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ABSTRACT

Hydrophobins are small proteins secreted by filamentous fungi. They are able to
spontaneously self-assemble onto a hydrophobic-hydrophilic interface and turn a
hydrophobic surface hydrophilic and vice versa. Hydrophobins are also very surface
active and lower the surface tension of water considerably. Hydrophobins have
important functions in fungal growth, during which they are abundantly expressed.
However, the origin of the unique properties of hydrophobins has remained largely
unknown due to a lack of three-dimensional structural information.

In this study, the crystal structures of two hydrophobins, HFBI and HFBII, and a
structure of a variant of HFBI have been determined. The hydrophobins originate from
a rot fungus, Trichoderma reesei, and are class Il hydrophobins. The structure of
HFBII was determined at an ultra-high resolution of 0.75 A and its multimerization
state was found to be dimeric. The structure of the native HFBI was solved from
pseudo-merohedrally twinned data and it was tetrameric. The structure of the N-Cys
HFBI-variant revealed a unique crystal packing arrangement with an exceptionally
high solvent content; the quaternary structure of the N-Cys HFBI was a detergent-
associated octamer.

The overall structure of all the hydrophobins consisted of a small B-barrel tightly held
together by four disulphide bridges formed by eight conserved cysteines in the
hydrophobin sequence. An o-helix resided on one side of the (-barrel. A patch
consisting of aliphatic side-chains of hydrophobic residues was identified in the protein
surface and it was concluded that this patch is the source of the amphiphilicity of these
molecules. The patch covered about 18% of the total surface area of each hydrophobin
molecule and its shape was relatively flat.

The multimers in the crystal structures were formed by the hydrophobic patches of the
adjacent molecules packing close together. The formation of a multimer concealed a
considerable part of the hydrophobic patch from the solvent. Therefore, it was
concluded that multimerization in solution is driven by the formation of an
energetically favorable state through concealment of the hydrophobic surface areas.
Furthermore, when self-assembled into a monolayer the entire hydrophobic surface
area presumably faces the hydrophobic counterpart, thus, self-assembly is favored over
multimerization.

A structural change was identified in the area of the hydrophobic patch in half of the
molecules in the native HFBI-structure. This and the relatively high root-mean-square
distance indicated that in the hydrophobin structures there is intrinsic plasticity, which
might also be a requirement for these molecules that interact with surfaces that are
often coarse.
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MS
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A

dummy bond electron

European Molecular Biology Laboratory

electrospray ionization Fourier transform ion cyclotron resonance
N-(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid)
kilodalton = 10’ g/mol
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nuclear magnetic resonance
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1. INTRODUCTION

In the late 1980s, a gene that encodes a small, secreted protein was discovered in
filamentous fungi. Proteins of this type were found to cover the hyphal cell walls of the
fungal aerial structures and were thus named hydrophobins'. In spite of its name, the
protein was only moderately hydrophobic and water-soluble. As more hydrophobins
were identified, it became clear that the sequence similarity among this protein family
is low and yet the sequence is characterized by the presence of eight conserved
cysteine residues (Figure 1).

Another characteristic feature of hydrophobins was found to be their unique capability
to self-assemble into an amphiphilic protein layer at a hydrophobic-hydrophilic
interface, e.g. at the boundary between air and water or between a hydrophobic solid
and water”. Hydrophobins were found to be abundantly expressed during fungal
growth and important for the development of fungi®. To date, there are 271 entries for
hydrophobins in the Entrez protein database of the NCBI (National Center for
Biotechnology Information) and hydrophobins have been found in at least 30 species
of filamentous fungi’. A fungus may contain several hydrophobin genes that are
expressed at different times of the fungal life-cycle and targeted for specialized
functions™.

Based on the differences in the assembled hydrophobin monolayers and also on the
clustering of the hydrophobic and hydrophilic amino acid residues in the protein
sequence, hydrophobins were grouped into two classes by Wessels’. Class 1
hydrophobins form amphiphilic layers with an appearance of amyloid-like rodlets and
the layers may be dissolved only by treatment with trifluoro acetic acid, while class II

-=pl--> e p2-> B3>
ABH2 PDSTTVVSQCNVGELH--—~~ NTQOTP--DHTNAAGGLLGAAAN-VGALLGFDC-TPISVIGIGGNN---CAAQPV--—~ SPINVNL
ABH3 DPPPATGSQCTA--VGGD-VNCCNSVODASNPIVGLLAGLLGI VLGP IQGLVGLTC-NPISVIGGGNS-~--CSSQTV SPINIDL
EAS RATTIGPNTCS---IDDYKPYCCQSMSGPAG-———~ SPGLL-NLI-PVDLSASLGC--VVGVIGSQ-~==--CGASV—-—~~ VA--——-
sc3 TTTIAAGGTCTTGSL NOQVQ PVTALLGLLGIVLSDLNVLVGISC-SPLTVIGVGGSG-~~CSAQTV -~~~ TPINIL-
HFBI SNG--NGNVCPP-GLF-SNPQCCATQVLG KVPSQONVYDGTDFRNVCAKTGAQ-PL QTAVGA-
HFBII ~  ——————- AVCPT-GLF-SNPLCCATNVLD -~ KTPTIAVDTGAIFQAHCASKGSK-PL OKAIGTF
HFBIII ~IIRRANAFCP-EGLLYTNPLCCDLDVLG-— VVPPAKPSSCKSFGSVCASIGRK-PR TDPIPAI
HDF5 IKLRAPSDVCPA--LD--TPLCCQADVLG-~ EAP-SDDTSVSNFEAACATTG-LTAR TTP-———
SRHL ~ —=—————o SVCPN-GLY-SNPQCCGANVLG-— HTPRVDVLTGP IFQAVCAAEGGKQPL EEAQGTF
CRP STT---YTACSST-LY-SEAQCCATDVLG-— ETVPETPTSASSFESICATSG-RDAK QDPVGL-
CFTH1 GS———-- FKCPS-GLY-SVPQCCATDVLG--—— GNPSRQPTDSSDFASVCAAKGOR-AR TGA---—
CFTH1 GNG---YQACPA-GLLYSNPQCCSTGVLG-~ KNPSSAPTSGDDFQKICAN-GGQQAQ QPAI---
CFTHL =~ —=——=—= YOPCPA-GLY-SNPQCCATDVL KNPSSAPMSGDNFKSICNAVG-QQAK ODSI---
cu SDS---YDPCT--GLLOKSPQCCNTDILG-— HGPPSVPTSPSQFQASCVADGGRSAR TDPVGI-
0ID3 NTNTGGSALCPA-GLY-SNPQSCATDVLG-~ -LADLDCAVPSTTPHDGPNFQSICVANGGKRAR ONPVGTN

——=pl--—> ——p2-> ====g===== —p3->

-~ pa-->

Figure 1. Sequence alignment of hydrophobins. Hydrophobins ABH2®, ABH3’, EAS'"
and SC3° are class I hydrophobins while the remaining sequences represent class II
hydrophobins™'''®, The conserved cysteines are highlighted in orange. The secondary
structure elements of EAS' are indicated above and those of HFBII are below. The
residues of the hydrophobic patch in the HFBII structure and the corresponding
residues in class II sequences are indicated in red. The hydrophobic, aliphatic residues
in class I sequences between the second and the third, as well as the seventh and the
eighth cysteines, are indicated in blue.
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hydrophobin layers lack the amyloid-fibril pattern and are more easily broken down,
e.g. with 60% ethanol. By sequence, class II hydrophobins are more invariant in length,
composition, and the spacing of the conserved cysteines, in comparison to the class I
hydrophobins (Figure 1).

The size of a hydrophobin molecule varies, typically from 70 to 130 amino acid
residues and the protein contains a signal sequence for secretion. Hydrophobins may
also be glycosylated' and several hydrophobin domains can be joined via regions of
glycine-asparagine repeats, e.g. in the tripartite hydrophobin CFTHI1 from Claviceps
fusiformis'® and in the pentahydrophobin CPPH1 from Claviceps purpurea. A
hydrophobin from Agrocybe aegerita contains a leucine-zipper domain in the middle
of the molecule®. The role of this domain is thought to be in homo- or heterodimer
formation.

