
Abstract Hydroxyproline-rich glycoproteins (HRGP)

comprise a super-family of extracellular structural

glycoproteins whose precise roles in plant cell wall

assembly and functioning remain to be elucidated.

However, their extended structure and repetitive block

co-polymer character of HRGPs may mediate their

self-assembly as wall scaffolds by like-with-like align-

ment of their hydrophobic peptide and hydrophilic

glycopeptide modules. Intermolecular crosslinking

further stabilizes the scaffold. Thus the design of

HRGP-based scaffolds may have practical applications

in bionanotechnology and medicine. As a first step, we

have used single-molecule or single-aggregate atomic

force microscopy (AFM) to visualize the structure of

YK20, an amphiphilic HRGP comprised entirely of 20

tandem repeats of: Ser-Hyp4-Ser-Hyp-Ser-Hyp4-Tyr-

Tyr-Tyr-Lys. YK20 formed tightly aggregated coils at

low ionic strength, but networks of entangled chains

with a porosity of ~0.5–3 lm at higher ionic strength.

As a second step we have begun to design HRGP-

carbon nanotube composites. Single-walled carbon

nanotubes (SWNTs) can be considered as seamless

cylinders rolled up from graphene sheets. These unique

all-carbon structures have extraordinary aromatic and

hydrophobic properties and form aggregated bundles

due to strong inter-tube van der Waals interactions.

Sonicating aggregated SWNT bundles with aqueous

YK20 solubilized them presumably by interaction with

the repetitive, hydrophobic, Tyr-rich peptide modules

of YK20 with retention of the extended polyproline-II

character. This may allow YK20 to form extended

structures that could potentially be used as scaffolds

for site-directed assembly of nanomaterials.
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Introduction

Hydroxyproline-rich glycoproteins (HRGPs) comprise

a superfamily of extra-cellular structural proteins

expressed in plant cell walls and extracellular matrix

during normal development and in response to stress

[1, 2]. HRGPs are extended macromolecules consisting

of small repetitive peptide and glycopeptide motifs.

While the peptide motifs often contain hydrophobic

tyrosine residues, the glycopeptide motifs result from a

combination of post-translational modifications unique

to plants, namely proline hydroxylation and sub-

sequent hydroxyproline (Hyp) glycosylation. The pre-

cise oligosaccharides or polysaccharide decoration

pattern is driven by a sequence-dependent glycosyla-

tion code [2–4]. The key to this glycosylation code is

Hyp contiguity: contiguous Hyp residues direct the

addition of small arabinooligosaccharides to Hyp,

while clustered non-contiguous Hyp residues direct the

addition of larger complex hetero-polysaccharides. The

addition of short oligosaccharides to Hyp residues

locks the contiguous Hyp-rich glycopeptide motifs into

an extended, left-handed polyproline-II helix confor-

mation and thus results in rigid hydrophilic regions.

In contrast, regions that lack contiguous Hyp

remain flexible while subsequent addition of long
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polysaccharide to clustered non-contiguous Hyp resi-

dues promotes an extended random coil conformation

[3].

Some HRGPs also contain hydrophobic, tyrosine-

rich peptide motifs that function in intra- and inter-

molecular crosslinking. Indeed, using a synthetic gene

approach we recently expressed in tobacco cells a

simple arabinosylated HRGP analog containing 20

tandem repeats of the sequence: Ser-Hyp4-Ser-Hyp-

Ser-Hyp4-Tyr-Tyr-Tyr-Lys, designated YK20, and

demonstrated that YK20 was extensively crosslinked

enzymically in vitro to give tyrosine-based intermo-

lecular crosslinks [5]. This indicated that YK20 rapidly

aligns itself for subsequent intermolecular crosslinking

and raised questions about the aggregate structure of

YK20 that drives this self-assembly, the networks that

arise and whether or not their properties can be tai-

lored for specific applications.

Here we report the first visualization of an YK20

‘network’ by the single-molecule or single-aggregate

imaging approach using atomic force microscopy

(AFM), the first such characterization for any HRGP.

