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Abstract: We use surface-specific vibrational sum-frequency generation spectroscopy (VSFG)
to study the structure and self-assembling mechanism of the class I hydrophobin SC3 from
Schizophyllum commune and the class II hydrophobin HFBI from Trichoderma reesei. We find
that both hydrophobins readily accumulate at the water-air interface and form rigid, highlyordered protein films that give rise to prominent VSFG signals. We identify several resonances
that are associated with β-sheet structures and assign them to the central β-barrel core present in
both proteins. Differences between the hydrophobin classes are observed in their interfacial selfassembly. For HFBI we observe no changes in conformation upon adsorption to the water
surface. For SC3 we observe an increase in β-sheet specific signals that supports a surface-driven
self-assembly mechanism in which the central β-barrel remains intact and stacks into a largerscale architecture, amyloid-like rodlets.
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Hydrophobins are a group of surface active proteins that are mostly produced by filamentous
fungi and that are known for their extraordinary interfacial functions1. Hydrophobins reduce the
surface tension of water, adhere to surfaces, and form protective surface coatings, all functions
that play an important role in fungal physiology2,3. The remarkable interfacial properties of
hydrophobin films have led to several industrial applications including foams and functional
coatings4. All these applications rely on the unique surface properties of hydrophobins and a
more detailed knowledge of the structure of hydrophobins at the surface could allow for an
augmentation of their function and accelerate the development of novel materials and
technologies1. Hydrophobins are generally divided into class I and class II proteins based on
their solubility and hydropathy patterns5. The structure of the class II hydrophobins HFBI, HFBII
and NC2 has been successfully resolved using X-ray crystallography, and the conformation of
some class I hydrophobins have been resolved with NMR6-8. Both hydrophobin classes share a
similar fold that consists of a four-stranded β-barrel which is stabilized by intramolecular
disulfide bonds as shown in figure 1. In addition, the proteins have a large solvent-exposed
hydrophobic patch that renders them amphiphilic. Structural differences between the classes
primarily occur in the loop regions of the β-barrel where class I hydrophobins show more
variation in length and structure.
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Figure 1. Structural superimposition of the predicted structure of class I hydrophobin SC3
(red) and the crystal structure of the class II hydrophobin HFBI (black). Both proteins share a
central β-barrel core that is stabilized by intramolecular disulfide bonds (yellow). Structural
differences occur in the loop regions where HFBI does not possess disordered loop regions that
are present in SC3.
At the air-water interface both classes self-assemble into stable films with exceptional
properties9-14. Interestingly, the surface film structure of the similarly folded proteins varies
considerably15. Class I hydrophobins self-assemble into functional amyloid-like structures
known as rodlets which associate laterally to form amphipathic, fibrillar layers. Class II
hydrophobins form films with a hexagonal structure and distinct repeating units that lack fibrillar
structure9,10,16. For class I hydrophobins the conversion into rodlet structures was reported to
involve conformational changes and structural intermediates while no such changes were
reported for class II hydrophobins15.
However, the reported experimental data stems from bulk solution studies or were derived
from films that were transferred to solid support substrates12,13,15. Due to a lack of surface5

specific molecular probing techniques in solution, only limited information is available on the
interfacial self-assembly mechanism. As a result, it is not clear if and where secondary structure
changes are taking place in the self-assembly of hydrophobin films.
Here we investigate the film formation of class I hydrophobin SC3 secreted from S. commune
and the class II hydrophobins HFBI from T. reesei using vibrational sum-frequency generation
spectroscopy (VSFG). VSFG is a highly surface specific technique that is ideally suited for
investigating molecules adsorbed at interfaces17. In VSFG an infrared light pulse and a visible
pulse are combined to generate light at their sum-frequency. The generation is enhanced in case
the infrared light is resonant with a molecular vibration. For the bulk the generation of sumfrequency is symmetry forbidden. VSFG has been successfully used to investigate proteins at
various interfaces and can provide information on the molecular orientation, conformation and
hydration shell of the molecule of interest18-23.
