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Atomic scale experimental data by X-ray crystallography has
been collected on an amphiphilic protein nanotube, consisting of
a biosurfactant protein Trichoderma reesei hydrophobin HFBII.

Hydrophobins are small, amphiphilic proteins with an
innate ability to self-assemble in a hydrophobin-hydrophilic
interface. Hydrophobins are secreted by filamentous fungi,
and the ability to self-assemble at air-water interface serves in
lowering the surface tension of water during hyphal growth
while assembly on the cell wall — air interface forms a
protective coating on the fungal surface when growing into
the air'. The amphiphilicity of the assemblies and the
molecule itself arises from a patch of hydrophobic residues on
the protein surface’, even though proteins typically have the
majority of hydrophobic residues in the core of the protein.
The assembled structures of hydrophobins are patterned and
well-ordered, which opens way to
applications®. Spontaneous self-assembly of hydrophobins has
been shown to reverse the hydrophobicity of a surface, once
brought in contact with a hydrophobic solid (such as Teflon)
or a hydrophilic surface'.
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Scheme 1. Functional mechanism of hydrophobins based on

s self-assembly. The fiber structures are formed via detergent

(D) interactions.

Our previous crystallographic studies of Trichoderma reesei
hydrophobins HFBI and HFBII have shown that the controlled

35 assembly of hydrophobins extends far beyond the formation

of an amphiphilic film on a hydrophobic-hydrophilic
interface’ and allowed us to draft the scheme of functional
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mechanism in atomic scale. Depending on — or controlled by —
the conditions, different ways of molecular packing may be
obtained while the conformation of the monomers remains the
same. In this work we describe a yet new type of assembly of
HFBII, obtained when crystallized in the presence of
polystyrene nanospheres®.

The fold of the protein molecules, as also observed
previously, composes of four antiparallel B-strands and an a-
helix. The B-strands form a small barrel, which is reinforced
by two disulfide bridges. Two additional disulfide bridges join
the o-helix and the N-terminal loop to the B-barrel. Very
modest signs of changes, mainly the side chain
conformations, were observed in the protein molecule in
comparison to the previous crystallographic structures of the
same protein, excluding the residues Asp59 and Glu60 for
which both the main and the side chains were in distinct
conformations.

The two molecules in the asymmetric unit, designated as
molecules A and B (Figure 1), lie side-by-side in such away
that the hydrophobic surface areas (composed of residues
Leu7, Vall8, Leul9, Leu2l, Ile22, Val24, Val54, Ala55,
Val57, Ala58, Ala61, Leu62, Leu63 in HFBII) are aligned in
uniform direction. This arrangement is similar to the
amphiphilic dimer described in the previous fibrilar sturucture
2PL7, with the distinction that the detergent molecule is
crammed between the two protein molecules instead of lying

in

on top of the hydrophobic surface (Supplementary
information).
While no detergents were directly added to the

crystallization solution, the nanosphere suspension contained
residual amounts of sodium dodecyl sulphate (SDS) alike
detergent, likely to help to solubilize the polystyrene
nanospheres. When a large, linear electron density was
detected the vicinity of hydrophobic surface areas
(Supplementray information), partially buried by the protein
molecules, SDS was refined to the residual density. The
hydrophobic tail of the SDS interacts with the side chains of
surrounding hydrophobic residues (Val7 and Phe8 from
molecules A and B) and the oxygens of the sulphate group
form hydrogen bonds to the main chain nitrogens (Val7, Phe8)
in molecule B.

Due to detergent intervention, no uniform hydrophobic
surface is formed by the adjacent protein molecules. However,
takig into account the hydrophobic aromatic residue Phe8 and
the hydrophobic tail of the detergent, a uniform hydrophobic
surface is formed in combination of protein molecules and the
detergent. The nature of the detergent seems to affect the
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Figure 1. The asymmetric unit of hydrophobin HFBII in
space group 1222 with cartoon and surface representations.
The hydrophobic surfaces are in red and labeled for molecule
A in top panel. The SDS and Phe8 contributing to the
s continuity of the hydrophobic surface area are in yellow and
Asp59 and Gln with conformational change are in orange.
Above, the asymmetric unit viewed perpendicular to
hydrophobic surface areas and below the side view.

10 coordination to the hydrophobic parts of the protein and thus
effecting the entire self-assembly process. A smaller
hydrophilic head group, such as the sulphate in SDS or the
dimethylamine-oxide in LDAO, allows the detergent molecule
to be more incorporated into the packing of the protein

1s molecules, whereas a larger sugar group, such as the glucose
moiety in heptyl-f-D-thioglucoside (HSG) and octyl-B-D-
thioglucoside (OSG), allows the coordination of the
hydrophobic tail only (Supplementry information). In addition
to interactions mediated by the detergent, there is a hydrogen

2 bond between the molecules of the asymmetric unit form
molecule A ThrS OG1 to molecule B Lys66 NZ. The rest of
the interacting residues are from the N- and C-termini.

The basic unit of the amphiphilic tubes is an octamer,
composed of four molecules A and four molecules B (Figure

25 2a). Within the octameric array, in addition to interaction
between the molecules in the asymmetric unit, each molecule
A is in contact with two symmetry related molecules B, and
vice versa. Here, the hydrogen bonding interaction is between
GIn60 NE2 and Thrl6 OG1 and residues Vall8, Leul9,

s Leu2l, Ile22, Val54, Ala55, Val57, Ala61, Leu62, and Leu63
from the hydrophobic patch of both molecules contribute to
the interactions. The formation of this important hydrogen
bond for octamer interaction is the likely cause for distinct
confromations of the residues Asp59-GIn60 in comparion to

3s previous HFBII structures. GIn60 is also an outlier in the

Ramachandran plot in spite of unambiguous electron density

for the residue.

