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Abstract

The rod-shaped plant virus tobacco mosaic virus (TMV) is widely used as a nano-fabrication 

template, and chimeric peptide expression on its major coat protein has extended its potential 

applications. Here we describe a simple bacterial expression system for production and rapid 

purification of recombinant chimeric TMV coat protein carrying C-terminal peptide tags. These 

proteins do not bind TMV RNA or form disks at pH 7. However, they retain the ability to self-

assemble into virus-like arrays at acidic pH. C-terminal peptide tags in such arrays are exposed on 

the protein surface, allowing interaction with target species. We have utilized a C-terminal His-tag 

to create virus coat protein-templated nano-rods able to bind gold nanoparticles uniformly. These 

can be transformed into gold nano-wires by deposition of additional gold atoms from solution, 

followed by thermal annealing. The resistivity of a typical annealed wire created by this approach 

is significantly less than values reported for other nano-wires made using different bio-templates. 

This expression construct is therefore a useful additional tool for the creation of chimeric TMV-

like nano-rods for bio-templating.

1. Introduction

One-dimensional (1D) nano-structures and nano-wires can serve as building blocks for 

‘bottom-up’ nano-fabrication. They can function both as interconnecting wires and crucial 

device components, and as such can be used in the creation of various electronic, logic and 

memory circuits (see [1]). Self-assembling biological structures are proving to be highly 

promising templates for ordering inorganic materials into 1D nano-structures. They are 

hierarchically organized and possess highly specific and precise molecular recognition 

capabilities that often can be further programmed through genetic engineering (see [2]). A 
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major advantage of such bio-templated nano-structures is their ability to self-assemble 

spontaneously in a deterministic manner into functional arrangements without the need to 

manipulate each component individually. Various linear biomolecules such as DNA, 

amyloid fibers, microtubules and filamentous viruses have been successfully exploited as 

scaffolds for the construction of metal and semiconducting nano-wires [3–6].

Here we demonstrate the use of a genetically engineered tobacco mosaic virus (TMV) coat 

protein (CP) gene as a bio-template for the fabrication and characterization of gold nano-

wires. TMV is a rod-shaped plant virus, comprising a single molecule of RNA enclosed 

within a capsid of ~2130 helically arranged protein subunits. The assembled virion particle 

is 300 nm long and 18 nm in diameter, with a 4 nm inner channel [7]. It is known to form 

many assembly intermediates in various pH ranges, including highly stable, elongated RNA-

free helices in acidic conditions [8]. The capsid of a wild-type (WT) TMV contains a 

repeating array of surface-exposed charged amino acids [9]. A range of studies have reported 

the use of simple electrostatic interactions to bind various inorganic materials such as silica, 

platinum, nickel, cobalt, copper and gold, as well as the alloys CoPt and FePt to WT TMV 

[10–16]. Relatively little work, however, has been performed using genetically engineered 

TMV or TMV protein assemblies as a means of introducing new sequences for the directed 

and selective deposition of materials. Although this approach has been used to create gold, 

silver, platinum, palladium or nickel nano-wires, some of which have been characterized 

electrically [17–20], preparation of the biological template is complex and requires 

sophisticated biochemical knowledge.

In previous studies, we fabricated TMV-based platinum nano-wires via electroless 

deposition of platinum precursors onto the outer surface of the WT TMV virion. These wires 

were electrically characterized using a four-probe Omicron Nanoprobe system. Their Ohmic 

behavior was typical for a conducting wire that was capable of sustaining very high current 

densities [21]. However, such direct material deposition onto biological structures is mostly 

non-specific and depends strongly on the solution chemistry. As a result the nano-structures 

generated often exhibit poor crystalline, mechanical and electronic properties.

In order to address these constraints on the use of TMV as a well-ordered bio-template, we 

engineered the TMV CP to introduce a highly selective His-tag (HHHHHH, 6His) metal-

binding peptide that would be readily accessible on the outer surface of assembled protein 

disks or rods. This was used for expression in Escherichia coli. Recombinant WT CP 

subunits form disks in vivo in this system but the His-tagged version did not. However, the 

His-tag allows rapid purification of this modified CP to homogeneity via standard 

nitrilotriacetic acid (NTA)-directed affinity chromatography. Treatment of TMV CP with 

low pH buffers triggers the formation of RNA-free helical protein rods with the geometry of 

the virion. Similar rods formed with both recombinant forms of the CP are produced here. 

