
Structure of the Type IVa Major Pilin from the Electrically
Conductive Bacterial Nanowires of Geobacter sulfurreducens*

Received for publication, July 1, 2013, and in revised form, August 15, 2013 Published, JBC Papers in Press, August 21, 2013, DOI 10.1074/jbc.M113.498527

Patrick N. Reardon‡1 and Karl T. Mueller‡§

From the ‡Environmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory, Richland, Washington 99354
and §Department of Chemistry, Pennsylvania State University, University Park, Pennsylvania 16802

Background: PilA is the major type IVa pilin that forms the conductive nanowires of Geobacter sulfurreducens.
Results:We report the atomic resolution structure of PilA determined with solution state NMR spectroscopy.
Conclusion: The Geobacter sulfurreducens PilA adopts a long, kinked �-helix with a dynamic C-terminal region.
Significance: The structure provides a foundation to build a model of the bacterial nanowire.

Several species of � proteobacteria are capable of reducing
insoluble metal oxides as well as other extracellular electron
acceptors. These bacteria play a critical role in the cycling of
minerals in subsurface environments, sediments, and ground-
water. In some species of bacteria such asGeobacter sulfurredu-
cens, the transport of electrons is proposed to be facilitated by
filamentous fibers that are referred to as bacterial nanowires.
These nanowires are polymeric assemblies of proteins belong-
ing to the type IVa family of pilin proteins and are mainly com-
prised of one subunit protein, PilA. Here, we report the high
resolution solution NMR structure of the PilA protein from
G. sulfurreducens determined in detergent micelles. The pro-
tein is >85% �-helical and exhibits similar architecture to the
N-terminal regions of other non-conductive type IVapilins. The
detergent micelle interacts with the first 21 amino acids of
the protein, indicating that this region likely associates with the
bacterial inner membrane prior to fiber formation. A model of
theG. sulfurreducenspilus fiber is proposedbasedondocking of
this structure into the fiber model of the type IVa pilin from
Neisseria gonorrhoeae. This model provides insight into the
organization of aromatic amino acids that are important for
electrical conduction.

Several species of anaerobicmetal-reducing � proteobacteria
utilize various strategies of extracellular electron transport
(EET)2 to deliver the electrons produced during respiration to
insoluble minerals, containing species such as Fe(III) and

Mn(IV), as well as other soluble and insoluble extracellular
electron acceptors (1–5). Some of these strategies include
direct transfer of electrons via multiheme cytochromes (6),
transport via soluble redox mediators (7), and conduction-
based transport via filamentous bacterial nanowires or another
conductive matrix (8, 9). The ability to carry out EET has
enabled these bacteria to play important roles in mineral and
nutrient cycling (1), bioremediation of toxic heavy metals (2,
10), and energy production via bacterial fuel cells (6, 11).
Geobacter species represent important and abundant micro-

organisms that are capable of EET.They putatively employ con-
ductive nanowires to transfer electrons over comparatively
long distances to extracellular electron acceptors (8). These
nanowires are members of the type IVa family of pili and are
comprised of primarily one protein subunit, pilin (12). The
fibers can reach lengths up to 20 �m, �20 times the length of a
typical Geobacter cell (13). In Geobacter sulfurreducens, a
model organism capable of EET, the major pilin subunit is
encoded by the gene pila, which produces the protein PilA.
Similar to other type IVa pilins, PilA is expressed as a prepilin
that is cleaved in the innermembrane prior to assembly into the
fiber (14). Cleavage is carried out by a prepilin peptidase that
cleaves between a conserved glycine and the phenylalanine that
becomes the N-terminal residue of the mature protein (15).
The cleaved pilin subunits are assembled from the inner mem-
brane intomature fibers (16). The core of these fibers is formed
by a highly conserved N-terminal region thatG. sulfurreducens
PilA shares with other type IVa pilins (Fig. 1).
Atomic resolution structures of several type IVa pilins have

been reported (16, 17). These structures share a similar overall
architecture, consisting of a conserved N-terminal helical
region followed by a divergent globular head domain. However,
G. sulfurreducens PilA is considerably shorter (61 amino acids)
when compared with the pilins of known structure (�150
amino acids) (8). This suggests that differences in the sequence
or organization of the�-helical region could contribute to elec-
trical conductivity in G. sulfurreducens nanowires.