A milestone in hydrophobin research was the discovery of the dual role the
hydrophobins play in fungal growth®' : 1) they lower the surface tension of water and
2) they provide a protective coating of fungal surface (Figure 2). When a fungus grows
in a moist environment, hydrophobin is secreted from the tip of the growing hypha.
The protein migrates to the air-water interface and forms an amphiphilic layer, which
considerably lowers the surface tension of water. The Schizophyllum commune
hydrophobin SC3*' can lower the surface tension of water from 72 mJ/m’ to 24 mJ/m’
and the Trichoderma reesei hydrophobin HFBII to 28 mJ/m’.

The decreased surface tension assists the growth of the aerial hypha by lowering the
mechanical stress of hypha penetrating the water surface”’. However, once it grows
into the air, the hydrophilic cell wall of the growing hypha becomes exposed to a
hydrophobic air environment. To avoid this unfavorable situation, the secretion of
hydrophobin continues and the protein now assembles at the interface between air and
the hydrophilic cell wall, creating a protective coating on the hyphal surface.
Hydrophobins also cover fungal spores, the surface and air cavities of fruiting bodies
and mediate attachment to hydrophobic surfaces, e.g. in pathogenic interactions®.
Hydrophobins are specific to filamentous fungi and have not been found in species
from other kingdoms, but surface-active proteins with similar functions have been
identified in filamentous bacteria®**.

The unique properties of hydrophobins make them interesting candidates for industrial
applications. To add to the attraction, it has been shown that gram scale production of
hydrophobins is possible for T. reesei HFBI and HFBII**°. These hydrophobins are
also highly soluble in water (up to 100 mg/ml) and tolerant of high temperatures®. The
adhesion of hydrophobins to hydrophobic solids is very strong e.g. 1.5 mg of SC3 is
enough to cover about 1 m* of teflon”’. In addition, hydrophobins have been proven
non-toxic in every-day life, since hydrophobins are ingested on the surfaces of
mushrooms. Some examples of potential applications are tissue engineering, i.e. an
increase in the biocompatibility of medical implants and devices with hydrophobin
coating, immobilization of antibodies in biosensors, drug delivery by using vesicles
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Figure 2. The model for the formation of aerial hyphae in S. commune. Reprinted*'
with permission from Elsevier © Elsevier Science Ltd ISSN 0960-98222

stabilized by hydrophobin, nanotechnology, i.e. patterning surfaces with nanometer
accuracy”®, usage in separation techniques®, usage as emulsifiers in food processing
and indicators for beer gushing®, anti-fouling applications and usage as additive for
hair-care products in the cosmetics industry™.

The molecular origin of the unique properties of hydrophobins has, however, remained
largely unknown, due to the lack of structural information. Previous to this study, no
three-dimensional structures existed for hydrophobins. The eight conserved cysteine
residues had earlier been shown to form disulphide bridges in consecutive order’'~.
This finding led to the conclusion that the three-dimensional structure of hydrophobins
consists of four loop areas, two of which are predominantly composed of hydrophobic
residues™?.

The formation of internal disulphide bridges also ruled out the possibility of
intermolecular disulphide bridges being involved in the self-assembly process and their
role was determined to be the stabilization of soluble hydrophobin molecules, thus
preventing premature self-assembly in an aqueous environment”’. By Fourier transform
infrared (FTIR) and circular dichroism (CD) spectroscopy, it was shown for S.
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commune hydrophobin SC3 that the secondary structure content of the protein changes
during the self-assembly procedure. The water-soluble form was found to be rich in 3-
sheet structure and the (3-sheet content increased after self-assembly at the air-water
interface. An o-helical structure was induced specifically upon assembly on a
hydrophobic solid*.

The structural studies of hydrophobins were initiated with an NMR (nuclear magnetic
resonance) -study of a class I hydrophobin EAS from Neurospora crassa'. This study
concluded that hydrophobins are largely unstructured in solution, except for a small
area of B-sheets stabilized by disulphide bridges. It was suggested that by encountering
the hydrophobic-hydrophilic interface the protein undergoes transition from a
disordered to an ordered state. Several examples of this type of intrinsically unfolded
proteins exist; the protein or its segment is disordered in solution but folds in the
presence of a substrate. However, the disordered regions are typically of a low
sequence complexity with compositional bias and are predicted to be highly flexible™.

2. AIMS OF THE STUDY

T. reesei is a rot fungus that produces three hydrophobins, called HFBI, HFBII and
HFBIIIL. These are all class II hydrophobins. The aim of this study was to use X-ray
crystallography to relate the characteristics of hydrohobins to their structure and thus
improve our understanding of how these amphiphiles function. The specific aims were:

1) To crystallize and determine the structure of HFBI and HFBII.

2) To determine the structure of a variant form of HFBI, a covalent dimer named
N-Cys HFBI.

3) To identify the amino acid residues responsible for the amphiphilic nature.

4) To determine the multimerization state in the crystal structure.

5) To identify the areas in the structure susceptible to conformational changes

during self-assembly.

6) To observe any interactions that might assist in determining the functional
mechanism of hydrophobins and explain how the amphiphilic layers are
formed.
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3. MATERIALS AND METHODS

The materials and methods used are all described in detail in the original publications.
HFBI, HFBII and N-Cys HFBI were obtained from VTT Biotechnology as
lyophilizised powder. The N-Cys HFBI-variant was constructed by adding an
extension of 13 residues to the N-terminus of an HFBI molecule. The sequence of the
extension was SCPATTTGSSPGP. The second residue in the extension was a cysteine
with a free sulphhydryl group and two variant molecules were linked together through
a covalent S-S-bond between the cysteines in their N-terminal extensions forming a
covalent dimer. The molecular weights of the proteins were 7.5 kDa, 7.2 kDa, and 17.3
kDa for HFBI, HFBII and the N-Cys HFBI-variant, respectively. HFBI, HFBII, and the
N-Cys HFBI were dissolved in pure water for crystallization to concentrations of 16
mg/ml, 8 mg/ml, and 6 mg/ml, respectively. The hanging-drop vapor-diffusion method
was applied for crystallization at 293 K.

All the data were collected at the EMBL (European Molecular Biology Laboratory)
Hamburg, located at the DORIS storage ring, DESY (Deutsches Elektronen-
Synchrotron). The beamlines used were X11, BW7A, and BW7B. X11 and BW7A are
equipped with a MAR CCD (charge coupled device) 165 mm detector and BW7B is
equipped with a MAR IP (image plate) 345mm detector. BW7A is a tunable beamline,
whereas X11 and BW7B operate at fixed wavelengths. The data collection temperature
was 100 K. Data were either processed with the DENZO/SCALEPACK®® programs or
with the XDS? program.

The Xtalview™ program was used to calculate the anomalous difference Patterson
maps. The ab initio program ACORN™ was used to solve the phases for the first
crystal structure (HFBII) by direct methods and refined phases were then used in
ARP/WARP® to build in the main chain of the protein molecules. The subsequent
hydrophobin structures were solved by the molecular replacement method using the
Molrep* program in the CCP4-suite*’. The solvent content of the crystals and the
Matthews coefficient were calculated according to Matthews®”. A protein fold
similarity search with the PRIDE program was used to find proteins with a similar
fold*.

The structures were refined using the CNS*, Refmac 5*® and SHELXL"' programs. The
0" program was used to inspect the electron density maps. The WHAT IF* and
PROCHECK” programs were used to validate the structures. The Moleman®' program
was used to calculate the average B-factors. Hydrogen atoms, when present in the
structure, were excluded from these calculations. The NCI (non-canonical interactions)
-server’> was used to search for 'weak' hydrogen bonds in the ultra-high resolution
structure of HFBII. The crystal contacts were calculated with the EdPDB> program
and the Contact program in the CCP4-suite. The solvent accessible areas (SAA) were
calculated with the Areaimol®* program in the CCP4-suite for each molecule in each
structure as 1) an isolated molecule 2) a molecule in contact with the other molecules
in the asymmetric unit and 3) a molecule in the crystal, i.e. in contact with the other
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molecules in the asymmetric unit and the symmetry related molecules. Similarly, the
SAAs of the hydrophobic patches were calculated as a summation of the SAAs of the
side-chain atoms of the patch residues. The similarity of the hydrophobin molecules
was analyzed by superimposing them pair-wise by C, in the Shelxpro*’ program. This
superimposition included residues 7-73 in the HFBI-sequence and 2-68 in the HFBII-
sequence, to insure that the length of the match remains comparable despite different
protein chain lengths.

