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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 amide I vibrations. Another part of the 800 nm pulse is 

sent through an etalon to narrow down its bandwidth. The resulting narrow-band 800 nm pulse 

(VIS) and the broadband IR pulse are directed to the sample surface at angles of ∼47° and 

∼45°, 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 SFG light generated at the surface is sent to a monochromator and 

detected with an Electron-Multiplied Charge Coupled Device (EMCCD, Andor Technologies). 

Spectra are first background subtracted (blocked IR) and normalized to a reference SFG 

spectrum measured from z-cut quartz. As a measurement cell we used custom-made Teflon 

troughs. We performed measurements both in buffered systems (constant ionic strength) (100 

mM phosphate buffer, 50 mM acetate buffer) and in pure H2O/D2O and observed a similar pH-

dependence for the buffered system as for pure water. The pH values was adjusted by adding 

sodium hydroxide or hydrochloric acid and samples were routinely checked (Mettler Toledo 

FE20) before and after each measurement. The pH values were changed either directly in the 

SFG trough, or by preparing HFBI solutions at different pH values. Both methods resulted in 

very similar spectral changes. The typical acquisition time of a VSFG spectrum was 600s. 

Class II hydrophobins HFBI and HFBII were provided by VTT research and purified as 

described elsewhere1-2.  
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We first determined the hydrophobic moment vector (HMV) of HFBI (PDB-ID: 2FZ6) by finding 

the average location of the hydrophilic and hydrophobic parts of the molecule and set the 

vector from the latter to the former3-4. We define (=0, ψ=0, ψ=0) so that the HMV is parallel 

to the surface normal (a position expected to be energetically favourable because most 

hydrophobic residues are outside the water, pointing into the air). We then perform spectral 

calculations as previously described5-7. In short, the VSFG response is calculated by 

constructing a 1-exciton Hamiltonian based on the crystal structure of the protein that is 

diagonalized to yield the IR and Raman response. By taking their tensor product the VSFG 

response is obtained. To estimate the coupling between nearest neighbours (dominated by 

through-bond effects) we use a parameterized map of an ab initio 6-31G+(d) B3LYP 

calculation8, while non-nearest neighbour coupling (dominated by through-space interactions) 

are estimated with the transition dipole coupling model9. An empirical model adapted from the 

literature10 is used to describe the influence of hydrogen bonds on the frequencies of the local 

amide-I modes. The VSFG spectra are then calculated by convoluting the obtained VSFG 

response with a Lorentzian to account for the homogeneous broadening. We found that the 

observed frequency splitting between the ~1675 cm-1 and the ~1635 cm-1 peak could best be 

reproduced by reducing the empirical parameters that correlate the hydrogen bond length to 

the resulting frequency shift by 20% with respect to the values used in reference 5. We derive 

the protein orientation by performing a global Levenberg-Marquardt fit of the resulting 

orientation-dependent VSFG response to the experimental SSP and PSP data from 1590-1710 

cm-1. 

The presented fits consist of a global fit that includes both SSP and PSP data. The signal 

intensity of the SSP signal is much higher than the PSP signal, resulting in a much higher 

sensitivity of the fit parameters to the SSP spectrum than to the PSP spectrum. Performing a 

fit solely to the PSP data yields good agreement with the experimental data with parameters 

that are similar to those resulting from the global fit:  =  32°6 and  = 229°10 at high pH, 
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and   = 40°  10 and  = 276  10 at  low pH. For comparison, the global fit results in  =  

27  3 and  = 214  5 at high pH, and  = 44  10 and  = 271  10 at low pH. 

The uncertainties were determined by testing by how much  or  must be changed so as to 

increase the residual sum of squares (RSS) by 100% after re-optimizing all other parameters 

(SFig. 7). We performed a grid search from 0 – 180 for  and 0 – 360 for  with 10 intervals 

to make sure we did not end up in a local minimum. The RSS could be minimized by optimizing 

spectral parameters like the intrinsically unknown interfacial refractive index with respect to 

commonly used literature values without changing the interpretation: in all cases a small 

deviation from the hydrophobicity vector with respect to the surface normal is found for the 

high-pH spectra that increases when the pH is lowered. 

