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ABSTRACT Hydrophobins are small fungal proteins that self-assemble at hydrophilic/hydrophobic interfaces into amphi-
pathic membranes that, in the case of Class | hydrophobins, can be disassembled only by treatment with agents like pure
trifluoroacetic acid. Here we characterize, by spectroscopic techniques, the structural changes that occur upon assembly at
an air/water interface and upon assembly on a hydrophobic solid surface, and the influence of deglycosylation on these
events. We determined that the hydrophobin SC3 from Schizophyllum commune contains 16-22 O-linked mannose residues,
probably attached to the N-terminal part of the peptide chain. Scanning force microscopy revealed that SC3 adsorbs
specifically to a hydrophobic surface and cannot be removed by heating at 100°C in 2% sodium dodecyl sulfate. Attenuated
total reflection Fourier transform infrared spectroscopy and circular dichroism spectroscopy revealed that the monomeric,
water-soluble form of the protein is rich in B-sheet structure and that the amount of B-sheet is increased after self-assembly
on a water-air interface. a-Helix is induced specifically upon assembly of the protein on a hydrophobic solid. We propose a
model for the formation of rodlets, which may be induced by dehydration and a conformational change of the glycosylated
part of the protein, resulting in the formation of an amphipathic a-helix that forms an anchor for binding to a substrate. The
assembly in the B-sheet form seems to be involved in lowering of the surface tension, a potential function of hydrophobins.

INTRODUCTION

Hydrophobins are small proteins, containing eight con-in a solution of 2% sodium dodecyl sulfate (SDS). The
served cysteine residues (see Fig. 1), that are widespreadonomeric state of the protein can only be reestablished by
among fungi (Wessels, 1994, 1996, 1997). They form aissolving the protein in pure trifluoroacetic acid (TFA) or
more or less insoluble amphipathic membrane at hydrophdformic acid (de Vries et al., 1993; Vgten et al., 1993). Van
bic/hydrophilic interfaces and are among the most surfaceder Vegt et al. (1996) have proposed that the protein layer,
active biosurfactants known (Vgten and Wessels, 1997). during assembly, extensively changes its conformation
In so-called Class | hydrophobins, this amphipathic mem-upon adsorption. In this study we focus on conformational
brane is highly insoluble and is characterized, on the hychanges that have been suggested to play an important role
drophobic side, by a typical rodlet pattern, which is alsoduring the self-assembly of hydrophobins (Wessels, 1997)
found on the outside of many aerial fungal structures (Wesand on the role of glycosylation in these processes.
sels, 1997). SC3, a glycosylated hydrophobin fréohizo-
phyllum communéAsgeirsddtir, 1994), is the best studied
hydrophobin to date. Disruption of tt®C3gene affects the MATERIALS AND METHODS
formation of aerial hyphae and the adherence of hyphae tProtein
hydrophobic surfaces (Véten et al., 1994b; van Wetter et o . . .

. . Sy SC3 was purified from the culture medium of strain 4-4®chizophyllum
al., 19,96)' Intermolecular dISl_‘”ﬁde bridging does not se_em:ommune(CBS 340.81) as described previously {8t%n et al., 1993;
to be important for the formation of rodlet structures duringyessels, 1997). Before use the SC3 was disassembled with pure TFA and
the assembly of SC3 (de Vries et al., 199374Mm et al., dried in a stream of nitrogen. The monomeric protein was dissolved in
1993, 1994b). It self-assembles on water-air, water-oil, andvater or the desired buffer.
water-hydrophobic solid interfaces into an amphipathic film
that cannot be disassembled by heating at 100°C for 10 miﬁeglycosylation of SC3 and mass analysis

To analyze the carbohydrate attached to SC3, 1 mg of the protein was
ydrolyzed in 0.5 h2 M TFA under nitrogen at 100°C f&3 h in asealed
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1998, vial. The precipitate formed was removed by centrifugation. The superna-

tant was lyophilized and taken up in 10% n-propanol, and 1Qel
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(MFARLPVVFL YAFVAFGALV AALP) Scanning force microscopy

A chemically patterned substrate was created with Micro-Contact Printing
(Kumar and Whitesides, 1993; pez et al., 1993; Thoughton et al., 1988)
GGHPGTTTPP VTTTVTVITP PSTTTIAAGG TCTTGSLSCC NQVQSASSSP on 1 x 1 cn? Si-wafers on which 2 nm chromium and 100 nm gold were
evaporated, following the same procedure as described by van der Vegte
and Hadziioannou (1997). Stamps were created from photolithography
patterns (masters) exhibiting 20 20 um? squares separated by 20n.
Lateral force mode and topographic mode images of the patterned substrate
were recorded with a Topometrix Discoverer (TMX2010) atomic force
125 135 microscope equipped with a closed liquid cell. All measurements were
performed in ethanol (van der Vegte and Hadziioannou, 1997).

