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Recent research has highlighted the exciting possibilities enabled by the use of protein structures as
nanocomponents to form functional nanodevices. To this end, control over protein—protein and
protein—surface interactions is essential. In this study, the authors probe the interaction of human
peroxiredoxin 3 with gold surfaces, a protein that has been previously identified as having potential
use in nanotechnology. Analytical ultracentrifugation and transmission electron microscopy
revealed the pH mediated assembly of protein toroids into tubular structures across a small pH
range. Quartz crystal microbalance with dissipation measurements showed differences in absorbed
protein mass when pH is switched from pH 8.0 to 7.2, in line with the formation of supramolecular
structures observed in solution studies. Scanning tunneling microscopy under ambient conditions
showed that these protein tubes form on surfaces in a concentration dependent manner, with a
tendency for protein adsorption and supramolecular assembly at the edges of Au(111) terraces.
Finally, self-assembled monolayer modification of Au surfaces was explored as a means to control
the adsorption and orientation of pH triggered protein structures. © 2017 American Vacuum

Society. https://doi.org/10.1116/1.4986053

I. INTRODUCTION

There is a recognized role for biomolecular assemblies in
nanotechnology, ranging from DNA origami through to supra-
molecular protein structures.' ™ Proteins may be used as build-
ing blocks, or tectons, where their natural self-assembly
properties are exploited to form valuable architectures. In
addition, the diverse chemistry available through the polypep-
tide chain can be exploited to introduce non-native functional-
ities in these nanoconstructs.”’ The high degree of precision
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of protein assembly can also be used in a unique way to order
other nanocomponents in multiple dimensions,l’gf10 such as
nanoparticle organization for plasmonic devices.'' In the
ordering of nanoscale building blocks for nanodevices such as
bioelectronics and biomaterials, protein—surface interactions
are an important consideration.'? Gold surfaces are of particu-
lar interest as they can be readily modified via chemisorption
of thiol containing compounds under ambient conditions, in
order to create protein-reactive surfaces."?

A number of challenges are associated with the control of
supramolecular protein assemblies, in particular, limitations
to their manipulation outside of physiological conditions as
well as their structural complexity.* Naturally occurring pro-
tein assemblies represent an ideal platform to overcome
these limitations, enabling the investigation of the formation
of these structures via environmental triggers.'*'> The

© 2017 American Vacuum Society 04E405-1
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peroxiredoxin protein family can adopt a wide range of
highly ordered quarternary structures, ranging from dimers
and toroids,m’17 to stacks and tubes,ls’18 catenanes,19 and,
under certain conditions, cages.20 Peroxiredoxins have a
number of roles in vivo.?'"** Their ability to function in mul-
tiple cellular roles is intrinsically linked to the oligomeric
state of the protein.?® The possibility of predicting conditions
that initiate their controlled assembly makes this protein
family particularly attractive as a novel protein tecton.'®'
The peroxiredoxin family has been previously exploited for
the formation of composite nanomaterials, such as binding
of gold and palladium nanoparticles and to drive the stacking
of graphene oxide layers.®

In this study, we have used human peroxiredoxin III
(HsPrx3), which forms toroidal dodecamers comprising six
oblique homodimers.”” In the native protein, the switch
between dimer and dodecamer occurs under nonreducing
and reducing conditions, respectively.'” pH changes have an
apparent effect on the oligomeric state of peroxiredoxin,'
with wild type HsPrx3 assembling into 1D tubes at pH 4.0.%®
In the current work, we first assessed optimal conditions for
the formation of high molecular weight (HMW) species of
the tagged human peroxiredoxin III (HsPrx3-6his) using ana-
Iytical ultracentrifugation (AUC) and transmission electron
microscopy (TEM). The inclusion of a tag (which locates to
the center of the dodecameric ring) also provides a conve-
nient method for metal binding through chelation to the six
histidine residues.'*%-*

This study reports the first findings of the surface assembly
of HsPrx3-6his. We investigated the interaction of HsPrx3-6his
with gold surfaces, with the goal of forming surface tethered
supramolecular protein structures that could later be used for
the formation of ordered nanoscale assemblies. Scanning
tunneling microscopy (STM) under ambient conditions enables
the visualization of the morphology of surface immobilized
proteins,”' ° and this, along with quartz crystal microbalance
with dissipation (QCM-D), was used to monitor the absorption
HsPrx3-6his on gold surfaces. Self-assembled monolayers
(SAMs) of functionalized thiols were used as a convenient
method to create a protein platform."?

