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(Abstract: Ice nucleation-active bacteria are the most effi-
cient ice nucleators known, enabling the crystallization of
water at temperatures close to 0°C, thereby overcoming the
kinetically hindered phase transition process at these condi-
tions. Using highly specialized ice-nucleating proteins (INPs),
they can cause frost damage to plants and influence the for-
mation of clouds and precipitation in the atmosphere. In
nature, the bacteria are usually found in aqueous environ-
ments containing ions. The impact of ions on bacterial ice
nucleation efficiency, however, has remained elusive. Here,
we demonstrate that ions can profoundly influence the effi-
ciency of bacterial ice nucleators in a manner that follows

the Hofmeister series. Weakly hydrated ions inhibit bacterial
ice nucleation whereas strongly hydrated ions apparently fa-
cilitate ice nucleation. Surface-specific sum-frequency gener-
ation spectroscopy and molecular dynamics simulations
reveal that the different effects are due to specific interac-
tions of the ions with the INPs on the surface of the bacteria.
Our results demonstrate that heterogeneous ice nucleation
facilitated by bacteria strongly depends upon the nature of
the ions, and specific ion-protein interactions are essential
for the complete description of heterogeneous ice nuclea-
tion by bacteria.

/

Introduction

At ambient conditions, the formation of ice from water is ther-
modynamically favored at temperatures below 0°C, however,
this crystallization process is kinetically hindered. As a result,
pure water can be supercooled to temperatures as low as
—38°C, below which homogenous ice nucleation occurs." In
natural systems, water freezes in a heterogeneous process, fa-
cilitated by the presence of ice-nucleating substances of bio-
logical and abiotic origins.”’ Ice nucleation-active bacteria from
Pseudomonas syringae are the best ice nucleators (IN) known,
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and their ability to induce ice formation at high sub-zero tem-
peratures has direct impacts on agriculture, microbial ecology,
geology and precipitation patterns.”’ The ability to nucleate
ice is attributed to ice-nucleating proteins (INPs). INPs are
monomeric but have repeatedly been shown to form function-
al aggregates in the bacterial outer membranes, and the larg-
est INP aggregates (>50 INPs) are thought to be responsible
for enabling freezing close to 0°C." INP-induced ice nucleation
usually takes place in ionic solutions, because ions are omni-
present in the environment. Therefore, the effect of salts on
the INP-mediated freezing of water is of fundamental interest.
For homogenous ice nucleation, it is established that ice for-
mation depends on the water activity of the given aqueous so-
lution, independently of the nature of the present ions. In
contrast, the effect of ions on heterogeneous ice formation fa-
cilitated by bacteria has remained largely elusive.?>*

The interaction of ions with proteins can be categorized by
the Hofmeister series and has been observed for numerous
processes.” In the 1880s, Franz Hofmeister ranked ions based
on their ability to precipitate proteins from solution.”” The
work resulted in the following rankings for anions: SO,* >
HPO,”” >CH,COO™ >Cl">Br >1">SCN~ and for cations:
[C(NH,),1 " (Gdm™) >Mg?" >Ca?" >Li" >Na" >NH," >
N(CH,), ", respectively.”’ lons on the left side of the series stabi-
lize and salt out proteins, whereas ions on the right denature
and solubilize proteins. It is generally accepted that the Hof-
meister series is an interfacial phenomenon, in which direct
protein-ion-water interactions are of central significance.*
Here, we investigate the effects of different ions on the ice nu-
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cleation activity of the proteinaceous IN from Pseudomonas sy-
ringae (P. syringae) '

Results and Discussion

Figure 1A shows the results of freezing experiments of a dilu-
tion series of the bacterial IN (Snomax) in water and in aque-
ous solutions containing either 0.5 molkg™ NaCl, NH,CI,
NaSCN or MgSO,. The freezing spectra of the bacterial IN in
water and in the presence of MgSO, look similar and show
two increases in the cumulative number of IN per unit mass of
bacteria, N, (T), at —2.9°C and —7.5°C with plateaus between
—4.5°C and —7°C and below —9.5°C. The two increases reveal
that the ice nucleation activity of P. syringae is caused by two
classes of IN with different activation temperatures, and we at-
tribute them to class A and C IN, respectively." Class C IN is
usually attributed to individual INPs or small assemblies in the
bacterial membrane, and class A IN is thought to originate
from larger clusters of class C IN, as shown in Figure 1B.

