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ABSTRACT: Organisms that thrive at cold temperatures produce ice-binding proteins to
manage the nucleation and growth of ice. Bacterial ice-nucleating proteins (INP) are
typically large and form aggregates in the cell membrane, while insect hyperactive antifreeze
proteins (AFP) are soluble and generally small. Experiments indicate that larger ice-binding
proteins and their aggregates nucleate ice at warmer temperatures. Nevertheless, a
quantitative understanding of how size and aggregation of ice-binding proteins determine
the temperature Ty, at which proteins nucleate ice is still lacking. Here, we address this
question using molecular simulations and nucleation theory. The simulations indicate that
the 2.5 nm long antifreeze protein TmAFP nucleates ice at 2 + 1 °C above the
homogeneous nucleation temperature, in good agreement with recent experiments. We
predict that the addition of ice-binding loops to TmAFP increases Ty, but not enough to
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compete in efficiency with the bacterial INP. We implement an accurate procedure to determine Ty, of surfaces of finite size
using classical nucleation theory, and, after validating the theory against Ty, of the proteins in molecular simulations, we use it
to predict T, of the INP of Ps. syringae as a function of the length and number of proteins in the aggregates. We conclude that
assemblies with at most 34 INP already reach the T} = —2 °C characteristic of this bacterium. Interestingly, we find that T is
a strongly varying nonmonotonic function of the distance between proteins in the aggregates. This indicates that, to achieve
maximum freezing efficiency, bacteria must exert exquisite, subangstrom control of the distance between INP in their

membrane.

1. INTRODUCTION

Although ice is more stable than liquid water below 0 °C, the
homogeneous nucleation of ice from micrometer-sized water
droplets does not occur at temperatures above —35 °C."” The
large supercooling needed for nucleation arises from the free
energy cost of the interface of the ice embryo. Surfaces that
bind ice decrease that cost, promoting nucleation at warmer
temperatures.3 Bacterial ice-nucleating proteins (INPs) are
among the most efficient ice-nucleating materials,* !¢
crystallizing water at temperatures as high as —2 °C."’

The INPs of Pseudomonas syringae and Pseudomonas borealis
bind ice through highly conserved arrays of TxT motifs, where
T is threonine and x is a nonconserved amino acid.'””'°
Hyperactive insect antifreeze proteins (AFPs) bind ice through
the same TxT motifs as INPs.'® Although AFPs are very
effective at inhibiting the growth of ice'” by forcing the crystal
to grow with curvature, they are not efficient ice
nucleators.”” ™" It has been proposed that the different
functions of INPs and AFPs may arise from the distinct sizes
of their ice-binding surface (IBS), which are large in INPs and
small in AFPs."”*'™** That hypothesis is consistent with
classical nucleation theory (CNT),” which predicts that the
size of the critical ice nucleus is larger for nucleation at warmer
temperatures, thus requiring a larger IBS to stabilize it. An
increase in the ice nucleation temperature with the size of the
ice-binding molecule has been reported for nanoscopic
organic, biological, and inorganic ice nucleants.”*%*” Never-
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theless, there is not yet a quantitative, predictive understanding
of how the heterogeneous ice nucleation temperature Ty,
depends on the size, shape, and strength of ice binding of the
nucleating surface. Elucidating that dependence is the focus of
this study.

There are two ways to modulate the size of the IBS of
proteins. The first is to vary the number of ice-binding loops in
the f-helix binding surface.”® This changes the length but not
the width of the IBS. A recent study shows that dilute solutions
of a bioengineered fragment of the INP of Ps. syringae, PSINP,
with 16 TxT loops (about one-quarter of the native size)
nucleate ice at Ty, = =25 = 1 °C, just 10 + 1 °C above the
homogeneous nucleation temperature Thom- . The dependence
of the freezing efficiency AT = Ty — Tho With the length of
the protein has not been investigated.

The second way to increase AT is to assemble a larger ice-
binding site through aggregation of multiple ice-nucleating
proteins.">*’ 7" Aggregation of INPs occurs in the cell
membrane of ice-nucleating bacteria under conditions of stress
that require them to nucleate ice.'"'**" It is not known
whether the aggregation in the cell membrane is promoted by a
change in the chemistry of the membrane or an increase in the
concentration of proteins. The aggregation of the proteins in
vitro is typically modulated by changes in protein concen-
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tration in solution.”® Increasing the concentration of oligomers
of engineered INPs with 16 TxT ice-binding repeats increases
The from —26 to —10 °C.”® These experiments, however,
cannot discard aggregation already at the lower concentrations,
making it impossible to disentangle the individual effects of
lengthening of the protein binding surface and formation of
multimeric aggregates on the ice nucleation efficiency.

In the present study, we first use molecular dynamics
simulations to elucidate the individual effect of length and
aggregation on the nucleating efficiency of ice-binding
proteins, including both INP and AFP that bind ice through
TxT amino acid repeats. We then present an accurate
implementation of heterogeneous classical nucleation theory
for finite size surfaces and demonstrate that it can
quantitatively represent the simulation data. We finally use
the validated theory to predict how the ice nucleation
temperature T, of the ice-nucleating protein of Ps. syringae
evolves with the length of the protein and the number of
proteins in the aggregates that it forms in the cell membrane.
We use these results to compare with and interpret
experimental ice nucleation temperatures for these bacteria.

2. RESULTS AND DISCUSSION

2.1. Antifreeze Protein TmAFP Nucleates Ice Close to
the Homogeneous Ice Nucleation Temperature. We use
molecular simulations to compute the ice nucleation efliciency
AT for four related sets of ice-binding molecules:

(i) The antifreeze protein TmAFP of the beetle Tenebrio
molitor,”* shown in Figure la. We compute the ice nucleation
efficiency of this AFP and elucidate whether the same amino
acid sequence is involved in the antifreeze and ice nucleation
activities of the protein.

a) TmAFP b) TmINP c) PsINP d) AlcoholINP e)
Mq‘!‘,/ \ »

e

AT

Figure 1. Ice-binding molecules of this study. (a) TmAFP, (b)
TmINP with N = 23 loops, (c) model PsINP with N = 22 loops, and
(d) AlcoholINP with 23 alcohol molecules per row. The square
bracket in (a) indicates the loop of TmAFP that we repeat to produce
TmINP. Red and blue balls are the methyl and hydroxyl groups of the
IBS. The backbones of TmAFP and TmINP are shown in cyan, and
the backbone of PsINP is in gray. Carbon tails of AlcoholINP are
shown with cyan behind the purple beads that represent the hydroxyl
groups. (e) Ice-binding motifs in the IBS of the IBP (middle row) and
the alcohol monolayer (lower row) have order consistent with that of
water in the basal plane of ice (top row). Note that the IBP TmAFP,
TmINP, and PsINP have two columns of OH, while AlcoholINP has
three columns of OH as ice. Table S1 lists the distance mismatches
between the OH in the IBS of these models and the basal plane of ice.
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(i) Ice-binding proteins made by repeating N times the 12-
residues loop TCTNSQHCVKAN that encompasses residues
27-38 from the N-terminus of TmAFP.>> We call these
proteins TmINP (the one with N = 23 is shown in Figure 1b).
TmINP are akin to those engineered to study thermal
hysteresis in ref 33. We determine whether and how the
increase in the number of loops of a model AFP produces an
ice-nucleating protein.