For imaging of the rodlet layer, a 1Q0g/ml solution of SC3 in 40%
FIGURE 1 Amino acid sequence of SC3 (accession number P16933)e_3thanol in water was dried on a atomically flat bare mica substrate, the

The sequence is corrected compared to the previously published sequen%@me procedure as used for electrpn m‘CVOSCOPYS(W?eF al., 1993,
94b). The surface was scanned with an unmodifighl Sip in ethanol

(Schuren and Wessels, 1990), because it was found that the part of one g . ‘
intron contained the coding sequence for 12 amino acids. Edman degré{‘-"th a very low loading force to prevent deformation of the protein layer.
dation of the secreted protein revealed that the N-terminal 24 residues are

split off as a signal sequence (Wessels et al., 1991). The cysteine residu&s_r

are underlined; the residues that are predicted to be glycosylated are printé4T R-FTIR spectroscopy

in bold, and the residues possibly |_nvolv.ed‘|n théelix formation during . A Perkin Elmer 172& Fourier transform infrared (FTIR) spectrophotom-

assemply at _the water-hydrophobic solid interface are double underllneg,[er equipped with a liquid nitrogen-cooled mercury-cadmium-telluride

(see Discussion). detector was used to collect the ATR-FTIR spectra. The samples were
deposited on a germanium plate (8020 X 2 mm; Harrick EJ2121). The
spectrophotometer was purged with dry air for 30 min, and the sample was
deuterated by flushing with Nsaturated with DO for 2 h. Good signal-

followed by heating at 105°C to detect reducing sugars. The monosacchdg.noise was obtained for samples dried down from solution and then

rides were converted to trimethylsilylated methyl sugars by incubating forgeyterated by averaging 128 scans at a resolution of - cHowever, the

24 hin 2.0 M methanolic HCI at 85°C and analyzed after methanolysis bylower signal-to-noise from samples consisting of only a 7—8-nm layer of

gas liquid chromatography (Kamerling and Vliegenthart, 1989), using aprotein after adsorption from solution required averaging of 512 scans at a

Varian 3600 gas chromatograph equipped with a J&W DB-1 capillary resolution of 0.5 cm*. The secondary structure was determined from the

column. Parallel analysis of a derivatized monosaccharide standard wasmide I band, following the procedure described by Goormaghtigh et al.

performed for identification and quantification. The carbohydrate content(1990, 1994). The monomeric nature of the protein dried down from 100

was also determined with the Anthrone reagent (Fairbairn, 1953), withul of a 1 mg/ml solution was demonstrated as follows. The dried protein

mannose as a standard. was extracted in 2% SDS. More than 95% ran at the normal monomeric

Deglycosylation of SC3 was achieved with trifluoromethanesulfonic mass in SDS-PAGE, whereas no pellet was formed after centrifugation of

acid (TFMSA) (Edge et al., 1981). A mixture of 0.5 ml TFMSA and 0.25 the protein, indicating that the protein was almost completely in the

ml anisole was cooled on ice and added to 5 mg of lyophilized protein.monomeric form. Traces of TFA were removed by incubating the plate

After incubation fo 3 h under N on ice, the reaction was terminated by overnight under 100% ethanol in which the protein is not solubléséfo

cautious addition of 1.5 ml 50% (v/v) aqueous pyridine and extracted thre@t al., 1993).

times with diethyl ether. The aqueous phase was dialyzed exhaustively

against water and lyophilized.

MALDI-TOF mass spectrometry was used to analyze the glycosylationCircular dichroism measurements

of SC3 samples. One microliter of a solution of SC3100 pg/ml) was

dried on a target, on top of which al-matrix of 20 mg/ml sinapinic acid

in 40/60 (v/v) acetonitrile/0.1% TFA in water was dried. The spectra were

recorded on a TofSpeE & SE Micromass mass spectrometer.