In the presence of NaCl, the freezing spectrum is identical to
the one of P syringae in pure water, with a ~2°C shift of the
INP-mediated freezing curve to lower temperatures. This ob-
served shift is in line with the expected shift of —1.86°C based
on the colligative melting point depression properties of a
0.5 molkg™ NaCl solution (see Supporting Information, Fig-
ure 51)."? For NH,Cl and NaSCN solutions, the trends are mark-
edly different from those of P. syringae in pure water or NaCl
solution. In the presence of NH,Cl, the class A-related increase
at about —2.9°C is absent; instead, we observe a small in-
crease at —7°C. Further, the second increase is observed at
—9°C, which again is ~2°C lower than that in water and which
is similar to the shift observed on adding NaCl. For NaSCN, we
observe only a single increase centered at —11.5°C. Evidently,

the four salts influence the efficiency of the INP-mediated
freezing points differently.

We examined whether different water activities in the inves-
tigated salt solutions may be the origin of the observed ion-
specific effects on bacterial ice nucleation. Accounting for the
effects of water activity, we found that they do not alter the re-
spective observed influence of the salts on the INP-mediated
freezing point (Figure S2). In fact, NaCl, NH,Cl, and NaSCN all
have nearly identical water activities at 0.5 molkg™'. Yet, they
differ significantly in their effect on the bacterial ice nucleation
activity. Clearly, the effect of salts on heterogeneous ice nuclea-
tion facilitated by bacterial INPs is not simply determined by
water activity, as holds for homogeneous nucleation, and re-
quires further investigations.

We conducted a comprehensive experimental evaluation of
seventeen salts of the Hofmeister series to obtain more details
of the specific effects of ions on the bacterial activities of the
INPs. The experimentally determined freezing points in the salt
solutions shown in Figure 2 were corrected for their respective
water activity by taking the shifted melting points into account
(see Supporting Information).

Four major categories can be identified from the plotted salt
induced shifts in freezing temperatures: (i) NaSCN influences
both bacterial IN classes A and C and lowers their respective
freezing temperatures; (i) NH,Cl lowers the freezing tempera-
ture of class A, but does not affect class C; (i) NaCl has negligi-
ble effects on both freezing temperatures; and (iv) MgSO,, in-
creases the freezing temperatures of classes A and C. Interest-
ingly, the effects of the salts on the INP-mediated freezing tem-
peratures follows the individual position of the anions in the
Hofmeister series. Weakly hydrated ions such as SCN™ lower
the INP-mediated freezing temperatures, whereas salts that
have no effects, or apparently facilitate freezing, are more
strongly hydrated ions such as CI™ or SO,*".
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Figure 1. Freezing experiments of bacterial ice nucleators from P. syringae in aqueous solutions: (A) Results for IN in pure water (grey) and in aqueous solu-
tions of 0.5 molkg ™' NaCl (green), NH,CI (magenta), NaSCN (blue), and MgSO, (orange). Plotted is the cumulative number of IN per unit mass of P. syringae vs.
temperature for various degrees of dilution, starting with 0.1 mgmL™". Numbers and grey shades in the legend denote dilution factors and are shown for

P. syringae in pure water only. The temperature ranges for class A and C bacterial IN in water are shaded in blue. (B) Proposed schematic illustration of class C
and A IN structures. The high activity of bacterial IN relies on INPs, which assemble into larger functional protein clusters. The most effective IN clusters are
termed class A, consisting of large INP assemblies. Class C IN are less active and consist of smaller INP assemblies.
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Figure 2. Effects of salts on the activity of bacterial IN from P. syringae: Shown are the temperature shifts (AT) induced by different salts on the freezing tem-
peratures of class A and class C IN in water (grey diamonds). Vertically, the salts are ordered by the appearance of their anions in the Hofmeister series. The
shifts represent the temperature difference for a frozen fraction of 50% of investigated samples (f,..=0.5) between P. syringae in water and in the respective
0.5 molkg " salt solution, the latter corrected for their water-activity effect (see Supporting Information). The concentration of P. syringae was 0.1 mgmL~' for
class A IN (A) and 10" mgmL™" for class C IN (B). The corresponding anion Hofmeister series is shown in the inset.