4. RESULTS

4.1. CRYSTALLIZATION"" "1V

Crystals of HFBII grew from two conditions: (1) 25 % polyethylene glycol (MW
2000), 0.4 M lithium sulphate and 0.1 M Tris at pH 8.5; and (2) 15% polyethylene
glycol (MW 2000,) 0.2 M lithium sulphate, 0.1 M HEPES at pH 7.5. In the latter case,
the crystallization drop contained manganese dichloride at a concentration of 50 mM
and streak seeding was applied to improve the quality of the crystals. Crystals of HFBI
grew from (3) a solution of 0.1 M zinc sulphate and 0.1 M sodium cacodylate pH 6.5.
The detergent 1-S-octyl-B-D-thioglucoside (OSG) was used as an additive; its
concentration in the drop was 9 mM. The crystals of the N-Cys HFBI-variant grew
from (4) a crystallization solution of 0.1 M zinc acetate and 0.1 M HEPES, pH 7.0. The
detergent lauryldimethylamine oxide (LDAQO) was added to the crystallization drop; its
concentration was 2 mM. The crystals used for data collection are shown in Figure 3.
The structures of the detergents used in the crystallization are presented in Figure 4.

Figure 3. Crystals used for data collection: a) HFBII, b) HFBII in presence of
manganese ions, ¢) HFBI and d) N-Cys HFBI-variant
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Figure 4. The detergents used in the crystallization. a) OSG b) LDAO

4.2. DATA COLLECTION" "LV

A summary of the data collection statistics is presented in Table 1. For HFBII,
crystallized in the presence of manganese ions, the data were collected with the home
source at 1.5 A resolution, at the EMBL beamline X11 at 1.0 A resolution and at the
EMBL beamline BW7A at 0.75 A resolution. Of these, the statistics of the highest
resolution data set are presented in Table 1.

4.3. STRUCTURE SOLUTION" " "V

The monoclinic structure of HFBII at 1.0 A was the first hydrophobin crystal structure
determined. No structure for a homologous protein was available, due to the low
sequence similarity and attempts to produce a heavy atom derivative for an
isomorphous replacement failed. An atomic resolution data set of the monoclinic form
of HFBII had been collected at a synchrotron source at wavelength 0.81 A, and a 1.5 A
resolution data set using the copper rotating anode in the home laboratory. The
anomalous difference Patterson maps, calculated from the home laboratory data
showed a clear signal caused by one manganese ion coordinated to the two protein
molecules of the asymmetric unit. The signal of the manganese ion was not present in
the Patterson maps of the synchrotron data, due to the wavelength used; the absorption
edge of manganese is at 1.8961 A. The atomic resolution data together with the
coordinates of manganese were the inputs into the ACORN program, which uses a
direct ab initio -method to calculate the phases. Two HFBII molecules and one
manganese ion were located in the unit cell. The protein main chain was built into the
density automatically and the side-chains were mutated manually to match the protein
sequence. The structures of the cubic crystal form of HFBII and the native HFBI were
solved by molecular replacement, by using a molecule of the monoclinic HFBII
structure as a search model. A molecule from the native HFBI structure was used as a
search model to solve the structure of the N-Cys HFBI-variant.
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Table 1. The data collection statistics. Numbers in parenthesis refer to the highest
resolution shell.

Protein HFBII HFBII HFBI N-Cys
Cryst. condition 1 2 3 4
Unit cell parameters
a (A) 72.2 78.5 108.9 92.4
b (A) 72.2 46.3 49.6 120.2
c(A) 72.2 347 85.7 119.7
a=v(°) 90.0 90.0 90.0 90.0
B 90.0 111.6 129.4 90.0
Space group 123 C2 C2 C222,
Beamline X11 BW7A BW7B BW7B
Wavelength (A) 0.8122 0.7747 0.8430 0.8423
Processing program DENZO DENZO XDS XDS
Resolution range (A) 25-3.25 20-0.75 20-2.1 20-2.9
(3.31-3.25) (0.76-0.75) (2.3-2.1) (3.0-2.9)
No. observations 22261 433130 78121 55098
No. unique reflections 1074 (48) 132282 (4133) 20790 (4909) 14303 (1374)
Completeness (%) 99.6 (100)  98.7 (91.3) 99.0 (98.7) 94.6 (96.5)
Ryym (%) 4.6 (29.7) 7.2 (58.7) 4.6 (27.5) 7.7 (35.5)
I/0o() 13.1 (8.9) 18.0 (1.9) 22.8 (6.4) 154 (4.4)
No. molecules/au 1 2 4 4
Vy (A’/Da) 2.03 1.92 2.89 4.80
Solvent content (%) 39 37 59 74

4.4. REFINEMENT" " WV

A summary of the refinement statistics for each data set is presented in Table 2. A test
set, including 5% of the reflections, was used to calculate Rg,.. Due to the modest
resolution of data, the data of the cubic HFBII crystal form was not refined. The
refinement statistics for the unrestrained refinements of atomic (1.0 A) and ultra-high
(0.75 A) resolution data of the monoclinic crystal form of HFBII are both presented,
for comparison. The atomic resolution structure of HFBII deposited at the Brookhaven
Protein Data Bank (PDB) with code 1R2M was refined with Refmac 5". This atomic
resolution structure was later refined with SHELXL to facilitate the comparison of
atomic and ultra-high resolution structures™. The values presented here refer to those
after the SHELXL-refinement. In the SHELXL-refinements for HFBII, the anisotropic
displacement parameters were refined and the hydrogen atoms were included in the
models. Towards the end of the refinements, the restraints were gradually released. For
HFBI and the N-Cys HFBI-variant, a conventional isotropic refinement was used. In
addition, the twin operator -h,-k,h+] was included in the refinement of the native HFBI
data and the twin fraction was also refined by using the BASF instruction.
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Table 2. The refinement statistics.

Protein HFBII HFBII HFBI N-Cys
Space group C2 C2 C2 C222,
Max. resolution (A) 1.0 0.75 2.1 2.9
Phases Acorn Rigid refinement Molrep Molrep
Refinement SHELXL. SHELXL SHELXL. CNS
R (%) 11.2 13.0 22.4 23.2
Riree (%) 13.3 14.8 27.4 254
RMSD bond (A) 0.029 0.027 0.006 0.007
RMSD angle (°) 2.5 2.5 2.1 1.4
No. atoms 1243 1280 2084 2123
No. of protein atoms 1025 1023 1972 1995
No. of water molecules 217 256 108 14
PDB-code 1R2M 2B97 2FZ6 2FZ7
Residues in most favored 89.7 88.8 76.5 84.1
region (%)

Average B-factor, 15.0 11.5 44.9 43.0

all atoms (A?)

4.5. THE CRYSTAL STRUCTURE OF HFBII""

The structure of a hydrophobin HFBII molecule consists of four anti-parallel (3-strands
and an o-helix (Figure 5). Strands 1 and 2 constitute a f-hairpin motif, as do the
strands 3 and 4. The two [-hairpin motifs arrange to form a small B-barrel and the a-
helix resides on one side of the barrel. The fold of HFBII appears to be novel, as was
also shown by a protein fold similarity search. The structure consists of a single
domain with four disulphide bridges. The bridges form between Cys3 and Cys53,
Cys13 and Cys43, Cysl14 and Cys26 and Cys52 and Cys64. The first bridge connects
the N-terminal loop to the B-barrel, the second bridge connects the o-helix to the (-
barrel and the remaining two bridges hold the strands in the -hairpin structures
together. The disulphide bridges in the B-hairpins are located inside the barrel structure
in a symmetrical manner.