25 35 45 55 65
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VTALLGLLGI VLSDLNVLVG ISCSPLTVIG VGGSGCSAQT VCCENTQFNG

LINIGCTPIN IL

The circular dichroism (CD) spectra were recorded over the wavelength
region 190—250 nm on an Aviv 62A DS CD spectrometer, using a 5-mm
quartz cuvette. The temperature was kept constant at 25°C, and the sample
compartment was continuously flushed with. [$pectra are the average of

10 scans, using a bandwidth of 1 nm, a stepwidth of 1 nm, and a 5-s
averaging per point. The spectra were corrected by using a reference
. . . solution without the protein. Typically, a protein concentration of 3\
Physical properties of interfaces in 20 mM phosphate buffer at pH 7.0 was used. For spectra of the

The hydrophobicity of the surfaces used for scanning force microscopymonomenc protein, the protein was simply dissolved in buffer. For spectra

(SFM), attenuated total reflection—Fourier transform infrared (ATR-FTIR) of thg protein assembled at the'alrlwater interface, assgmbly was af:hleved
. . by vigorously shaking the solution on a vortex or heating the solution to
spectroscopy, and coating experiments was assessed by water contact argg

measurements, using the sessile drop technique (van der Mei et al., 199 C. Both methods gave the same CD spectrum. The exact protein
> using . p techniq . ’ oncentration was determined with total amino acid analysis (Schuster,

The surface tension was determined _by aX|symmetr|caI d_rop-shape analysi§88) from which the mean residue molar ellipticity could be calculated.

by profile (ADSA-P) on a 10Ql protein solution, as described by Noord- The spectra were not smoothed.

mans and Busscher (1991).

The coating of Teflon by deglycosylated SC3 was assessed essentially

following the procedure described by \&ten et al. (1994b), using degly- . f

cosylated®>S-labeled SC3. A thoroughly cleaned Teflon sheet was incu-Adsormﬂc’n of SC3 on colloidal Teflon
bated for 16 h in 2ug/ml deglycosylated SC3, followed by three washes For determination of the structure of the protein adsorbed on a hydrophobic
with water for 10 min each. Half of the sheet was extracted for 10 min atsurface, perfluoroalkoxy fluorocarbon Teflon was used (kindly donated by
100°C in 2% SDS, again followed by three washes with water. The amounDr. D. Levy, Du Pont de Nemours, Grand-Saconnex, Switzerland) (Maste
of adsorbed®S-labeled SC3 was determined directly by counting the sheets iret al., 1996). The baseline of the CD spectrum was flat for a solution of
1.5 ml scintillation liquid (Opti-gold; Hewlett Packard Instruments). colloidal Teflon and could be measured up to 190 nm. Before use the
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Teflon latex (type PFA 350) was filtered through glass wool. The averageresidues were removed after incubation of SC3 in triflu-

diameter of the Teflon spheres was determined by electron microscopy tgromethanesulfonic acid (TFMSA) @ h (Fig. 2,middle).
be 129 nm. An adsorption isotherm was first determined to control the '

coverage. Varying concentrations of protein solution were incubated over-

night in glass tubes with 0.98 mg Teflor(0.023 nf). The Teflon and . L. .
nonadsorbed protein were separated by centrifugation. The residual proteffomparison of the in vivo composition and
concentration in the supernatant was determined from the ellipticity in thesecondary structure with that of purified SC3

CD at 209 nm. The adsorbed amounts were calculated from the mass . . . .
balance. SC3 adsorbs on Teflon with a high-affinity adsorption isotherm>C3 IS secreted b§. communénto the growth medium in
and a well-defined plateau value of 1.5 mg/In€CD measurements of @ water-soluble, monomeric form and subsequently assem-

adsorbed protein were done with 2§ SC3 in the cuvette and 0.21’f  ples into insoluble films at an air/water interface. During
Tef!on, at 9% surface_coyerage. This isaconcentratiop iq the high'aﬁinitypurification, the assembled form of SC3 is collected and
region of the adsorption isotherm, and all of the protein is adsorbed. then treated with 100% TEA to dissociate it into water-
soluble monomers (\Waten et al., 1993). After this treat-
RESULTS ment, the protein is still fully able to reassemble and form
rodlet-like structures. To check whether the secondary
structure of monomeric SC3 is changed during disassembly
Hydrolysis of SC3fo3 hin2 M TFA at100°C and analysis in TFA, the CD spectrum of the purified protein was com-
by thin-layer chromatography, and gas liquid chromatograpared to that of the growth medium after 5 days of growth
phy showed that the protein contains 20 mannose residuesf S. communégFig. 3) at 25°C. This spectrunmhin line)
This result was confirmed by an Anthrone reaction, whichand that of purified SC3tlick line) are nearly identical,
indicated that 20-23 sugar residues are present. Thirteesuggesting that the secondary structures of the purified and
different forms of SC3 were detected by MALDI-TOF mass growth medium forms of SC3 are the same. The only
spectrometry (Fig. 20p). The theoretical average mass of significant difference between the corrected medium spec-
nonglycosylated SC3 with intact disulfide bonds is 10,856trum and that of purified SC3 is seen in the low-wavelength
(de Vries et al., 1993). The mass spectrum indicates SCBgion. It can be attributed to differences in nondialyzable
with 17-22 mannose residues (162 Da/residue). Edmametabolic end-products db. communeavith and without
degradation revealed that, in a fraction of the molecules, th&C3.
N-terminal glycine was absent (Fig. 1) (Wessels et al., The MALDI-TOF mass spectra of the same dialyzed
1991), resulting in extra mass peaks 57 mass units lowanedium are shown in Fig. Détton). There are only a few
than the mass of the complete sequence. All of the mannossmponents visible in this unpurified medium, one of which