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Figure 2. VSFG spectra of aged 15 μM solutions of the class I hydrophobin SC3 (pH 7, 20 ºC)
(red) and the class II hydrophobin HFBI (pH 7, 20 ºC) (black) at the water-air surface measured
in the SSP and the PSP polarization configuration. (a) VSFG spectra of SC3 (red) and HFBI
(blue) contain contributions from C-H, N-H and O-H stretching vibrations. (b) VSFG spectra in
the amide I region contain a dominant peak centered at ~1675 cm-1 (c-d) In the PSP spectra both
hydrophobins show signals centered at ~3270 cm-1 and ~1640 cm-1 that originate from βstructures.
Figure 2a-d shows VSFG spectra of aged solutions of HFBI and SC3 in water (pH 7, 20 ºC) at
the air/water interface, measured in the SSP (s-SFG, s-VIS, p-IR) and PSP (p-SFG, s-VIS, p-IR)
polarization configuration. In the C-H stretch region several signals are identified that are
associated with the hydrophobin films. We assign these bands to the methyl symmetric stretch
(~2870 cm-1), a Fermi resonance (~2940 cm-1) and aromatic C-H stretch (~3060 cm-1)
vibrations24. In the broad O-H stretch region we attribute resonances at ~3250 cm-1 and ~3400-
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3450 cm-1 to interfacial water. The SSP spectra of class I and class II hydrophobins, shown in
Figure 2a, show additional features (dips) near 3300 cm-1 and 3370 cm-1. These signals have a
negative sign and are asymmetric due to the interference with the strong signal of the O-H
stretching modes. We performed additional pH-dependent VSFG measurements (Supporting
Figure 1) to clarify the frequency position and spectra shape of these signals. At low pH, the dips
turn into clear positive signals at 3310 and 3370 cm-1, reflecting a change in phase between these
signals and the strong signal of the O-H stretch vibrations. We assign the signals observed at
3310 cm-1 and 3370 cm-1 to N-H bands originating from the protein backbone and amide
containing side chains.25
In figure 2b we show VSFG spectra of the two hydrophobins in the amide I region. For both
proteins we observe a strong signal centered at ~1675 cm-1. We assign this band to a
combination of a β-turn band (typically centered at ~1665 cm-1) and an antiparallel β-sheet mode
(B 1 -mode, typically centered at ~1685 cm-1) that originate from the central β-barrel structure,
present in both hydrophobins18,26,27. We observe a weaker band at ~1635 cm-1 that we assign to
the B 2 -mode of the antiparallel β-sheets26. By measuring VSFG spectra with PSP polarization
configuration, we can specifically probe the chiral vibrations of hydrophobin. Thereby VSFG
spectra in PSP provide valuable information on the chirality of the molecules, and can be used to
identify specific secondary structure elements of proteins at interfaces28, 29.
The chiral VSFG spectra of both hydrophobins are shown in figure 2c-d. In the amide I region,
strong chiral VSFG signals result from β-sheet secondary structures28, 30. We assign the signal at
~1640 cm-1 to the antiparallel β-sheet B 2 mode and the shoulder at ~1666 cm-1 to β-turn elements
present in the central β-barrel of hydrophobins27,30. This peak assignment agrees well with recent
findings of a bacterial biofilm protein with a similar tertiary structure27. We thus find that the
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achiral and chiral VSFG spectra show similar bands in the amide region, but with different
intensities due the different selection rules associated with SSP and PSP polarization
configurations. Both chiral and achiral VSFG spectra contain a clear contribution of the 1665
cm-1 band of the β-turn elements. According to the orientation analysis of interfacial antiparallel
β-sheet structures reported by Nguyen et al., the B 2 -mode (the ~1640 cm-1 peak) should be
stronger than the B 1 -mode, both in SSP and PSP18. This agrees with the observations for the PSP
(chiral) VSFG spectrum. For the SSP (achiral) VSFG spectrum the situation is more complex,
because the 1675 cm-1 band contains contributions from both the B 1 -mode and the β-turn modes.