Most importantly, a hydrophobic patch is located on the surface of HFBII molecules,
consisting of side-chains of hydrophobic, aliphatic amino acid residues and giving rise
to the amphiphilic character of the molecule. The patch mostly consists of the residues
in the loop areas of the two f-hairpin motifs. The residues involved are Leu7, Vall8,
Leul9, Leu21, Ile22, Val24, Val54, Ala55, Val57, Ala58, Ala61, Leu62 and Leu63.
Leu7 comes from the N-terminal loop, Vall8-Val24 belong to the first f-hairpin motif
and Val54-Leu63 to the second p-hairpin motif. Vall8 is the last residue of the first 3-
strand, Ile22 and Val24 belong to the second (-strand, and Ala61, Leu62, and Leu63
are residues of the fourth -strand. The size of the hydrophobic patch is about 18% of
the total surface area and its shape is relatively flat.
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Figure 5. The structure of an HFBII molecule. Disulphide bridges are indicated in
orange. In the topology diagram, the f3-strands are indicated by arrows and the a-helix
by a rectangle. In the surface model, the residues of the hydrophobic patch are
indicated in red.”

In the asymmetric unit of the HFBII structure, at ultra-high resolution, there were two
HFBII molecules (designated A and B), one manganese ion and 256 molecules of
water. The amount of detected water molecules is about 70% of the water molecules
possible in the asymmetric unit. In the atomic resolution structure, 217 water molecules
were detected in the asymmetric unit, which is about 59% of the possible water
molecules. The hydrophobic patches of the two HFBII molecules in the asymmetric
unit pack towards each other and the molecules form a dimer that partially conceals the
hydrophobic patches of each molecule from the solvent (Figure 6). The manganese ion
was coordinated to aspartic acid residues (Asp25 in molecule A, as well as Asp34 and

Figure 6. The hydrophobin HFBII dimer,  Figure 7. Residues Asp59 and GIn60 in

hydrophobic patches in red and yellow.”  molecule B fitted in two conformations.
The (2F,-F¢) electron density map is
contoured at 1.00.”
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Asp25 in symmetry related molecules A and B, respectively) and a glutamine residue
(GIn60 in molecule A) on the protein surface. The hexacoordinated metal ion was in
contact with three HFBII molecules and two water molecules.The electron density
maps were of excellent quality, owing to the high resolution of the data. Both the C-
and the N-termini were, however, found to be flexible and the electron density for the
C-terminal Phe71 was missing entirely. A lack of Phe71 was also observed for about
one half of the protein material prior to crystallization in high resolution ESI-FTICR
MS (electrospray ionization Fourier transform ion cyclotron resonance mass
spectrometry) measurements (data not shown). This opens way to the possibility that
the crystallized form of HFBII did not contain Phe71 in the C-terminal to begin with.

Both a discrete and unresolved disorder was present in the structure, with respect to
amino acid side-chains on the protein surface. Residues Thr16, Gln40, Lys46, Leu62,
and Lys66 in molecule A, and residues Leul2, Thr16, Asp20, Asp59, GIn60, Leu62,
and Lys66 in molecule B were fitted into two conformations in the ultra-high
resolution structure. Seven of these residues were rather distinctly observed in two
positions (Figure 7). For the residues with unresolved disorder, namely Lys66 in
molecule A and Asp20, GIn40, Lys46 and Lys66 in molecule B, even the dual
conformation was inadequate to describe the situation in the crystal. Most of these
residues were located in the vicinity of the C-terminus and might have been allowed
more degrees of freedom in the absence of the C-terminal Phe71. In the atomic
resolution structure, residues Thr16, Leul9, Asp20, Val33, Lys49, Leu62, and Lys66
in molecule A and residues Thr16, Asp20, Val57, GIn60, Leu62, and Lys66 in
molecule B were fitted in two conformations. For residues Asp20, Lys49 and Lys66 in
molecule A and Asp20, Leu62 and Lys66 in molecule B, the electron density was
ambiguous, indicating unresolved disorder. None of the disorder observed in these
structures could be directly related to functionality, even though Leul9, Val57, and
Leu62 are residues of the hydrophobic patch. It is surprising that more residues could
be fitted in dual conformation in the atomic resolution structure than in the ultra-high
resolution structure. However, the two data sets of HFBII were collected from two
different crystals and so the difference in dual conformations is likely due to small
variations in the crystals.

The solvent content of the HFBII crystals was rather low. Therefore, there are many
contacts between adjacent molecules in the crystal: each molecule A made symmetry
contacts with eight symmetry-related molecules and each molecule B made contacts
with seven symmetry related molecules. The crystal contacts involved interactions
such as salt bridges, hydrogen bonds, coordination through the manganese ion,
hydrophobic interactions, and van der Waals contacts. The resolution of the data was
excellent, therefore, the determined structures were very accurate and reliable. Even
with the restraints released, the R-factors and the geometric parameters remained very
good. The small deviations in these structures, in comparison to values from small
molecules, are thus likely to be real deviations due to the environment of a specific
residue. In addition, especially in the ultra-high resolution data, the B-factors were very
low.
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4.6. THE CRYSTAL STRUCTURE OF NATIVE HFBIY

The overall structure of an HFBI molecule is very similar to HFBII (Figures 5.8).
There are four molecules (designated A-D) present in the asymmetric unit of the
crystal structure, two of which, molecules A and C, have a similar conformation to that
of HFBII. However, molecules B and D possess a structural change in the region of the
second P-hairpin motif. There, an area of seven residues, from Ala60 to Ala66, has
moved to a more extended conformation and bent away from the f-barrel structure.
The difference in the position of the main chain C,-atom was at most about 10 A, when
comparing the locations of Ala63 in the superimposed molecules C and D. The change
in the conformation also affected the secondary structure content of molecules B and
D, by shortening the fourth f-strand from eight to three residues. Thus, -sheet content
of these molecules decreased from 37% (as observed in A and C) to 31%. Two
disulphide bridges (Cys58-Cys69 and Cys8-Cys57) delimited the area of the structural
change and so the core structure of the molecules remained unaltered. The disulphide
bridge array for all the HFBI molecules was also the same as in the HFBII structure.

Figure 8. The structures of HFBI, a) molecule A and b) molecule B. The area of the
structural change is highlighted in red. ¢) Magnification of the area of the structural
change in molecule B (yellow) with molecule A superimposed (blue).”

The hydrophobic patch area on the protein surface, as recognized for HFBII, was also
found on the surface of the HFBI molecules. The residues forming the hydrophobic
patch were Leul2, Val23, Leu24, Leu26, Ile27, Leu29, Val59, Ala60, Val62, Ala63,
Ala66, Leu67, and Leu68. When the conserved cysteines were aligned, the residues of
the hydrophobic patch were exactly the same in these two hydrophobin structures,
excluding Leu29 in the HFBI structure, which corresponded to a valine (Val24) in the
HFBII structure (Figure 9). The structural change in the second [-hairpin motif in
molecules B and D of the HFBI structure also affected the shape of the hydrophobic
patches of these molecules, since some of the patch residues were located in the
moving area, i.e. Ala60, Val62, Ala63 and Ala66. The size of the hydrophobic patch
remained about the same, but its shape was altered in that it was slightly curved.
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Figure 9. The surface models with areas of the hydrophobic patch highlighted in red.
a) HFBI, molecule A b) HFBI, molecule B ¢) HFBII.>

In addition to the four protein molecules, the asymmetric unit contained four zinc ions
and 108 water molecules. No detergent molecules could be located from the electron
density maps, even though the addition of the OSG detergent was essential in order to
produce crystals of an adequate diffraction quality. The four protein molecules formed
a tetrameric structure (Figure 10) and two of the zinc ions were coordinated to the site
identical to that of the manganese in the HFBII structure. The residues involved in
coordination were aspartic acid residues (Asp30); one coordination site was located
between molecules A and B and an equivalent site between molecules C and D. The
two additional zinc coordination sites were in the helical regions, between molecules A
and C,,, and between molecules B and D,,,. These ions were also coordinated to
aspartic acid residues (Asp40 and Asp43). The corresponding metal ion coordination is
not possible for HFBII molecules, since the corresponding residues are a threonine and
an isoleucine.