Il. EXPERIMENT
A. Protein expression and purification

The gene encoding HsPrx3-6his, cloned into pET151-D-
TOPO, was synthesized by Epoch Life Science. Chemically
competent Escherichia coli cells {BL21 (DE3) ROSETTA,
Novagen 2013; genotype—F-ompT hsdsB[B-mB-] gal dcm
[DE3] pRARE [CamR]} were transformed with the plasmid
via heat shock. The protein was successfully expressed in
standard lysogeny broth media after shaking (180rpm) at
37°C for 4 h, in the presence of ampicillin and chlorampheni-
col, and then at 26 °C, with the addition of isopropyl f3-p-1thi-
ogalactopyranoside, for a further 20h. Cells were lysed via
sonication, and the insoluble fraction was removed by centri-
fugation (18 000g, 30 min, 4 °C). HsPrx2-6his was isolated
from the soluble crude broth using immobilized metal affinity
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chromatography (IMAC), and the sample was separated from
any remained impurities using size exclusion chromatography
(SEC).

B. Analytical ultracentrifugation

Protein solutions were prepared at concentrations ranging
from 0.15 to 0.6 mg/ml to a volume of 380 ul. Each sample
was analyzed with its own blank (400 ul) containing the cor-
responding buffer only. Quartz or sapphire cells were used
with a path length of 1.2cm. A wavelength scan was run
prior to the experiment to determine the wavelength that pro-
vided the optimal optical density (OD,79_299 between 0.2
and 1.0). The centrifugal velocity was initially set at 38
000 rpm, with samples of a larger molecular weight studied
at 20 000 rpm to allow for sedimentation over a greater num-
ber of scans. All runs were completed at 20°C. The
Svendberg sedimentation coefficient (s) was calculated using
the c(s) model in sepriT. This software was also used to

approximate particle mass using the following equation:*’
FON
VLA )
1—p-v

where M = mass, s = sedimentation coefficient; f= frictional
coefficient; Na = Avogadro’s number; p =solvent density;
and v = partial specific volume.

C. Transmission electron microscopy

Protein samples were diluted to 50 ug/ml in dH,O imme-
diately prior to grid preparation. Carbon coated formvar
200-mesh copper grids were floated for 1 min on (1) 20 ul
protein sample; (2) 20 ul dH,O (x3, 20s each); and (3) 1%
uranyl acetate negative stain. Excess dye was removed using
fiberless filter paper. Grids were then air-dried for at least
1 h before TEM analysis. Image collection was carried out
on a FEI Morgagni 268D transmission electron microscope
operating at 80kV, with magnifications up to 180 000.
Images were captured using a SIS/Olympus Megapixel III
digital camera mounted above the phosphor screen.

D. Quartz crystal microbalance with dissipation
1. Preparation of gold surfaces

Gold coated QCM-D crystals (Q-Sense, ATA Scientific,
Tarren Point, NSW, Australia) with a fundamental frequency
of 4.95 MHz were used. The gold sensors were cleaned with
Piranha solution [5:1:1 Milli-Q water, ammonia (25%),
hydrogen peroxide (30%)] at 75°C for 10min and then
rinsed with hot Milli-Q water. The sensors were then dried
under nitrogen and placed in an UV/ozone chamber
(BioForce Nanosciences) for 10 min.