Adjacent octamers packing side by side in uniform

orientation create the tube-like arrangement (Figure 2b). A
4« salt bridge between molecule B Asp25 OD2 and molecule A

Lys49 NZ in the adjacent octamers is mediating the contacts.

The tube-like arrays extend through the crystal and adjacent

tubes are in contact by interactions in the helical region

(Figure 2¢). However, no hydrogen bonds are formed between
4s the adjacent tubes. The most important interactions within and

between the octamers are summarized in Supplementray

information.
A small tunnel, below 10 A in diameter, is left inside the
protein octamer. At the inner surface of the array is located an
so abundance of the residues of the hydrophobic surface area,
creating an amphiphlic nature for the tubes. The diameter of
one hydrophobin monomer is slightly less than 30 A and the
diameter of the tube is approximately 60 A. Large solvent
channels are left between the outern, or the hydrophilic, walls
ss of the individual tubes. These solvent channels are about 50 A
in diameter. The solvent content of these crystals is about

61%, which is in the range typical for protein crystals.

The interaction between the two protein molecules of the
aymmetric unit is exactly the same as an interaction found
o between adjacent molecules in the previously determined
structure (Supplementary information, structure 2PL6), which
hints that the formation of this structure is not random but a
result of the sophisticated mechanism by which this protein
self-assembles. It is remarkable, that the basic building block
i.e. the hydrophobin molecule can produce such divers
oligomeric structures yet the molecule itself is rather rigid.
However, the fold of the protein allows some plasticity to
enhance interactions and to adopt to a new environment?,

Much effort has been directed in producing protein or
peptide nanotubes by using a computational approach,
template-synthesis ~ or  protein  engineering’.  Other
nanostructures (micelles, vesicles, ribbons, fibers and tubes)
consisting solely of biomaterials also exist, as the discovery of
carbon nanotubes has pushed towards fabrication of organic
»s and inorganic nanostructures. Self-assembled micro- and
nanotubes of phospholipids, glycolipids, bolaamphiphiles and
two-component systems have been developed®. Also a DNA
single-strand has been rationally designed to form nanotubes
by self-assembly”.

Artificial self-assembled nanotubes of almost complete
protein, hydrolyzed milk protein oa-lactalbumin, has been
described’, with potential applications in food and non-food
industry. Nanotubes may also be formed by self-assembly of
surfactant-like peptides6, in which case the driving force in
self-assembly is to bury the hydrophobic tails of the peptides.
What we present here is a case of a natural, intact surfactant
protein producing a hollow nanotube structure that is
amphiphilic itself.
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i The protein material was produced and purified at the VTT Technical
Research Center as previously described’. The lyophilized protein
material was dissolved in pure water to 8 mg/ml. The crystals grew from
solution of 10% polyethylene glycol (MW 2000), 0.2 M lithium sulphate
and 0.1 M Tris-buffer at pH 8.5 using the vapour-diffusion method with
handing drops. The crystallization droplet contained 50% protein
solution, 40% of precipitant solution and 10% of Nanosphere Size
Standard suspension purchased from the Duke Scientific Corporation.
The nanosphered were 50 nm + 2.0 nm in size and their density in
aqueous suspension is 1.05 g/cm3.

The data collection were collected at the EMBL Hamburg
Outstation/DESY at beamline X12 to 1.9 A resolution. Unit cell
parameters: a = 42.052 A, b=91.359 A, ¢ = 94.808 A. Space group 1222.
Data collection 1.000 A wavelength. Resolution limits at the highest
resolution shell were 2.2 — 1.9 A and in data collection statistics the
numbers in parentheses refer to this highest resolution shell. Number of
observations was 101637 (33898) and number of unique reflections was
27376 (9524). Completeness 98.4% (96.4%). Rincas 8.5% (32.5%). 1/ ¢ (I)
12.72 (4.91).

The data were process with the XDS® program and refined in Phenix®.
Final R = 21.38%, Reee = 26.33%. RMSD bond length 0.007 A and
RMSD bond angle  1.227°. Number of protein atom, water molecules,
and other atoms in the final model were 972, 92, and 32, respectively. The
average B-factor was 24 A’

Pseudomerohedral twinnig was detected in the data in Xtriage® and the
structure was refined using twin law -4, -/, -k. The twin fraction was 0.340
usin proportional detwin mode. The program Coot® was used to evaluate
the electron density maps. The structure has been deposited to the Protein
Data Bank (3QQT). PISA® was used to evaluate the interfaces and
assemblages.
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Amphiphilic
octamer

Figure 2. The formation of crystal structure and the nanotube

so array: a) four asymmetric units combine to an octamer b) a

tube structure is formed of consecutive octamers (one dimer
omitted from the right to show the interior) c¢) crystal structure
is formed of nanotubes packing side-by-side. The hydrophobic
surface areas in red and each asymmetric unit in a) and b) are

ss colored with different shade for clarity. Amphiphilic tube,

formed of octamers is highlighted in c) both in direction of a-
axis and b-axes of the crystal.
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