(De-)glycosylation of SC3

10854
FIGURE 2 MALDI-TOF mass spectrum of

purified SC3 (pper panel and purified SC3
after deglycosylation with TFMSAn{iddle pan-
el). The lower panel is the mass spectrum of the
dialyzed growth-medium from a 5-day-old cul-
ture of S. communeThe glycosylated SC3 is
clearly visible at 14000v/Z, in addition to sev-
eral other protein components of varioZ.
See Materials and Methods and text for details.
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with ADSA-P. The same decrease was measured with gly-
4l cosylated SC3 (van der Vegt et al., 1996).

Scanning force microscopy with
chemical sensitivity

Wosten et al. (1994b, 1995) have reported a correlation
between the adsorption of SC3 and the hydrophobicity of
the sorbent; adsorption on a hydrophobic surface resulted in
a hydrophilic protein-coated surface, whereas adsorption on
a hydrophilic surface resulted in a hydrophobic protein-
coated surface. Scanning force microscopy (SFM) can be
used to visualize these chemical differences because it is
, possible to introduce chemical sensitivity by chemically
190 200 210 220 230 240 250 modifying the SFM probe (Frisbie et al., 1994; Noy et al.,
Wavelength (nm) 1995; Green et al., 1995; Thomas et al., 1995; van der Vegte
and Hadziioannou, 1997). A chemical pattern of 2020
FIGURE 3 Comparison of CD spectrum of isolated S€@8ck lingand  um squares of hydrophobic methyl groups was created in an
om0 s v omemamag o STrorment of iydrophiic carbonate graups by micro-
of thesceégene, but otherwise genetically identical '(Wm%t al., 19p94b; contact printing. The C(_)ntaCt angle was determined to be
van Wetter et al., 1996), were grown on minimal medium in a 9-cm 110° on the hydrophobic surface and less than 10° on the
polystyrene petri dish. After 5 days the medium was separated from thélydrophilic surface, as described in Materials and Methods.
mycelium and extensively dialyzed against three changes of water, using &ips functionalized with amide groups capable of hydrogen
membrane with a molecular weight cut-off of 3500 Da. The CD spectrumbonding show the highest friction (Fig.A, light areas on

of the medium of the wild-type fungusléshed lingand the medium of the - : :
SC3 disruptant straindptted ling were recorded without any further the hydrophilic carboxylate areas in the lateral force image

purification. The spectra were standardized by correcting for the volume omoqe' whereas the hydrophobic methyl areas Sh'OVY low
the media from which the samples were taken. The difference betweeffiCtion and appear as dark areas. In the topographic imag-
these two spectra is plotted as a thin line. The CD spectra of the mediawelimg mode (Fig. 4B), no height differences are detected
smoothed. between areas functionalized with methyl or carboxylate
groups, because alkane thiols of the same length were

chosen. SC3 and the reference protein, bovine serum albu-
is SC3. centered at 14.000/Z. It shows the same mass MiN (BSA), were adsorbed on this patterned surface over-
distribution and glycosylation pattern as the purified pro-Night from a 10ug/mi solution at pH 7.0. The lateral force

tein. Consequently, no mannose residues are removed dJfade showed no contrast between the hydrophobic and

ing the treatment with 100% TFA, and no secondary struchydrophilic areas, indicating adsorption of proteins in both
tural changes result from this treatment. areas. The surface was then heated for 10 min at 100°C in

a solution of 2% SDS. In the control experiment with BSA,
the lateral and the topographic force image indicated com-
Interfacial properties of deglycosylated SC3 plete removal of the protein layer from the entire surface by