The His-tagged rods, but not those formed from the recombinant WT protein, bind 

commercial gold nanoparticles (GNPs). Further deposition of metallic gold from solution 

was used to produce more uniformly coated structures. Thermal annealing of these ‘nano-

wires’ produced more continuous gold coatings. These have been characterized by a variety 

of physical techniques, and their electrical properties assayed. This approach offers a 
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straightforward and highly reproducible method for chimera protein purification and 

formation of templates for nano-wire creation.

2. Experimental details

2.1. Preparation of genetically engineered TMV coat protein

WT and 6His versions of the TMV coat protein gene were created using reverse 

transcription and the polymerase chain reaction on a template of TMV RNA extracted from 

infectious virions. For PCR, forward and reverse gene-specific primers were used, which 

additionally introduced two restriction sites at the 5′ and 3′ ends of the CP gene, as well as a 

sequence for six histidine residues at the 3′ end of the 6His mutant (see supplemental 

information available at stacks.iop.org/Nano/24/025605/mmedia for details and primer 

sequences). The design results in the insertion of six C-terminal histidine residues at 

positions 159–164 of the TMV 6His CP. The WT and 6His genes were cloned into an 

expression vector and proteins expressed in E. coli BL21-CodonPlus cells. After overnight 

expression, cells were harvested and subjected to ultrasonic lysis. WT and 6His proteins 

were purified from soluble fractions of the lysates via size-exclusion chromatography (SEC) 

or Ni-NTA affinity chromatography, respectively. Purified WT and 6His samples were 

dialyzed against pH 8, pH 7 or pH 5 buffer for ‘A-protein’, ‘disk’ and re-assembly or RNA-

free helix formation, respectively.

2.2. Electron microscopy

For protein and nano-wire investigation, samples were applied onto Formvar carbon-coated 

300 mesh copper grids and stained with 2% (w/v) uranyl acetate, if required. Samples were 

imaged using a Philips CM10 transmission electron microscope (TEM) operated at 80 kV or 

a Philips CM200 FEG TEM operated at 197 kV.

2.3. GNP binding, metallic gold deposition and thermal annealing

WT and 6His virus-like particles (VLPs) were incubated with citrate-stabilized 2 or 5 nm 

GNPs for 1 h. UV photoreduction of gold ions was performed as described in [22]. For 

electroless gold deposition, VLPs were incubated with chloroauric acid and hydroxylamine 

for 10 min. For thermal annealing, a nano-wire sample applied onto a copper or silicon 

oxide TEM grid was heated in a vacuum until a desired temperature was reached, annealed 

at that temperature for 1 h, then slowly cooled to room temperature. This procedure was 

performed for different samples in 10 °C intervals in the temperature range of 200–300 °C.

2.4. Four-probe electrical characterization

Gold nano-wire samples were applied onto a silicon oxide grid and were either used directly 

for electrical conduction measurements (non-annealed NW) or subjected to the thermal 

annealing at 290 °C before electrical measurements (annealed NW). Electrical conductivity 

was measured in an ultra-high vacuum (UHV) chamber (2 × 10−10 mbar, room temperature) 

using the Omicron Nanoprobe.
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3. Results and discussion