The mechanism of electrical conduction by G. sulfurredu-
cens nanowires is the focus of intense research. Two models of
electron transport have been proposed to explain the conduc-
tion. One model suggests that electrical conduction involves
electron superexchange between redox active sites such as
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cytochromes that are bound to the nanowire fibers (18). An
alternative hypothesis proposes metallic like conduction along
the nanowire (19). This model differs from superexchange in
that it envisions the electrons as delocalized across the entire
nanowire rather than hopping or tunneling between discrete
redox centers (20).
Here we report the heterologous expression and structure

determination of G. sulfurreducens PilA (GSu PilA). To our
knowledge, this solution NMR structure is the first atomic res-
olution structure of a type IVa pilin that is involved in the for-
mation of conductive bacterial nanowires. The structure was
determined in the presence of 1,2-dihexanoyl-sn-glycero-3-
phosphocholine (DHPC) detergent micelles, revealing the
interactions of a full-length type IVa pilin with a lipid
environment.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The PilA protein was
expressed as a fusion with TrpLE in C41(DE3) Escherichia coli
using the expression vector pTCLE (21, 22). Fusion to TrpLE
results in the formation of insoluble inclusion bodies, facilitat-
ing the expression and purification of the protein. The plasmid
also encodes aHis6 tag between theTrpLE and the cleavage site.
The pila gene fromG. sulfurreducens KN400was optimized for
expression in E. coli, purchased from IDT, and inserted into the
pTCLE plasmid using the existing Nde1 and Xho1 restriction
sites. Cells transformedwith the plasmidwere grown to anA600
of �0.6 and then induced for 4 to 6 h with the addition of 1 mM

isopropyl 1-thio-�-D-galactopyranoside. The cells were har-
vested by centrifugation at 9000 � g for 30 min and stored at
�20 °C.
Thawed cells were lysed by incubating in Bugbuster reagent

(Pierce Scientific) with 100 �g/ml lysozyme and 200 �g/ml
DNase for up to 1 h. The insoluble inclusion bodies were sepa-
rated from the soluble cellular components by centrifugation at
15,000 � g for 30 min. Then the inclusion bodies were solubi-
lized in loading buffer containing 6 M guanidine-HCl, 10 mM

imidazole, and 50 mM sodium phosphate at pH 8.0.
The fusion protein was separated using a nickel-Sepharose

column (GE Healthcare) and eluted from the column using a
step gradient from 10 mM imidazole to 250 mM imidazole.
�-Mercaptoethanol was added to a final concentration of 1%
(v/v), and the protein was stored at 4 °C overnight. The fusion

protein was precipitated by dialysis against MilliQ-purified
water and pelleted by centrifugation at 9000� g for 30min. The
pelleted protein was further washed withMilliQ-purified water
and dried under vacuum.
The fusion protein was dissolved in 70% trifluoroacetic acid

and cleaved for 2 h with 1 M cyanogen bromide. The cleavage
reaction was stopped by lyophylization. Cleaved PilA was dis-
solved in 6 M guanidine-HCl and separated from uncleaved
fusion protein using a 2.6 cm by 60 cm S-100 gel filtration col-
umn. Cleaved PilA was concentrated and diluted into 1% �-oc-
tylglucopyranoside, 50mM sodiumphosphate pH6.0. Insoluble
protein was removed by centrifugation for 15 min at 9000 � g.
The purified PilA was extensively dialyzed againstMilliQ-puri-
fied water to remove �-octylglucopyranoside, lyophilized, and
dissolved in 200 mM DHPC.
NMR Data Collection—NMR experiments were conducted

on 750 and 800MHz (1H frequencies)Agilent (Varian)VNMRS
NMR spectrometers. All NMR spectra were acquired at 35 °C.
The experiments used for backbone assignments were HNCA,
HNCO, HNCACB, and CBCA(CO)NH. Side chain assign-
ments were made using an HCCH-TOCSY and CCH-TOCSY.
Some 3J-coupling constants were acquired from a three-dimen-
sional HNHA experiment. 1H 1H NOE-based distance restraints
were derived from three-dimensional 15N-edited NOESY-HSQC
and three-dimensional 13C-edited NOESY-HSQC experiments,
both with 200-ms mixing times. Micelle localization was
assessed using a titration with Gd(III)-diethylenetriaminepen-
taacetic acid (Gd-DTPA). TheGd-DTPAwas prepared as a 250
mM stock solution in MilliQ-purified water, and the pH was
adjusted to 5.0 using 6MNaOH.Gd-DTPAwas added to a 1mM