Figure 10. The tetrameric structure of HFBI. The zinc ions are indicated as magenta
spheres and the residues of the hydrophobic patch with a stick-model in red.”
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The electron density maps were of good quality, excluding small areas in the helical
regions of molecules B and D. Here, the electron density was weak and ambiguous for
residues Lys32, Pro34, Ans46, Val46 and Cys48 in molecule B and for residues Lys32,
Ser35, Asp40, Phe44 and Arg45 in molecule D. In addition, in the HFBI structure, the
termini for all molecules were flexible and disordered. The sequence of HFBI is five
residues longer from the N-terminus than that of HFBII when the conserved cysteines
are aligned (Figure 1). The N-teminal of HFBI has also been previously shown to be
susceptible to deamination and cleavage®. In the crystal structure, a different number
of residues for each molecule could be fitted into the electron density at the termini.
Therefore, molecule A consisted of residues Asn2-Val73, molecule B of residues Val7-
Ala75, molecule C of residues Gly5-Ala75 and molecule D of residues Asn6-Gly74.

Crystal contacts were identified between molecules A and C and between molecules B
and D. In addition, molecules B and D had contacts to symmetry related molecules B
and D, respectively. The packing interactions mostly occurred through the helical
regions of the molecules. The interaction types were hydrogen bonds, van der Waals
interactions, and coordination through the zinc ions. The R-factors and the B-factors
remained relatively high throughout the refinement, likely due to the pseudo-
merohedral twinning present in the crystal. The usage of twinned data is problematic,
especially when the twinning is perfect, as was the case with the HFBI data. However,
the electron density maps were of good quality, excluding some small areas, and the
structure was proved plausible by the validation programs.

4.7. THE CRYSTAL STRUCTURE OF N-CYS HFBI-VARIANT"

In the crystal structure of the N-Cys HFBI-variant, four HFBI molecules could be
located in the asymmetric unit. The general structure of these molecules was similar to
that of the HFBII molecules and molecules A and C of the HFBI structure. No signs of
structural change, as seen in molecules B and D of the HFBI structure, were seen here.
The N-terminal extensions that connect two molecules into a covalent dimer could not
be located in the electron density maps. In fact, the N-termini of this structure were
flexible and the protein chain of each molecule starts at the Asn6 residue of the HFBI
sequence. It is possible that the long and flexible extension is so disordered that it
cannot be distinguished in the electron density maps. It is more likely, however, that
the absence of the extension and some N-terminal residues is due to the crystallized
form being fragmented N-Cys HFBI, lacking the covalent bond and being cleaved
from the N-terminus. The presence of fragments of varying length and also the
presence of native HFBI in the protein material was determined by high resolution
ESI-FTICR MS measurements prior to crystallization (data not shown). However, the
estimation of the quantity of each component was difficult.

The hydrophobic patch was located at the protein surface, identical to that of the native
HFBI. In addition to the four HFBI molecules (designated A-D), there were seven
LDAO detergent molecules, two zinc ions and 14 water molecules in the asymmetric
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unit. The four molecules of HFBI were all organized in the same plane. Two of the
LDAO molecules were closed in to the space in the midst of the HFBI molecules. The
rest of the detergent molecules were packed close together on one side of the HFBI-
bundle (Figure 11). The hydrophobic tails of the detergent molecules were packed
towards the hydrophobic surface patches of the hydrophobin molecules. The zinc ions
were coordinated to aspartic acid residues, identical to the position described for the
helical region of the HFBI structure. The additional coordination site identified in the
native HFBI structure was occupied by a water molecule in the N-Cys HFBI structure.
Due to the modest resolution of the data, only a few water molecules could be included
in the refinement.

The electron density maps were of good quality throughout, in spite of the modest
resolution of the data and the high solvent content. For the detergent molecules, the
density was slightly ambiguous; the extended carbon chain could be easily observed
for each molecule but the density for the charged head group was not always clearly
visible. This could be due to some of the LDAO molecules having two conformations,

Figure 11. The structure of the N-Cys HFBI-variant. The zinc ions are indicated as
blue spheres and the detergents in yellow. a) Contents of the asymmetric unit. b) The
quaternary structure. c) The arrangement of the molecules in the crystal.”
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i.e. the position of the molecule remains the same but the chain runs in the opposite
direction. Slight disorder was also observed at the C-termini of all protein molecules
but, nevertheless, all the C-terminal residues could be fitted into the density. Some
additional density was visible at the N-termini but not sufficiently so to add residues
preceding Ansb6 to the protein chain. This indicated that the crystal might be composed
of molecules with a varying number of residues in the N-terminus. For a couple of
residues, e.g. GIn54 and GIn65, on the protein surface, hints of dual conformations
were detected but left unmodelled because of the modest resolution of the data. Due to
this modest resolution, determining the correct conformation for some of the side-
chains was challenging.

The organization of the molecules in this crystal with exceptionally high solvent
content was unique. If the interactions between the HFBI molecules only were
considered, the protein was in a monomeric state. However, the quaternary structure
was clearly a detergent-mediated octamer, where a cluster of 14 LDAO detergent
molecules was buried between eight HFBI molecules, four on each side (Figure 11Db).
Additional crystal packing interactions were formed through the zinc ions, located
between molecules A and Dy, and molecules B and C,,,(Figure 11c). The clever
organization of the molecules managed to bury the hydrophobic surface areas of the
protein and still leave room for large solvent pores. In spite of the modest resolution
and the exceptionally high solvent content of the crystals, the R-factors and the B-
factors were quite good and the electron density maps clear and unambiguous. The
restraints used were quite strong because of the modest resolution, and so the
validation reports presented no problems.

5. DISCUSSION
5.1. CRYSTALLIZATION OF HYDROPHOBINS" """V

The presence of metal ions has been crucial for the crystallization of all the current
hydrophobin structures. In spite of the aggregation tendency of hydrophobins, HFBII
crystallized from various conditions with variant pHs and precipitants. However, the
crystals diffracted X-rays extremely poorly. With the addition of manganese ions to the
crystallization solution, the diffraction power of the crystals was dramatically
enhanced. HFBI crystallized using either isopropanol or zinc sulphate as a precipitant.
The crystals from isopropanol grew for months, whereas the crystals from zinc
sulphate formed immediately after pipeting. However, both crystal forms diffracted X-
rays very poorly. The addition of the OSG detergent slowed down the growth rate of
the crystals produced with zinc sulphate and improved the diffraction. The use of
detergents also proved important, since the N-Cys HFBI-variant crystallized only in the
presence of both zinc ions and detergent. Crystals could be produced with several
different detergents but only with LDAO was the diffraction quality satisfactory.
HFBII has also been crystallized in the presence of a detergent (our unpublished data).
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Judging by the structures, the importance of the metal cations is evident: the ions
mediate contacts between the residues on the protein surface, which in the absence of
the metal would have repulsive interactions. Also, in the case of the N-Cys HFBI
structure, the role of the detergent molecules is clear; the octameric structure could not
have formed without the detergent molecules acting as mediators for the hydrophobic
interaction. The high affinity of HFBII and especially of HFBI towards non-ionic
surfactants has been previously described **.

A different crystallization condition and preliminary X-ray characterization® was
reported for HFBI during this study. The precipitants and the buffer, as well as its pH,
differed from those used in this study. The symmetry of the crystals reported by
Askolin and co-workers was hexagonal and they had used a detergent, CYMAL-5
(cyclohexyl-pentyl-p-D-maltoside), for crystallization. The structure appeared to
contain four to six molecules in the asymmetric unit; with four molecules in the
asymmetric unit the solvent content would be about 60%, which would resemble the
situation in the monoclinic crystals presented in this study.

5.2. PSEUDO-MEROHEDRAL TWINNING IN HFBI CRYSTALS"

By definition, twinning occurs when a crystalline specimen consists of multiple
domains that are mutually reoriented according to a specific transformation that does
not belong to the symmetry operations of the crystal point group but is related in some
way to the crystal lattice’”. The specific symmetry operation that relates the domains of
a twinned crystal is called the twin law. The diffraction pattern of each domain may be
related to the next domain by inversion, a mirror plane or rotation, of which only
rotation is possible in protein crystallography.

Each domain in a twinned crystal contributes to the diffraction of X-rays and the
diffraction pattern is a superimposition of all these contributions. The reflections in a
twinned diffraction pattern should also be weighted according to the volume of each
domain; this is termed the twin fraction. Twins that are composed of two twin domains
are referred to as hemihedral twins. When the twin fraction of hemihedral twins is 0.5
or very close, the twinning is termed 'perfect'.