3.1. Cloning, expression and purification of His-tagged TMV rods

The TMV CP gene was cloned by RT-PCR of the virion RNA extracted from TMV virions, 

as described in the experimental details and supplementary information (available at 

stacks.iop.org/Nano/24/025605/mmedia). Two different primers were used to engineer 

differences at the 3′ end of the gene in the reverse transcription step. In the first (WT), the 

reverse primer is completely complementary to the WT gene and incorporates an NdeI 

cloning site. The second (6His) encodes an additional hexa-histidine peptide following the 

normal C-terminal residue, Thr158, and a BamHI restriction sites (figure 1(A)). The 

resultant PCR fragments were digested with NdeI and BamHI, cloned into a similarly 

prepared pET11c expression vector and used to transform BL21-CodonPlus-(DE3)-RIPL E. 
coli. This strain allows expression from transcripts containing codons rare in E. coli, many 

of which are found within the TMV CP gene. Isopropyl β-D-1-thiogalactopyranoside 

induction of both forms of CP resulted in high-level expression of products with the 

expected sizes (figure 1(B)). The His-tagged CP was easily purified to homogeneity by Ni-

NTA chromatography. Mass spectrometry of this species confirms its identity (observed 

relative molecular mass (Mr) 18 316.7 Da; expected 18 315.3 Da) as having the additional 

six histidine residues but lacking the N-terminal acetylation that occurs in plants but not in 

E.coli [23–26]. The WT protein was purified by size-exclusion chromatography at pH 7 

where it forms ‘disk’ intermediates. Mass spectrometry of this species confirms the lack of 

acetylation of the recombinant (observed Mr 17 493.47 Da versus 17 492.5 Da expected) 

compared to the material prepared from the virion (observed Mr 17 536.0 Da). The ~43 Da 

increase corresponds to the mass of a single acetyl group.

Wild-type TMV CP has a well-characterized pH-dependent ability to self-assemble into 

small oligomers (‘A-protein’), ‘disks’ composed of two stacked rings each of 17 subunits, 

and helical rods. The ‘disks’ are believed to be a principal intermediate during normal viral 

assembly triggered by a sequence-specific RNA–protein interaction [27]. Acetylation is 

believed to be essential for the RNA interaction [24, 25] and mixing the three forms of TMV 

CP with viral RNA under re-assembly conditions confirmed this, rod-shaped VLPs 

appearing in TEMs only for the CP extracted from virus (data not shown). In contrast to the 

recombinant WT CP, the 6His CP is unable to form ‘disks’ at pH 7, although at pH 8 both it 

and the recombinant wild-type appear as ‘A-protein’-like aggregates (supplemental figure 

1(B) available at stacks.iop.org/Nano/24/025605/mmedia). Despite these differences from 

WT, both recombinant proteins formed long rods upon prolonged incubation in sodium 

acetate buffer at pH 5 (figures 1(C) and (D)). These appear to be RNA-free helices, which 

form as a result of protein polymerization into structures almost identical to the mature virus 

[28]. In such a structure the His-tags will be presented at the outer surface of the VLP 

(supplemental figure 1(A) available at stacks.iop.org/Nano/24/025605/mmedia), offering a 

rapid way to prepare rod-shaped templates for the production of nano-scale inorganic 

materials.
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3.2. Derivatizing the His-tagged TMV rods with gold

As well as their ability to chelate nickel ions, poly-histidine peptides have been shown to 

recognize metallic gold in yeast-surface display experiments [29]. We therefore examined 

whether the 6His motif TMV VLPs would bind to GNPs. Treatment with citrate-stabilized 

GNPs (2 or 5 nm diameter) for 1 h at room temperature and pH 5, resulted in extensive 

decoration of the rods with GNPs (figures 2(A) and (B)). Unstained TEM images of these 

structures suggest that they contain GNPs bound at discrete sites rather than in clusters in 

direct contact, consistent with expectations of simple modeling (supplemental figure 1(D) 

available at stacks.iop.org/Nano/24/025605/mmedia). The GNP-coated rods appear slightly 

wider than the initial VLPs (25–30 nm versus 20 nm diameter) but had similar lengths (300–

1200 nm) to the starting material, implying that they act as rigid templates for binding. 

Incubation of recombinant WT rods under similar conditions revealed no significant GNP 

binding (supplemental figure 1(C) available at stacks.iop.org/Nano/24/025605/mmedia), 

consistent with binding to the 6His motif. The numbers of GNPs bound varied with their 

sizes: ~100 for 2 nm GNPs and ~60 for 5 nm GNPs, on average/100 nm of each type of 

VLP. Even the 2 nm GNPs are not apparently close packed, although there is in principle 

enough room for them to be so assuming aggregates of stacked disks with 17 subunits per 

ring with a diameter of 20 nm and depth of 2.5 nm. The results are consistent with occlusion 

of the particles, possibly via electrostatic as well as steric constraints (figures 2(A) and (B), 

insets).