2. QCM-D experiment

Protein adsorption onto gold surfaces was carried out
using a QCM-D system (Q-sense E4 system, Biolin
Scientific) equipped with a temperature controlled measuring
chamber and a peristaltic pump (ISMATEC® IPC High
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Fic. 1. pH triggered assembly in solution. (a) Structure of dodecameric HsPrx3-6his with the monomers highlighted in alternate colors (blue and teal). (b)
HsPrx3-6his exists as a dodecameric torroid at pH 8.0, which self-associates to form stacked toroids at pH 7.2. (c) Analytical ultracentrifugation traces for

HsPrx3-6his at (i) pH 8.0, and (ii) pH 7.2.

Precision Multi channel Dispenser, IDEX Health and
Science, Germany). Before each QCM-D experiment, pre-
equilibrium with Milli-Q water and then the appropriate
buffer was carried out for at least 1 h, in order to reach a sta-
ble baseline before the addition of protein solutions. The test
solutions were then introduced at a flow rate of 0.1 ml/min.
All experiments were carried out at 22 °C.

E. Scanning tunneling microscopy
1. Preparation of gold surfaces

Au(111) substrates consisting of mica slides coated with
300nm layer of Au metal were purchased from George
Albert (BVD-Beschichtungen) and flame-annealed in a
butane flame prior to use.

2. 4-MBA SAM formation

Flame-annealed Au(111) substrates were immersed in
100 uM 4-mercaptobenzoic acid (4-MBA) ethanolic solu-
tions overnight. Substrates were then removed from solution,
rinsed with solvent, dried under nitrogen. These surfaces
were then exposed to protein samples.

3. NTA-thiol functionalization

Flame-annealed Au(111) substrates were floated on a
droplet of SH-nitrilotriacetic acid (NTA) (I mM in 100%
ethanol) and incubated in an ethanol vapor chamber for 1.5h
at room temperature. Following this, substrates were washed
with 100% ethanol (5—-10min), 70% ethanol, milliQ H,O
(5-10min), and the appropriate buffer solution (15 min).
Surfaces were then incubated in 10mM NiCl, (in buffer
solution) for 15 min, followed by 2x buffer washes. These
surfaces were then exposed to protein samples.

Biointerphases, Vol. 12, No. 4, October 2017

4. STM imaging

Protein samples were deposited onto Au(111) surfaces and
allowed to adsorb, followed by rinsing with appropriate buffer
solutions and drying under nitrogen. For in situ adsorption stud-
ies, a polytetrafluoroethylene liquid cell was used and this was
filled with the approximately 600 ul protein solution. STM
experiments were carried out using a 5500 series SPM system
(Keysight Technologies) operating under ambient conditions
and at room temperature. STM tips were commercially pur-
chased from Keysight technology and consisted of etched PtlIr
(80:20) tips coated in apiezon wax with only the tip apex
exposed. Each tip was tested prior to use and had a
guaranteed <10 pA leakage current. All STM images were sub-
ject to a flattening process using the wsxm software package.
No additional postprocessing has been applied to the images.

lll. RESULTS AND DISCUSSION

A. HsPrx3 forms higher order structures in solution
via a pH switch

Throughout this study, we have used an N-terminal his-
tagged construct of human peroxiredoxin 3 (HsPrx3-6his),
with no tag cleavage following purification. Unlike the wild-
type protein, the presence of an N-terminal histidine tag on
HsPrx3 generates a stable dodecamer in both reducing and
nonreducing conditions, providing an ideal tecton from
which larger structures can be formed (see supplementary
material, Fig. Sl).46 HsPrx3-6his exists as a dodecameric
toroid at pH 8.0, with an inner and outer diameter of 8 and
15 nm, respectively, with the ring 4 nm in height [Fig. 1(a)].
We have found that in the presence of the N-terminal his-
tag, the oligomerization at pH 4.0 demonstrated by the wild-
type protein is still present (see supplementary material, Fig.
S2), but pH-triggered assembly and disassembly of stacked
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tubes also occurs over a more narrow pH range (pH
8.0-7.0), offering exciting prospects for the use of the
switchable protein tecton over a physiological pH range.
SEC showed that the switch between single rings and HMW
oligomers occurs between pH 7.6 and 7.4 (see supplemen-
tary material, Fig. S3).