solution of PilA in 200mMDHPCover a concentration range of
0 to 8 mM. All spectra were processed using nmrPipe and visu-
alized using CARA (Rochus Keller, ETH Zurich), nmrviewJ
(23), or Sparky (24).
Structure Calculation—Backbone dihedral angles were

obtained using the program TALOS (25). H-H NOE peak vol-
umes were calculated using Gaussian peak fitting in the pro-
gram Sparky. These volumes were converted into distance con-
straints using CYANA 2.1 (26). NOESY peak lists were partially
assigned manually. The TALOS dihedral angles, 3J coupling
constants, and NOESY peak lists were used to perform auto-
mated assignment and structure calculation in CYANA (ver-

FIGURE 1. Alignment of various major pilin subunit amino acid sequences. Species whose pilin subunit amino acid sequence length is �66 were truncated
to 67 amino acids. Eight species capable of EET and two species that are not capable of EET were included in the alignment.
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sion 2.1). Following initial structure calculation, hydrogen bond
restraints were added based on chemical shifts, temperature
coefficients (27), and initial structures. Temperature coeffi-
cients were determined by acquiring 15N HSQC spectra at 25°
to 45 °C. Hydrogen bonds were assigned where the change in
proton chemical shift was more positive than �4.6 ppb/K (27).
The automated assignment and structure calculations were
repeated with these hydrogen bond restraints. The 20 lowest
energy structures were subjected to further refinement in
explicit water using CNS-Solve (version 1.1) (28, 29).We found
that refinement in explicit water resulted in overall improve-
ments in geometry and structural statistics, such as clashscore.
Of these refined structures, 18 were selected that did not con-
tain any distance restraint violations �0.5 Å or dihedral angle
violations �5°. For figures where a single model from the
ensemble is shown, the conformer with the best clashscore and
MolProbity score was used (30). A model of the G. sulfurredu-
cens nanowire was produced by superimposing our structure
(residues 2–50) onto the homologous region of Neisseria gon-
orrhoeae fimbrial protein (Protein Data Bank code 2HIL) (12)
using the software Chimera (31). The atomic coordinates for
the structural ensemble have been deposited in the Protein
Data Bank under code 2M7G.
Sequence Alignment—The amino acid sequences of major

pilin subunits from 10 species of bacteria were aligned using
Clustal Omega on the EMBL-EBI website (32, 33). Eight species
of bacteria capable of EETwere selected,Geobacter sulfurredu-
cens KN400,Geobacter lovleyi, Pelobacter propionicus,Geobac-
ter M21,Geobacter bemidjiensis bem,Geobacter M18,Geobac-
ter metallireducens, and Shewanella oneidensis. Two control
bacterial species that do not carry out EET were also included,
Pseudomonas aeruginosa and N. gonorrhoeae. These strains
were chosen based on the availability of full-length high reso-
lution structures of the pilin subunits. The alignment was visu-
alized using Jalview (version 2.8) (34).

RESULTS

Type IVa pilins are expressed in vivo as pre-pilins that are
cleaved in the inner membrane prior to assembly into fila-
ments. To study the cleaved pilin, we expressed only the coding
sequence for mature GSu PilA as a fusion protein with TrpLE
(21, 22). Following purification, cleavage of the TrpLE-PilA
fusion with cyanogen bromide yielded sufficient PilA protein
from 1 liter of cells to produce a 1mMNMR sample in 350 �l of
200 mM DHPC.

Fig. 2 shows an overview of the GSu PilA structure deter-
mined using solution state NMR spectroscopy. The backbone
r.m.s.d. to the mean of the structural ensemble is 0.6 Å for the
ordered residues. The 15N TROSY spectrum of the protein in
DHPC micelles is shown in Fig. 2D. A summary of the struc-
tural statistics and restraints is provided in Table 1. Overall, the
structure adopts a bent�-helix from residue 1 to residue 52 that
is�75 Å long. The bend is located at proline 22, which is highly
conserved throughout type IVa pilin proteins, as shown in Fig.
1. The structure is poorly restrained from residue 53 to the C
terminus, resulting in a number of divergent and extended
structures for this region.