Sometimes twinning can be observed by visual inspection of the crystal under a
microscope or as additional spots in the diffraction pattern, where certain zones can be
distinguished by extra reflections. In this case, the twinning is termed non-merohedral
and the reflections either ovelap completely, overlap partially or do not overlap at all.
The point group of the crystal lattices 1 in triclinic, 2/m in monoclinic, mmm in
orthorhombic, 4/mmm in tetragonal, 3m in rhombohedral, 6/mmm in hexagonal and
m3m in cubic are referred to as the holohedral point groups™. A point group, which
belongs to the same crystal system with the holohedral point group and is a subgroup
of a holohedral point group is termed a merohedral point group. When the twin law is a
symmetry operation of the crystal lattice but not of the point group symmetry, the
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twinning is called twinning by merohedry or merohedral twinning. This is possible in
tetragonal, trigonal, hexagonal and cubic crystal systems™. Merohedral twinning
cannot be identified from the diffraction pattern, since the reflections of the twin
domains overlap completely. Two special cases exist related to merohedral twinning:
pseudo-merohedral twinning and reticular merohedral twinning. In pseudo-merohedral
twinning, the parameters of the crystal have some special relationship to those of a
crystal of a higher symmetry crystal system. As with merohedral twinning, perfect
pseudo-merohedral twinning cannot be identified by inspecting the diffraction pattern.
Reticular merohedry is a special case of twinning in rhombohedral crystals, where
twinning through twofold axes parallel to threefold axis exists, even though the
rhombohedral lattice holohedry is 3m.

Twinned data can be treated and there are several examples of solved structures for
each type of twinning™. Warning signals of twinning are listed, for example by Herbst-
Irmer and Sheldrick® and there are several ways to detect twinning, even when it is
merohedral®®'. Estimation of twin fraction and determination of the twin law are the
key parameters after detecting that the data is twinned. Data can be detwinned if the
twin factor is not too close to 0.5; the twin fraction can be estimated, for example, by
using the Detwin® program in the CCP4-suite given that the twin law has been
determined. Twinned data, detwinned or not, may sometimes be successfully used for
phase determination by molecular replacement (MR), multiple isomorphous
replacement (MIR), multiple wavelength anomalous dispersion (MAD) and even single
wavelength anomalous dispersion (SAD)”. For refinement, twinning can be accounted
for, e.g. in CNS*and SHELXL".

In the case of the native HFBI data, no clear indications of non-merohedral twinning
could be found from the diffraction images. The data processed very well in space
group F222 with unit cell parameters of a = 49.60 A, b = 108.94 A and ¢ = 132.55 A
(Rias and I/o(I) in the last resolution shell were 28.7% and 8.22, respectively).
However, after the structure determination with two molecules in the asymmetric unit,
the R-factors remained high (R ~ 30%, Ry, ~ 40%) after refinement and the electron
density about the helical region of one molecule in the asymmetric unit was ambiguous
and poor. The closest space group solution next to F222 was C2, which suggested that
pseudo-merohedral twinning should be inspected.

Pseudo-merohedral twinning where a monoclinic crystal mimics an orthorhombic one
may arise when the f§ angle in a monoclinic cell is close to 90°. The same happens
when the two unit cells of the twin domains share the same a and b axes, but in
opposite directions®, i.e. they satisfy the condition ¢ cosp = -a / 2. This rule is true for
HFBI and the twinning was also confirmed by a twin test with Detwin in the CCP4
suite. Detwin also estimated the twin fraction of HFBI data to be close to 0.5 (Figure
12). A similar kind of pseudo-merohedral twinning in monoclinic space group had
been previously detected for yd T-cell ligand T10% (true space group P2,, apparent
C222) and for acetyl coenzyme A synthetase® (true space group C2, apparent F222).
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Thus, the twin law for HFBI data was assumed to be -h, -k, h+I[, as had earlier been
determined for acetyl coenzyme A synthetase.

The introduction of the twin law to the refinement lowered the R-factors considerably
(R =23%, Ry = 28%) and improved the electron density maps significantly. The twin
fraction was refined using the BASF-instruction and its value at the end of the
refinement was 0.49, and so the twinning in the HFBI data could be termed perfect.
Perfect twinning was expected, since the data processed so well in the higher symmetry
space group. Due to perfect twinning, detwinning of the data was not possible, so it had
to be used as it was, together with the twin operator. At the end of the refinement, the
R-factors and the B-factors were slightly higher than would be expected for a data set
of this resolution. In addition, some of the electron density remained ambiguous. Most
likely, this imprecision in the data was caused by twinning but the twinned data could,
nevertheless, be used for successful and informative structure determination.

Observed and Expected reflection distributions
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Figure 12. Estimation of the twin fraction with the Detwin program. Theoretically
expected values for twin fractions of 0.0 — 0.4 indicated in green, black, purple, pink,
and light blue; the values observed for HFBI data in red and blue.

5.3. THE ULTRA-HIGH RESOLUTION STRUCTURE OF HFBI"

Most of the deposited protein structures in the Brookhaven Protein Data Bank® (PDB)
have been determined to a crystallographic resolution of 1.5-2.5 A. To date, there are
altogether approximately 27000 protein structures determined by X-ray crystallography
deposited in the PDB. About 570 structures in the PDB qualify as atomic resolution
structures, i.e. they have been determined to a resolution of 1.2 A or better. However,
ultra-high resolution structures that exceed the limit of 0.80 A resolution are even rarer.
Altogether, there are 16 crystal structures in the PDB that meet this condition, 11 of
which are protein structures®”’>. One of these protein structures at ultra-high resolution
is the structure of HFBII, described in this study.
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The world record for protein structure resolution is held by crambin® at 0.54 A
resolution. Usually, proteins that diffract to ultra-high resolution are small in size; the
crystals have low solvent content (27-45% in currently determined ultra-high
resolution structures) and they are of a low-symmetry space group with only one
molecule in the asymmetric unit. However, exceptions to these criteria can be found,
e.g. aldose reductase® is a fairly large protein of 316 amino acid residues and HFBII is
a dimer with two molecules in the asymmetric unit.

When the resolution of X-ray data is close to the bonding distance of atoms in the
target molecule, the electron density maps start to show features that cannot be seen in
the maps of protein structures calculated at a more modest resolution range. These
additional features are density peaks caused by hydrogen atoms and deformation
density caused by the expansion or contraction of the electron cloud due to bonding.
These features can be exploited to give new, biologically relevant information on the
target structure. Some advantages of atomic resolution data include visualization of
hydrogen atoms, identifications of atoms by atom type, description of bonding features,
accurate distances, and the modeling of the mobility of atoms through anisotropic
displacement parameters’®’’. Furthermore, ultra-high resolution data enables the study
of the electronic properties and charge distribution directly from experimental data®”"®,

To make good use of the special features of ultra-high and atomic resolution data,
special treatments in the refinement of the data are required. Conventionally, protein
structures are refined under the assumption that all the atoms are spherical in shape, the
bond angles and the bond distances always agree with those derived from small
molecules and the hydrogen atoms are not included in the structure. This is done
because the number of unique reflections in the data is too low to include more
parameters to the refinement and the results are satisfactory in spite of the
approximations. If the resolution of the data permits, however, hydrogen atoms may be
included and anisotropic displacement parameters used in the refinement. The
structural model may also be allowed to refine freely, i.e. with the restraints released,
which insures that characteristic deviations from standards are not forced to fit the
small molecule values. Finally, the non-sphericity of the atoms can be approached by
the DBE (dummy bond electron) -method or by modeling the valence electrons. The
DBE-approach” is included in the Phenix-suite and literally places a dummy electron
in between the bonded atoms to compensate for the deformation part of the density. In
order to accurately model the valence shell structure, the multipolar refinement
program MOPRO® may be used.

