2
o
<
S
=
5
=
=
()
1%/

1908  wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

'a\
Me \lii"§

www.MaterialsViews.com

Inter-Aromatic Distances in Geobacter Sulfurreducens Pili
Relevant to Biofilm Charge Transport

Hengjing Yan, Chern Chuang, Andriy Zhugayevych, Sergei Tretiak,*
Frederick W. Dahlquist,* and Guillermo C. Bazan*

Biological films containing the microbe Geobacter sulfurredu-
cens, as well as protein layers composed of pili filaments, have
been recently reported to exhibit electrical conductivities sim-
ilar to those of doped organic semiconductors.l'?l The tempera-
ture dependence of these conductivities has led to lively debate
on the most appropriate transport mechanisms: “electron hop-
ping” or “metallic conduction.” One line of thinking proposes
that charge equivalents are conducted on pili by a succession
of electron transfer reactions among redox proteins.>* An
opposing view provides the idea that the pili have metallic con-
ductivity and invokes m—r interchain stacking between aromatic
amino acid residues as the critical electron-coupling unit for
charge transport.>°! Difficulties in purifying pili crystals and
identifying the distances between extracellular cytochromes on
pilil®”! prevent the correlation of the electrical properties to an
assembled electroactive unit; clear structure-to-property rela-
tionships at the molecular level thus remain lacking.

In the area of molecular crystalline organic semiconduc-
tors one can find literature precedent of charge-carrier mobili-
ties that can be described by either “band-like’®% or “hop-
ping” transport regimes.'1%'] Heavily doped -conjugated
polymers may also show “metallic” transport with conductivi-
ties above 100 S cm .12 In both cases the necessary require-
ment for sustaining efficient charge transport is the existence
of m—m couplings with strength ranging from tens of meV for
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intermolecular electron transfer, to more than an eV for charge
transport along a chain.'¥! This need for robust electronic com-
munication between subunits imposes strict requirements on
the intermolecular distances and orientations.* Pentacene, for
example, crystalizes in a layered structure and electronic struc-
ture calculations show that both interplanar distances and the
tilting of the molecules can affect charge transport depending
on the crystal polymorph.[>-17]

Our aim in this contribution is to approach the problem
of charge-carrier conduction in G. sulfurreducens pili (GS pili)
from the perspective of what is known on organic semicon-
ducting materials. We will focus specifically on the conven-
tional charge transport between aromatic units within the
protein framework(s). These studies are relevant within the
context of ongoing discussions on the extent to which this pro-
tein framework is capable of carrier transport in the absence
of cytochromes.’! As described in more detail below, we first
generated two GS pili subunit (pilin) models by using either
homology considerations or nuclear magnetic resonance
(NMR) spectroscopy characterization available in the litera-
ture.1319 These two pilin structures were then used to build
corresponding pili models. Inter-aromatic distances and orien-
tations within two pili models were extracted to establish and
evaluate electronic m—m couplings between aromatic residues in
the pili structure. Finally, electron and hole transfer rates and
mobilities within GS pili structure without extracellular redox
mediators were calculated based on the small polaron hopping
modell’** and compared to GS pili experimental data and tra-
ditional organic semiconductors.

As shown in Figure 1, the GS pilin structure shares con-
siderable sequence similarity to Neisseria gonorrhoeae (NG)
pilin, the subunit of another type 1Va pili.'l By virtue of this
similarity we combined the NG pilin model (Figure 2a) and
the G. sulfurreducens pilin sequence in SWISSMODEL using
the automatic modeling mode.?>2! The resulting homology
model (GSyiomolegy) Of GS pilin, namely the PilA protein, is pro-
vided in Figure 2b. We also adopted the existing PilA model of
G. sulfurreducens pili obtained by solution state NMR spectro-
scopy!!®l to generate GSyygr as shown in Figure 2c. We found
both GSgiomolegy and GSyyr models have 40% conserved struc-
ture with the NG pilin model and high o-helical contents in
N-terminal region (77% for GSiomelegy and 80% for GSyyp).
This high structural conservation of GS pilin with NG pilin led
us to hypothesize that their assembly into pili structures would
exhibit similar packing.

Based on the molecular 3D coordinates in GSpemology and
GSymr, We extracted inter-aromatic distances by measuring the
shortest distance between aromatic ring centers for each pair
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Conservation l

Figure 1. Alignment of amino acid sequences from two GS pilin models
with the amino acid sequence from N. gonorrhoeae pilin (truncated to
70 amino acids). Aromatic residues (red), residues in helical structure
(yellow background), and conserved residue (with * and purple back-
ground in the bottom row) are highlighted.

of aromatic residues in GS pili (same for subsequent analysis),
which are phenylalanine and tyrosine. Inter-aromatic distances
within a single pilin monomer exhibit a wide range, from 6.5
to 35.6 A. These distances, particularly the larger values, are
considerably longer than those typical of high mobility organic
semiconducting or conducting materials, and immediately
argue against a similar transport mechanism. We thus exam-
ined other possible contacts as a result of inter-pilin packing in
the pili superstructure.