Wosten et al. (1994b) showed that the water contact angle otp is treatment (data not shown). However, SC3 remained

a Teflon surface decreased from 108° to 48° after incubatiorts}::;? Qlj:iy ebrowrcljeie:geit w:;ofgr%bﬁ;?u?:nsol\?ej fzgr?]-?:; i
for 16 h in a solution of SC3. Heating of the surface at yer, P y

100°C for 10 min in 2% SDS removed only 13% of the surrounding hydrophilic carboxylate groups (Figb# The

. . o lateral force image (Fig. €) shows the reverse contrast in
protein and resulted in a contact angle of 62°. With degly comparison to Fig. 4; there is a higher interaction between

cosylated SC3, the contact angle decreased from 108° S . .
66 + 7°. Thus there is a correlation between the presence CtJt e hydrophilic tip and the protein film than between the tip

. afnd the surrounding carboxylate-covered surface. This con-

mannose residues and the value of the contact angle ¢ .
. ! - irms that SC3 adsorbed to a hydrophobic surface results

Teflon coated with SC3. Heating the surface for 10 min atm a 7—8-nm-thick protein film whose exposed surface is
100°C in 2% SDS removed 72% of the deglycosylatedh drophilic P P
protein, resulting in a contact angle of 942°. Apparently ydrophiic.
the removal of the hydrophilic mannose residues from the
protein also results in weaker binding of SC3 to the hydro-Ima ing of the rodlet laver
phobic surface. The surface activity of SC3, however, seems ging y
not to be affected by deglycosylation; the surface tension oRodlet structures composed of assembled hydrophobin are
water decreases from 72 mJ¥/to 32 mJ/n3 after assembly found on the outside of aerial hyphae 8thizophyllum
of deglycosylated SC3 at an water-air interface as measureatbmmuneand on the surface of many fungal spores. A
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A

FIGURE 4 Scanning force microscopy images in the lateral force mode, indicating the interaction between the tip and theAsanf@¢ and
topography mode, indicating the height of the sampleigdD). (A andB) The clean, chemically patterned surface of hydrophobic methyt 20 um?

squares in an environment of hydrophilic carboxylate groupsar(d D) The surface after overnight incubation in a solution ofi@ml SC3 at pH 7,

followed by heating the surface in 2% SDS for 10 min at 100°C. The lateral force mode measurements were performed with a Topometrix Discoverer
(TMX2010) atomic force microscope with a closed liquid cell. All measurements were performed in ethanol. High lateral force and raised topological
surfaces are indicated by the lighter color. The bar representar20

similar rodlet pattern is found when SC3 is dried on aupon film formation, we used ATR spectroscopy to study
surface. In this case the hydrophobic side of the protein filmSC3 before and after assembly on a specially prepared
is exposed and can be studied by electron microscopgermanium plate. The ATR-FTIR spectrum of monomeric
(Wosten et al., 1993, 1994b). We repeated this experimersC3 was recorded after drying down 101 mg/ml of the

on a mica surface and imaged the surface with a scanningrotein on the plate. After this procedure at least 95% of the
force microscope. Although we also found rodlet structuregprotein is in the monomeric state (see Materials and Meth-
after drying an aqueous solution of SC3, we found that thends). After deuteration, the spectrum shows one major band
highest resolution could be obtained after drying down SC3at 1636 cm* (thick line in Fig. 6). The ATR-FTIR spec-
from a solution containing 40% ethanol. The same patternrum of SC3 assembled on a water-air interface was re-
of parallel rods was found with an average diameter of 9-1%orded after deuteratiord¢tted ling Fig. 6). The ATR-

nm (Fig. 5). FTIR spectrum of SC3 assembled on a hydrophobic surface
(Fig. 6,thin line) was recorded by using a germanium plate
that had been silanized to make it hydrophobic, according to
the procedure described by Baty et al. (1996). The contact
The shape and frequency of the amidéand assigned to angle of the silanized plate was more than 100°. Only a
the v(C=0) of the peptide bond is sensitive to the second-7—8-nm layer of protein is measured in this cabén(line,

ary structure of proteins (Goormaghtigh et al., 1994). BeFig. 6), and therefore the intensity of the amidéand is
cause we are concerned with structural changes that occaruch lower than in the previous spectra. For a better com-

ATR-FTIR spectroscopy
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FIGURE 5 Scanning force microscopy pictures of the rodlet pattern after

drying down 10Qug/ml SC3 in water on a mica surface. The measurement Wavenumber (Cm'1)

was performed in ethanol. The bar represents 100 nm.
FIGURE 6 Attenuated total reflection—Fourier transform infrared spec-
tra of SC3 supplied on a germanium plate. SC3 was deposited on the plate