(iii) Ice-binding proteins made by repeating N times the 16
residues loop GYGSTQTSGSESSLTA of InaZ INP of
bacterium Pseudomonas syringae, built using homologyM’23
and scaled to have mismatch to ice similar to TmAFP.'® We
call these proteins model PsSINP; the one with N = 22 is shown
in Figure lc. By comparing AT; of the model PsINP and
TmINP, we investigate whether the ice nucleation eficiency
depends only on the number of TxT loops or also on the
amino acid sequence of the non-ice-binding residues.

(iv) Rigid fragments of an ice-nucleating alcohol monolayer
with three rows of hydroxyl groups that have lattice mismatch
to ice identical to TmAFP,* to compare the size-dependence
of AT of the proteins to a purely hydrogen-bonding IBS.”* We
call these molecules AlcoholINP; the 23 alcohol molecules-long
surface is shown in Figure 1d.

TmAFP is one of the most potent antifreeze molecules in
nature.” Recent experiments found that TmAFP nucleates ice
with an efficiency that ranges from 1.3 to 4.5 K above T, for
solutions with protein concentrations that range from 0.5 to 95
UM, consistent with a previous report that found its Ty, in
mixtures of H,O and D,0 to be 5 K above the expected T,
in 2.4 mM solutions.”® Our analysis in section 2.5 indicates
that most of this small increase in T}, with concentration
originates in aggregation of the proteins. Our molecular
simulations predict that TmAFP is a weak ice-nucleating agent,
promoting the formation of ice at just 2 + 1 K above T,,,. The
agreement between the results of the simulations and
experiments validates the accuracy of the united atom model
for the prediction of the ice nucleation efficiency of proteins.

The simulations reveal that ice nucleates on the TxT binding
surface of TmAFP, the same that this protein uses to bind an
existing ice surface to prevent its growth.'®*> The low freezing
efficiency of TmAFP may not be surprising, as TmAFP evolved
to bind ice at T = 273 K, and its ability to nucleate ice at
temperatures close to 240 K is irrelevant for its biological
function. In the next section, we show that an increase in the
number of ice-binding loops can increase the ice nucleation
efficiency of this antifreeze protein.

2.2. Width of Ice-Binding Site Limits T, of Proteins.
We now focus on the change in ice nucleation efficiency AT
with the size and shape of the ice-binding site. The S-solenoid
structure of the IBS of bacterial INPs and hyperactive insect
AFPs confers them a significant anisotropy in shape (Figure 1).
Figure 2 presents the ice nucleation efficiency as a function of
length L of the binding site for the model of bacterial INP
PsINP, the protein TmINP made by stacking of ice-binding
loops of the antifreeze protein TmAFP, and the rigid fragments
of alcohol monolayer, AlcoholINP, with the same width and
lattice mismatch to ice as these proteins. The three ice-binding
surfaces display the same qualitative behavior: AT{(L) is zero
for very short molecules, then increases sharply, and finally
plateaus. In what follows, we analyze the origin and
implications of these distinct regimes.

Figure 2 indicates that ice-binding molecules (IBMs) are
unable to nucleate ice if they are shorter than a threshold
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Figure 2. Ice nucleation efficiency of model proteins as a function of
the length L of the ice-binding site. Symbols indicate the AT{(L)
computed in molecular simulations with PsINP (blue A), TmINP
(red W), AlcoholINP (@), and TmAFP (magenta right A). The red O
represents ATy of TmINP with the same number of binding sites as
TmAFP. The origin of the lower efficiency of TmAFP as compared to
TmINP of the same length is discussed in Supporting Information B.
The solid red line is the CNT prediction for TmINP at the nucleation
rate of the simulations, with w = 1.3 nm as the only adjustable
parameter. The calculations are performed with the parameters of the
mW model at the nucleation rate of the simulations, J = 10’ cm™ s™%;
ie, @ = 10°%7". Figure S4 shows the predicted AT{(L) curves for the
same model protein at other nucleation rates. Inset: Views of the
critical ice nucleus on the S nm long TmINP; orange shows the
anchored clathrate'® and gray the rest of the ice nucleus. The critical
nucleus size is identified as that with the same probability to grow or
melt®*?” (Figure S2). Note that AlcoholINP and TmINP have almost
identical AT{L) values, as well as the same AT; for unlimited
surfaces. The equivalent efficiency of proteins and alcohol monolayers
indicates that the IBS does not need to be amphiphilic to bind
strongly to ice.”'**

length L, that is between 0.5 and 2 nm for the molecules of
this study. Within the framework of classical nucleation theory,
the need for a minimum size of the binding site to nucleate ice
arises from the destabilizing effect of the line tension 7 of the
three-phase line between the ice nucleus, the liquid, and the
IBM on the free energy of binding of the protein to ice. Our
CNT analysis in section 4.2.2 predicts that the smallest area
Ajgs of the binding surface that can nucleate ice is given by the
condition Agg X Aypng + T X Ips = 0 (see Methods, eq 9),
where Aybind = Vice—surface — (yice—liquid + }/liquid—surface) is the
binding free energy of ice to the surface per unit area, and Ijpg
is the length of the ice—liquid—IBS boundary. This predicts
that surfaces that bind ice weakly require a larger threshold
area to nucleate ice. Indeed, molecular simulations show that
weakly binding graphitic lamellae®” lose their ice nucleation
ability if their ice-binding surface is lower than 4 nm?>® while
disks of alcohol monolayers, which strongly bind to ice,” do
not lose their ice nucleation activity until the area of their IBS
is lower than ~1 nm?® (Figure S3). The strong binding free
energy of TmAFP to ice'® explains why, despite its very small
size, this ice-binding protein is able to promote the freezing of
water.

Figure 2 shows that the freezing efficiency AT; of the model
TmINP increases steeply as their IBS lengthens from L, to
the saturation length L., & 5 nm, which corresponds to 10
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TxT loops. AT; then plateaus upon lengthening of the protein.
We note that both L, and the AT} at the plateau increase with
the nucleation rate (Figure SS5) Although experiments have
shown that short, 4-loop long, fragments of PsINP have
antifreeze activity,”” the reverse transformation of an AFP into
an INP by addition of ice-binding loops has not yet been
demonstrated in experiments. To our knowledge, the results in
Figure 2 constitute the first report of the transformation of an
antifreeze protein into an efficient ice-nucleating protein by
addition of ice-binding loops.