To determine whether the poorly restrained C terminus of
the protein is a result of increased dynamics, we performed an
H-N heteronuclear NOE experiment. The results of this exper-
iment are shown in Fig. 3. The H-N heteronuclear NOE ratios
near and below zero at the C-terminal residues (56–61) indi-
cate increased dynamics compared with the rest of the PilA
protein. We also observed multiple peaks in the 15N HSQC
spectrum that correspond to single residues in the C-terminal
region, suggesting that the C terminus may be adopting multi-
ple conformations. In addition to the clearly dynamic C-termi-
nal region, there is a second region of increased dynamics
located at residues 34–38. Flexibility in this helix has been sug-
gested to contribute to proper packing of other type IVa pilins
into fibers (35).
Our structure was determined in the presence of DHPC

detergent micelles. The interaction between the micelle and
proteinwas analyzed using the polar probeGd-DTPA.Residues
that are located inside of the detergentmicelle will be protected
from relaxation byGd-DTPA,whereas residues located outside
of the micelle will experience significant paramagnetic relax-
ation. The results of this experiment are shown in Fig. 4. The
data clearly show substantial protection from paramagnetic
relaxation in the N-terminal region of GSu PilA from residue 5
to residue 21. These data indicate that the N terminus of PilA is
associated with the detergent micelle.

DISCUSSION

GSu PilA and the pilins of many related species are atypical
members of the type IVa family of pilins. The previously
reported structures of type IVa pilins have shown that they
generally consist of a long �-helical domain followed by a glob-
ular domain (16). The globular domains of these pilins make
extensive contact along the N-terminal helix, leading to the
distinction of two subdomains within the N-terminal helix,
�1-N (amino acids 1–28) and�1-C (amino acids 29–52). How-
ever, GSu PilA is 61 amino acids long, 80 or more amino acids
shorter than other type IVa pilins forwhich structures are avail-
able. Our structure shows that GSu PilA consists of only the
N-terminal �-helix combined with a short and flexible C-ter-
minal region. Thus, the �1-C subdomain of GSu PilA lacks
stabilization from aC-terminal globular domain, probably con-
tributing to the increased dynamics observed in this region. In
other type IVa pilins, a proline or glycine at residue 42 gives rise
to a second bend in the N-helix (12, 36). G. sulfurreducens and
related species (see Fig. 1) lack this Pro/Gly and instead have an
asparagine at this position. In our structure, the bend at residue
42 is not evident, likely due to the asparagine substitution at this
location.
Our NMR data show that the C-terminal region of GSu PilA

is highly dynamic in solution. Interestingly, the amino acid
sequence in this region is poorly conserved, except for residues
Tyr-57 and Pro-58. These residues are highly conserved among
EETcapable bacteriawith short pilins, but are poorly conserved
in other species (see Fig. 1). The conservation of these residues
in an otherwise divergent region suggests that they play an
important role in the function of this type of pilin. Thus, it is
possible that this region gains structure upon fiber formation.
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In addition to the flexibility in the C-terminal region of
GSu PilA, we also observed significant dynamics in the mid-
dle of the PilA helix (see Fig. 3, residues 34–38). A principal
feature of type IVa pili is flexibility that allows these fibers to
bend and stretch without breaking (37). It has been sug-
gested that the inter-subunit interactions in a bent fiber may
be different from those in a straight fiber (16). The increased
dynamics that we observe in the central region of the helix
may also contribute to fiber flexibility by allowing the sub-
units to accommodate distortions that might occur as the

fiber bends in response to its local environment or as it is
assembled.
A homologymodel of GSu PilAwas recently published based

upon the x-ray crystal structure of P. aeruginosa full-length
pilin (38). This homology model is also �-helical; however, the
homology model differs from our structure with an average
pairwise r.m.s.d. of 2.20 Å for residues 3–50. The structures
differed in the degree of bend around proline 22 and the homol-
ogymodel exhibited the bend at residue 42 that is not present in
our structure. This is not surprising because these are the pri-