- . in. a monomeric formthick ling), after assembling SC3 at the water-air
parison, all of the spectra were adJUSted to the same peel%erface by vortexing 10QwI 1 mg/ml protein for 3 min at high speed

area. When this experiment was repeated with deglycosy(W'Osten et al., 1993). The assembled protein was spun down for 10 min in
lated SC3, nearly all of the protein was removed during thes table centrifuge. The supernatant was removed and the pellet was
heating in SDS, and only a very low signal could be de-resuspended in 10Ql water. The suspension was dried on a germanium
tected, just above the noise, which was similar in shape tg'ate and the spectrum was recordest(ed ling; SC3 was assembled,
the spectrum from the protein assembled at the ail,_Watqcfvern|ght, onahydrophob_lc (sﬂamzed) german_lum plate and subsequently
. . eated at 100°C for 10 min in 2% SDS, following the same procedure as
interface (data not shown). Deglycosylation, as sho"\’rhsed for the SFMthin line). The vertical scale is arbitrary.

above, results in a lower association strength on hydropho-

bic surfaces and a different secondary structure. The sec-

ondary structure of the monomeric and assembled protein

was estimated by Fourier self-deconvolution and curve fit-Sensitive toward the polarity of the environment. After
ting of the amide 1 region (Goormaghtigh et al., 1994) assembly at the water-air interface by vigorous shaking, the

(Table 1). Unfortunately, the 7—8-nm-thick protein layer SPECtrum changes toward the spectrum oB-gheet-like
after adsorption on hydrophobic germanium yields a specPOtein in the same way as glycosylated SC3. Assembly on

trum of too low an intensity to accurately determine theth® water-hydrophobic solid interface also shows a change
secondary structure content. The increasevinelix con-  ©f the CD spectrum; however, the inductioncehelix is not

tent. however. is evident. as pronounced as for the glycosylated SC3.

Circular dichroism measurements of DISCUSSION

(deglycosylated) SC3 MALDI-TOF mass spectrometry and CD spectra of purified
The CD spectrum of monomeric SC3 (Fig. thick line) SC3 and the growth mgdium of thg fungus clearly shovv_ that
changes upon assembly on the water-air interfaimtéd the TFA treatment durmg_ the purification changes neither
line). The spectrum after assembly is characteristic for 4h® degree of glycosylation nor the secondary structure
protein containing mainly3-sheet structure. When an ex- COMPposition of the protein. Purified SC3 can still self-
cess of colloidal Teflon was added to a solution of SC3 tg?SSemble into a rodlet layer, showing that the purified
provide a hydrophobic surface for assembly (coverage 9%),

the spectrum changes within a few seconds, resulting in a

spectrum with minima at 205 nm and at 218 rifmirf lin€), = TABLE 1 Secondary structure of SC3 dried down on a

indicative of the formation of-helix (Chang et al., 1978). germanium plate, as calculated from deconvolution and curve

The band at 205 nm is also seen when SC3 is dissolved ififting analysis of the amide I' recorded by ATR-FTIR

25% trifluoroethanol (TFE)dashed ling After deglycosy- ~SPectroscopy

lation, the CD spectrum of monomeric SC3 changes (data a-Helix ~ p-Sheet  B-Turn  Random coil
not shown); it has the same shape as the CD spectrum of (%) (%) (%) (%)
normal glycosylated SC3 in 25% TFE, but the spectrumMonomeric 23 41 16 20
hardly changes when the protein is dissolved in 25% TFESelf-assembled on 16 65 9 10

This indicates that the glycosylated part of the protein jg_Wae"-air interface
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2 -C-X5_gC-C-X5_35C- (Fig. 1). There are three observa-
tions that indicate that the N-terminal 32 amino acids before
the first cysteine are the part of the sequence of SC3 that is
glycosylated. First, the threonines were not detected during
N-terminal sequencing, probably because they have at-
tached sugar residues. Second, a prediction program for
O-glycosylation of eukaryotic proteins (Hansen et al.,
1997a, b) predicts that only the threonines in this part of the
sequence and only one serine (residue 46) are likely to be
glycosylated (Fig. 1). Third, SC3 and POH2 frdtteurotus
ostreatus(unpublished result, #geirsddtir), the only hy-
drophobins known to be glycosylated, have a longer N-
terminal stretch before the first cysteine residue than most
other hydrophobins. For example, the hydrophobin ABH1,