We then explored ways to create continuous gold wires from these GNP–VLP templates 

using the 2 nm GNP-coated rods since these have a more uniform distribution. A number of 

protocols (Nanoprobes GoldEnhance™ kit; [22, 30]) were examined to deposit metallic gold 

(Au0) on these templates. Electroless deposition and UV photoreduction both resulted in 

metallic layers with the most homogeneous appearance (figure 2(C) and supplemental figure 

1(E), available at stacks.iop.org/Nano/24/025605/mmedia, respectively). The apparently 

continuous nano-wires found after such treatments have average diameters of ~30–40 nm 

(for UV photoreduction) or ~50–60 nm (for electroless deposition). No deposition was seen 

for samples of GNP-free 6His or WT VLPs processed via either method (not shown). 

Although not obvious from supplemental figure 1(E) (available at stacks.iop.org/Nano/

24/025605/mmedia) exposure to UV light resulted in degradation of the protein scaffold 

causing the wires to break. In addition, high levels of background material were observed on 

the micrographs, which could potentially interfere with electrical measurements. As a 

consequence, the more uniform wires created via electroless deposition were chosen for 

further analysis.

3.3. Thermal annealing

These wires were then examined via high-resolution transmission electron microscopy 

(HRTEM), energy dispersive x-ray spectroscopy (EDX) and selected area electron 

diffraction (SAED). These data revealed that the wires were highly polycrystalline, 

consisting of face-centered cubic crystals of approximate size 5 nm [31]. Since such 

polycrystalline material is likely to possess a higher resistivity than larger grained material, 

we then examined the effect of thermal annealing on the gold layer. Grain growth was 

promoted via thermal annealing, which reduces polycrystallinity and hence improves 
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electrical properties [32]. Reduction and growth of new grain boundaries are events that 

strongly depend on parameters such as temperature and the duration of the heating, 

annealing and cooling steps. In our experiments, 60 min annealing in vacuo, followed by 

slow cooling was performed to facilitate local crystal rearrangements, the formation of large 

grains and minimization of oxidation. The best temperature for the annealing step was 

established by TEM inspection of wires heated at a range of temperatures (200–300 °C)

As shown in figure 3(B), heating and annealing at all temperatures below 270 °C led to 

disruption of the wires into a series of discrete gold crystallites. As the annealing 

temperature increased, however, the number and sizes of the interparticle gaps decreased 

whilst the length of the uninterrupted metallic layer increased. The average diameter of the 

annealed nano-wires also decreased (figure 3(B)). Annealing at 290 °C resulted in the 

longest and thinnest apparently continuous wires, with mean length of 650±60 nm and 

average diameter of ~40 nm.

Their thinner appearance compared to non-annealed nano-wires is most probably due to loss 

of the underlying protein scaffold, which has most likely been converted to amorphous 

carbon during the annealing process. HRTEM confirmed this idea, the 6His VLP being 

easily distinguishable in the non-annealed nano-wire beneath the metallic layer (figure 

3(A)), and no longer visible after annealing at 290 °C (figure 3(C)). In addition, differences 

in the overall appearance and crystal nature of the nano-wires were observed. As expected 

the number of small crystals in the non-annealed nano-wire (figure 3(A) inset) was 

significantly reduced after the thermal processing (figure 3(C) inset). EDX confirmed that 

the annealed metal layer was composed of gold, although the spectrum had an additional 

oxygen peak suggesting possible oxidation (supplemental figure 1(I) available at 

stacks.iop.org/Nano/24/025605/mmedia). This was confirmed via SAED, which showed 

reflections in the diffraction pattern characteristic of gold oxide Au2O3 [33].