Larger mutants of TmAFP comparable to TmINP with up to
10 ice-binding loops have been produced in the lab, but only
their thermal hysteresis activity has been determined.”” Our
simulations predict that if both the rigidity of the protein and
the distances between the TxT repeats do not change upon
addition of loops, these proteins would nucleate ice at warmer
temperatures than TmAFP. However, we predict that the
narrow width of the IBS of TmAFP, combined with the slow
nucleation rates of experiments, will result in small gains to Ty,
upon addition of loops to this antifreeze protein (Figure S4).

The increase of AT¢ with L in Figure 2 reflects the ability of
the longer protein IBS to stabilize increasingly larger critical ice
nuclei. The ice nucleation efliciency of TmINP, however, does
not increase further when the protein has more than ~10 TxT
loops in its ice-binding surface, because the width of the
binding site restricts the width of the ice nucleus it can sustain.
Hence, the crystal nucleus becomes more oblong with
increasing L. We determine that the critical ice nucleus for
the S nm long TmINP is as long as the protein and about 1.3
nm wide (inset of Figure 2). We conclude that AT; plateaus
upon further increase of the length L of the protein, because
additional lengthening of the nucleus increases its area to
volume ratio and does not lead to a decrease of the ice
nucleation barrier.

To illustrate how the anisotropic shape of proteins limits
their nucleation efficiency, we show in Figure 3a the freezing
efficiency versus area of the binding surface for circular and
rectangular rigid fragments of alcohol monolayers that have
perfect lattice matching to ice: while the circular, isotropic
surfaces increase their efficiency with area until it saturates at
the AT; for the macroscopic monolayer, the anisotropic
rectangular surfaces plateau at a much lower freezing efficiency,
limited by their width.

Surfaces that bind weaker to ice reach a lower ice nucleation
efficiency than those that have more negative binding free
energy Ayt This is the case for unlimited size surfaces (see
ref 3 and section 2.3), as well as for surfaces that have a small
IBS that limits nucleation (Figure S3). Ay of surfaces that
hydrogen bond to ice is modulated by their lattice mismatch to
ice. Figure 3b shows that for surfaces, such as proteins, that
have distinct lattice mismatch to ice in the two directions of
the IBS, the ice nucleation efficiency is maximal when the
smaller mismatch occurs along the longer direction. We
conclude that both the anisotropy in shape of the IBS and its
alignment with respect to the direction of minimum mismatch
to ice are important for the design of efficient ice-nucleating
proteins.

It has been proposed that the mass of the ice-nucleatin%
proteins or their aggregates can be used to predict Tp..”"”
However, as ice-nucleating proteins are generally anisotropic in
shape, their AT; decouples from the mass of the protein (and
area of the binding site) when the shape anisotropy is
pronounced. This indicates that knowledge of the mass of the
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Figure 3. Effect of anisotropy in shape and in lattice mismatch to ice
on the nucleation efficiency of finite surfaces. (a) Freezing efficiency
versus area of the binding site determined with molecular simulations
of circular (black symbols) and rectangular (red symbols) fragments
of alcohol monolayers with perfect matching to ice. The rectangular
surfaces are three-rows of alcohol molecules wide. The dashed black
line indicates the freezing efficiency of a monolayer with the same
mismatch and unlimited in size in both directions. (b) Freezing
efficiency versus area for circular (black symbols) and rectangular (red
symbols) fragments of an alcohol monolayer that has different
anisotropic lattice mismatch to ice in the two directions, +10% and
—49%. The nucleation efficiency is highest when the smaller mismatch
is aligned with the long direction of the nucleating surface.

ice-nucleating molecule is, in general, not sufficient to predict
its ice nucleation temperature. In the next section, we
demonstrate that the ice nucleation temperature of anisotropic
finite surfaces, such as that of ice-nucleating proteins, can be
accurately predicted with nucleation theory.

2.3. Classical Nucleation Theory Quantitatively
Predicts the Size-Dependence of T, of Proteins. In
what follows, we first present an implementation of classical
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nucleation theory that allows us to accurately predict, for the
first time, the ice nucleation temperature of surfaces of finite
size and arbitrary shape and strength of interaction of the
binding site, such as proteins. We then validate our
implementation of the theory by comparing its predictions
with Ty, as a function of the length of the binding surface
determined in molecular simulations for the TmINP model.
We finally use the validated implementation of the theory to
predict the dependence of the ice nucleation efficiency of the
INP of Ps. syringae as a function of the length L of its IBS and,
in section 2.5, of the number Nyyp of protein monomers in the
aggregates these proteins make in the bacterial membrane at
the conditions of the experiment. We use those theoretical
results to interpret experimental data of ice nucleation by
proteins of insect and bacteria.

Nucleation temperatures are typically determined in experi-
ments by cooling small droplets and collecting statistics on the
temperature at which they crystallize. Ty, is determined by
both the volume of the droplets and the cooling rate. For
example, microliter droplets cooled at rates of about 1 K min™"
nucleate ice at Ty, = 238 K = —35 °C.*" Under these
conditions, the experimental homogeneous nucleation rate™ is
Wpom = 10* s71.7* T}, is also controlled by the cooling rate,
but is modulated by the area of the nucleating surface.”""* For
example, 10 yL droplets that each contain an average of 10* Ps.
syringae incubated to produce the most ice-nucleating active
form of the bacteria heterogeneously nucleate ice at Ty, = —2
°C when cooled at about 1 K min™"."" We use this solution as
reference for the calculations of heterogeneous nucleation by
the bacterial ice-nucleating protein and its aggregates. It has
been interpreted that just a few bacteria in these droplets are
responsible for this very high Tiee " As Ty, and T} are
compared using the same cooling rates (observation times) for
homogeneous and heterogeneous nucleation, we here select
the nucleation rate ® = @yom(Thom) of the homogeneous
nucleation experiments, and use classical nucleation theory to
identify the temperatures Ty, for which @u(Th.) =
®pom(Thom)- Although the heterogeneous nucleation temper-
atures depend, in principle, on the total area that can nucleate
ice in the system, the steep dependence of the nucleation
barrier with temperature dwarfs changes in concentration,
which modify the pre-exponent. Indeed, we show in
Supporting Information E that Ty is quite insensitive to the
concentration of proteins in the absence of aggregation.

We have previously derived a relationship between the
freezing efficiency AT; and the binding free energy Ay,q of a
nucleating surface of unlimited size using CNT and neglecting
the contribution of the ice—liquid—surface line tension to the
free energy of the nascent ice embryo.” We here extend the
procedure of ref 3 to first include the line tension effect on the
shape and stability of the critical crystallite, and then to
account for the finite size of the nucleating surface on the
heterogeneous nucleation temperature. Figure 4 presents the
workflow of our iterative “Heterogeneous Ice Nucleation
Temperature” (HINT) procedure to solve CNT for surfaces of
unlimited size. Section 4.2.1 details the HINT procedure for
unlimited surfaces, and section 4.2.3 its implementation for
nucleation on finite surfaces, such as proteins.

