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The type IV pilus of Pseudomonas aeruginosa is a nanofibre composed of multiple copies of a
single protein subunit, the type IV pilin. In the presence of a hydrophobic surface or solution, engi-
neered pilin monomers oligomerize into soluble, high molecular weight structures—protein nano-
tubes (PNTs). P aeruginosa pilins, pili and pilin-derived PNTs have been shown to bind both biotic
surfaces (cells) as well as abiotic 'surfaces such as ‘stainless steel. Specific binding of PNTs to
abiotic surfaces has the potential for the' development 'of novel biometallic interfaces, leading to
possible applications such as biomolecular probes and nanoelectronics. In the current report, we
discuss our initial findings on growth of PNTs directly from a decanethiol functionalized gold sur-
face. Utilizing atomic force microscopy, PNTs oligomerized from surface constrained alkylthiols were
observed to be several micrometers in length with an average diameter of 36 £3 nm. In comparison
with reported values for the diameter of native type IV pili and PNTs in solution (~6 nm), the aver-
age observed diameter of surface oligomerized PNTs suggests a multiple PNT clustered filament
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on the gold surface.
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Development of biologically relevant nanosystems such as
biomolecular probes, sensors and nanoelectronics requires
the development of novel systems that effectively-integface
a specific biochemical environment with abiotic architec-

tures such as computing or electronics. Research ‘focus-

ing on the functionalization of carbon nanotubes' (CNTS)
for incorporation into more biologically relevant set-
tings leverages the excellent tensile strength to weight
ratio! and favourable electronic, thermal and mechanical
properties’> of CNTs. These approaches include the addi-
tion of functional groups or biochemical moieties such as
carbohydrates,’ proteins* > and DNA® to the CNTs through
covalent and non-covalent interactions. However, CNT
cytotoxicity’ and significant environmental and health haz-
ards associated with their large-scale production® limit
their wide-scale application. Alternatively, approaches that
harness and engineer an existing biological system have an
advantage over functionalizing CNTs in that the building
blocks of the system are ready-made for biological inte-
gration, resulting in fewer overt toxicity issues. One such
system is the type IV pilus from bacterium Pseudomonas
aeruginosa.
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An opportunistic pathogen, P. aeruginosa is a signifi-
cant causative agent of morbidity and mortality in clin-
ical settings, particularly amongst immuno-compromised
individuals.’~!" P. aeruginosa infection is initiated by the
Type IV pilus (T4P), a long fibrous structure that extends
from the poles of the bacterium and attaches to specific
receptors on the host cell.'>'* T4P are also involved in
a wide array of functions including motility,'*!* DNA
uptake,'> and attachment to abiotic surfaces.'®!” Struc-
turally, T4P are very robust; it has been estimated
that P. aeruginosa can retract its T4P at rates between
0.5-1 um s~' (~1500 subunits s~'),"* and the forces
associated with the retraction of a single T4P exceed
100 pN.!® T4P are polymers of a single monomeric sub-
unit, the type IV pilin. Structural studies of several bac-
terial pilins have revealed that the pilin protein consists
of a B-sheet wrapped around one end of a long a-helix
(Fig. 1(a))." The N-terminal portion of the a-helix is
highly conserved in the type IV pilins, whereas the remain-
der of the sequence displays little to moderate sequence
conservation.!”? The C-terminal domain of the pilin is
a disulfide-bonded loop, which has been identified as the
binding domain for glycolipid receptors on host cells?6-3!
and has also been shown to mediate interactions with abi-
otic surfaces.'® 7
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Fig. 1. (a) The structure of the monomeric K122-4 pilin (PDB ID
1QVE),** from which PNTs oligomerize. The N-terminal a-helix is in
cyan, the B-sheet is in yellow, and coil regions in magenta. The image
was produced using Molscript*® and Raster3D.*! (b) SDS-PAGE anal-
ysis of the purification of monomeric truncated K122-4 pilin. Lanes
1 through 8 are as follows: 1—extracellular solution from expression
culture; 2—pre-osmotic shock solution; 3—periplasmic solution (post-
osmotic shock); 4—cytosolic contents after osmotic shock; 5—flow
through of amylose column; 6—amylose column peak (containing MBP-
K122-4 and MBP); 7—flow through of the cation exchange column
after trypsin digestion; 8—cation exchange peak containing isolated
monomeric K122-4 pilin. The positions of MBP-K122-4 (55.2 kDa),
MBP (42.4 kDa) and K122-4 (12.8 kDa) are shown on the!right and
molecular weight markers (MWM) are in the left most lane.

