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atmospheric science and ice nucleation (IN) community (24, 25). The
IN activity of our specific sample was verified by a droplet-freezing as-
say (see the Supplementary Materials). To determine the interaction
of P. syringae with water, we probed a P. syringae solution (0.1 mg/ml)
in heavy water (D,0) in a temperature-controlled trough. Surface ten-
sion measurements showed that the IN material partitioned to the air-
water interface, which was probed with SFG (see the Supplementary
Materials). To account for the fact that the samples contain a variety
of biomolecules besides the inaZ proteins, we have included a range of
control substances in our study, representative of different classes of sur-
face active molecules found within cells.

RESULTS

Figure 1A shows SFG spectra in the O-D and C-H stretching regions
at temperatures ranging from room temperature (RT, 22°C) down to 5°C,
that is, 1°C above the melting point of D,0 ice (freezing of this sample
occurred at 4°C). The RT SFG spectrum for P. syringae at the air-water
interface contains C-H resonances between 2800 and 3000 cm ™, related
to a variety of aliphatic carbon species such as lipid tails, amino acid
side chains, and hydrocarbons. Interfacial deuterated water gives rise
to a broad band between 2300 and 2600 cm ™", which is assigned to a
continuum of O-D stretching vibrational states going from weakly
(near 2500 cm™") to more strongly (near 2390 cm™") hydrogen-bonded
water molecules (26, 27). As the temperature of the water decreased,
we observed a progressive increase of the SFG intensity, which implies
a significant increase of interfacial water order and alignment. Al-
though the general features observed in the P. syringae spectra, such
as hydrocarbon and water modes, are also typically observed in the
spectra of monolayers of lipids and proteins in contact with water (28, 29),
we did not observe such temperature dependence for any of the ice-
inactive interfaces that we studied. Figure 1 (B to E) shows the spectra
of monolayers of different control substances representing various
types of ice-inactive biological molecules. To test the role of intact inaZ
protein sites for their water-structuring and ice-forming abilities, we
used a misfolded synthetic 15-amino acid fragment of the inaZ IN
domain and a protein extract of the P. syringae sample that contains,

inter alia, denatured inaZ proteins as negative controls. Because lipids
can be expected at the water interface, we included a model DPPG
lipid monolayer (1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol) in
the list of controls. As a well-studied and stable model protein for in-
terfacial studies, we also collected water spectra at the lysozyme-water
interface. The DPPG sample showed an increase of the CH modes
with decreasing temperature, likely explained by increased ordering
of the lipid alkyl chains. Because lipids are also present in the bacteria
sample, this likely also explains the increased CH intensity in the
P. syringae spectra (also see fig. S1). Within the detection limit of our
experiment, we did not observe changes in the water SFG intensity or
resonance position for any of the control substances.

Figure 2 displays the analysis of the SFG amplitude for water
bands observed for the P. syringae sample. To quantify the changes
of the water structure when cooling from RT to 5°C, we show in
Fig. 2A SFG spectra and fits for the weakly and strongly hydrogen-
bonded water bands for the respective temperatures. The results of
the analysis—SFG amplitude changes for all four temperatures—are
summarized in Fig. 2B. The data show that the increase of the water
signal is mostly related to an increase of the strongly bound water
mode; the weakly bound water mode remains almost unchanged.

Temperature changes can also induce refolding of proteins at inter-
faces and cause changes in the composition of interfacial layers. The
amide I SFG spectra of the P. syringae sample (Supplementary
Materials) showed no measurable changes in the configuration of in-
terfacial proteins. The surface tension of the samples was recorded
during the cooling process (summarized in the Supplementary Ma-
terials), and the results agree with the assumption that the surface cov-
erage of the surface was largely unaffected by the temperature change
(see the Supplementary Materials). This view was supported by x-ray
photoelectron spectroscopy (XPS) data, which showed that the surface
composition remained unchanged when the sample was cooled from
RT to 5°C (see the Supplementary Materials).