1. Analytical ultracentrifugation

Assembly of HsPrx3 in solution was investigated using
AUC across the pH range from pH 8.0 to 7.2 (see supple-
mentary material, Fig. S4). At pH 8.0, there was a predomi-
nant species ~10.5S [Fig. 1(c), i], close to the expected
value for the HsPrx3-6his dodecamer. There was also a small
peak at ~2.5S which is likely to represent the dimeric spe-
cies. Decreasing the pH to 7.0 triggers the formation of a
heterogeneous mixture of large oligomers, which is consis-
tent with the rings stacking to form a tube [Fig. 1(c), ii].

As with the SEC results, the AUC data (Fig. S4) also
showed that small changes in pH had a large effect on the
oligomeric state of HsPrx3-6his, with the shift mainly
located between pH 7.6 and 7.4. This level of control has not
been seen previously for peroxiredoxins.

2. Transmission electron microscopy

Images captured using TEM are in agreement with the
solution data. HsPrx3-6his at pH 8.0 is present as single
rings [Fig. 2(a)], but the degree of oligomerization increases
with decreasing pH, with the switch from rings to stacks to
tubes occurring between pH 7.6 and 7.4 (see supplementary
material, Fig. S5). At pH 7.2, the population is much more
heterogeneous, with stacks of two and more present through-
out the sample [Fig. 2(b)], and tube size ranging from
approximately 10 to 450nm in length (stacks of 2-112
dodecamers).

B. Assembly of HsPrx3-6his on gold surfaces

The interaction of HsPrx3-6his with surfaces and surface-
based formation of supramolecular protein structures was
investigated using gold as a model surface. For surface
assembly studies, we focused on the pH mediated switch
between a homogeneous population of single rings (pH 8.0),
to the assembly of these rings into HMW species including
stacked tubes. HMW assembly was monitored at pH 7.2 due
to the population of single rings being unfavorable at this pH

[Fig. 1(b)].

1. Quartz-crystal microbalance with dissipation

Real-time monitoring of peroxiredoxin adsorption on
gold surfaces was carried out via QCM-D. The time-course
of a typical adsorption experiment on gold-coated sensors is
shown in Fig. 3. An initial equilibrium step was carried out
in the appropriate buffer (pH 8.0 or pH 7.2) to establish a
stable baseline. Solutions containing HsPrx3-6his were then
introduced into the system until stable frequency and dissi-
pation signals were obtained. Following this, the sensors

Biointerphases, Vol. 12, No. 4, October 2017

04E405-4

al

Fic. 2. TEM imaging of HsPrx3-6his. Representative TEM images of
HsPrx3-6his at (a) pH 8.0 and (b) pH 7.2. Scale bars are 100 nm.

were washed with buffer and desorption monitored. The
results obtained indicate rapid adsorption of HsPrx3-6his
onto gold surfaces. After injection, there was an immediate
sharp decrease in the resonance frequency of the QCM sen-
sor, accompanied by a slight increase in dissipation (Fig. 3).
Only a small frequency shift is observed following washing
of the QCM sensor with buffer. These observations indicate
that the protein adsorbs tightly to the underlying gold sur-
face, forming a rigidly bound protein layer.

A greater adsorbed mass (i.e., greater frequency shift)
was measured for pH 7.2 than pH 8.0 at a fixed protein con-
centration of 10 ug/ml [Fig. 4(a)], as expected due to the
presence of HMW species at pH 7.2 and the formation of a
thicker layer. At pH 8.0, where there is a single homoge-
neous population of toroids, there is no observed concentra-
tion dependence of Af (supplementary material, Fig. S6).
This suggests the formation of a protein monolayer, which is
independent of the concentration used, indicating the strong
adsorption bonds between the gold surface and the protein
molecules at pH 8.0. At pH 7.2, there is an increase in the
mass adsorbed when protein concentration is increased to
100 ug/ml (supplementary material, Fig. S6). This is due to
the concentration dependence of the equilibrium between
heterogeneous species in solution, with increased protein
concentration favoring the formation of higher order species,
and therefore greater adsorbed mass.
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FiG. 3. Representative traces of QCM-D raw data. Frequency (left axis; blue
trace) and dissipation (right axis; orange trace) for the ninth overtone of the
QCM resonator for HsPrx3-6his adsorption (pH 8.0, 0.1 mg/ml) on the Au
surface. The first arrow indicates where protein is introduced to the system
(following equilibration with buffer) and the second arrow indicates where
the buffer wash step commences.