The regions of high sequence conservation between NG and
GS pilin are largely responsible for the assembly of the pilus fil-
ament in the filament model proposed by the Tainer laboratory
from a combination of X-ray and cryoelectron tomography.!**]
We thus modeled the assembly in analogy to N. gonorrhoeae pili
(NG pili), by aligning each GS pilin to NG pilin in PyMol.[}*-22]
In our approach, the GS pilins were brought together and pro-
jected against the previously characterized NG pili structure.[?’]
As is the case with NG pili, both GSyyg pili and GSggmology Pili
models exhibit helical arrangements within the GS pili super-
structure (Figure 3). The diameter of the GS pili in our model
ranged from 36.5 to 58 A, which is consistent with experi-
mental values observed from atomic force microscopy.?! In the

GS PIlA
sequence

Figure 2. a) N. gonorrhoeae pilin model used for building b) G. sulfurre-
ducens pilin homology model. c) Another GS pilin model based on NMR
spectroscopy results is also adopted in this study. Aromatic residues are
shown as stick and ball and the rest are shown in cartoon representation.
Inter-aromatic distances (A) are labeled beside the two GS pilin models.
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Figure 3. a) The GSyugr pili model built from the GSyr pilin model and
NG pili model. b) The GSpomology Pili model built from GSpigmology Pilin
model and NG pili model. Aromatic residues are shown as white spheres
and the rest are shown as a rainbow colored cartoon.

GSymr pili model, phenylalanine-24, tyrosine-27 and phenylala-
nine-51 are found clustered in the inner space of the pili with
inter-aromatic distances of 6.6, 10.4, and 8.6 A (Figure 4). Those
three residues from each monomer formed a tentative helical
pathway for electron hopping. Tn the GSiiomelegy Pili model, a
similar helical pathway of phenylalanine-24 and tyrosine-27
with inter-aromatic distances of 6.5 and 10.8 A can be identi-
fied, see Figure S1, Supporting Information. However, since
phenylalanine-51 in both GSomelegy and GSyyr Ppili models is
located in the free head C-terminal region, its position is antici-
pated to be the least accurate due to its higher propensity to
perturbations by the environment.

The molecular details of the two pilin models were incorpo-
rated into our calculation of electronic structure. A more quan-
titative evaluation of charge transport properties was accom-
plished through the application of modeling proven for organic
semiconductors. Full technical details of these calculations are
given in Supporting Information; we focus here on the prin-
cipal approach and relevant conclusions. We first computed
the electronic properties of the hydrogen-passivated aromatic
residues in their actual spatial location. The rest of the pro-
tein is modeled as a continuum polarizable medium with the
dielectric constant € = 20.23l The electronic couplings between
the m-conjugated fragments are estimated within the dimer

a) Aromatic residues (pink and white stick-and-balls) from
GSnwr are extracted. b) Zoomed-in inter-aromatic distances (A) indicate
a helical pathway through identical aromatic residues (in pink) for longi-
tudinal charge transport within pili.

Figure 4.
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Table 1. Summary of charge transport properties of GSyjomology and GSnwig pili models and experimental values of GS pili and pentacene.

Charge carrier GSHomology GSnmr GS pili Pentacene
Hole Electron Hole Electron Exp value Exp value
Inverse rate [ps] 7.7 %10 1.2x10'® 1.1x10" 9.1x 10" N.A. N.A.
Diffusion coefficient [cm? s7'] 1.4x107" 9.4x 107" 1.0x 107" 1.2x107" N.A. N.A.
Charge mobility [cm? V=" s71] 5.6x107"6 3.3x1077 3.9%x107 4.7x107 N.A. 0.1t0 0.5
Conductivity [puS cm™] 1.4%x10°% 2.0x107° 6% N.A.

AThe conductivity of GS pili filament preparation obtained in experiment,? where the presence of extracellular cytochromes in the preparation is under debate;*4 P)The

charge mobility of pentacene single crystal obtained in experiment.[?é]

approximation using density functional theory with CAM-
B3LYP functional?!l and 6-31G basis set.?>?% Thus obtained
values do not exceed a few meV, except for isolated pairs. Such
minimal interactions suggest the charge-carrier transport
regime to be hopping. Inter-fragment transfer rates depend
strongly on the reaction transfer energies, AG®°, which them-
selves are highly sensitive to the environment. This uncertainty
disappears if we are interested only in the upper limit of the
transfer rates, which can be reliably estimated by the prefactor
of the Marcus formula:[?’]