FIGURE 2. Overview of the solution NMR structure of G. sulfurreducens PilA. A, overlay of the ensemble of 18 structures that did not contain NOE violations
�0.5 Å or dihedral angle violations �5°. B, ribbon diagram of the selected conformer (see “Materials and Methods”) with the highly conserved core domain
corresponding to amino acids 1–22 colored in orange and the rest of the protein colored blue. C, ribbon diagram of the selected conformer with the aromatic
residues shown in blue space filling. The amino terminus and carboxyl terminus are indicated by N and C, respectively. D, 15N TROSY spectrum of GSu PilA with
backbone amide assignments. Data were collected at 750 MHz on an Agilent VNMR spectrometer. E, overlay of the homology model of GSu PilA (38) and the
experimentally determined GSu PilA structure. The arrows indicate where the degree of bend differs between the structures near residues 22 and 42. To
emphasize the differences, the structures were aligned using residues 23– 41.
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mary sites where the structure of the P. aeruginosa pilin
diverges from our experimental structure of Gsu PilA. In the
case of the bend at residue 42, this is likely due to the presence
of an asparagine at this position instead of the proline or glycine
normally found in other pilins, including the template struc-
ture from P. aeruginosa. The difference in the bend at proline
22 could be due to differences in amino acid sequence 2 resi-
dues C-terminal of proline 22. In addition, the template struc-
ture from P. aeruginosa was determined using x-ray crystallo-
graphic methods and these differences may be caused by the

protein adopting slightly different conformations in solution
versus the crystal. The differences between the homology
model and our experimental structure are illustrated in Fig. 2E.
Assembly of pilin fibers is thought to occur from a reservoir

of pilin subunits in the bacterial inner membrane (16). Our
structural data are consistent with this model. The N-terminal
region ofGSuPilA is associatedwith themembrane-mimicking
detergent micelle, suggesting that this region is likely inserted
into the bacterial inner membrane prior to polymerization. Its
length of 22 amino acids (including proline 22) is consistent
with the average length of other membrane spanning �-helices
(39). Importantly, this length would position the N terminus of
GSu PilA, and consequently the prepilin cleavage site, at the
edge of the hydrophobic membrane where it could be easily
accessed by the prepilin peptidase. Thus, the membrane may
play an additional role in positioning the prepilin cleavage site
for efficient cleavage by the prepilin peptidase.
The structured domain of GSu PilA is structurally similar to

the homologous region in other type IVa pilin structures. Fig.
5A illustrates this structural similarity. Only the domain that is
thought to interact with the membrane in the native protein
showed significant interaction with the DHPC detergent
micelle, consistentwith a properly foldedmembrane associated
protein. Taken together, these observations suggest that the
protein is adopting a biologically relevant conformation.
To better understand the possible interchain interactions

between GSu PilA subunits, we superimposed the GSu PilA
structure onto the pilin in themodel of theN. gonorrhoeae pilus
(Protein Data Bank code 2HIL) (12, 36). The N. gonorrhoeae
pilus core is formedby the helical packing of the�-1 helices into
staggered three-helix bundles with a rise of 10.5 Å per pilin
subunit (12). The model generated by this superimposition is
shown in Fig. 5. The backbone r.m.s.d. for the residues used for
the docking (3–50) is 2.6 Å. Fig. 5A shows an individual subunit
from the superimposition. The 3.5 to 4.0 nm overall width of
themodel fiber is consistent with previous electronmicroscopy
studies of G. sulfurreducens conductive nanowires (8, 19).
Interestingly, the aromatic residues of neighboring GSu PilA
subunits are clustered within a sphere of radius 15 Å, shown in
blue in Fig. 5B. These clusters arise from the helical packing of
the individual subunits, which results in close contact between

TABLE 1
Summary of structural statistics and restraints
Structural statistics were calculated using the Protein Structure Validation Suite
(43).