The implementation of HINT requires knowledge of
properties of the nucleating surface and water. The ice-
nucleating surface specific properties are the difference in
surface free energy upon ice binding, Ay and the line
tension 7 of the three-phase ice—liquid—surface contact line.
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Figure 4. Schematic illustration of the HINT algorithm used for the derivation of the freezing temperature Tj,, and freezing efficiency AT} from the
ice-binding free energy per area Ayy,;,q and line tension 7 using classical nucleation theory. Pink boxes indicate input variables: the nucleation rate
@, the Ay and 7 that control the thermodynamics of the ice embryo at the nucleating surface. Orange boxes indicate parameters intrinsic to
water: the self-diffusion coefficient D, the difference in chemical potential between liquid and ice Ay, and the ice—liquid surface tension ¥jce_jquia-
We run the algorithm with properties for the mW model when comparing the theory with the molecular simulations, and we implement it with
properties of real water when making a prediction for proteins and their aggregates in experiments. Green boxes indicate the intermediate outputs:
the free energy barriers AG* for homogeneous and heterogeneous nucleation, deduced from the nucleation rate @ and the temperature
dependence of the prefactor A of the rate (see section 4.2.1). The blue boxes indicate the outputs of the HINT procedure: Ty, Thom and their
difference AT} Black arrows represent the computing processes with the corresponding equations of Methods, and red arrows represent iterative
processes in which the heterogeneous rate wy,, is evaluated as a function of candidate T, until @y, becomes equal to @y, and the evaluation is
converged. For finite surfaces, the iteration also scans over the contact angle of the ice nucleus, as the contact angle is not constant when the
nucleus meets the boundary of the surface.”> A detailed explanation of the method and the equations can be found in section 4.2.

Table 1. Parameters of the Classical Nucleation Theory Calculations Used to Compare with the Ice Nucleation Temperature
of the Model TmINP in the Simulations and with the Ice Nucleation Temperature of PSINP of Ps. syringae in Experiments®

INP w57 o™, K Ly N0 w, nm Atying” mJ ™ m™? 7, pN T K T, K
model TmINP 102 250 0.47 1.3 —68.1 9.5 202 220
exp PsINP 102 271 0.51°¢ 1.8 —62.6 10 238 247

“Underlined data are input for the CNT calculation. b AYping evaluated at T;,,""™; the values at Ty, are —54.6 and —50.1 mJ~! m™? for the model
TmINP and experimental PsINP, respectively. “Deduced from the value of Ayy;q/7.

Section 4.2.2 explains how we derive 7 and Ay 4 from L, corresponding plots, which results in smaller nucleation
and the freezing efficiency of the unlimiting-sized surfaces barriers and critical nucleus size for mW, and makes the
ATF™M™ Table 1 reports these properties for the model stabilization of the nucleus by the surface more sensitive to the
TmINP in mW water and for the bacterial PsSINP in water. The line tension. We have shown in ref 3 than when the rate for
water-specific properties are the temperature dependence of mW is chosen to produce the same T, = 238 K as in the
the excess chemical potential, ice—liquid and liquid—vapor experiments, the curves for Ay,4 versus AT; for mW and
surface tensions, and diffusion coefficients. We use HINT with water overlap.
the properties of the mW water model when we make We first validate the HINT implementation of CNT for the
theoretical predictions to compare with the molecular model TmINP using thermodynamic and dynamic properties
simulations, and we use the experimental properties of water for the mW water model in the implementation of the
when we make predictions or compare with the ice nucleation algorithm. To obtain Ayy,y, we determine the freezing
temperatures of proteins in experiments. efficiency of a surface of unlimiting size, AT™™ from
Figure 5 shows the relation between the binding free energy simulations of the extended TCT peptide surfaces of ref 46
per area of the ice-binding surface to ice, Ay, and the and follow the procedures of section 4.2.2. The only adjustable
freezing efficiency ATy of that surface in the CNT parameter- parameter in the HINT calculation is the width w of the ice-
ization for water (panel a) and for mW (panel b), for various binding surface, which we take to be 1.3 nm, the width of the
values of the line tension 7 of the ice—water—IBS contact line. critical nucleus of ice on TmINP (inset of Figure 2). The
A positive line tension destabilizes the crystal nuclei and moves HINT prediction for Ty, of TmINP as a function of length
down the iso-rate curves that represent the freezing efliciency (solid red line in Figure 2) is in quantitative agreement with
for a surface of a given binding free energy, Ay, a( ATy 7). The the one determined using molecular simulations at the same
higher sensitivity of the freezing temperature to the line nucleation rate (red [l in Figure 2). The agreement validates
tension for real water compared to mW in the figure is due to the HINT algorithm for predicting Ty, of ice-binding surfaces
the different nucleation rates @ we use to make the of arbitrary size using classical nucleation theory.
7443 DOI: 10.1021/jacs.9b01854
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Figure S. Ayy;,q needed to produce a freezing efficiency AT¢ = Ty —
Thom for an unlimited, large surface at the specified nucleation rate @.
(a) Water at the typical experimental rate @ = 100 s™" that produces
Thom = 238 K in microliter droplets (i.e, J = 10° cm™ s7') and (b)
mW water at the rate used in the simulations @ = 10° s}, which
produces T, = 202 K in simulations with ~10 000 water molecules
(i, J = 10”7 cm™ s71). In each case, we report the results for various
values of the ice—liquid surface line tension 7 =0, 1, 3, 5, 7, or 10 pN

(each labeled in the graphs). In both graphs, the freezing
temperatures start at Ty (AT = 0) and end at Ty

Having validated the HINT implementation of CNT against
the molecular simulations, we now use the theory to predict
how the experimental freezing temperature T}, of the INP of
the bacterium Ps. syringae evolves with the length of its IBS.
We perform the calculations of Figure 4 using the experimental
excess chemical potential, density, ice—liquid surface tension,
and diffusion coefficient of water (see section 4.2). With these
properties, we compute T, at the experimental nucleation rate
that renders the homogeneous nucleation temperature Ty, =
238 K for microliter droplets at cooling rates of ~1 K min~.”
We assume w of the bacterial protein to be 1.8 nm, close to the
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1.6 nm distance between the serine and farthest threonine in
the STxT ice-binding loop of the PsINP model,' and use the
line tension 7 = 10 pN deduced from the simulations of
TmINP. Further considering that the maximum freezing
temperature reported for Ps. syringae is 271 K,** we deduce
Afping = —62.6 mJ m™> from the analytical CNT curves that
relate T},, of surfaces of unlimited size to their Ay, 4 and 7
(Figure Sa). It is noteworthy that Ay, derived from
experimental data for water and Ps. syringae is very close to
AYping = —68.1 m] m™? of the model TmINP (Table 1): both
TxT-based proteins are extremely effective at binding ice. The
Aypinq we obtain for the bacterial protein corresponds to a zero
effective contact angle of ice on the protein surface; that is,
there is complete wetting of the protein surface by ice. This is
consistent with a pioneering theoretical analysis by Burke and
Lindow that concluded that the surface tension of the IBS of
the INP of Ps. syringae must be essentially identical to that of
ice to account for the exceptional ice nucleation efficiency of
this bacterium.””