The observed higher intensity of the ~1675 cm-1 band (B 1 -mode + β-turn modes) compared to
the ~1675 cm-1 band (the B 2 -mode) in the achiral VSFG spectrum, suggests that the B 1 -mode
forms only a minor contribution to the 1675 cm-1 band, and that this band is dominated by the
response of the β-turn modes of the hydrophobin.
Chiral signals in the region from 3270-3300 cm-1 have previously been assigned to the N-H
vibrations of both helical and β-sheet secondary structures21. In the crystal structure of HFBI a
helical segment is present while for SC3 no helical structures are present. We thus assign the
signal at ~3270 cm-1 to N-H vibrations found in antiparallel β-sheet structures25. The frequency
of 3270 cm-1 differs from the frequencies of the N-H vibrations that are observed in the VSFG
spectra measured in SSP polarization configuration (Figure 2a). This difference can be explained
from the fact that only the chiral N-H vibrations (arranged via secondary structural elements)
will be observed in VSFG spectra measured in PSP. If these latter N-H vibrations are engaged in
relatively strong hydrogen-bonded structures, the resulting frequency of these N-H modes will be
lower than the frequencies of the average N-H vibrations that are probed in SSP. We also notice
that the N-H band at 3270 cm-1 is slightly asymmetric. Due to the absence of a strong non-
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resonant background in the PSP configuration, this suggests that a second, higher-frequency
band could be present which may correspond to the chiral β-turn structure that is also observed in
the chiral amide I spectra.
The observation of chiral VSFG signals proves that the SFG active elements of the secondary
structure of both hydrophobins remain in a folded state at the interface, as unfolding of these
SFG active elements would inevitably lead to a loss of the chiral VSFG response.

Figure 3. Time-dependence of the VSFG spectra of the class I hydrophobin SC3 (red) and
class II hydrophobin HFBI (blue) at the air-water interface measured in SSP and PSP
polarization configuration. (a-b) In the cVSFG spectra of SC3 (measured with PSP) the main
signals at ~3270 cm-1 and ~1640 cm-1 significantly gain intensity over time. (c) The main VSFG
signal of SC3 centered at ~1675 cm-1 (measured with SSP) first decreases in intensity and then
increases again after several hours. (d-f) For the class II HFBI we observe no spectral changes
over time.
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Figure 3 presents the time-dependence of VSFG spectra of freshly prepared 25 μM SC3 and
HFBI solutions (50 mM phosphate buffer, pH 7) in the amide I and N-H stretch region using the
SSP and PSP polarization configuration. These time-dependent spectra provide information on
the kinetics and spectral changes of the hydrophobin assembly at the interface between t=0 and
1400 min. We used a Rochon-Polarizer to simultaneously measure spectra in the SSP and PSP
polarization configuration to ensure that identical self-assembly processes are monitored in both
polarization configurations31.
For the class I hydrophobin SC3 we observe that in the SSP spectra (Figure 3c) the
pronounced shoulder that is present at the beginning of the time series at ~1635-1655 cm-1 loses
intensity over time and completely disappears at the end of the time series. The PSP spectra of
SC3 in Figure 3b-c show a gradual increase in intensity for both the amide I band at ~1640 cm-1
and the N-H band at ~3270 cm-1. Both peaks are characteristic of β-sheet structures and indicate
a gradual built-up of chiral β-sheet structures at the air-water interface. It is also worth
mentioning that after several hours some scattering from the SC3 samples was observed,
suggesting the presence of large-scale particles such as rodlets. The time-dependent
measurements of the class II hydrophobin HFBI showed negligible spectral changes and the SSP
and PSP VSFG spectra taken after 10 minutes and 1400 min are almost indistinguishable as
shown in figure 3d-f.
