
phenylalanine (F1) in HOMO and the aspartates from the
C-terminal segment (D53, D54) in LUMO, which are all
residues containing delocalized electrons (phenylalanine has a
benzene ring and aspartate has a carboxylate group).
D. Molecular Dynamics of the GS Pilin in Solution. The

dry, in vacuo structure of a protein can display very different
properties from that displayed in solution at the relevant
temperature. The macrodipole of the helical peptide, for
example, is expected to be screened in solution, and specific
contributions from amino acid residues and protonation states
are expected to arise. This is due to the effect that water and
ions have on the protein’s electrostatics, as described in more
detail below, as well as to thermal fluctuations of water and ions
in addition to those of the protein itself. Calculations and
simulations in solution are also more biologically relevant, as
the GS pili function as electronic conduits in aqueous
environments. Hence, the GS pilin was simulated in water
using MD. Once equilibrated, the structure of the pilin
remained essentially unchanged: an extended α-helix and a C-
terminal, random-coiled segment (Figure 5). The favored
conformer in solution was that in which the C-terminal
segment was at a 40° angle with the α-helix (Figure 5A).
However, the angle of the C-terminal segment fluctuated more
in water (Figure 5A) than in vacuo (Figure 2A). This is not
surprising because water can compensate for the hydrogen
bonds lost when the helix-tail angle opens. A snapshot from

classical MD simulations of the GS pilin and a control 18 amino
acid-long polyalanine peptide in solution is shown in Figure
5B,C, respectively. The MD simulations of the GS pilin in
solution matched well with the homology model and the in

Figure 4. Density of states around the HOMO (left) and LUMO
(right) of the lowest energy conformer of the GS pilin generated by
QM optimization in vacuo.

Figure 5. (A) Angle distribution of the C-terminal segment of the GS
pilin in solution with respect to the α-helix in 1 ns MD. (B, C)
Classical MD snapshots of the GS pilin (B) and polyalanine (C)
peptides in solution.
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vacuo structural predictions, again revealing the short C-
terminal segment at approximately a 40° angle with respect to
the α-helix (Figure 1). This conformation exposes the C-
terminal segment on the pilus exterior during pilin assembly
and contributes to the shape and charge of the pilus fiber and,
ultimately, to its specific functions.
E. Electronic Structure of the GS Pilin in Solution. As

with the in vacuo simulations, we used the statistically
independent snapshots extracted for the GS pilin and
polyalanine peptide (Figure 5B,C) for QM single-point
calculations and to generate statistical averages of the electronic
structure and electrostatics from first principles. The average
electrostatic potential along the GS pilin modeled in solution
revealed a biphasic charge distribution (Figure 6A), rather than

the steady increase in potentials from the N-terminal to the C-
terminal end of the peptide observed under dry conditions
(Figure 3). Although ions from the solution are close to the
pilin’s charges, the potential was more positive in the mid
region and more negative in the C-terminal segment (Figure
6A). This profile contrasted with the electrostatic potential
profile of the polyalanine helix in the same time scales (Figure
6B). Due to the screening effect by water, there were no steep
increases or decreases in potentials in the polyalanine helix.
Furthermore, due to the absence of polar or charged side chains
in the polyalanine helix, the counterions are not bound to the
protein and they can move more freely during the MD
simulations, which lead to more variability. The differences in
electrostatic potentials correlated well with differences in
electronic structure as well. The electronic band gap in the
GS pilin ranged from 0.9 to 1.1 eV (Figure 6C), which is higher
than in the in vacuo calculations but still relatively low for a
common peptide. In contrast, the electronic band gap of the
polyalanine helix was much higher (between 2.7 and 3.2 eV)
(Figure 6D). Hence, it was possible to differentiate between the
energy band gaps of the GS pilin and the polyalanine control,
despite the general tendency of DFT to underestimate the band
gap. These differences in potential and band gap between the
GS pilin and the polyalanine peptides, which share the helical
structure but differ in amino acid composition, therefore reflect

the contribution of specific residues in the GS pilin to its
characteristic charge distribution.
The HOMO and LUMO states also matched the distribution

of charges in the GS pilin modeled in solution and allowed to
better appreciate the specific contribution of specific amino
acids to the projected density of states over the HOMO−
LUMO states (Figure 7). The LUMO was located in the

regions of low electrostatic potential, at the N- and C-termini,
whereas the HOMO was located in the mid region of high
potential. This contrasts with the localization of the HOMO of
the polyalanine to the N-terminus and the LUMO dispersion
throughout the mid region and C-terminal end (Figure S4,
Supporting Information). Thus, the unique HOMO−LUMO
distribution in the GS pilin is consistent with the contribution
of specific amino acids.
The mid region of the GS pilin where the HOMO localized