<t /L 1
W AT 1)

where t is the electronic coupling and A is the charge transfer
reorganization energy, which is about 0.4 eV for all the residues
(intramolecular contribution). For these rates, the dominant
charge transfer routes are shown by the inter-aromatic pathways
such as that in Figure 4 and Figure S1, Supporting Information.
The lowest transfer rates along these routes are on the scale
of inverse seconds, dramatically slowing down the electronic
transport. As a result, the calculated electron (u.) and hole (u)
mobilities do not exceed 107* cm? V' s7* for both GSyyomolegy
and GSymr pili models (Table 1), which is at least 13 magni-
tudes smaller than single crystal pentacene.?! Under these
conditions and by using the relationship between conductivity
(0), mobility, and carrier concentration (p), i.e., 6= p(un + o),
and using the number density of aromatic residues as the
maximum value of p leads to o values of 1.4 x 10® uS cm™
and 2 x 107 uS cm™ for GSpyomology and GSyyr pili structures,
respectively, compared to the conductivity of GS pili obtained
in previous experiment study, i.e., 6 uS cmLl Even if errors
of calculation in conductivities reach to two to three orders of
magnitude due to the fluctuations of contact distances in both
models (Figure S2 and S3, Supporting Information), they are
far below measured values.

We next examine dynamic processes that may impact elec-
tronic couplings. Specifically, we used a simplified approach to
estimate how the upper limit of conductivity can be influenced
by intermolecular (mainly via t) and environmental (mainly via
AG°) fluctuations.?”? Because the charge solvation energy for
the aromatic residues (about 2 eV, see Table S2, Supporting
Information) is much larger than A and AG® (tenths of eV),
the exponential factor in the Marcus formula is anticipated to
fluctuate across a wide range. To remove this uncertainty we
replaced it by its maximum value; i.e., unity, as in Equation (1).

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Fluctuations of intermolecular geometry were modeled by sta-
tistical sampling of random translations and rotations with the
amplitude matching estimated Debye-Waller factors (DWFs).>%!
The upper limit for Equation (1) is given by replacing # by its
average value (fast-fluctuations limit).”) We recognize that the
DWF approach may not fully describe bending and/or other
temporary deformations within the overall superstructure; how-
ever, it is sufficient to explore upper limits of conductivity. The
results showed that the deviation of contact distances between
the rate-limiting pair fragments for proposed electron transfer
in GSywr (i-e., tyrosine-27 and phenylalanine-51), matching the
estimated DWF of about 30 A? (Table S11, Supporting Infor-
mation), will be less than 1 A (Table S10, Supporting Informa-
tion). The corresponding transfer integral is on average approx-
imately 107> meV, with fluctuations ranging between 1073 and
10715 meV (Table S10 and Figure S2, Supporting Information).
Under these conditions, and assuming the maximum of one
charge carrier per aromatic residue, the conductivity can reach
up to 100 uS cm™l. Achieving this value requires meeting
multiple extraordinary conditions, including the maximum
possible values for p, which is unphysical, and the exponential
factor being unity in the Marcus formula. We can thus con-
clude that the interaromatic pathway is an unlikely mechanism
of conductivity.[#31]

The work described here provides a perspective of the
spatial location of aromatic units within GS pili superstruc-
ture based on an analogy to N. gonorrhoeae pili, as both share
high sequence conservation regions in subunits responsible
for superstructure assembly. Moreover, the general approach
forms the basis for correlating protein structure with electrical
properties. Using the ensemble of aromatic units within the
protein as input for quantum mechanical electronic calcula-
tion methods leads to charge-carrier mobilities that are insuf-
ficient to account for experimentally determined conductivities.
The low electronic transport is a consequence that aromatic
amino acids are not packed sufficiently tight for n—r interac-
tions. These results based on such a geometry are in contrast
with highly cited mechanistic proposals for those biological
films,>>¢ which invoke inter-aromatic contacts as being crit-
ical to the conductivity measurements of biological films, thus
paralleling the conductivity mechanisms of biological films
with that in conducting conjugated materials. Additional fac-
tors that may be relevant to reconcile theoretical analysis and
published experimental results include the influence of extra-
cellular cytochromes,># perturbations by virtue of ion con-
ductivity, differences in pili aromatic content between GS and

Adv. Mater. 2015, 27, 1908-1911
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N. gonorrhoeae, and protein conformations very far from the
equilibrium structures used for calculations here. Despite
these uncertainties, the methodology described here provides
a potentially general method of correlating protein structure to
electronic charge transport.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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