How can the different effects of the ions on the ice nuclea-  the number of aligned molecules at the interface. Changes in
tion properties of the bacteria be explained? Different ions  the solution pH was shown to strongly affect the SFG spectral
affect the local water structure, having different hydrogen-  response of bacterial ice nucleators. Therefore, all SFG experi-
bond-forming and -breaking capabilities.*® lons can, however, ments were performed in PBS buffer since the addition of salts
also alter protein conformations, and we surmise that both ef-  can affect the solution pH in an ion-specific manner"¥ At
fects could alter the freezing behavior of INPs.®? Clearly, mo-  charged surfaces, the surface field can align the water dipoles,
lecular-level information is required to explore both possibili-  as illustrated in Figure 3A. Such charge-induced enhanced or-
ties. The combination of sum-frequency generation (SFG) vibra-  dering of the interfacial water molecules causes the SFG signal
tional spectroscopy experiments and molecular dynamics (MD)  intensity in the O-H stretching region (IR wavenumber
simulations is ideally suited for elucidating biomolecular con-  ~3100-3600 cm™) to increase, and inversely, the SFG signal in-
formations and biomolecule-water interactions.*~*"'3 tensity can be used to quantify the amount of charge at the

SFG is a surface-specific method in which an infrared and a  electrified surface. This concept has been used previously to
visible pulse are combined at a surface to generate light at the  investigate the effect of ions on biomolecules. /415!
sum-frequency of the two incident fields. The selection rule of Figure 3B shows the SFG spectra of aqueous solutions of
this spectroscopy dictates that only ensembles of molecules P syringae adsorbed to the air-liquid interface in PBS buffer
with a net orientation, for example, at an interface, can gener-  and in the presence of salts. The signals in the frequency
ate a detectable signal. The SFG signal intensity depends on  region from 2800-3100 cm™" originate from C—H stretching vi-
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Figure 3. Sum-frequency generation spectroscopy measurements of bacterial ice nucleators from P. syringae in aqueous salt solutions: (A) Schematic represen-
tation of the orientation of interfacial water molecules next to P. syringae (grey) possessing a negative net charge. The straight arrows indicate the direction
of the water dipoles and the blue spheres depict ions. The curved arrow indicates possible disruptions of the alignment due to the presence of salts. (B) SFG
spectra of P. syringae layers at the air-liquid interface of a phosphate-buffered saline (PBS) solution (grey) and in the presence of NaCl (green), NaSCN (blue),
NaClO, (purple) and Na,SO, (orange). The bulk concentration of P. syringae was 0.1 mgmL™', and the salt concentrations were chosen to have identical ionic
strength. (C) Normalized integrated SFG intensities of the frequency region from 3100-3600 cm™' for P. syringae in PBS and in the presence of salts plotted
against the respective class A temperature shifts observed in the freezing experiments (Figure 2 A).
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brations. The broad signal between 3100-3600 cm™' is as-
signed to the O—H stretching band of interfacial water mole-
cules. We integrated the SFG signal in the frequency region of
3100-3600 cm ™' to allow for a direct quantitative comparison
of the effects of the salts as shown in Figure 3C. The SFG in-
tensity is highest in PBS buffer and decreases upon the addi-
tion of salts. This observation can be explained as follows: The
cations of the salts screen the net negative charge of P syrin-
gae, which in turn reduces the water molecules’ alignment and
causes the O—H stretch signal to decrease." Interestingly, the
salts show different efficiencies in screening the net charge de-
spite having identical ionic strengths. The weakly hydrated
anions decrease the SFG intensity less than strongly hydrated
anions like SO,*". One explanation for this observation is the
preferred adsorption of weakly hydrated anions to the P. syrin-
gae surface, rendering it more negative and, in turn, causing
more water alignment and increasing the O-H signal intensity
compared to strongly hydrated anions, which prefer to stay
solvated (Scenario 1). A second explanation is that the ions can
change the INP conformation, thereby affecting the charge dis-
tribution of the protein, which would alter the water alignment
and thus the SFG signal (Scenario 2).

To distinguish between both scenarios, we performed MD
simulations of the solvated INP in the presence of ions. The
INP structure consists of fourteen repetitions of the amino acid
sequence GYGSTQTSGSESSLTA as shown in Figure 4A. The INP
model adapts a B-helical structure, in excellent agreement with

our circular dichroism spectrum of the purified INP (Figure S3).
We particularly focused on the water orientation and ionic dis-
tribution near the proposed active sites of the INP"'® and con-
sidered simulation settings, in which we kept the INP structure
either flexible or fixed (see Experimental Section).

We analyzed the water orientation ({cos 6)) relative to the
IN planes of the INP in the presence of the different salts (Fig-
ure S4), where 6 is the angle between the water molecule’s bi-
sector and the plane normal of the active sites (see Experimen-
tal Section). We can directly compare the experimental and
computational findings by obtaining the square of the inte-
grated p(cos ) (o is the density of water), which is approxi-
mately proportional to the SFG intensity."”