The QCM data are also reported in terms of AD vs Af.
Distinctly different curves are apparent at pH 8.0 and 7.2
[Figs. 4(b) and 4(c)]. At pH 8.0, the slope is relatively con-
stant throughout the experiment, indicating that adsorption
of the protein in its dodecameric form follows a similar
mechanism, irrespective of the current surface coverage,
leading to the formation of a rigid monolayer. At pH 7.2,
there is an increased slope and two distinct phases, consistent
with a rearrangement of the adsorbed stacks and change in
their orientation during adsorption, thus facilitating further
adsorption of HsPrx3-6his tubes. This supports our hypothe-
sis that the concentration dependent oligomerization seen at
this pH is also coupled to a rearrangement of protein mole-
cules on the surface.

C. Scanning tunneling microscopy

The formation of high molecular weight species at pH 7.2
was further investigated using STM under ambient condi-
tions. HsPrx3-6his was purified at pH 8.0 and dialyzed over-
night at 4°C into pH 7.2 buffer, as prepared for solution
studies. Following this, 10 ul of protein solution was depos-
ited on flame annealed Au(l111) on mica substrates and
allowed to absorb for 10 min, followed by rinsing with buffer
and H,O. STM imaging was carried out under ambient air
conditions at the solid—air interface, with images shown in
Fig. 5. Representative images obtained at low [5 pg/ml; Fig.
5(A)] and high [50 ug/ml; Fig. 5(B)] protein concentration
demonstrate concentration dependent protein oligomeriza-
tion on surfaces. The images captured show a typical atomi-
cally flat area, with the naturally occurring terraces of the
Au(111) surface.

Biointerphases, Vol. 12, No. 4, October 2017
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FiG. 4. Plots of QCM-D data for the adsorption of HsPrx3-6his onto unmodi-
fied gold surfaces at pH 8.0 and pH 7.2 (10 ug/ml in appropriate buffer). (a)
Representative time-course of Af for HsPrx3-6his adsorption at pH 8.0 and
pH 7.2. Representative plots of AD vs Af obtained via QCM-D for the
adsorption of HsPrx3 onto gold surfaces at (b) pH 8.0 (dashed line is linear
fit, 1> = 0.844), and (c) pH 7.2.

At low concentration, HsPrx3-6his was visible as discrete
“globules” [Fig. 5(A), a and b], with line profiles showing
dimensions of approximately 15nm diameter and 0.5nm
height [Fig. 5(A), a-i, b-i,ii]. This corresponds well to the
dimensions of the crystal structure of HsPrx3-6his (PDB
SJCG),27 when consideration is given for the characteristic
decrease in protein heights as measured by STM.*® This is
due to the conductivity of hydrated protein molecules being
considerably less than that of the bare gold surface. The the-
oretical thickness of a dodecamer is 4nm; STM indicates
0.4nm so there is an approximate 10x reduction in the size
[Fig. 5(A), a-i]. An overlay of line profiles acquired from a
number of protein molecules [Fig. 5(A), b-ii] confirms the
dimensions to be representative of HsPrx-6his dodecameric
rings adsorbed flat on the Au(111) surface [see schematic;
Fig. 5(C), a].