We also noted that YK20, an amphiphilic molecule,

interacted with single-walled carbon nanotubes

(SWNTs) and dispersed SWNTs in aqueous solutions,

which raised the possibility that SWNT-YK20 com-

plexes might be exploited to yield templates for the

assembly of high order structures.

Experimental methods

YK20 synthetic gene construction, plant cell

transformation and YK20 glycoprotein isolation

A synthetic gene, YK20-EGFP, encoding 20 tandem

repeats of the protein sequence Ser-Pro4-Ser-Pro-Ser-

Pro4-Tyr-Tyr-Tyr-Lys fused to the gene for the

enhanced green fluorescent protein (EGFP; Clontech)

was constructed, tobacco cells (Bright Yellow 2)

transformed, and the YK20 glycoprotein isolated after

EGFP removal, all as previously described [5].

Dispersion of SWNTs in YK20 solutions

About 2 mg of HiPCO carbon nanotubes (carbon

nanotechnology. Inc.) were added to a solution of 1 mg

of YK20 in 1 mL of water. The mixture was vigorously

sonicated using a sonication probe for an hour with

~5W power. The resulting suspension was then cen-

trifuged at 14,000 g for an hour. The supernatant

contained a solution of SWNT-YK20 complexes.

Atomic force microscopy

1 mg/mL solutions of YK20 were mixed in a 1:1 ratio

with solutions of MgCl2, and then 20 lL of the mixture

was spin-coated onto freshly cleaved mica for 50 s at

4000 rpm. Samples with high salt concentration had to

be rinsed briefly with water and dried with nitrogen gas

before they could be imaged. These samples were

analyzed with an Alpha-SNOM atomic force micro-

scope (Witech instrument Inc. Ulm, Germany) in the

acoustic mode. SWNT-YK20 complexes were spin-

coated onto freshly cleaved mica for 50 s at 2000 rpm.

These samples were analyzed with an MFP-3D

microscope (Asylum Research, Santa Babara, CA) in

AC mode. Si probes with spring constants of ~4 N/m

and resonance frequencies of ~75 KHz (NSC18/AlBS,

Micromasch, Estonia) were used for AFM imaging.

Absorption and circular dichorism (CD)

spectroscopy

UV-visible absorption spectra were obtained on Agi-

lent 8453 UV-vis spectrophotometer (Agilent Tech-

nologies, Palo Alto, CA) and the CD spectra were

recorded on a Jasco-715 spectropolarimeter (Jasco

Inc., Easton, MD). Spectra were averaged over two

scans with a bandwidth of 1 nm, and step resolution

was 0.1 nm. All spectra were reported in terms of mean

residue ellipticity within the 180–250 nm region using a

1 mm path length. Samples of YK20 and SWNT-YK20

complexes were dissolved in water at a final protein

concentration of 100 lg/mL.

Results and discussion

Aggregate structure of YK20

The YK20 primary amino acid sequence is shown in

Scheme 1 along with glycan assignments. The geneti-

cally engineered HRGP contains 20 tandem repeats

each containing a long hydrophilic stretch of monoga-

lactosylated serine and arabinosylated hydroxyproline

Scheme 1 Amino acid sequence of YK20
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residues followed by a short hydrophobic block of

three tyrosine residues and a positively charged lysine

residue. YK20 proteins were deposited from a solution

to freshly cleaved mica surfaces for AFM imaging.

When dissolved in a solution of low ionic strength,

YK20 yielded large aggregates a few micrometers in

diameter, however the higher ionic strength solution

produced open networks of entangled fibrils (Fig. 1).

The single molecule or single aggregate imaging

approach using AFM provides direct visualization of

biological macromolecules [6–8]. It is a new method in

structural biology that complements traditional crys-

tallography and nuclear magnetic resonance methods

[9–12] and is particularly well-suited for HRGPs, which

are extended rods, highly glycosylated and possess too

much heterogeneity in high order structures for X-ray

crystallography or NMR techniques.

Since the single-molecule approach is a surface

bound imaging technique, it is important to make sure

the snapshots imaged on surfaces represent the equi-

librium structures in solutions and yield information

that agree with conventional biochemical studies.