Ellipticity x 10™%(deg cm’dmol ™)

2 ' ! L ' ' 50 from Agaricus bisporushas properties similar to those of
0 200 20 220 20 240 SC3, but is not glycosylated and possesses a much shorter
Wavelength (nm) N-terminal section (Lugones et al., 1996). The glycosyla-

tion might be important for hydrophobins with a long

FIGURE 7 Unsmoothed circular dichroism spectra of SC3. SC3 in the ; . - . .
monomeric form thick line), SC3 after assembly at the water-air interface _StretCh before the first cysteine, hEIpmg to keEp this domain

by shaking @otted lind, assembled SC3 dissolved in 25% Traaghed 1N & hydrophilic environment. In contrast to the CD spec-
line), and SC3 assembled on a hydrophobic colloidal Teflon surfiaée ( trum of glycosylated SC3, the CD spectra of deglycosylated
line). Spectra are the average of 10 scans corrected by using a referen&C3 in water and in 25% TFE are very similar, indicating a
_solution without the protein. Typically, a protein concentration of 3\ similar secondary structure. Assuming that, indeed, the
in 20 mM phosphate buffer at pH 7.0 was used. mannose residues are present in the N-terminal region, these
observations suggest that the conformation of the N-termi-
nal part of the glycosylated protein is sensitive to the po-
protein retains properties that it possessed in the native stafgrity of the environment.
in the fungus. The contact angle of Teflon coated with deglycosylated
SC3 was 66°, higher than the 48° found for glycosylated
SC3 (Westen et al., 1994b, 1995). A study of the atomic
composition of this layer by x-ray photoelectron spectros-
Chemically patterned self-assembled monolayers combinegbpy suggests that the mannose residues are present on the
with SFM can be used to study the interaction of (bio-) hydrophilic side of the layer (WWaien et al., 1994b), which
molecules with specific chemical groups on the surfaceexplains the higher contact angle obtained with deglycosy-
SC3 adsorbs strongly to hydrophobic surfaces, as does BSlted SC3.
(Lee and Ruckenstein, 1988). Topographic measurements
show that after heating in 2% SDS, a SC3 layer of 7-8 nm
remains bound to the hydrophobic surface. The height o .
this layer may be underestimated because of pressure e&_tructure of monomeric SC3 and after assembly
erted on the protein layer by the applied load on the tiporI the water-air interface
during scanning. The lateral force during scanning with theThe secondary structure of the protein was predicted by
hydrophilic tip can give information about the nature of the profile fed neural network systems from Heidelberg (Rost
protein film. The strong interaction between the hydrophilicand Sander, 1993, 1994; Rost et al., 1994). The cysteine-
tip and the protein layer (Fig. @) can be explained both by rich region was predicted to consist of alternatjgigheet
the softness of the protein film, which creates a higherand loop structure, whereas the N-terminal 32 amino acid
contact area between the tip and the protein surface, and yegment before the first cysteine residue, which probably
the hydrophilic nature of the surface after binding of SC3 tocontains the mannose residues, was predicted to consist
a hydrophobic substrate, as shown earlier by contact anglentirely of loop structures (Fig. 8). ATR-FTIR spectros-
measurements (Véten et al., 1994b, 1995). We could not copy, CD spectroscopy, and secondary structure prediction
obtain a high-resolution image of the hydrophilic side of theall indicate that all forms of SC3 consist mainly pfsheet
protein film, probably because the protein film has a softstructure. Furthermore, the CD and ATR-FTIR spectra sug-
surface. gest that morgs-sheet structure is formed upon assembly on
the water-air interface. Neither the conformational changes
upon assembly at the water-air interface of SC3, nor the
surface tension of water seem to be influenced by the
The conserved feature of all hydrophobins is the spacing ofleglycosylation of the protein. This suggests that the non-
the eight cysteine residues. They appear in two regions ajlycosylated part of the protein, probably the region con-

Attachment of SC3 to surfaces

(De-)glycosylation of SC3
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100 their role in strong protein/hydrophobic surface interactions
is probably indirect, via the induction ef-helix.