The N-terminal portion of the native pilin is hi:ghly
hydrophobic, leading to poor solubility of the intact pilin
monomer. Truncation of the 28 N-terminal amino acids
of this a-helix results in a highly soluble pilin monomer
(Fig. 1) that retains the receptor-binding characteristics of
the full-length pilin.?!~2° These truncated pilin monomers
were found to aggregate on agarose crosslinked size
exclusion chromatography resins, but not on the more
hydrophilic, un-crosslinked dextran resins, which led to the
discovery that these engineered pilin monomers oligomer-
ized into soluble, high molecular weight structures in the
presence of hydrophobic surfaces and solutions.*! Analysis
of these aggregates by electron microscopy identified that
they were similar in morphology to native T4P.*! Noting
that the monomeric pilin within the aggregates was a trun-
cated monomer lacking half the N-terminal a-helix, which
forms the core of the native T4P fiber,'>373° the resul-
tant structure was in effect a protein nanotube (PNT).?!
While the T4P and PNTs share a similar morphology and
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diameter (~6 nm), pilin-derived PNTs can reach lengths
of several hundred micrometers, significantly longer than
the native pili that tend to be approximately 10 wm long.'

While it has been previously determined that PNT
oligomerization could be triggered by the addition of a
hydrophobe in solution,?! the development of PNTs for
use in nanoelectronics requires binding them to abiotic
surfaces or the growth of the PNTs directly from the sur-
face itself. The focus of the current study was to inves-
tigate the growth of pilin-derived protein nanotubes from
an alkylthiol constrained to a gold surface. The gold-thiol
interaction is well characterized, and the assembly of thiol-
containing synthetic DNA oligomers on gold particles has
been reported recently,*>** suggesting that growth of PNTs
from a gold surface constrained alkylthiol is feasible. We
report below our initial studies of PNT oligomerization on
an alkylthiol-constrained gold surface using atomic force
microscopy (AFM).

The monomeric type IV pilin from P. aeruginosa strain
K122:4 [pilA(A1-28)] was expressed and purified as pre-
viously reported.?* 3* Briefly, K122-4 pilin was expressed
in" E! coli strain ER2507 cells as a maltose binding protein
(MBP) fusion construct and exported to the periplasmic
space. Protein expression was induced with the addition
of 1 mM isopropyl-B-D-1-thiogalactopyranoside (IPTG) to
cells in mid-log phase growth (A, 0.5-0.7) at 37 °C.
After 3 hours expression, cells were harvested by cen-
trifugation (6000x g, 4 °C), and the MBP-K122-4 fusion
protein was released from the cell by a modified osmotic
shock protocol.* The clarified periplasmic solution was
loaded onto an Amylose resin (NEB) column equilibrated
in column buffer (10 mM Tris, 50 mM NaCl, 1 mM EDTA,
pH 7.4). After column washing to remove unbound protein

Ifrom the!column, MBP-K122-4 was eluted with 10 mM
| "maltose| in column buffer. The K122-4 pilin was released

_fr_olm MBP by the addition of trypsin in a 500:1 protein-
to-protease ratio on ice for 15 min. Monomeric K122-4
was isolated using cation exchange chromatography with
a linear gradient of 0—1 M NaCl at pH 7.4. Protein purifi-
cation was monitored via SDS-PAGE; Figure 1(b) shows
a representative gel of the purification of the monomeric
K122-4 pilin.

The gold surfaces used in this study were 7 mm x
7 mm plates containing a 200-300 nm layer of gold
over borosilicate glass (Arrandee). Plates were flame-
annealed and submerged in degassed 2 mM decanethiol
solution for 1 hour to thiol-link the alkane to the gold
surface. The modified surface was characterized by FT-IR
using a Nexus 870 Spectrometer (ThermoNicolet) and
Cricket (Harrick Scientific Corporation) prior to exposure
to K122-4 to confirm functionalization. The C-H bond
stretching observed in the 2800-3000 cm™! range of the IR
spectrum confirm the C,,SH modification of the gold sur-
face (Fig. 2).%® The modified gold surface was submerged
in a 10 mg/ml K122-4 solution (10 mM Tris, 200 mM
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Fig. 2. FT-IR spectrum of 1-decanethiol (C,,SH) modified Au(111) sur-
face. The spectrum of a bare gold film was used as background.