Using HINT with the experimental properties of water and
the —2 °C maximum ice nucleation temperature of Ps. syringae,
we predict in Figure S the dependence of T with the length
of the bacterial INP. Our calculations indicate that the freezing
temperature of the monomer saturates at 247 K when L
reaches ~8 nm (~16 loops), in excellent agreement with the
248 + 1 K measured for the 16 loop fragment of the INP in
experiments with 10* proteins per droplet.”® Table S6 shows
that T, of the 16-loop PsINP monomer is quite insensitive to
concentration. Importantly, we predict that further lengthening
of the PSINP monomer from 16 loops to its native length of
50—80 loops does not improve its freezing efficiency (Figure
6). We conclude that the width of the bacterial protein limits
its maximum heterogeneous ice nucleation temperature. To
increase the freezing efficiency, the ice-binding surface has to
grow in both dimensions. This can be achieved through
aggregation of monomers.

2.4. Enhancement of Ice Nucleation Efficiency upon
Aggregation Is Nonmonotonous with the Separation
between the Proteins. Aggregation of PsINP in the
membrane of Ps. syringae is key to the exceptional ice-
nucleating ability of these bacteria.”** It has been proposed
that PsINP may form aggre_gates by interdigitation of the
monomers in the membrane.”” That model, however, assumed
that the IBS of the INP adopts a S-hairpin structure, contrary
to the current consensus that it is a fS-solenoid."> A more
recent study proposed that PsSINP forms antiparallel dimers, in
which the TxT binding site of one monomer is coplanar with
the SLTA binding site of the other monomer."> That mode of
aggregation, however, cannot account for the formation of
aggregates larger than dimers. To date, the distances and
relative orientations of the monomers in the aggregates, and
what holds them together, have not yet been elucidated.

Here, we use molecular simulations to determine the
freezing efficiency of coplanar pairs of 12 nm long TmINP
(Figure 7a), as a function of the distance d between
monomers. We find that AT is nonmonotonous and highly
varying with d (Figure 7b). The sensitivity of AT; to the
distance between monomers implies that bacteria must exert
accurate control of the distance between protein monomers in
the membrane aggregates to maximize their ice-nucleating
temperature. The predictions of the simulations are consistent
with the high sensitivity of the experimental ice nucleation
temperature of Ps. syringae to chemicals that disrupt the
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Figure 6. Ice nucleation temperature as a function of protein length
for the INP monomer of Ps. syringae under conditions typical of
laboratory experiments. Blue 4 show the predictions of CNT for
Ty(L) values of the INP of Ps. syringae using HINT with the
experimental excess chemical potential, diffusion coefficient, ice-liquid
surface tension, and density of water at a nucleation rate @ = 100 s™*,
consistent with the ~1 K min™" cooling rateof the experiments. The
PsINP surface in the HINT calculation is characterized by a width w =
1.8 nm, a line tension 7 = 10 pN, and Ayy;q = —62.6 m] m™* derived
from the maximum Ty, of Ps. syringae. The maximum AT of PsINP is
lower than that for TmINP in Figure 2, despite them having
comparable Ay,q values, because ATy is larger for higher nucleation
rates (Figure SS). Our predictions for the 16-loop PsSINP monomer
using CNT agree with the experimental T} = 248 & 1 K of the 16-
loop variant of this protein, INpro,s (red @).”*

ordering and fluidity of the cell membrane,'"****** which may

modulate the distance between the membrane-anchored INPs.

The modulation of the freezing efficiency with the distance
between the monomers, AT{d), is identical for pairs of
TmINP and pairs of 11 nm long AlcoholINP monomers with
almost the same lattice mismatch to ice as TmINP (Figure
7a,b), although alcohol monolayers hydrogen bond directly to
ice’ and the TxT surface of proteins binds ice through an
anchored clathrate motif that includes both hydrogen bonding
and hydrophobic groups.'®***® This indicates that the
modulation of the freezing efficiency is not related to the
details of how the molecules bind to ice.

Individual proteins that bind ice through TxT sequences, as
well as alcohol monolayers, nucleate stacking disordered ice
bound to the IBS through the basal plane,”'® because that ice
face provides the strongest ice-binding free energy.'® The first
maximum in AT} for the protein dimer occurs with the
monomers at d &~ 1.1 nm (peak I in Figure 7). Ice nucleated by
those dimers is also stacking disordered, but bound to the IBS
through the 28° pyramidal face (1011) (Figure 7c). At d = 0.8
nm (peak II in Figure 7b), the dimer has the optimum spacing
to bind ice through the basal face (Figure 7d), resulting in the
highest freezing efliciency. This distance already overlaps the
rigid protein models of our simulations, but may be accessible
to the flexible PSINP in the bacteria. The dimer at d = 0.5 nm
(peak III in Figure 7b) also nucleates ice bound through the
basal plane, but destabilized by pentagonal defects (Figure 7d).
At the distances where AT} is a minimum, the ice nucleus
develops destabilizing defects to simultaneously bind the two
monomers.
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Figure 7. Freezing efficiency of a protein dimer is nonmonotonous
with the distance d between monomers. (a) Snapshots of the 12 nm
long coplanar TmINP dimer (top, each monomer containing 25 TxT
loops) and 11 nm long coplanar AlcoholINP dimer (bottom, each
monomer containing 23 rows of alcohol molecules), with the same
color coding as in Figure 1. (b) AT{(d) for the TmINP dimer (red 4)
and AlcoholINP dimer () computed in molecular simulation with
nucleation rate @ = 10° s7'; the lines through the symbols are guides
to the eye. The empty <> represents AT of two adjacent AlcoholINP
with one monomer shifting and docking into the other (Supporting
Information F). The AT; of AlcoholINP with seven columns of
hydroxyl binding sites (blue diamond) is almost the same as for the
dimer that binds the basal plane, suggesting that the effectiveness of
dimers is embedded in its increasing width rather than the number of
ice-binding groups. The dashed lines are the efficiencies of monomers
of TmINP (red) and AlcoholINP (black). The dotted line indicates
the freezing efficiency ATF™™ = 48 K of TmINP or AlcoholINP of
unlimiting size (they are identical). TmINP cannot approach at d <
0.9 nm in our simulations with rigid protein models. (c) Gray and
cyan bonds represent the backbones of two identical INP monomers
side by side at d = 1.1 nm. Blue and green bonds indicate hexagonal
and cubic ice layers in the stacking disordered ice. The stacking
sequence varies across different nucleation trajectories, but the
orientation of the ice crystal is always as shown, that is, bound to the
IBS by the (1011) face. (d) Top views of the AlcoholINP dimer
(colors as in Figure 1) and first layer of ice (green) after crystallization
at the dimer gap distances corresponding to peaks II and III. The
sketches of water ordering on the basal plane of ice (shown with red
balls and gray sticks, on the right) illustrate the matching between the
dimer gap and the ice face.