The comparison of the SFG intensities and the square of
p(cos 6) (calculated SFG intensities) for the INP samples, pre-
sented in Figure 4B, reveals that the simulations reproduce the
experimental trend and capture the effects of the different
ions on the water orientation near the INP well. In agreement
with the experiments, we observe that weakly hydrated ions
are found near the INP surface, rendering the protein more
negative and enhancing water orientation relative to the
active IN planes, while strongly hydrated ions show a gradual
increase in the population when moving away from the INP
surface to the bulk water (Figure 4C). This finding is in line
with Scenario 1 and consistent with the Hofmeister series. The
depth profiles of the different ion species along the surface
normal of the IN planes are further largely different (Fig-
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Figure 4. Molecular dynamics simulations of the INP from P. syringae: (A) Model of the INP from P. syringae, consisting of 14 repeats and forming a B-helical
structure. The two ice-nucleating planes are highlighted in red and blue, respectively. (B) Calculated and experimental SFG intensities in the presence of four
different salts. In the simulations, the INP structure was kept in either a fixed (cyan) or a flexible (magenta) geometry. (C) Distribution of the anions with re-
spect to the two active ice-nucleating planes for the flexible geometry of the INP.
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ure 4C), underlining the different ion interactions with the pro-
tein.

To elucidate the possible effect of the protein conformation
on the water orientation and ion distributions (Scenario 2), we
computed the water orientation near the INP by fixing the pro-
tein geometry in the MD simulation (see Experimental Section).
The fixed structure of the INP shows the same trend for the
ions, but the extent of the effects on the water orientation is
reduced (Figure 4B). We also examined the depth profile of
the ion distributions for the fixed geometry (Figure S5), and,
compared to the flexible geometry, the weakly hydrated
anions approach the fixed INP much less. Coming back to the
two scenarios, these observations manifest, that the change of
the INP conformation and the propensity of the ions affect the
water ordering property as competing scenarios.

Conclusions

The above investigations suggest that ions affect the confor-
mation and aggregation behavior of biomolecules in aqueous
solutions very specifically, in addition to nonspecific electro-
static interactions. Our study provides unique insights into
how different ions influence protein stability, aggregation, and,
ultimately, the biological function of an organism. We provide
clear evidence that the effect of ions on bacterial ice nuclea-
tion is not independent of the nature of the ion but is due to
specific ion—protein interactions that follow the trend of the
Hofmeister series.

Weakly hydrated anions like perchlorate can directly interact
with individual INP units and change their conformations and
disable their individual IN sites (Figure 4, Figure S3). The
change in INP conformation further leads to the loss of the for-
mation of the functional aggregates and collective alignment
of INP units that enable freezing at —2°C (Figure 1). We also
note that ion addition can affect the pH value of the aqueous
solutions in an ion-specific manner. Such pH changes strongly
influence the ice nucleation activity of P. syringae as shown be-
fore,** ™ and those results are consistent with the observa-
tions made for NH,Cl in this work. Hence, the observed ion-
specific inhibitory effect of NH,Cl is entirely due to the change
of the solution pH (Figure S6).

Strongly hydrated ions enhance bacterial ice nucleation
slightly. Sulfate ions were reported to decrease the reorienta-
tion time of water at the ice-binding site of antifreeze pro-
teins"® and can create low-mobility water regions next to the
active IN sites of the INP (see Experimental Section, Figures S7,
S8). We speculate that such low-mobility regions may facilitate
ice nucleation, in line with a recent MD simulation showing
that low-mobility regions are the origin of seeds in homoge-
nous ice nucleation."”

Undoubtedly, fully intact ice-nucleating protein (INP) struc-
tures and a precise sub-Angstrdm arrangement of INPs and
water molecules are required for the extraordinary ice nuclea-
tion ability of INPs. The large variety of the salts investigated
here, together with the different types of mechanisms by
which ions affect bacterial IN, suggest that the general water
activity-based ice nucleation criterion is not sufficient for a de-
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tailed description of the effects of solutes on bacterial IN. The
water-activity approach is valid for those cases, where the sol-
utes do not directly affect the surfaces of ice nucleators, which
is clearly not the case for the bacterial INPs studied here. We
note that several of the salts studied here have direct biologi-
cal and atmospheric relevance and are found at similar con-
centrations in the environment, for example, in natural cloud
condensation nuclei.**?” As bacterial ice nucleation efficiency
is controlled by complex and mutually interacting environmen-
tal variables such as the presence of co-solutes or pH value,
these all must be taken into account for a complete under-
standing and a validated environmental application of bacterial
ice nucleators’ properties.
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