Hydrophobins readily self-assemble and form stable, highly-ordered protein monolayers at the
air-water interface1. We find that the class I hydrophobin SC3 and class II hydrophobin HFBI
show similar SSP and PSP VSFG spectra, which proves that on the molecular level both proteins
share comparable β-sheet rich structures at the air-water interface. We assign the observed amide
and N-H bands predominantly to the central β-barrel core found in their solution structures, and
11

conclude that the central β-barrel remains intact upon adsorption to the interface. We used VSFG
spectra to monitor the time-dependence of the self-assembly of both hydrophobin classes at the
water surface. We observed no spectral changes during the adsorption and self-assembly of
HFBI and conclude that neither is accompanied by a change in secondary structure. This finding
agrees with previous studies that e.g. showed that the lowering of the water surface tension
through HFBI occurred almost instantly15.
In contrast to HFBI we observed spectral changes during the self-assembly of SC3 that provide
evidence for conformational alterations at the interface. At the early stages of the SC3 adsorption
and self-assembly we observed a decrease in the SSP amide I signals around ~1630-1650 cm-1.
We assign these spectral changes to conformational changes that can involve α-helical or random
coil intermediates, but which cannot be distinguished due to the spectral overlap of their amide I
signatures32. We did not find such changes during HFBI adsorption and conclude that the
conformational changes observed for SC3 likely occur in the extended loop regions as these are
absent in class II hydrophobins like HFBI. This finding agrees very well with the results of a
molecular dynamics simulation study of SC3 that proposed conformational changes in the loop
region between the third and fourth cysteine residue, while the percentage of the β-sheets within
a monomer remains effectively constant33.
We further observed a significant increase in β-sheet specific signals during the SC3 selfassembly, as shown in figure 4. Circular dichorism (CD), thioflavin T fluorescence, attenuatedtotal reflectance-Fourier transform infrared (ATR-FTIR), and fiber diffraction data all point
towards an increase of the amount of β-structures upon film formation at hydrophobichydrophilic interfaces8,13,34. These results were explained either by ordering of the existing βstructures upon assembly or by the adoption of a new β-sheet rich conformation by the
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disordered loops. We explain the observed signal amplification from the stacking of SC3
monomers to characteristic amyloid-like rodlet structures, as shown in figure 4. The stacking
increases the order of the hydrophobin films at the interface and gives rise to amplified VSFG
signals as these signals increase with increasing molecular order. The absence of an increase of
the VSFG signal for HFBI can be well explained from the fact that class II hydrophobins do not
form amyloid like rods, but instead form films with a hexagonal structure and distinct repeating
units that lack fibrillar structure13,35.

Figure 4. Schematic representation of SC3 monomer stacking at the air-water interface. The
amplitudes of ν N-H, PSP and ν PSP,Amide I as a function of time during SC3 assembly at the air-water
interface. The solid lines represent a guide to the eye.
In summary, we used VSFG to probe the self-assembly mechanism of different hydrophobin
classes. In the top molecular layers, as probed by VSFG, the spectral signature of both proteins is
similar and rich in β-sheet structures. Our findings reveal that the class I hydrophobin SC3 and
the class II hydrophobin HFBI have different self-assembling mechanism in agreement with
earlier studies in which the surface region was probed over a much larger depth. We propose a
self-assembly mechanism for class I hydrophobins in which the defined β-sheet core remains
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intact within a larger-scale architecture, amyloid rodlets35. The ordering of the β-sheet cores
resulting from the rodlet formation leads to a strong enhancement of the chiral VSFG signals of
the amide and N-H stretch vibrations.
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Material and Methods:
The laser source for the VSFG setup is a regenerative Ti:Sapphire amplifier (Coherent)
producing 800 nm pulses at a 1 kHz repetition rate with a pulse duration of 35 fs and a pulse
energy of 3.5 mJ. Approximately one third of the laser output is used to pump a home-built
optical parametric amplifier and a difference-frequency mixing stage. This nonlinear optical
device produces tuneable broadband mid-IR pulses (ranging from 2-10 μm, 600 cm−1
bandwidth at FWHM, 10-20 μJ). The IR pulses have a sufficiently large bandwidth to
measure the complete VSFG spectrum of the OH (OD) stretch vibrations of H2O (D2O).