Our analysis indicates that the optimal distances between
INPs in the aggregates are those that allow all protein
monomers to bind an ice nucleus through a strongly ice-
binding face without introducing additional stress or defects in
the ice lattice. We conclude that distances of water molecules
in ice faces control the variation of Ty, with the separation
between monomers. Hence, we predict that ice nucleation
efficiency will be a strongly varying and nonmonotonous
function of the distance between proteins, irrespective of their
orientation and ordering in the membrane.

2.5. Aggregates with at Most Three-Dozen PsINP
Monomers Suffice To Reach the Experimental Freezing
Efficiency of Ps. syringae. Figure 7 shows that the highest
AT for the dimer is still 11 K short of the freezing efficiency of

an unlimiting surface, ATHI™ with the same strength of
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binding Ayg. Multimeric aggregation of the proteins is
needed to produce a surface large enough that allows water to
crystallize at temperatures close to the melting point.

We use the HINT implementation of CNT to predict the
temperature of ice nucleation of side-by-side aggregates of the
INP of Ps. syringae using experimental excess chemical
potential, surface tensions, diffusion coefficient, and density
of water, and the same ice-binding strength of the monomer
(A¥ping = —62.6 m] m™* and 7 = 10 pN). We assume that the
width of an aggregate of Nyyp proteins is w = 1.8 nm X Npyp.
Figure 8 shows the ice nucleation temperature Ty, we predict
as a function of Nyyp in the aggregates of Ps. syringae.

N
~
o

260

| | . |
0 10 20 30
number of PsINP in the aggregate

Freezing temperature, 7, , (K)

Figure 8. Freezing temperature of ice increases with the number of
protein monomers in the INP aggregates. Blue points are the
predictions from heterogeneous nucleation theory (see section 4.2).
Red points are the experimental measurements of ice freezing
temperatures, Ty = 248 + 1 K of the 16-loop variant of PsINP,
INprogz taken from ref 28, and Ty, = 260 + 0.5 K of minimal
functional subunit of PsSINP taken from ref 30. Black dashed line is T
= 271 K for the freezing efficiency of PsINP.'" We estimate from
CNT that 34 protein monomers are needed to achieve T; = 271 K
(Table S7). If the monomers were not limited in size, we predict that
a 50 nm X 50 nm IBS (28 INP, each 50 nm long) would suffice to
reach T}, = 271 K.

Formation of aggregates with up to 10 PsINP results in
significant gains in ice nucleation efficiency (Figure 8). Beyond
that, Ty, increases slowly upon addition of new monomers, as
the driving force Au for crystallization becomes very small.
Our calculations indicate that the Ty, = 260.5 + 0.5 K
reported in experiments®” corresponds to the dimer, for which
our CNT calculations predict 259 K. We further predict that a
34-mer of side-by-side PsINPs (a surface 61.2 nm wide and 40
nm long) suffices to reach the Ty, = 271 K reported for the
most active forms of Ps. syringae.'' We note that our
calculations under-predict Tj,, of the monomer and dimer by
about 1 K. This may indicate that either the IBS of each
monomer is 10—20% wider than the 1.8 nm we assumed in our
calculations, which would imply that only ~30 monomers are
needed to reach Ty, = 271 K, or that 7 > 10 pN and, hence,
AYpina < —62.6 mJ] m™% which would also result in a lower
number of proteins to reach the maximum nucleation
efficiency of the bacterium. We conclude that the protein
aggregates needed to reach the —2 °C ice nucleation
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temperature of Ps. syringae contain no more than 3§
monomers, about 100 less than previously anticipated.””***

Aggregation can also increase the ice nucleation efficiency of
antifreeze proteins. It was found in ref 21 that an increase in
the concentration of TmAFP in nanoliter droplets from 0.5 to
95 uM (i.e, ~3 X 10° to 6 X 10'° proteins per droplet) results
in a rise of T, from —37 to —34 °C (T, = —38 in the
absence of protein in those experiments). It was not possible
from the available experimental data to determine whether the
rise in T}, was due to an increase in the active ice-nucleating
area (proportional to concentration) or to aggregation to form
larger ice-nucleating surfaces. To address that question, we
assume that TmAFP has the ice-binding strength Apy,g =
—62.6 m] m™* and 7 = 10 pN of the INP of Ps. syringae, and
use the HINT algorithm to predict Ty, of TmAFP at a cooling
rate that produces T},,= 238 K = —35 °C in microliter
droplets. The calculations predict Ty, = 241 K = =32 °C for
droplets that contain ~10°—10” monomers (Table S3). If we
instead use the binding free energy of TmAFP to the basal
plane of ice computed in simulations, Ayy;,q = —57 kJ mol ™,
we derive Ayyng = —61.8 mJ m™> for TmAFP in the model
(Supp. Section El). As the ice—liquid surface tension
determines the maximum freezing efficiency of the surface
(Figure 5) and 7icejiqua at 273 K is 31.2 mJ m™ for water"”
and 35 mJ m~2 for the mW model,”” we scale Ayy;q = —61.8 X
31.2/35 mJ m™ = —55.1 mJ m™> to use the strength of binding
in the simulations to make predictions for TmAFP in real water
using CNT. Using this scaled strength of binding, we predict
that the antifreeze protein would nucleate ice at T} = 240 K =
—33 °C (Table S3). The AT; = 2 K predicted by nucleation
theory is consistent with the 2 + 1 K we find in the molecular
simulations of TmAFP (section 2.1). Table S3 shows that to
raise T}, by a further 3 K, the number of monomers of TmAFP
per droplet should increase by 107 to 10%, i.e. S to 6 orders of
magnitude more than the range of the experiment. This
suggests that the increase in AT from ~1 to 4 K in ref 21, as
well as the AT; = § K of the 2.4 mM solutions of ref 20, are
mostly due to partial aggregation of the proteins to produce
larger ice-nucleating surfaces. Indeed, the freezing efficiency of
the concentrated solutions is comparable to the AT = 6 K we
predict for aggregation of TmAFP to produce optimal coplanar
dimers (Table S4) Our analysis indicates that the T}, = 250 K
attained by functionalization of surfaces with TmAFP that
expose their ice-binding surface to the solution'” require large
aggregates, as we predict that coplanar trimers would nucleate,
at best, at 247 K, and that the maximum ice nucleation
temperature for an unlimited surface with Ay 4 = —55.1 mJ
m~> and 7 = 10 pN is 264 K (Figure 5a). We conclude that
aggregation can play a role in modulating the ice nucleation
efficiency of antifreeze proteins, but also highlight that these
small proteins have evolved to remain dispersed in solution,
and are not prone to aggregate’' into the extended, probably
coplanar ice-binding surfaces that endow bacterial INPs with
their exceptional ice nucleation efficiency.