When relating water alignment to specific components or sites
within P. syringae, it is important to take into account the com-
plexity of this multicomponent system. However, our analysis is
facilitated by the fact that, among ice nucleators, inaZ proteins ex-
hibit the highest freezing point observed. Other insoluble materials
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Fig. 1. SFG spectra of P. syringae. (A to E) SFG spectra of P. syringae bacteria lysate, which contain ice-active inaZ proteins (A) and control substances
(B to E) in contact with water at different temperatures. INPs increase the water signal with decreasing temperatures, whereas control substances leave

the water signal unchanged. a.u,, arbitrary units.
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Fig. 2. Analysis of temperature-dependent SFG spectra for P. syringae at a water surface. (A) Spectra for RT and 5°C along with two fitting
components related to more weakly and strongly hydrogen-bonded water within the broad water spectrum. CH and nonresonant fitting compo-
nents are not included here. (B) Plots of the amplitudes obtained from fits to the SFG spectra from RT to 5°C. The mode related to more strongly
hydrogen-bonded water increases strongly, whereas the weakly hydrogen-bonded water mode remains almost unchanged.

present in the solution, including the control substances shown and
discussed in Fig. 1, could possibly act as IN but are not active at these
high temperatures (30), and thus will not structure water at the re-
ported temperatures. On the basis of these considerations, it can be
concluded that the interaction of an IN material with water close to
the freezing temperature will be dominated by the ice-active agent
within the IN material—that is, inaZ proteins in P. syringae. The pres-
ence of significant amounts of soluble material within the P. syringae
lysate can be expected to lead to the common freezing point depres-
sion (25, 31, 32). This effect would inhibit ice nucleation and diminish
water structuring for the investigated temperatures. This view is also
supported by the droplet freeze assay performed with our P. syringae
samples (see the Supplementary Materials), which demonstrates the
presence of a single, effective ice nucleus acting on the water near
the ice melting temperature.

Using MD methods, the Yasuoka and Davies laboratories have
predicted that INPs can order water more effectively at their “operating”
temperatures—close to the ice melting point (14, 17). Our data now
support this hypothesis. P. syringae shows higher water SFG signals,
that is, stronger water interaction, under low-temperature conditions.

Two conditions will promote interfacial ice nucleation: (i) the align-
ment of water into a regular structure and (ii) effective removal of latent
heat due to the phase transition. The first condition of water ordering is
met by the IN bacteria, as can be seen in the significant increase of the
SFEG signal. To test the correlation of SFG intensity increase with water
ordering and to identify which water species are involved in the
ordering process in the P. syringae sample, we performed MD simula-
tions of an inaZ ice nucleation site in contact with water at 26.85° and
1.85°C and calculated the O-D stretch SFG intensity (see Fig. 3 and the
Supplementary Materials for details). Water SFG spectrum calculations
at interfaces have been successfully used at various surfaces such as lipid
layers (33) and the air-water interface (34).

To trace the origin of this temperature-dependent effect, we de-
composed the simulation cell into the six regions schematically de-
picted in Fig. 3A, to examine the contribution to the SFG spectra
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from the water molecules contained in each region. These are shown
in Fig. 3B. A comparison of the lower-frequency fitting component
(near 2390 cm ') of the experimental spectra with the calculated
bands is shown in the first panel of Fig. 3B. The experimental SFG
spectra are representative of the entire bacteria in contact with water
and are likely not reproduced by spectrum calculations for the inaZ
protein alone. In addition, because we are investigating a single active
site, that is, an infinitely diluted system, any lateral interactions or
higher-order assemblies of the INPs would be visible in the simulations.
However, the calculation should be able to capture temperature-induced
changes in the experimental spectra if those changes are a result of inaZ-
water interactions. The simulated SFG spectra reproduce the remark-
able enhancement of the SFG intensity for low-frequency O-D SFG
modes with decreasing temperature.