3.4. Electrical characterization of the nano-wires

We next characterized the annealed and non-annealed nano-wires electrically using an 

Omicron Nanoprobe. This instrument comprises a set of four custom designed, 

independently positioned scanning tunneling microscope (STM) tips, with an average 

diameter at the tip apex of less than <25 nm [34]. In addition, the Nanoprobe system 

includes a Gemini high-resolution scanning electron microscope (SEM), which provides a 

resolution of better than 10 nm. This was employed to locate the nano-wires and navigate 

the STM tips to a desired region. The components of the Nanoprobe system are located 

within an UHV chamber, which shields them from the electrical, thermal and vibrational 

influences [35].

Using the Nanoprobe system, we performed two-probe conductivity measurements on both 

types of TMV gold nano-wires. A representative example of each type of TMV nano-wire 

was analyzed and the results are shown in figure 4. The non-annealed nano-wire was 1320 

nm long and 60 nm in diameter (figure 4(A)). The annealed nano-wire was 930 nm long and 

40 nm in diameter (figure 4(C)). For the conductivity measurements, two STM probes were 

brought into contact with the surface of the nano-wire. Current–voltage (I–V) characteristics 

of the wires were measured by sweeping the current while measuring the voltage drop 
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between tips T1 and T2. A number of I–V curves for different tip separations were measured 

by varying the positions of one of the tips (figures 4(A) and (C)). Five and eight sweeps 

were taken for the non-annealed and annealed wire, respectively. In all cases, the I–V 
characteristics were linear, consistent with the behavior expected for an Ohmic conductor 

(figures 4(B) and (D), left). The contribution to the charge transport from the silicon support 

was negligible (figures 4(B) and (D), left insets).

From the I–V measurements, the resistance R for each individual probe distance L was 

calculated and the results are shown in figures 4(B) and (D) (right). The measured 

resistances include the resistance of the wire plus the two contact resistances between the 

tips and the wire. For the non-annealed nano-wire, R varies exponentially with the 

separation between the tips and extrapolation to zero length suggests a total contact 

resistance of around 70 Ω (figure 4(B), right). The exponential dependence may suggest that 

the wire is non-continuous and is in fact made up of an array of small metallic stretches of 

wire joined by tunnel contacts. Despite this, the wire seems to be reasonably homogeneous 

as the number of tunnel contacts seems to increase pro-rata with the length of the wire.

This is in contrast to the annealed nano-wire, where no correlation between tip separation 

and resistance was observed (figure 4(D), right). This suggests that in this case the resistance 

is entirely dominated by the contact resistances. The contact resistances seem to be much 

larger than for the non-annealed nano-wires, probably as a result of surface oxidation during 

the high-temperature treatment. The upper limit of the resistivity of the annealed nano-wire 

can be estimated by assuming that the contributions from the contacts are negligible, and 

hence that the measurements are dominated by the contributions from the wire itself. The 

diameter of the wire is on average around 40 nm, and using the measured resistance at L = 

715 nm, an upper limit of the resistivity of the nano-wire of ρ = 4 × 10−7 Ω m is found. This 

is less than 20 times higher than the resistivity of bulk gold (ρbulk gold = 2.05 × 10−8 Ω m 

measured at room temperature [36]). This value is significantly lower than previously 

reported resistivities of gold nano-wires created using different bio-templates, which are 

typically two orders of magnitude higher than bulk gold [5, 30, 37, 38]. We note that the real 

resistivity is likely to be significantly lower than the upper limit determined above, given 

that the contact resistances are in fact not negligible. Furthermore, we have investigated the 

maximum current density the nano-wire can sustain by increasing the applied bias voltage 

across the wire until it disintegrated. A current of around 1.6 mA could be sustained for 

several minutes, which corresponds to a current density of around 1.3 × 1012 A m−2. This 

compares well with previous studies of nano-wires where similar breakdown currents were 

reported [39].