corresponds to the region of highest electrostatic potential
(Figure 6A), containing positively charged residues (R28, K30,
R41) and aromatic residues (F24, Y27, and Y32) (Figure 7).
The low potential regions at the N- and C-terminal ends
(Figure 6A) where the LUMO localized are the regions where
negatively charged residues (E5, E48, D53, D54, E60, and the
C-terminal S61) and aromatic residues (Y27, Y32, Y57)
localize. Thus, all the residues that contributed to the frontier
states come from side chains where electrons are usually
delocalized. The HOMO−LUMO distribution in the GS pilin
is determined by the aqueous environment, which influences
the protonation states of the residues and therefore, their
charge. In fact, a calculation of the GS pilin in solution in which
the residues were neutralized did not change the HOMO−
LUMO distribution but increased the electronic gap to 2.7 eV,
supporting our previous conclusion that the distribution of
charged amino acids in the GS pilin contributed to the low
band gap by establishing a new electrostatic potential profile. It
is also important to note that most of the amino acids
contributing to the density of states are located in regions of the
GS pilin (the α1-C domain and the C-terminal segment) that
are most divergent at the amino acid sequence and structural
level, respectively. This suggests that the amino acid sequence
and structure of the GS pilin is adaptive in nature and evolved
to promote electron transfer reactions.
Interestingly, the electronic structure of the GS pilin in

solution displayed some weight, in both the HOMO and
LUMO states, in the same spatial region in the middle of the α-
helix (Figure 7). This is the region where three of the five

Figure 6. z-averaged electrostatic potential along the peptide length
(vertical dashed line) from QM calculations (A and B) and density of
states of the MD 50-ps snapshots (C and D) of the GS pilin (A and C)
and polyalanine (B and D). The C-terminal segment of the GS pilin is
highlighted in the shaded area in (A).

Figure 7. Density of states of the GS pilin in solution, from LUMO to
HOMO−3. The distribution of positively (blue) or negatively (red)
charged and aromatic (orange) amino acids and tyrosines is also
shown using the homology model of the GS pilin (left).
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aromatic residues of the GS pilin are located (Figure 7).
Resonance in this region is predicted to be high, thus favoring
the hopping of electrons between the aromatic residues under
thermal fluctuations and facilitating intramolecular electron
transfer. Electronic coupling in also expected once the GS pilins
assemble as amino acids in the regions of high and low
potential mediate electrostatic interactions between the α-
helices of neighboring pilins in the assembled pilus.39 For
example, the electrostatic interactions between the positively
charged N-terminal phenylalanine F1 of the last assembled pilin
and the negatively charged E5 residue of the incoming pilin,
which is stored in the hydrophobic lipid bilayer, promote the
assembly of new pilins into the growing fiber24 and determine
the 10.5 Å axial rise measured for neighboring pilins in the pilus
fiber.39 This rise also positions the HOMO of one subunit
closer to the LUMO of the adjacent subunit, which stabilizes
pilin−pilin interactions and promotes charge transfer between
the contact residues. Furthermore, there is also overlap between
the LUMOs of adjacent pilins in this contact region. The
LUMO−LUMO contacts are located between the tyrosine
rings of neighboring pilins, thus contributing to charge hopping
from one pilin−pilin contact point to another in the assembled
pilus fiber.

■ CONCLUSIONS
In this study, the molecular and electronic structure of the pilin
peptide that forms the conductive pili of G. sulfurreducens was
analyzed under different conditions. The results are consistent
with a pilin structure and amino acid sequence that has evolved
to optimize intramolecular electron transfer while preserving
the conserved features required for pilin assembly into the pilus
fiber. The GS pilin’s reduced size, the absence of a globular
head with β-strands, and the predominantly helical peptide all
are structural features that promote electron transfer in
peptides.25,40,41 Furthermore, specific amino acids in the GS
pilin resulted in a distribution of charges and density of states
along the peptide that could also favor charge transport.
Aromatic residues, including tyrosines, for example, were
located in regions of HOMO−LUMO and LUMO−LUMO
overlap between adjacent assembled pilins. The oxidation
potential for tyrosines is the lowest among the amino acid side
chains, and this feature, along with aromatic stabilization, allows
them to function as relay amino acids for long-range electron
transfer.43 The results also suggest that charge transfer is
possible between assembled pilin subunits through the LUMO
of one chain and the LUMO of the next one. The resonance
generated by these contacts, where the frontier states of the
chains overlap, is expected to optimize the hopping of electrons
between the relay amino acids under thermal fluctuations. The
rates and direction of electron transfer through peptides are
also modulated by the electrostatic potential generated by
charged amino acids located in close proximity to relay amino
acids.44 Our studies predict similar electrostatic effects in the
GS pilin, which could modulate intramolecular charge transport
as well as its directionality, an important consideration in a
bacterial electronic conduit evolved to transfer electrons from
the cell to the extracellular electron acceptor.
As the intersubunit distance is very short in the pilus fiber,39

the assembly of the GS pilin is also likely to favor proper
stacking of the pilin’s delocalized residues such as aromatic and
charged amino acids, which may promote intermolecular
electron transfer via electron hopping and long-range
delocalization through the pilin chains in the pilus fiber.

Furthermore, posttranslational modifications have been re-
ported for bacterial pilins45−48 and could influence the
molecular structure and charge distribution of the GS pili to
further optimize the peptide environment for electron transfer.
Yet charge transport through the GS pili ultimately depends on
the ability of the GS pilin subunit to transfer electrons. The
structural and electronic features of the GS pilin revealed in
these studies support the notion of a peptide environment
optimized for electron conduction at both the structural and
amino acid sequence level. This information is critical to
understand the interplay between the protein’s structure and its
environment and the protein’s biological role, which can
provide fundamental knowledge for the engineering of protein
nanowires with custom properties.
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