The spectra also reveal significant variations in the contributions
to the SFG intensity from different parts of the IN site due to the dif-
ferent composition and structure of the amino acids contained in these
regions. The variation of the SFG intensities calculated for the different
regions is summarized in Fig. 3C. Regions 1 and 6 provide very strong
SFG intensity as well as a striking intensity increase at lower tempera-
tures, whereas both effects are less pronounced in the inner, more hy-
drophobic regions 2 to 5. This implies that the marked change of the
water ordering at lower temperatures is mainly driven by the hydro-
philic outer regions. For the Thr “ladder” motif in regions 2 and 3—
which has been hypothesized to play a major role in templating ice
growths by binding clathrate water to the IN site—the SFG signal re-
mains unchanged by temperature but shows a significant red shift of
the SFG band. Such a decoupling of Thr sites and water molecules has
also been observed for strongly ice-binding insect AFPs (35, 36),
although other AFPs showed a strong coupling to adjacent water layers
(23). For P. syringae, although water order near Thr sites appears to be
less affected by temperature than in the outer regions, stronger binding
of water in the Thr region might affect water order in neighboring re-
gions by long-range interactions within the water network or improved
rigidity throughout the side-chain lattice.
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Fig. 3. MD simulation of the inaZ ice-active site. (A) The top view illustrates the ladder-type regions of groups of amino acids on the IN dimer.
The side view shows an MD snapshot of the water structure at the IN site. Together, side chains and clathrate water form a template for ice
nucleation. Threonine, purple; serine, yellow; alanine, blue; tyrosine, green; glutamic acid, orange; glycine, white. (B) Calculated SFG spectra for
regions with different amino acids present. Thr- and Ser-rich areas leave the water signal intensity unchanged, whereas there is a clear trend toward
a stronger water signal near glutamic acid— and serine-rich regions. (C) Integrated SFG intensity for the IN site regions at 270 and 300 K. The
increased intensity at regions 1 and 6 indicates more ordered water near the perimeter of the IN site.

However, because the Thr ladder motif does not impose ordering
of water superior to other protein sites, in contrast to previous expla-
nations for the excellent ice nucleation activity of this inaZ protein
(11, 14), the question arises of which other effects could explain its
formidable IN potential. The water structure across regions 1 to 6
indicates that hydrophilic surfaces bond to the adjacent water mole-
cules, whereas the clathrate water molecules at the Thr sites are de-
coupled from the bulk water molecules. Instead of binding water,
the Thr ladder motif acts as an extended hydrophobic domain, which
can maintain contact with water (see fig. S10).

It is known that the water structure at a water-hydrophobic inter-
face is similar to the water structure at a water-vapor interface (37). The
inaZ protein uniquely features a hydrophilic-hydrophobic-hydrophilic
pattern (regions 1 to 6), imposing corresponding structural changes
in the adjacent water alternating between liquid- and vapor-like water
interfaces. Previous theoretical and experimental studies demonstrated
that ice nucleation can be enhanced at the triple line, that is, when the
IN substrate is in the vicinity of the water-vapor interface (38-44). Scale
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analysis of the triple-line tensions (ice-liquid-substrate, ice-air-substrate,
and liquid-air-substrate) suggests that this effect is important for surface
features on the nanometer scale (39). The inaZ protein may provide
such a favorable environment for ice nucleation, even when immersed
in liquid water, thereby extending this symmetric configuration over
significant length. The unique feature of providing three phase contact
points may result in generally observed enhanced freezing. Thus,
clathrate water matching alone may not explain the exceptional IN
ability of inaZ, but its alternating water structuring by the repeated
hydrophilic-hydrophobic pattern may contribute significantly. This
may also explain why flat hydrophilic surfaces act as good IN substrates,
potentially via chemical bonds, lattice match, or active sites (45, 46), but
do not exhibit the exceptional IN capability of inaZ. In addition to these
very unique features, the observed promotion of water order near the
hydrophilic sites also has a direct impact on the second requirement for
effective ice formation—removal of latent heat.

Molecular alignment within the H-bonding network of water can
promote long-range energetic coupling and therefore, by effectively
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