For the HFBII structure, the ultra-high resolution data allowed very detailed and
precise analysis of the structure. The distinction of atoms by atom type according to
density was evident for both atomic and ultra-high resolution structures of HFBII, as
shown for the ultra-high resolution structure in Figure 13. At ultra-high resolution,
about 60% of the hydrogen atoms present in the protein structure could be
experimentally identified. In the atomic resolution structure, about 53% of the
hydrogens were identified. The lower the B-factor of the atom the hydrogen was
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attached to the more likely it was to be experimentally detected (Figure 14).
Experimental identification of hydrogen atoms assists in the determination of the
protonation states of histidines, aspartic acids and glutamic acids, as well as the C-
termini. Furthermore, the existence of a hydrogen bond may be verified. In addition to
classical hydrogen bonds, a total of 47 weak hydrogen bonds between the C,H and OC
groups were identified in the two molecules of the HFBII structure, when the structure
was searched with the NClI-server. In 41 cases out of 47, the hydrogen atom was

experimentally observed in the donor group.
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Figure 13. The electron densities at the atomic positions in the ultra-high resolution
structure of HFBII plotted as a function of the B-factors. Figure courtesy of Dr Victor
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The most important findings in the analysis of the ultra-high resolution structure of
HFBII were that: 1) residual density in the electron density maps was present around
the peptide bonds, the carbonyl oxygens, the manganese ion, and the sulphur atoms in
the disulphide bridges in the ultra-high resolution structure (Figure 15). In the structure
determined to atomic resolution, residual density in the peptide bond could only be
observed occasionally. 2) The B-factors were considerably lower for the ultra-high
resolution structure as compared to the atomic resolution structure (Table 3). These
two findings indicated” that the ultra-high resolution data should be refined with the
multipole refinement program MOPRO, whereas the atomic resolution data should not.
This refinement could give direct experimental information, for example about the
oxidation state of the manganese ion coordinated to the HFBII structure. MOPRO
refinement of HFBII against the ultra-high resolution data was initiated during this
study.

Figure 15. Residual density around the peptide bonds and carbonyl oxygens in the
electron density maps of the ultra-high resolution structure of HFBII. The (2F,-F()
map is contoured at 1.50 (blue) and the (F,-F.) map at 2.50 (pink).”

Table 3. B-factors (A?) of the ultra-high resolution and the atomic resolution structures
of HFBII after unrestrained refinement.

Atomic Ultra-high
B (main chain) 12.4 8.3
B (side chain)  15.1 10.8
B (all protein)  13.6 94
B (solvent) 21.8 19.8
B (Mn) 8.7 4.5
B (all atoms) 15.0 11.5
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5.4. THE HYDROPHOBIN FOLD

All the hydrophobin structures determined in this study bore a remarkable similarity to
each other. The only divergence was in the second B-hairpin motif of molecules B and
D in the native HFBI structure. The movement here was most likely driven by tetramer
formation, e.g. it seemed that if molecules B and D did retain the same conformation as
molecules A and C, GIn65 would have collided with a residue of an adjacent molecule.
It is unlikely that the movement in this area was affected by crystal contacts, since the
area was facing a solvent channel. However, in the crystal structures of HFBII and N-
Cys HFBI, this kind of movement was not possible due to crystal contacts. There is no
tetrameric structure determined for HFBII, but it could be that at higher concentrations
a similar tetramer could also be formed from HFBII molecules and that the
corresponding movement in the second B-hairpin motif could occur.

The two molecules in the HFBII structure superimposed by C, with an RMSD (root-
mean-square distance) of 0.47 A. Molecules A and C of the HFBI structure
superimposed with an RMSD of 0.45 A and molecule B and D with an RMSD of 1.00
A. Superimposing any two of the HFBI molecules in the N-Cys HFBI structure
produced on average an RMSD of 0.35 A. Superimposing molecules with similar
conformations from different structures produced slightly higher RMSDs, i.e. an
HFBII molecule superimposed on molecules A or C from the native HFBI structure
produced on average an RMSD of 0.59 A; HFBII molecule superimposed on an HFBI
molecule from the N-Cys HFBI structure produced on average an RMSD of 0.62 A;
and superimposing HFBI molecules from the N-Cys structure on molecules A or C
from the native structure produced on average an RMSD of 0.47 A. Superimposing
molecules B or D from the native HFBI structure (i.e. the molecules with the structural
change) on any other molecule always produced an RMSD above 2.50 A.

The RMSD-values were relatively high, even among molecules with similar
conformations. If only the areas of the (-strands in these molecules were used to
calculate the RMSDs, they lowered to a range of 0.23 A to 0.42 A. If molecules B and
D of the native HFBI structure were included in the calculations the values were above
2.2 A, which was expected since the moving area partly overlaps with the p-sheet
structure. The resolution of the data may affect the RMSD-values®, yet the relatively
high RMSDs might also indicate that plasticity of the molecule is an intrinsic property
of hydrophobins. Plasticity could be a requirement for a protein that interacts with
surfaces, since the interacting counterpart may not be perfectly smooth. Still, the (-
barrel structure enhanced by the disulphide bridge array appears as a rigid structure, in
spite of the observed 'liveliness' and large changes involving rearrangements of several
residues are unlikely to occur, except for about the functional site and the loop areas.
The hydrophobic surface area is the region with the highest demand for adaptability
and a demonstration of such an adaptation can be seen in the HFBI structure. Some
adaptability was also seen in the hydrophobic surface area of HFBII, with dual
conformations for side-chains of Leul9, Val57 and Leu62.
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5.5. HYDROPHOBIC PATCH" "V

Protein molecules typically fold in such a way that the hydrophobic amino acid
residues are buried in the core of the protein while charged, hydrophilic amino acid
residues are located on the protein surface, interacting with solvent molecules. A
hydrophobic patch was found on the surface of each hydrophobin molecule and the
residues in the patch region are conserved among class II hydrophobins (Figure 1). We
therefore conclude that the patch is the basis of the amphiphilicity of these molecules
and the functional site of this protein. The size and composition of this patch may be
involved in determining the specific properties of each hydrophobin. In the
hydrophobin structures determined in this study, however, the size and shape of the
hydrophobic patches are very similar (Figure 9).

The SAA of an isolated HFBII molecule was about 3960 A> while the SAA of an
isolated HFBI molecule in the native structure was about 4100 A? and 4070 A? in the
N-Cys HFBI-variant structure. This small variation in size is likely due to the protein
chains being of different length in different molecules. The SAA of HFBII dimer was
about 7300 A? and the SAA of the HFBI tetramer was about 14100 A%. The SAA of the
hydrophobic patch for an isolated molecule was calculated at approximately 730 A? for
HFBII and 750 A2 and 760 A? for HFBI in the native and the variant structures,
respectively. This makes the size of the hydrophobic patch approximately 18% of the
total surface area for each molecule.

When the entire content of the asymmetric unit was taken into account in calculations,
the area of the hydrophobic patch exposed to the solvent was about 480 A2, 410 A* and
280 A? for HFBII, HFBI and HFBI in N-Cys variant, respectively. Parts of the
hydrophobic patch were buried in the multimer interface in each structure, while in the
N-Cys HFBI-variant structure, the detergent molecules also buried parts of the
hydrophobic surface areas of the protein. In fact, in the N-Cys HFBI-variant structure,
36% of the hydrophobic patch in each molecule on average was buried by the adjacent
protein molecules in the asymmetric unit and 27% of the patch area was buried by the
detergent molecules. Altogether, the percentage of the patch area buried in the
asymmetric unit is on average 34%, 45% and 64% for HFBII, native HFBI and variant
HFBI structures, respectively.

When the symmetry related molecules were also included in the calculations of SAAs,
the SAAs were approximately 2140 A2 2780 A* and 2910 A? for HFBII, HFBI and N-
Cys HFBI molecules, respectively. Since these figures described the actual situation in
the crystals, they correlated with the solvent content of the crystals (37% for HFBII,
59% for HFBI and 74% for N-Cys HFBI). For the HFBI structure, the crystal packing,
i.e. the symmetry related molecules, did not affect the solvent accessible area of the
hydrophobic patch. However, in the N-Cys HFBI structure, the symmetry related
molecules have an effect through the formation of the detergent-octamer structure and
70% of the patch on average is buried, while the number in absence of the symmetry
related molecules is 64%. In the case of HFBII, the tight crystal packing has a
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remarkable effect on the solvent accessible area, as it also does for the residues of the
hydrophobic patch. 34% of the hydrophobic patch is buried between the dimer
interface and in the presence of the symmetry related molecules, 81% of the patch is
buried. If the total area of the molecule is considered, about 46% of the SAA is buried
in the HFBII structure, while the figures for the more loosely packed HFBI and N-Cys
HFBI structures are 32% and 29%, respectively.