At increased protein concentration, association of peroxir-
edoxin rings into stacks and tubes is observed [Fig. 5(B), a
and b]. This is predominantly seen to occur at step edges on
the Au(111) surface. Line profiles show increased height
(approximately 2nm). If the approximate 10x reduction in
height is accounted for this 20nm could refer to either
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C. HsPrx3-6his on Au(111)

Low concentration

4 nm
1 ehe oue oue
—A
15 nm

a. Face down

High concentration

20 nm

15 nm
b. Face down

OR

15 nm

4 nm 20 nm

c. Lateral association

FiG. 5. Assembly of HsPrx3-6his tubes on Au surfaces. STM images obtained of HsPrx3-6his (pH 7.2) adsorbed on Au(111) surfaces. Representative STM images
obtained at (A) low (5 ug/ml) and (B) high (50 ug/ml) protein concentration. Line profiles correspond to height as a function of distance for the areas indicated in the
STM images. Dotted line profiles were taken perpendicular to the solid line profile. (C) Schematic showing the proposed morphology of the adsorbed protein on the
gold surface, with concentration dependent protein oligomerization (scale bars 50 nm). Dimensions are taken from the HsPrx3 crystal structure (PDB 5JCG).

stacking of rings on the surface [Fig. 5(C), b], or lateral face-
to-face association of HsPrx3-6his rings [Fig. 5(C), c], simi-
lar to the structures observed via TEM imaging [Fig. 2(b)].
Line profiles of a tube and its cross-section support this

Biointerphases, Vol. 12, No. 4, October 2017

hypothesis [Fig. 5(B), b-i, ii]. Full monolayer coverage was
not obtained due to the small volume and time allowed for
protein adsorption, necessary to obtain images of individual
protein molecules.
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D. Controlling the adsorption and orientation of
HsPrx3-6his on gold surfaces

The current use of peroxiredoxin as a tecton for the con-
struction of surface nanodevices is limited by a lack of con-
trol over its orientation upon adsorption. We seek to form a
uniform layer of protein stacks on surfaces, preferably with
the central cavity exposed for accessibility to functional
cargo into the ring cavity, such as metallic nanoparticles.10

Toward this goal, Au surfaces were modified with SAMs
to investigate methods to control the adsorption and orienta-
tion of HsPrx3-6his on Au surfaces.

1. SAM formation on gold surfaces

Au was modified with (1) 4-MBA and (2) NTA-thiol con-
jugated to Ni** ions [see supplementary material (Fig. S7)].
4-MBA forms well characterized SAMs on gold surfaces.*
Formation upon Au surfaces results in a protein reactive
surface due to the presence of free carboxy groups that inter-
act with available amines on the protein surface (Fig. S7),
with amide bond formation in the presence of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide N-hydroxysuccinimide
(EDC-NHS).

NTA-thiol SAM formation results in the surface avail-
ability of a NTA group, which forms a tetravalent chelate
with Ni**. His-tagged proteins, such as the HsPrx3-6his con-
struct used in this study, bind via the interaction of histidine
with surface immobilized Ni** ions, similar to the interac-
tions used in IMAC. This method results in the formation of
a semipermanent protein layer, which can be removed via
displacement with metal ions or imidazole. The above
SAMs were successfully formed on Au(111) surfaces and
imaged using STM (Fig. S8).

2. Assembly of HsPrx3-6his on SAM modified surfaces

STM imaging of HsPrx3-6his adsorbed on Au(111) surfa-
ces modified with MBA SAMs showed a number of glob-
ules, representative of protein immobilized on the Au
surface [Fig. 6(A), a]. The lack of movement of the globules
with repeated scanning indicated that they were covalently
bound (via EDC-NHS) to the surface, and the presence of
the cross-linker appears to give better dispersion of the pro-
tein on the surface.* Line profiles show discrete globules to
have dimensions of approximately 15nm diameter and
heights ranging from 0.5 to 2.4 nm, indicative of peroxire-
doxin rings bound face down on the surface [Fig. 6(A), a-ii].
In some images it was possible to visualize the central hole,
supporting the above hypothesis [Fig. 6(A), a-ii]. HsPrx3-
6his will covalently bind to the MBA surface via EDC-NHS
mediated amide bond formation predominantly utilizing sur-
face accessible lysine residues, of which there are a number
on the ring top and base [Fig. S7]. Based on dimensions
measured for single rings (0.4 nm height; Fig. 5), it appears
that HsPrx3-6his is predominantly bound face down on the
surface with vertical stacking occurring, consisting of
approximately one to six laterally associating protein rings.
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To promote further stacking of peroxiredoxin rings, Au
substrates “‘preseeded” with pH 7.2 HsPrx3-6his, as
described above, were then exposed to pH 4.0 HsPrx3-6his
[Fig. 6(A), b]. At pH 4.0 amide bond formation is less favor-
able and the formation of HsPrx3-6his stacks is promoted
(Fig. S2). Histograms of height constructed from particle
analysis carried out on STM images show that this strategy
resulted in the increased growth of protein columns on the
surface (up to 4 nm in height) [Fig. 6(A), b-iii], compared to
2nm stacks for those surfaces only exposed to the pH 7.2
protein [Fig. 6(A), a-iii].