There exists a large parameter window of sample

deposition conditions on mica for long linear mole-

cules, such as double-stranded DNA, in which the

molecular configuration on 2D surfaces accurately

reflects the configuration of free molecules in 3D

solutions [9, 10]. Therefore, we chose mica as the

substrate for AFM imaging of YK20 in order to retain

its native structure on substrates.

Four interaction forces likely contribute to YK20

homophilic interactions and the formation of aggre-

gates. Firstly, hydrophobic interactions between the

repetitive tyrosine blocks; secondly, interactions

between positively charged lysine residues and the

negatively charged C-terminus; thirdly, lysine residues

may also interact with the aromatic rings of the tyro-

sine residues through cation-p interactions [13, 14]; and

finally, the Mg2+ ions undoubtedly promote homophilic

associations between the extensively glycosylated

Ser-Hyp4 glycomodules as already demonstrated for

Ca2+ ions (Tan, Sulaiman, Tees and Kieliszewski,

unpublished data). At high ionic strength, the electro-

static, cation-p and hydrophobic interactions are

screened by the redistribution of ions in solution and

thus the condensed aggregates opened up and dis-

played the random networks of linear fibrils. Since the

polyproline-II helix is a left-handed helix with about 3

residues per turn and a pitch of 9.4 angstrom, the

length of YK20 is only ~100 nm (320 amino acids) and

the entangled network clearly consists of multiple

molecules. The height of the linear fibril ranges from

less than 1 nm to about 4 nm, thus the open aggregates

are likely individual helices or at most only a few

associated YK20 molecules.

The observed aggregation agrees with earlier work

demonstrating the very rapid in vitro crosslinking of

YK20 by a plant peroxidase [5], which indicated YK20

monomers align their tyrosine residues for subsequent

intermolecular crosslinking. The ability of YK20 to

Fig. 1 Atomic force microscopy images of YK20 aggregate structures. (A): YK20 on mica deposited from a solution with 12 mM
MgCl2; (B), (C), and (D): YK20 on mica deposited from 70 mM MgCl2 solutions
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align the hydrophobic tyrosine blocks and form

aggregated structures raises the possibility that YK20

might interact with hydrophobic non-biological mate-

rials such as carbon nanotubes.

YK20 assisted dispersion of SWNTs

One reason for studying the interactions between

YK20 and hydrophobic materials comes from our

search of surfactant for SWNTs. SWNTs are a family

of nanomaterials whose structure can be regarded as

seamless hollow cylinders rolled up from graphene

sheets [15, 16]. SWNTs have not only inspired much

interest in fundamental sciences due to their unique

all-carbon one-dimensional structure, but also showed

great potential in a wide variety of applications ranging

from composite materials, molecular electronics, and

chemical and biological sensors, to electrochemical

cells and fuel cells for alternative energy solutions

[17–19]. As-produced SWNTs form closely packed

bundles due to the strong inter-tube van der Waals

interactions and hydrophobic interactions in aqueous

environments. But most applications require well-dis-

persed SWNT systems in order to take advantage of

the unique properties. Many surfactants such as lipids,

sugars, proteins, DNA, commodity polymers, and de-

signed polymers have been used to facilitate the dis-

persion of SWNTs [20–26]. Given the amphiphilicity of

YK20, we examined the SWNT dispersing properties

of YK20 in solution.

Figure 2A shows solutions of SWNT-YK20 com-

plexes obtained after vigorous sonication and extended

centrifugation to pellet non-complexed insoluble

nanotubes. The microfuge tube at the far left shows

SWNTs solubilized in a 1 mg/mL solution of YK20

while the microfuge tube to the right shows the 10-fold

dilution of the SWNT-YK20 solution. The UV-vis

absorption spectrum (Fig. 2B) shows peaks that agree

with the first van Hove transitions from metallic tubes

(~400–600 nm) and the second van Hove transitions

from semiconducting tubes (~ 500–900 nm) in pub-

lished literature [20, 24, 26]. The peaks are not as sharp

as seen in other surfactant micelles, such as ssDNA or

designed polysoap. This suggests that small bundles of

SWNTs may still exist in the solution.