Although the present study focuses on hyperactive insect
antifreeze and bacterial ice-nucleating proteins, its approach
and conclusions can be generalized for other ice-binding
proteins. Many freeze-tolerant insects, for example, have
developed membrane ice-nucleating proteins that allow them
to freeze extracellular water at temperatures that typically range
from —4 to —8 °C.*>** Like bacterial INPs, these proteins are
also organized into multimeric aggregates. For example,
transmission electron microscopy of the lipoprotein ice
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nucleator (LPIN) from the hemolymph of the cranefly Tipula
trivittata shows that the LPIN organize into chain structures, in
which each strain is two proteins wide, about 25 nm in width.>
We predict that PSINP aggregates of that width nucleate ice at
about —3.5 °C (Figure 8), close to the —6 °C ice nucleation
temperature of the aggregates in the cranefly. This suggests
that the strength of ice binding Ay,4 of the insect LPIN is
comparable to that of the bacterial INP.

3. CONCLUSIONS

Nature has evolved proteins that excel at either promoting the
nucleation of ice or preventing its growth. The commonality to
ice-nucleating and antifreeze proteins is their ability to bind ice
to control the kinetics of water crystallization.”> A central
difference is their size: ice-nucleating proteins are long and
form large aggregates in the cell membrane, while antifreeze
proteins are typically small and soluble in water. Experiments
indicate that Iar$er ice-binding proteins nucleate ice at warmer
temperatures.” ">”?° In this study, we use molecular
simulations and nucleation theory to elucidate how the size,
shape, strength of binding to ice, and aggregation of ice-
binding proteins determine the temperature at which they
nucleate ice.

We demonstrate that the antifreeze protein TmAFP uses the
same ice-binding surface to halt the growth of ice'® and to
promote its nucleation. Our simulations indicate that TmAFP
nucleates ice at 2 + 1 °C above the homogeneous temperature,
in quantitative agreement with very recent”’ and past
experimental determinations.”” We predict that the proteins
that result from lengthening the ice-binding surface of TmAFP
by adding ice-binding loops® nucleate ice at warmer
temperatures. Our analysis indicates that the ice-binding free
energy per area, Ay, g, of TmAFP and PsINP are comparable,
in agreement with what has been recently proposed from the
analysis of experimental nucleation temperatures.”’ However,
as the binding site of the AFP is narrower, we predict that the
TmINP set of proteins that result from addition of ice-binding
loops to TmAFP achieves a smaller ice nucleation efficiency
than the monomer of PSINP. To our knowledge, this is the first
report of the transformation of an AFP into an INP through an
increase in the number of ice-binding loops.

The ice-binding surfaces of hyperactive insect AFP and
insect INP are not only finite in size, but also typically
anisotropic in shape. We find that the ice nucleation
temperature of the ice-binding proteins increases with the
length of the ice-binding site, until it reaches a saturation
length that depends on the nucleation rate, width, and ice-
binding strength of the protein. More elongated surfaces do
not further stabilize the critical ice nucleus, resulting in a
plateauing of the ice nucleation temperatures with protein
length. We conclude that ice-binding proteins must aggregate
to reach the high ice nucleation temperatures reported for
insect and bacterial INPs.

The simulations reveal that the ice nucleation temperature of
protein aggregates is a nonmonotonous and strongly varying
function of the distance between the proteins. This extreme
sensitivity is independent of the molecular details of the ice-
binding molecule, and is determined exclusively by matching
between spacings in the ice lattice and the binding surfaces: the
freezing efficiency of a protein aggregate is maximized when a
critical nucleus can bind without defects or additional strain to
all individual monomers. We conclude that bacteria have to
exert subangstrom control of the distance between protein
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monomers to achieve maximum ice nucleation efficiency. This
may explain the high sensitivity of the ice nucleation
temperature of bacteria to chemicals that modify the properties
of their cell membranes.'"**

We develop an iterative procedure, HINT, for the
calculation of heterogeneous nucleation temperatures by finite
surfaces of arbitrary sizes and binding strength using classical
nucleation theory. After validating that HINT parametrized
with data from the mW water model accurately reproduces the
ice nucleation temperatures of the protein models in the
simulations, we implement HINT parametrized with exper-
imental data of water to predict the ice nucleation temperature
of ice-binding proteins and their aggregates under experimental
conditions. We predict that the INP monomer of Ps. syringae
reaches its maximum efficiency T}, = 247 K when the protein
is 8 nm long (16 TxT loops), in excellent agreement with the
Ty = 248 & 1 K reported from experiments for the engineered
16-loop INP.** Moreover, we predict that the PSINP dimer is
responsible for the T, = 260.5 + 0.5 K measured in
experiments”’ (our calculations predict Tpe = 259 K). It has
been previously proposed that aggregates with ~130 INPs are
needed to reach the full ice nucleation efficiency of Ps. syringae,
271 K*’ Our calculations indicate that aggregates with, at
most, 34 side-by-side INP monomers, each 40 nm long, suffice
to nucleate ice at that temperature. The comparable width (61
nm) and length (40 nm) of these aggregates suggests that the
length of the protein has evolved to allow the bacteria to reach
this limit using only side-by-side aggregation of INPs.

While we have here focused on ice-binding proteins, the
results we present and the tools we develop are relevant to
interpret and predict the ice nucleation temperature of other
finite biological, organic, or inorganic ice-nucleating surfaces.
In particular, the HINT implementation of CNT we
successfully use to predict the heterogeneous nucleation
temperatures of the monomer and aggregates of the INP of
Ps. Syringae and the AFP of Tenebrio molitor can be used to
guide the optimization of surfaces designed for specific ice
nucleation applications in areas as diverse as the seeding of
clouds and cryopreservation of cells and tissues.

4. METHODS

4.1. Simulation Models and Methods. 4.7.1. Models. The
lattice mismatch between the ice-binding molecules and ice is defined
as éa = (aIBM - aice)/aice and 6b = (bIBM - bice)/bice! where Aice and bice
are the distances between water molecules along the two directions of
the hexagonal lattice of ice, and ampy and by are the distances
between the hydroxyl groups along the two directions of the ice-
binding surface, as shown in Figure le. Table S1 lists the mismatch Ja
and 6b of the surfaces considered in this study.

Water is modeled with the monatomic water model, mW,>* which
has been amply validated for the study of ice nuclea-
tion, > @1$20383995°72 Bour related sets of ice-binding molecules are
described in section 2.1 and shown in Figure 1. The united atom
structure of TmAFP is built from its crystal structure from the Protein
Data Bank (PDB ID code 1EZG)** following ref 16. mW ice has
lattice parameters that are 2% smaller than ice,> so we follow ref 16
and scale down the coordinates of TmAFP in the crystal structure by
2% to maintain the experimental lattice mismatch of this proteins with
respect to ice. TmINP is made by repeating the 12 residue loop
sequence TCTNSQHCVKAN of TmAFP from the crystal structure
1EZG from ref 32. The distance between the Thr groups in this loop
is 6.96 A, corresponding to 6b = —9% mismatch to the basal plane of
ice. PsINP is made by repeating the 16 residues loop sequence
GYGSTQTSGSESSLTA of InaZ as in refs 14 and 16. The lattice
mismatch along the 6b is scaled up to —7%, while the adjacent loop is
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placed at a distance that produces da = 0%, as in ref 15. The force
field for the interaction between mW water and TmAFP and PsINP
has been presented in ref 16. We use the same force field for the
interactions between mW and TmINP. We build AlcoholINP from a
rigid monolayer of n-C;Hz,;OH alcohols with da = +7% and 6b =
—7%. We truncate four methylene groups below the hydroxyl groups
to create slabs of ice binding surfaces, and then trim the slab to create
different shapes and sizes of AlcoholINP. The interactions between
AlcoholINP and mW water are from ref 3, but with water—methylene
interaction € = 0.10 kcal mol™ and the strength of the water—OH
interaction identical to that of the protein model.'**

