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Methods: 
 

Ice Affinity Purification 

Falling water ice-affinity purification and rotary ice-shell purification were used to purify the 

INPs of the bacteria P. syringae. Details of the purification method have been described 

elsewhere.1,2 We purified fragmented P. syringae cells obtained as the commercial product 

Snomax. For falling water ice-affinity purification, a commercially available ice-making 

machine (K20, Whirlpool, USA) was used to pump an aqueous Snomax solution (750 mg in 

2.5 L H2O) to the top of a metal plate. As the temperature of the metal plate is cooled down to 

subzero temperatures, nucleation occurs. The constant P. syringae solution circulation leads to 

the adsorption of the weakly ice-binding INPs to the ice-surface. During the purification, ~30% 

of the solution gradually froze. The obtained ice was melted and freeze-dried to obtain a mixture 

of all present INPs from P. syringae. The large size of the INPs, the presence of protein-

associated lipids and the tendency of aggregation and formation of assemblies makes the 

quantification of the purification challenging. We first assessed the success of the INP 

purification by determining the ice nucleation activity of the purified INP samples using TINA 

measurements. We further performed gel electrophoresis experiments to track the removal of 

impurities of the purified solution. Supporting Figure 1B shows that at similar mass 

concentrations, the purified and ice-active INP samples do not show several of the protein bands 

that were found for the fragmented P. syringae cells. We also do not expect a strong singular 

bond of an INP in the gel since P. syringae produces variants of INPs which can have many 

different sizes. Moreover, Coomassie blue has been shown to only weakly bind to a protein 

with a similar structure and amino acid composition.3  

For the preparation of our INP samples, we chose the more efficient falling water ice-affinity 

purification to obtain the needed large amounts of lyophilized INP samples for SFG and TINA 

experiments. We further compared the results of the falling water ice-affinity purification with 

results obtained from rotary ice-shell purification.1 Here, in a 500 mL flask, 20–30 mL water 

was used to form an ice-shell using a dry ice-ethanol bath for 30–60 s. The flask was rotated in 

a temperature-controlled ethylene glycol bath, and the temperature of the bath was set to −2 °C. 

100 mL precooled Snomax solution (0.5 mg/mL) was added, and the flask rotated continuously 

in the bath until 30% of the solution were frozen. The flask was removed from the motor, and 

the liquid phase was separated from the ice phase. The ice-phase contained INPs from 
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P. syringae and was melted. The obtained solution was then used to confirm the similarity of 

CD spectra of INPs purified with this method and the falling water ice-affinity method.  

 

Heat Treatment/Inactivation 

Heat treatments were performed to inactivate the bacterial IN. For this, a 0.1 mg/mL Snomax 

solution was autoclaved at 121 °C for 20 min (Laboklav 25). The autoclaved solutions did not  

show any indication for lowered protein concentrations (visual observation) due to 

precipitation. Additionally, surface tension measurements of the untreated and heat-treated 

samples conducted during the Amide I SFG experiments also revealed no significant changes 

or indications for the formation of precipitates. 

 

TINA Experiments 

Ice nucleation experiments were performed using the high-throughput Twin-plate Ice 

Nucleation Assay (TINA), which has been described in detail elsewhere.4 In a typical 

experiment, the investigated IN sample was serially diluted 10-fold by a liquid handling station 

(epMotion ep5073, Eppendorf, Hamburg, Germany). 96 droplets (3 µL) per dilution were 

placed on two 384-well plates and tested with a continuous cooling-rate of 1 °C/min from 0 °C 

to −20 °C with a temperature uncertainty of ±0.2 °C. The droplet-freezing was determined by 

two infrared cameras (Seek Therman Compact XR, Seek Thermal Inc., Santa Barbara, CA, 

USA). The obtained fraction of frozen droplets was used to calculate the cumulative number of 

ice nucleators using the Vali formula.5 All experiments were performed multiple times with 

independent samples, as shown in SFig 2. Background freezing of pure (autoclaved MilliQ) 

water in our system occurred at around −25 °C and is likely caused by remaining impurities or 

the supporting surface of the utilized well plates. 

 

Sum-Frequency Generation Spectroscopy 

The details of the experimental setup have been described elsewhere.6 SFG intensity spectra 

were obtained using a conventional SFG setup in reflection geometry. Broadband infrared (IR) 

(~ 5 µJ pulse energy) and a narrowband visible (VIS, ~ 13 µJ, centered at ~ 800 nm) fs-pulses 

were focused and spatially and temporally overlapped on the sample surface, with incident 

angles of 36° (VIS) and 41° (IR) with respect to the surface normal. The spectra presented in 

this study were simultaneously recorded in the C-H and O-D -stretch (IR ~2000–3100 cm-1) or 

in the Amide I (IR ~1600–1700  cm-1) region. The bandwidths were determined by the 
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respective bandwidths of the IR pulses. The spectral resolution was limited by the bandwidth 

of the VIS pulses (FWHM ~ 15 cm-1). The generated SFG signals were collimated by a lens, 

directed and focused onto a spectrograph (Acton SP 300i, Princeton Instruments) and detected 

by an EMCCD camera (Newton 970, Andor Instruments). Spectra were obtained in the 

SSP polarization combination (S-polarized SFG, S-polarized VIS, P-polarized IR) or in the 

SPS polarization combination (S-polarized SFG, P-polarized VIS, S-polarized IR). 