AFM images of the SWNT-YK20 complexes cor-

roborate the observations above. While absolutely no

individual or small bundles of SWNTs could be found

in solution without YK20 treatment, Fig. 3 shows that

in the presence of YK20, the majority of the SWNTs

are individually dispersed with tube heights about

0.7–2 nm and lengths ~500–1500 nm. Small bundles of

about 6–12 nm in diameter are also seen. Furthermore,

there is no evidence of the large YK20 aggregates

featured in Fig 1, presumably because they were dis-

banded through preferred interaction of YK20 mono-

mers with SWNTs.

The mechanism by which YK20 facilitates the

dissolution of SWNTs in aqueous solution is suggested

by its structure. As shown in scheme 1, YK20 consists

Fig. 2 (A) Photographs of
SWNT-YK20 complexes in
solutions, and (B) UV–vis
absorption spectrum

Fig. 3 Atomic force
microscopy images of SWNT-
YK20 complexes deposited
on mica. The two images
share the same color map
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of alternating hydrophilic and hydrophobic blocks

and effectively is an amphiphilic block-copolymer.

Amphiphilic macromolecules such as designed pep-

tides [22] and linear DNA molecules [20] disperse

SWNTs by interacting extensively with the nanotube

side walls through the hydrophobic effects. Similarly,

YK20 molecules probably coat the SWNTs through

interactions involving the Tyr-Tyr-Tyr hydrophobic

segments and solvate the complex through the blocks

of hydrophilic amino acids (Ser and Hyp) and the

abundant glycans that bind water. The details regard-

ing the YK20 configuration around SWNTs demands

atomically resolved microscopy techniques and will be

pursued in future studies. However, circular dichroism

spectroscopy of YK20 alone and YK20 in complex with

SWNTs (Fig. 4) suggested YK20 underwent significant

conformational changes upon SWNT complexation.

SWNT induced changes in YK20 structures

While the strong interactions between YK20 and

SWNTs help to disperse SWNTs in water, they may

also simultaneously influence the structure of YK20.

Shown in the Fig. 4 are the circular dichroism (CD)

spectra of YK20 and SWNT-YK20 complexes. The

pronounced features in the spectra, a minimum at

around 205 nm and a maximum at around 223 nm, are

associated with the left-handed polyproline II helix [3].

The green dashed line, whose intensity at both the

minimum and the maximum are the same as pure

YK20, is the spectrum of SWNT-YK20 complexes

multiplied by a factor of 2.25. Thus, the binding of

SWNTs imposes some other conformations of YK20,

and the polyproline II content in the secondary struc-

ture of the protein is reduced to about 45%. Moreover,

the CD spectrum of the complexes has a shift of about

2–3 nm to longer wavelengths, which indicates the

YK20 secondary structure is also qualitatively different

from that in free YK20 solution.

More interesting is the clear change in the aggregate

structure shown in AFM images. In the absence of

SWNTs, YK20 molecules interact among themselves

and form either large condensates of hundreds of

nanometers in diameter or open networks of more than

1 lm in size (Fig. 1). After complexing with SWNTs,

neither of these aggregate structures is found (Fig. 2)

and YK20 molecules most likely form extended

structures along with SWNTs. The more ordered

extended structure opens up new pathways to hierar-

chy assembly of nanomaterials. In combination with

complete control over the primary sequence via

genetic engineering, the extended HRGP structure in

three-dimensional space may be used as scaffolds and

templates for attaching other nano-building blocks at

specific sites.

Conclusion

We have demonstrated that YK20, a genetically engi-

neered HRGP, forms closely aggregated coils in low

ionic strength solutions, and random networks of

entangled chains at high ionic strength conditions. The

hydrophobic segments of YK20 may interact with

highly hydrophobic SWNTs and disperse them in

aqueous solutions. The dispersion of SWNTs is an

important step towards solution processing and appli-

cations of this unique nanomaterial. More interest-

ingly, it helps to stabilize extended and ordered

aggregate structures of YK20, which is not favored in

pure protein solutions. The YK20 proteins are stret-

ched along the side walls of SWNT and result in sig-

nificantly different CD spectra of the protein. SWNT

induced extended structure of HRGPs could poten-

tially be used as scaffolds for site-directed assembly of

nanomaterials.
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