5.6. MULTIMERIZATION" -V

Torkkeli and co-workers found by solution SAXS (small angle X-ray scattering) and
size exclusion chromatography that class II hydrophobins HFBI and HFBII from 7.
reesei form multimers in solution®. The multimer formation was found to be
concentration dependent in such a way that at 10 mg/ml both proteins formed tetramers
and at 0.5 mg/ml dimers and monomers were observed for HFBI and HFBII,
respectively. By size-exclusion chromatography and dynamic light scattering, it was
found that, in solution, the class I hydrophobin SC3 from S. commune is primarily
dimeric with some monomers, tetramers and larger aggregates also present*’. When
studied by CD-spectroscopy, it was concluded that multimerization in solution does
not significantly change the protein structure.

The multimerization states of hydrophobins HFBII, HFBI and N-Cys HFBI are
dimeric, tetrameric and monomeric in the solved crystal structures, respectively. In the
HFBII structure, two dimers are in contact through the hydrophobic patch areas, but
the contact is not as tight as within the dimer and the multimerization state is
concluded to be dimeric rather than being a loose tetramer. In the HFBI structure,
molecule pairs A-B and C-D share more interactions than pairs A-C and B-D. It is
possible that multimers of HFBI form first as dimers, which then combine to form a
tetramer. The quaternary structure of the N-Cys HFBI is a detergent-associated
octamer, but if the protein-protein interactions only are accounted for, the protein is
monomeric. The multimerization states of the determined crystal structures and the
protein concentration in the crystallizing drop correlated with the results of Torkkeli
and co-workers: at a concentration of 8mg/ml, HFBI formed a tetramer and smaller
multimers were formed at lower concentrations i.e. HFBII dimer at 4 mg/ml and N-Cys
HFBI monomer at 3 mg/ml.

We suggest that in order to remain stable and water-soluble, hydrophobins form
multimers in the solution in such a way that the functional hydrophobic patch is
partially concealed from the solvent by multimerization. Thus, the driving force in
multimerization is the need to achieve an energetically more favorable state, since
when the hydrophobic surface area is partially concealed in the multimer interface it is
in a low-energy state, as compared to the monomer, where the entire hydrophobic
patch area is exposed to solvent. As 34% of the hydrophobic patch in each molecule is
concealed in the dimer interface in the HFBII structure and 45% is concealed by
tetramer formation in the HFBI structure, the formation of a larger multimer appears to
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be more favorable. In the N-Cys HFBI-variant structure, the hydrophobin interacts
with a hydrophobic counterpart and the hydrophobic patch is concealed even more
efficiently (64%). Presumably, once the monolayer of the protein is formed on the
hydrophobic-hydrophilic interface, the entire hydrophobic surface area faces the
hydrophobic counterpart, producing again an energetically more favorable state in
comparison to the multimeric, soluble state. Therefore, the formation of monolayers
dominates the multimer formation. Figure 16 schematically describes our suggestion.

hydrophobin <«—hydrophilic
monomer <—hydrophobic

AIR
WATER

g_.u_.mm

monomer dimer tetramer

Figure 16. A proposal for the principle of multimerization in solution and the
formation of a monolayer.

5.7. THE UNIVERSALITY OF THE HYDROPHOBIN FOLD

The described hydrophobin structures confirmed the existence of four internal
disulphide bridges, even though the order of the bridges is not consecutive, as had been
predicted for another class II hydrophobin™. The conservation of the functionally
relevant residues, i.e. the residues of the hydrophobic patch in the sequences of class II
hydrophobins strongly suggest that all the class II hydrophobins share a common fold.
It has been speculated that the two hydrophobin classes have evolved independently,
therefore they could have different modes of function®. This might also indicate that
the three-dimensional structures are different. However, it had generally been
recognized that the disulphide bridge array is the same for both hydrophobin classes
(even though there was no direct structural evidence of this), which supports structural
similarity. In addition, the few PB-strands detected in the NMR-study of the class I
hydrophobin EAS' coincide with the pB-strands of the HFBII structure, as seen in
Figure 1.
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As judged by the sequences, the largest differences between the two hydrophobin
classes are between the third and the fourth cysteine, in the area of the fifth cysteine
and between the last two cysteines. These consist of, in the structures determined in
this study, the two P-hairpin loops, composed of the hydrophobic residues and the o-
helix. The sequences of class I hydrophobins in the area corresponding to the -hairpin
loops are also composed of several hydrophobic amino acids, which indicates that they
serve a similar function. These areas are also larger; i.e. the sequences of class I
hydrophobins contain more residues between the third and the fourth and between the
seventh and the eighth cysteines than the class II hydrophobins. If the location of the
functional site is the same in both classes, the larger region of hydrophobic residues
could explain why the assembled layers of class I hydrophobins are more resistant to
dissociation.

The area near the fifth cysteine is shorter in the class I sequence than in the class II
sequence. The o-helix in class II structures is located in this area. In class I sequences,
the stretch of residues preceding the fifth cysteine is often rich in glycine, serine and
proline. These residues together with tyrosine are all 'helix breakers', the amino acid
residues that are infrequently present in helical structures®®. Some of the class II
sequences also contain these residues before the fifth cysteine, but to a lesser extent.
However, the area in class II sequences contains many more 'helix makers', residues
alanine and glutamine, as compared to class I sequences. The 'helix maker' residues
also include leucine and methionine, but these residues are not present in the discussed
area in sequences of either class. The amino acid composition and the length of the
segment about the fifth cysteine suggest that, in class I hydrophobins, either no a-helix
is present at this position or it is considerably shorter.

The rigid, compact structures observed in this study do not support the suggestion of
hydrophobins being natively unfolded (unstructured in solution) and that they only fold
in the presence of hydrophobic-hydrophilic interface, as previously proposed for class I
hydrophobin EAS'. At the end of this study, new NMR-results®’ for EAS were
published, showing that EAS is indeed structured and confirming that EAS has the
same [-barrel core structure and arrangement of disulphide bridges as observed for
HFBII (Figure 17). Instead of the a-helix, EAS contains two short -strands at the
corresponding location. Neither the structures determined in this study nor the newly
determined NMR structure support extensive refolding of hydrophobins and the
consequent different secondary structural states in solution and in an assembly’>. There
is no demand for refolding, since hydrophobins are already in their functional
conformation in solution, i.e. amphiphilic. The multimerization keeps the hydrophobic
parts of the molecule concealed from the solvent.
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Figure 17. Superimposition of HFBII and the newly solved structure of EAS™*’.

6. CONCLUSIONS

Two class II hydrophobins, HFBI and HFBII from Trichoderma reesei and a variant of
HFBI have been structurally characterized by X-ray crystallography in this study.
These crystal structures produced the first three-dimensional structural information of
hydrophobins at a molecular level. A new fold, consisting of a small -barrel and an -
helix and reinforced by four disulphide bridges, was discovered for this family of
proteins. The functional site of hydrophobins, a patch consisting of hydrophobic
residues, was identified in this study. Based on the observed multimerization states
found in each crystal structure, a proposal for the principle of multimerization and
monolayer formation was described. A structural change in the functional area of the
native HFBI structure was discovered and it was proposed that intrinsic plasticity is an
important feature for these surface-interacting proteins.

The main difficulties encountered in this study were the modest resolution of the
diffraction data, even though the monoclinic crystals of HFBII did diffract remarkably
well. However, for the cubic crystal form of HFBII and for the N-Cys HFBI-variant,
data collection with the home source was not possible because of poor diffraction
quality. Even with data collected with a high-intensity synchrotron source, the
resolution remained rather low. The other main obstacle was the twinning in the native
HFBI crystals, which presented some problems in refining the structure.
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This study has broadened our comprehension of hydrophobins, especially for class II
hydrophobins. The existence of a three-dimensional stucture enables the design of
experiments to further the engineering of hydrophobins to meet the demands of
industrial and technical applications. Interactions found in the detergent-associated
crystal structure and the variety of multimers encountered in the crystal structures
indicate that many more types of quaternary structures are yet to be discovered.
However, little is still known about the details of the self-assembly process and the
molecular organization of the assembled layers.
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