Background spectra were taken with blocked IR and unblocked VIS beam, and all spectra were 

normalized to nonresonant reference spectra from z-cut quartz. The SFG measurements were 

performed in a custom-made, temperature controllable PTFE-coated aluminum trough. We 

conducted measurements at 22 °C and 5 °C. The INP and Snomax (P. syringae) solutions were 

measured at a concentration of 0.1 mg/mL. Samples were allowed to equilibrate for at least two 

hours before measurements. The equilibration of the samples at the interface was complete, 

when the simultaneously measured surface tension (Wilhelmy plate method, DeltaPi/Dyne 

Probes, Kibron Inc.) was constant and the SFG spectra did not change within one hour. 

Calibration of the surface tension measurements was conducted using pure D2O (Sigma Aldrich 

99.9%) before each SFG experiment. The sample box was purged with nitrogen during the 

experiments. Comparison of Amide I SFG measurements in two different polarization 

combinations did not reveal any indication for protein reorientation on the surface. 

 

CD spectroscopy 

The purified INPs were analyzed at a concentration of 0.5 mg/mL in MilliQ water. The 

sample was measured in a 350 µL quartz cuvette (Hellma Analytics) with a path length of 

1 mm. Measurements were conducted using a JASCO 1500 circular dichroism spectrometer. 

Temperatures were controlled and maintained by a PTC-510 Peltier temperature-controlled 

sample holder in combination with an external cryogenic bath. Equilibration time for every 

sample before each set of measurements was 15 min. Spectra were background subtracted and 

processed using the Spectra Manager Analysis program from JASCO. 

 

INP Model 

The INP model consists of a 16-amino acid ring (GYGSTQTSGSESSLTA), which was 

repeated 14 times, along the x-axis. The initial structure for INP was taken from 

Hudait et al. 2018.7 
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Supporting Figure 1: Coomassie blue-stained SDS-PAGE analysis of ice-affinity 

purifications of the INPs. Lanes were loaded with fractions on an equal volume basis relative 

to the starting material. Samples shown in each lane correspond to protein markers, original 

P. syringae culture (A) and purified sample after the first (B) and second round (C) of falling 

water ice-affinity purification. 
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Supporting Figure 2: Freezing experiments of aqueous solutions of P. syringae (A) and 

purified INPs (B). Shown are the cumulative number of active ice nucleators per unit mass of 

P. syringae vs. temperature for five independent experiments. The temperature ranges for 

class A and class C INPs are shaded in light blue. 
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Supporting Figure 3: Fraction of frozen droplets for P. syringae and purified INP solutions 

corresponding to data shown in Figure 1. The initial concentration of 10-1 mg/mL is diluted 

down to 10-6 mg/mL. 

  



S8 

 

 

 

Supporting Figure 4: Temperature-dependent sum-frequency generation measurements of 

pure D2O at 22 and 5 °C. The peak at ~2720 cm-1 stems from the free O-D stretching mode 

which arises from non-hydrogen-bonded deuterium atoms at the surface. The free O-D 

disappears upon surface coverage with sample molecules. The inset shows the integrated SFG 

intensities of the O-D stretching frequency region ~2200–2700 cm-1 for two temperature cycles. 
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Supporting Figure 5: SFG spectra in the amide I region. (A) P. syringae (grey), purified INPs 

derived from P. syringae (black) and heat-treated INPs, all measured at room temperature in 

H2O. The dashed line indicates zero. (B) Magnification of the carbonyl region, which reveals 

weak lipid signals. As a result of the purification, the protein signals of the INP samples is 

increased compared to that of the bacteria. 
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Supporting Figure 6: SFG spectra of Snomax (grey) and purified INPs (black) as well as 

inactive INPs (red). Measurements were performed in the SSP (solid lines) and PSP (dotted 

lines) polarization configuration.  
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Supporting Figure 7: CD spectra of purified INPs derived from P. syringae at temperatures 

from 25 to 75 °C in water as well as an autoclaved sample (heated to 121°C, measured at 25 °C) 

(A), and melting curve of the protein obtained from the circular dichroism values at 222 nm 

(B). The dashed line is a guide for the eye. The melting point is estimated to be at around 55 °C.  
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Supporting Figure 8:  CD spectra of purified INPs and fragmented P. syringae (Snomax), 

normalized to the highest local maximum, respectively. 
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