The errors were estimated by fixing  and  to varying values away from the global fit maxima 

and re-optimizing all other parameters (see SFig. 7). We find that the data is fitted best with a 

rather large homogeneous linewidth  (10 cm-1). When using a smaller  of e.g. 6 cm-1 the 

angles obtained by fitting do not change much for the low-pH spectra ( = 26.6 and  = 

217.2). For the high-pH fit the angles are  = 58.3 and  = 282.1 (while the RSS increases 

by 217% for the low-pH spectra and by 65% for the high-pH spectra. Hence, changing  does 

not influence the qualitative interpretation.  

The same goes for fixing the interfacial refractive indices to a value found for layers of adsorbed 

proteins of ~7.5 kDa (the molecular weight of HFBI)11: while the angles obtained by fitting them 

with the interfacial refractive index at both the sum frequency and at the visible frequency fixed 

to 1.5 did not change much with respect to the fit shown in the main text (in which the interfacial 

refractive indices were fitted), the RSS increased by 139% for the high-pH values and by 7% 

for the low-pH values. When both interfacial refractive indices were fixed to 1.5 the best fit 

resulted in =27.2,  = 217.3 for the high-pH spectra, and  = 44.9 and  = 271.7 for the 

low-pH spectra.  
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In order to achieve this reduction in the RSS the interfacial refractive indices did not have to 

change more than 13% from the refractive index value found by Vörös et al11. Changes of the 

interfacial refractive indices resulting from reorientations have been observed before. For 

example, for the liquid crystal 48-n-octyl-4-cyanobi-phenyl a change of 36% (from 1.4 to 1.9) 

upon an interfacial reorientation of 10 was observed12-13. 

Finally, we studied the potential sensitivity of the calculation results with respect to a potential 

relative frequency shift of the SSP and PSP spectra, as it is difficult to exclude a relative shift 

of a few cm-1 in the experiment. We find the dependence of the fitted tilt angle on the relative 

spectral shift to be negligible, even for a very large relative shift of 15 cm-1.  

 
Supporting Figure 1: Structural superimposition of the crystal structures of the hydrophobins 

HFBI (blue) and HFBII (mangenta). Both proteins are derived from the fungi T. reesei and 

share a similar fold that consist of a β-barrel core and a small α-helical part. 
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Supporting Figure 2: VSFG spectra of a 14 μM HFBI solution at different pH values and the 

corresponding estimated net charge state of the protein. (a) At acidic pH values (3-5) signals 

are observed at ~1630, ~1680 and ~1725 cm-1. Increasing the pH value towards the isoelectric 

point of HFBI (5-7) results in a red-shift of the band at 1680 cm-1 and a decrease of the 

amplitudes of the bands at 1725 cm-1 and 1630 cm-1.  (b) Calculated net charge of HFBI as a 

function of pH. 
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Supporting Figure 3: VSFG spectra of a 14 μM HFBII solution at two different pH values. 

Changing the pH values leads to a similar shift as observed for HFBI. 
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Supporting Figure 4: pH dependent VSFG spectra of a 14 uM HFBI solution at pH 7 (black, 

above) and pH 5 (red) and back at pH 7 (black, lower spectrum). The observed spectral 

changes are highly reversible. 
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Supporting Figure 5: pD-dependent VSFG spectra of HFBI in deuterated water. Changing the 

pD values leads to a similar shift (1682 cm-1 to 1675 cm-1; ~7cm-1) of the amide I bands as in 

the achiral SSP spectra in water (1683 cm-1 to 1677 cm-1; ~6cm-1). Lowering the pH to an acidic 

value does not eliminate the PSP signal but changes the peak ratio of the 1640 cm-1 and 1660 

cm-1 bands.  
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Supporting Figure 6: pH dependent VSFG spectra of HFBI in water. At acidic pH values the 

band at ~1410 cm-1 vanishes due to protonation of the carboxyl group.  
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Supporting Figure 7: pH dependent VSFG spectra of a 14 uM HFBI solution at pH 5 (red, 

50mM acetate buffer) and pH 7.8 (black, 100mM phosphate buffer). An increase in the intensity 

of the helical signal at 1305 cm-1 is observed at higher pH-values.  
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Supporting Figure 8: Dependency of the residual sum of squares of the fits on fixing theta () 

and psi () away from the global fit minimum for pH = 8 (upper row) and pH = 4.5 (lower row). 
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