Distance restraints
Total NOE 755
Intra-residue 172
Inter-residue 583
Sequential (�i � j� � 1) 253
Medium-range (�i � j��5) 329
Long-range (�i � j��5) 1

H-Bond Restraints (�i � j��5) 27
Total dihedral angle restraints 104

� 51
� 53

3J HNHA coupling constant restraints 36
Total restraints 922
Total no. of restricting constraints per restrained residuea 15.4
Structure statisticsb
Violations
r.m.s.d. of distance violation/constraint (Å) 0.06
r.m.s.d. of dihedral angle violation/constraint 0.22°
Max dihedral angle violation 3.3°
Max distance constraint violation (Å) 0.47

r.m.s.d. from ideal geometry
Bond length (Å) 0.021
Bond angles 1.1°

Average pairwise r.m.s.d (Å)
Ordered backbonec 0.6
All Backbone 3.6
Ordered heavy atomsc 1.1
All heavy atoms 4.0

Ramachandran statisticsd
Most favored regions 99.8%
Allowed regions 0.2%
Disallowed regions 0%

a There are 60 residues with conformationally restricting constraints.
b Structural statistics were calculated in the Protein Structure Validation Suite
(43).

c Ordered residues 2–51 (based on the Protein Structure Validation Suite
analysis).

d FromMolProbity (30).

FIGURE 3. Summary of H-N heteronuclear NOE data. Spectra with and with-
out proton saturation (3s) were acquired. The plot shows the ratio of cross-
peak intensities with and without proton saturation. The data were collected
at 800 MHz. Asterisks indicate resonances that could not be clearly identified
and quantitatively characterized.

FIGURE 4. Summary of paramagnetic relaxation by Gd-DTPA. The site-
specific reduction in peak intensity upon addition of 4 mM Gd-DTPA to an
15N-labeled sample of GSu PilA is shown. Values near 1 indicate no loss of
intensity and protection from Gd-DTPA. No correction was made for the small
sample dilution (�3% maximum) that occurred during the titration. The data
were collected at 750 MHz. Asterisks indicate resonances that could not be
clearly identified and quantitatively characterized.
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the N terminus (Phe-2), the center of the subunit (Phe-24, Tyr-
27, andTyr-32), and theC-terminal region (Phe-51 andTyr-57)
of neighboring subunits. The clustering results in an aromatic
rich band and an aromatic devoid band that coil along the pilus
structure, as shown in the schematic in Fig. 5C.
A recent study reported that mutation of the aromatic resi-

dues C-terminal of proline 22 resulted in substantial loss of
electrical conduction by G. sulfurreducens nanowires. These
aromatic residues are highly conserved (shown in Fig. 1) in spe-
cies thought to utilize a similar EET mechanism to that of
G. sulfurreducens (40). Taken together with our model, these
data suggest that clustering of aromatic amino acids likely plays
an important role in conduction, probably by bringing aromatic
side chains close enough to contribute to electron transfer
through delocalized orbitals (41) and/or promoting electron
hopping (18) through tyrosines within or between clusters. The
aromatic clusters could also facilitate electron transfer between
c-type cytochromes or other redox-active proteins bound to the
nanowire (42).
This model provides valuable information about the struc-

ture of GSu PilA and G. sulfurreducens nanowires. However, it
does not address the possible conformational changes that
could occur upon subunit polymerization. Dynamics observed
in the middle of the helical region could indicate a possible
location of conformational changes upon polymerization. The
C-terminal region may be stabilized upon polymerization,
altering the interaction between Tyr-57 and other aromatic
side chains. Refinement of the model as new experimental data
are acquired and further structural characterization of fully
assembled G. sulfurreducens nanowires will be critical to our
further understanding of bacterial nanowires and the changes
that take place upon polymerization. Themodel also provides a

framework for docking of other proteins, such as c-type cyto-
chromes, that may be involved in EET by these nanowires.
The solution structure of full-length GSu PilA is representa-

tive of a unique class of truncated type IVa pilins that is com-
mon among EET-capable bacteria. Our structure of GSu PilA
enables construction of a model of a G. sulfurreducens pilin
fiber. This model provides initial insights into the overall archi-
tecture of these structures, supporting a key role and likely
arrangement of mechanistically important aromatic amino
acid side chains. These structural insights provide an important
foundation, which will support further efforts to improve our
understanding of extracellular electron transport by G. sul-
furreducens and related �proteobacteria, aswell as develop new
biological nanomaterials.
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