As indicated in Fig. 8, the prediction fe-helical struc-
ture is low for the entire sequence. The same prediction for
COH1 from Coprinus cinereusthe hydrophobin most ho-
mologous to SC3 (Ageirsddtir et al., 1997), revealed a
possiblea-helical structure for residues 76—86 in COH1.
This sequence is predicted to bg-aheet structure for SC3,
whereas only 2 of the 11 residues are different between the
two sequences. Interestingly, this is the only stretch in the
entire sequence of SC3 that fits in a helical wheel, with
hydrophobic residues spanning about two-thirds of the helix
and small or hydrophilic residues at the other side (Fig. 1).
These observations make this part of the protein a good

i R R e candidate for the position of the conformational change into
40 80 80 100 120 a-helix upon assembly on a hydrophobic solid. This helix

Probability (%)

Residue may form an anchor that binds the protein strongly to
FIGURE 8 Probability for assigning-helix (dotted ling, B-sheet thick i?;cli;:phomc surfaces. Studies are in process to address this

line), or loop structurethin line) in the peptide chain of SC3, predicted by
profile fed neural network systems from Heidelberg.

taining the disulfides, is important for the increase inFormatlon of the rodlet layer

B-sheet content upon assembly at the water-air interface. The typical pattern formed after drying down a solution of
SC3 consists of a rodlet layer with a thickness~df0 nm.
This is roughly the thickness of a rodlet as detected by
electron microscopy. The same layer is found on the outside
of aerial hyphae of the fungus (Wtn et al., 1993, 1994b).
The driving force for the strong interactions between hy-The rodlets as detected by SFM have a larger diameter, but
drophobins and hydrophobic surfaces is unclear. CD anthis could be an effect of tip-broadening during scanning.
ATR-FTIR spectra suggest thai-helix is formed upon The normal diameter of a globular protein with the molec-
assembly on a hydrophobic surface. Protein adsorption iglar mass of SC3 would be3.1 nm, which means that one
often driven by processes leading to an increase in entropglobular molecule is not enough to span the entire layer. The
An important process is the dehydration of a hydrophobicamphipathic character of the rodlet layer should, therefore,
protein and/or sorbent surface. In addition, perturbations iroriginate from a layer of at least two molecules, or a
the protein structure, leading to more rotational mobility molecule with an elongated shape, exposing the mannose
around the polypeptide backbone, can provide a dominantsidues toward the hydrophilic side (dten et al., 1994a)
entropic contribution (Haynes and Norde, 1995; Norde,and hydrophobic groups (presumably asaahelix) toward
1996). In general, a decrease in the amount-tfelix and  the hydrophobic rodlet side.
B-sheet is found upon interaction of proteins with hydro- Hydrophobins can be divided into Class | and Class I
phobic surfaces (Wu et al., 1993; Kondo et al., 1992). Thehydrophobins, based on the solubility after assembly (Wes-
increase ina-helical content upon adsorption of SC3 is sels, 1994). The assemblages of Class | hydrophobins are
probably an indication of a specific conformational change jnsoluble in hot SDS, whereas the assemblages of Class Il
which is needed for the adhesive properties of hydrophobinsaydrophobins can be dissolved in, for example, 60% etha-
After deglycosylation the strong interaction with a hy- nol. Furthermore, fewer amino acids separate the third and
drophobic solid surface is decreased, as indicated by thiourth cysteine residue in Class Il hydrophobins than in
removal of the 72% of the adsorbed protein from the TeflonClass | hydrophobins (Fig. 1). Until now the rodlet struc-
and a correspondingly strong decrease of the ATR-FTIRures have been found only in Class | hydrophobins (Wes-
signal after heating the germanium plate in 2% SDS. Thesels, 1997). The amphipathie-helix probably induced
CD spectrum shows that the induction afhelix upon  upon binding of SC3 to a hydrophobic solid is located
interaction of the deglycosylated protein with the colloidal between the third and fourth cysteine residues. All Class |
Teflon is less pronounced than with glycosylated SC3. Thiswydrophobins that form rodlets contain a similar amphi-
suggests that the mannose residues are important for thpathic a-helix at this position in the sequence. When the
formation of a-helix and the strong interaction with the short stretch between the third and fourth cysteines of Class
hydrophobic substrate. Because the mannose residues dphydrophobins is fitted in a helical wheel, an amphipathic
pear to be situated on the hydrophilic side of the proteirhelix can also be formed, but this helix is much shorter (up
film, away from the protein/hydrophobic surface interface,to seven amino acids). This suggests that dhkelix is

Structure of SC3 after assembly on a
hydrophobic substrate
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important for the formation of rodlets. Thehelix seemsto Hansen, J. E., O. Lund, K. Rapacki, and S. Brunak. 1997alycbase
be typical for Class | hydrophobins and might be involved Version 2.0—a revised database ©fglycosylated proteinsNucleic

. . . . - Acids Res25:278-282.
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