NaCl, pH 7.4) at room temperature with gentle agitation
for 7 days. AFM topographic images of all samples were
performed using a Dimension 3100 Nanoscope Illa AFM
instrument (Digital Instruments, USA) in tapping mode.
The AFM images in Figure 3 show the bare gold in
comparison with the surface after 7 days of soaking in the
K122-4 solution. Gold is not characteristically flat, there-
fore it was flame annealed to develop an Au(111) texture
that gives rise to large flat top grains (Fig. 3(a)). All AFM
images of the protein/PNTs on the surface were taken of
individual plateaus to maintain a fairly flat imaging area.

After 7 days, no PNTs were observed prior tmw&;{:' 8¢ 1
inyine

(Fig. 3(b)), however after rinsing with ddH,0 and

with argon, PNTs are clearly visible by AFM (Fig. 3(c)). '« = | = 1
Most likely, the washing was necessary to remove NOn-; .y

oligomerized pilin monomers that had adsorbed and then
dried on the surface. The difficulty in seeing a start or end
to the PNTs in the chosen area of the AFM images sug-
gests lengths of several micrometers, consistent with previ-
ous observations.>! Analysis of the PNTs using the N-Surf
software package indicates an average diameter of 36 %+
3 nm. Previous studies of PNTs using negatively stained
EM3! suggested an outer diameter of ~6 nm, which is
comparable to fibre diffraction’’ and cryo-EM studies of
intact T4P.!%38 3% The observed diameter of the PNTs sug-
gests a coalescence of ~6 individual PNTs into thicker
fibers over time when oligomerized from a surface due to
spatial constraints. In solution, oligomerized PNTs likely
remain separated, thereby appearing morphologically sim-
ilar to native T4P3! We are currently investigating this
possibility.

PNTs were observed on the C,;SH-functionalized gold
surface after 7 days incubation in the K122-4 solution;
annealed gold surfaces soaked overnight in the K122-4
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Fig. 3. AFM images (tapping mode) of (a) The unmodified Au(111)
surface after annealing and prior to incubation with decanethiol. (b) The
Au(111):C,,SH surface after 7 days submerged in K122-4 solution. No
PNTs are observed, likely due to residual bulk pilin monomer on the
surface. (c) The same Au:C,,SH-PNT surface after rinsing with ddH,O
and dried under argon. PNT filaments are clearly observable, and are
similar in morphology to those observed by negatively stained EM.?! All
images are displayed using the same height scale of 100 nm.

solution showed only slight protein aggregation and not
PNT formation (data not shown). Previous studies have
shown that PNTs oligomerize in ~12 hours in solution
from a similar concentration of K122-4 monomer, and
that PNT oligomerization from an alkylthiol covalently
attached to a maleimide-activated microtitre plate was con-
centration dependent.>! While the exact amount of time
required for PNT growth from the C,,SH/Au surface is
not clear, a possible explanation for the extended PNT
oligomerization time on a surface compared to solution
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may be due to the fact that pilin monomers have limited
exposure to the surface-bound alkane chains due to their
dense packing on the Au(111) surface. In the present study,
sufficient C,,SH was used to coat the whole Au(111) sur-
face. We are currently engaging in oligomerization kinetics
studies to identify optimal oligomerization times for PNTs
from surfaces, and are examining the use of mixtures of
long and short chain alkane thiols to increase the pro-
portion of long chain hydrophobe exposed to the pilin
and to elucidate the exact interactions between the pilin
monomers and the surface constrained alkane.

The use of surface constrained proteins at biometallic
interfaces facilitates a modular development of the sys-
tems for a wide range of applications. The protein com-
ponent can be readily modified through modern protein
engineering strategies and the abiotic surface can also be
tailored for the desired application. We have generated a
biometallic interface in which a purified protein monomer,
the K122-4 pilin (Fig. 1), oligomerizes into PNTs from
a C,,SH modified Au(111) surface (Fig. 3). Surface con-
strained PNTs are several micrometers in length jand
appear to cluster into filaments of ~6 PNTs with, and aver-
age diameter of 36 £3 nm (Fig. 3(c)). PNTs bound to
a metallic surface present a unique biometallic interface,
and have potential applications in nanotechnology such
as molecular scaffolds, biomolecular probes and nano-
electronics. Research is on-going to understand the PNT
assembly mechanism as well as the kinetics of this pro-
cess. It may be possible to confine the growth of PNTs
to specific areas of the surface by localized application
of the hydrophobe to the surface or by using mixtures of
hydrophobes with varying alkane chain lengths and prop-
erties of any chain-terminating functional groups.
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