Another part of the 800 nm pulse is sent through an etalon to narrow down its bandwidth to
∼15 cm−1. The resulting narrow-band 800 nm pulse (VIS) and the broadband IR pulse are
directed to the sample surface at angles of ∼50° and ∼55°, respectively, to generate light at

the sum frequency. The VIS and IR beams are focused in spatial and temporal overlap on the
sample surface with 200 mm and 100 mm focal length lenses, respectively. The VSFG light
generated at the surface is sent to a monochromator and detected with an Electron-Multiplied
Charge Coupled Device (EMCCD, Andor Technologies).
Chiral VSFG measurements were performed with p-polarised IR or p-polarised SFG, spolarised VIS, and p-polarised IR (with respect to the plane of incidence). We used a RochonPolarizer that enables the simultaneous detection of both chiral and achiral VSFG signals1.
The typical acquisition time of the VSFG spectra in the SSP and PSP polarization
configuration is 600 seconds. Spectra are first background subtracted (blocked IR) and
normalized to a reference SFG spectrum measured from z-cut quartz. All experimental data
shown are raw data.

The measurements were performed using H2O (Millipore), D2O or phosphate buffer solutions
(50 mM phosphate, pH 7). The pH (Mettler Toledo FE20) of the samples was routinely
checked before and after each measurement.
Class II hydrophobins HFBI were provided by VTT research and purified as described in
detail elsewhere2, 3. HFBI was purified by aqueous two-phase separation (ATPS) and purified
further by preparative reversed-phase chromatography using a Vydac C4 column and a
gradient elution from 0.1% trifluoroacetic acid (TFA) to 100% acetonitrile (ACN) containing
0.1% trifluoroacetic acid. The protein sample was eluted as a single peak, and after
evaporation of ACN and TFA, the peak fractions were pooled and lyophilized. The purity
level is ≥98%. Class I hydrophobin SC3 (purity≥98%) was purchased from Sigma Aldrich
and used without further purification. For the results shown in figure 2 the hydrophobin
samples were prepared several hours before the measurements to account for the effect that
hydrophobin HFBI and SC3 need different times to reach equilibrium at the air-water
interface. For the time-lapse VSFG experiments we used freshly prepared samples and
experimental conditions that were identical to those used in the study from De Vocht et al4. 5
ml of a freshly prepared 0.2 mg/ml (~27μM) hydrophobin solution (50 mM phosphate, pH 7)
in H2O or D2O was added in a Teflon trough and spectra recording was started immediately.
Interference and assignment of the N-H signals:
It is well-established that pH-induced changes in the C-H signals of proteins in conventional
VSFG spectra are largely due to a change of the phase difference between the C-H and O-H
signals rather than a change of the character of the C-H stretch vibrations5. In several VSFG
studies of proteins the aromatic C-H stretching band at ~3050 cm-1 was used to deduce the
absolute water orientation at the protein/water interface by considering its interference with
the broad hydrogen-bonded water band6. While the influence on the C-H vibration is well

known, little information currently exist on the interference with the N-H vibrational bands
which are typically covered by the broad O-H region. We find that the modes of the N-H
stretching vibrations at ~3310 cm-1 and ~3370 cm-1 change in a similar way as the aromatic CH vibration at ~3050 cm-1. As illustrated in Figures S1, at pH values below the IEP the bands
appear as positive peaks while for pH values above the IEP negative features are observed.

Supporting Figure 1. (a) Vibrational SFG spectra of the class II hydrophobin HFBI
adsorbed at the air-water interface, measured in SSP polarization configuration. Spectra were
taken at different pH values as indicated. (b) Magnification of the changes in the signals at
~3050 cm-1 and 3310 cm-1 and 3370 cm-1.
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