Another strategy employed to immobilize peroxiredoxin
stacks was via nickel complexed NTA-thiol SAMs. This also
resulted in HsPrx3-6his immobilization, via interaction with
the his-tag in the central ring cavity. In this case, discrete
protein globules were also visualized [Fig. 6(B), i]. Under
these conditions, there appeared to be less bound protein and
for it to predominantly exist as single rings [Fig. 6(B), ii],
with histograms showing limited stack formation [Fig. 6(B),
iii]. Based on our hypothesis that the his-tag mediates stack-
ing at pH 7.2, we think this is due to competing interactions
between his-tags on adjacent dodecamers, and the his-tag
with the surface immobilized nickel. However, as mentioned
previously, this immobilization strategy results in a semiper-
manent protein layer, with bound peroxiredoxin rings able to
be displaced by high imidazole concentrations. This property
could be exploited in later studies, or binding efficiency
improved through chelation of cobalt in place of nickel.*!

IV. SUMMARY AND CONCLUSIONS

HsPrx3 with a his-tag (HsPrx3-6his) was shown via AUC
and TEM to assemble into stacked toroids over a narrow
physiological pH range (pH 7.2-8.0), in contrast to the
untagged protein that forms tubes at pH 4.0. While the exact
mode of oligomerization is at this stage unclear, control over
high molecular weight assembly of HsPrx3-6his through
small changes in pH places this protein as an ideal tecton for
the formation of biological nanomaterials.

Having gained control of assembly in solution we are
beginning to develop strategies to create organized 2D struc-
tures on surfaces. Nonspecific protein adsorption on surfaces
can lead to protein unfolding and desorption over time.
Coupling via functional groups (such as amines and thiols),
present at exposed surface amino acid residues, provides an
easy method of surface immobilization. However, even such
coupling usually results in unspecific binding and random
protein orientation at the interface. Specific binding interac-
tions, such as biotin—strepavidin, or through incorporation of
un-natural amino acids and purification tags, provide a
means by which protein—surface interactions can be pre-
dicted and to some extent controlled, and generally lead to
minimal protein denaturation upon adsorption.*'~*>

Investigation into the assembly of HsPrx3-6his on Au sur-
faces showed pH triggered supramolecular structures also
formed on surfaces, as monitored by ambient STM and
QCM-D. SAM modification (4-MBA and NTA-thiol
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Fic. 6. SAM mediated assembly of HsPrx3-6his stacks. Peroxiredoxin stacks were formed on Au(111) surfaces via immobilization of HsPrx3-6his (pH 7.2) to
SAMs formed from (A) MBA (in the presence of EDC-NHS), and (B) NTA-thiol (complexed to nickel). (i) Representative STM images of surface immobi-
lized HsPrx3-6his (scale bars 50nm). (ii) Line profiles corresponding to height as a function of distance for the areas indicated in the STM images. (iii)
Histograms of HsPrx3-6his stack height from particle analysis of STM images.
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chelated Ni2+) of Au surfaces was used as a means to control
the adsorption and orientation of protein tubes on surfaces.
This presents the first critical step in surface assembly of this
protein tecton, toward its use for the ordering of
nanocomponents.
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