4. Conclusions

It can be argued that self-assembling 1D nano-structures and nano-wires will play an 

important role as future device elements to complement the constantly miniaturizing 

electronics industry. Here we have demonstrated that a His-tagged TMV helical VLP shows 

great potential as a scaffold for the controlled fabrication of gold nano-wires. The 

introduction of simple genetic modifications enabled the specific attachment of GNPs onto 

the VLP template, while at the same time providing a quick, one-step purification of the 
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protein subunits that needs little specialist knowledge. The fabricated TMV helix-based gold 

nano-wires were shown to be conductive, and, once thermally annealed, yielded resistivities 

much smaller than previously reported for other bio-templated nano-wires. Furthermore, 

they were able to sustain high current densities, which makes them highly suitable as 

components of nanometer-scale electronic devices. This simple method of incorporation of 

specific binding peptides into the structure of VLPs can be easily modified to encompass a 

wide range of other inorganic materials. We have shown that the exploitation of self-

assembling TMV structures and introduction of programmable genetic control over material 

composition provides a means of generating a simple, yet highly ordered, template for the 

general synthesis of device components.

Supplementary Material
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Figure 1. 
Cloning, expression and characterization of TMV coat proteins. (A) TMV genome 

organization and primer attachment sites. Lines represent non-coding regions, coding 

regions are boxed and TMV coat protein is represented by a gray box, in which 5′ and 3′ 

termini are marked. Forward primer FP with a mismatched sequence for the NdeI restriction 

site is shown above the CP coding region, two variants of reverse primers, WT with 

mismatched sequence for the BamHI restriction site and 6His with mismatched sequence for 

six histidine residues, translation termination and BamHI site, are both shown below the CP 

coding region. (B) Coomassie-stained sodium dodecyl sulfate polyacrylamide gel 

electrophoresis of the E. coli expressed WT and 6His proteins. Lanes: 1, virion coat protein; 

2, non-induced control; 3, overnight expression of WT protein; 4, overnight expression of 

6His protein; 5, SEC purification of WT protein; 6, Ni-NTA purification of 6His protein. 

Size markers of 15, 19 and 37 kDa are indicated on the left. (C) TEM of WT coat protein 

polymerization into RNA-free rods at pH 5. (D) TEM of 6His-coat protein polymerization 

into RNA-free rods at pH 5. All stained. Scale bars = 50 nm.
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Figure 2. 
Decoration of TMV VLPs with gold. (A) 6His VLP treated with 2 nm GNPs. Insets here and 

throughout show a 2 × magnification of the main images. (B) 6His VLP treated with 5 nm 

GNPs. (C) 2 nm GNP-treated 6His VLP subjected to electroless gold deposition. All images 

are unstained. Main scale bars = 100 nm, inset = 50 nm.
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Figure 3. 
Physical characterization of bio-templated nano-wires. (A) HRTEM of the 2 nm GNP-

treated 6His VLP subjected to electroless gold deposition (non-annealed nano-wire) (scale 

bar = 20 nm). Inset: magnification of the non-annealed nano-wire showing multiple gold 

crystals. (B) Thermal annealing of the gold nano-wires. Nano-wires were subjected to 

electroless gold deposition and annealed for 1 h at temperatures between 200 and 300 °C 

(scale bars = 100 nm). (C) HRTEM of a gold nano-wire annealed at 290 °C (scale bar = 20 

nm). Inset: magnification of the annealed nano-wire showing a single, large gold crystal.
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Figure 4. 
Electrical characterization of the bio-templated nano-wires. (A) SEM images of two-probe 

electrical transport measurement setup of the non-annealed gold nano-wire performed with a 

tip separation between 1300 and 440 nm. All unstained. Scale bars = 200 nm. (B) Left: I–V 
characteristics of the non-annealed gold nano-wire for different tip separations. Inset: I–V 
characteristics of the silicon substrate; right, resistance versus tip separation (R–L) of the 

non-annealed nano-wire. (C) SEM images of two-probe electrical transport measurement 

setup of the annealed gold nano-wire performed with the tip separation between 885 and 226 
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nm. All unstained. Scale bars = 200 nm. (D) Left: I–V characteristics of the annealed gold 

nano-wire for a selection of different tip separations. Inset: I–V characteristics of the silicon 

substrate; right, resistance versus tip separation (R–L) of annealed nano-wire.
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