4.1.2. Simulation Details. Molecular dynamics simulations of ice
nucleation are performed using LAMMPS.” All four related sets of
ice-binding molecules are simulated as rigid bodies at the united atom
level (i.e., all atoms except H). The equations of motion are integrated
with the velocity Verlet algorithm using a time step of S fs. The
temperature and pressure are controlled with the Nose—Hoover
thermostat and barostat with damping constants of 2.5 and S ps,
respectively.”*”®

The nucleation temperature T}, is measured from the formation of
ice, detected with CHILL+,”® as the system is cooled at a rate of 1 K
ns™'. CHILL+ uses Steinhardt bond-order parameters to classify the
water molecules as liquid, interfacial ice, cubic ice, and hexagonal
ice.”® To detect ice nucleation, we follow the total amount of cubic,
hexagonal, and interfacial ice along each simulation trajectory. The
homogeneous freezing temperature of mW water at this rate is Ty, =
202 + 2 K.>° The freezing efficiency is computed as AT = Ty, —
Thom- To compute the freezing efficiency on a single ice-binding
surface, we construct a periodic simulation box with dimensions 13
nm X 13 nm X 8 nm containing 42 665 water molecules and a single
ice-nucleating molecule. It should be noted that aggregation does not
interfere with the determinations of T, through molecular
simulations, because there is a single protein in the periodic
simulation box. The freezing efficiency of the dimers as a function
of their distance is computed in a simulation box containing 40 700
water molecules and a pair of 12 nm long TmINP or 11 nm long
AlcoholINP dimers. Simulations of monomers and dimers are carried
out in the NpT ensemble. The error bar on each reported AT is
computed from five independent simulations.

We determine the critical size of the ice nucleus on the S nm long
TmINP as the one that has 50% probability to commit to the crystal
basin.”” We use a simulation box 13 nm X 13 nm X 8 nm that
contains 42 665 water molecules and the TmINP. To compute the
committor probability, we collect 24 different configurations of the ice
nucleus on this 5 nm long TmINP and randomize the momenta of
water molecules to create for each configuration 20 1 ns long NpT
trajectories with temperature 220 K. If the ice cluster contains more
than 2500 water molecules at the end of the trajectory, we count the
event as crystallization. The probability of crystallization of each ice
cluster is computed from the total number of crystallization trajectory
N, crystallizations P =N, crystalliza(ion/ 20.

4.2. Prediction of the Ice Nucleation Temperature of
Proteins and Their Aggregates Using Classical Nucleation
Theory. 4.2.1. Procedure To Compute the Heterogeneous Ice
Nucleation Temperature (HINT) of Extended Surfaces. Classical
nucleation theory (CNT)*>® is a quasi-equilibrium theory that
provides a relationship between the rate of nucleation and the
reversible work AG* required to create a critical nucleus of the new
phase. CNT expresses the nucleation rate @ as*>*'

o(T) = A(T) X exp(=AG*(T)/kyT) (1)
where ky is Boltzmann’s constant, T is the temperature, A(T) is a
kinetic prefactor that depends mostly on the diffusion coeflicient
D(T) of the liquid and the number of sites N where nucleation can
occur (which is proportional to the volume of the water sample in
homogeneous nucleation and to the active area of the ice nucleant in
heterogeneous nucleation), and AG*(T) is the nucleation barrier,
which can be computed from equilibrium properties. The free energy
barrier for homogeneous nucleation through a spherical nucleus is
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AG*,,. =16z Xy 3/ (3p* x Au?)

ice—liquid

)
where Ay is the excess chemical potential of the liquid with respect to
the crystal, p is the density of the crystal, and ¥;ce_jiquia is the surface
tension of the crystal-liquid interface. Each of these properties
depend on temperature. The free energy barrier for heterogeneous
nucleation of ice on a surface is

%k *
AG het = N het X Aﬂ + Aice—liquid X yice—liquid

+ A,

ice—surface X (}/ice—surface - }/liquid—surface) +7xl

(3)
and A,

ice—surface

where N, is the size of the critical nucleus, A;._jiquia
are the areas of the crystal-liquid and crystal—surface interfaces,
Yice—surface A0 Viiquid—suface are the surface tensions of crystal—surface
and liquid—surface interfaces, 7 is the line tension of the surface—
crystal—liquid interface, and [ is the length of the contact line of the
three-phase crystal—liquid—surface interface. Figure 9 illustrates the
spherical cap geometry of the ice nucleus on a large, unlimiting
nucleating surface.

A z.surf’ace—ice—liquid

contact line, I= 2mta

Figure 9. Sketch of the ice nucleus for heterogeneous nucleation on
an unlimiting surface. The ice nucleus is shown in blue, and the
nucleating surface in gray. The radius of the nucleus is R, the radius of
the nucleus base is g, the contact angle of the nucleus is 8, and the
contact line of crystal—liquid-surface interface [ is the black perimeter.
Red arrows indicate the directions of the surface tensions and the line
tension.

We define the binding free energy per unit area of the crystal to the
nucleating surface, Ay;q, as

(4)

A¥ing has units of mJ m™2, and is directly related to AG;,g of ref 3,
which is a free energy density for per mole of ice nuclei, in units of k]
mol™ nm™2 Apyg = 1 mJ m™ corresponds to AGy;q = 0.6022 kJ
mol™? nm™2 These two quantities contain the same information.
Replacing eq 4 into eq 3 results in a relationship between the
binding free energy and the barrier for heterogeneous nucleation:

Aybind = Yce—surface ~ yliquid—surface - yice—liquid

* &
AG het = N het X A/’t + (Aice—liquid + Aice—surface) X yicgf]jquid

+ A,

ice—surface

X Ayg T X1

()

We first derive the relation between the number of molecules N in the
ice nucleus, the areas of the three interfaces, and the length of the
contact line, assuming that the ice-nucleating surface is not limited in
size and the geometry of the ice nucleus is a spherical cap. The
contact angle € of the spherical cap with respect to the nucleating
surface is determined by the Young equation with the line tension
correction:”’

cos 0 = - J/icefsurface)/},icefliquid - T/(},ice—liquid x a)

(6)

where a = L/27 is the radius of the base of the ice nucleus (Figure 9).

By replacing Viiquid—surface — Yice—surface in €q 6 with eq 4, we rewrite
the contact angle 6 as

(yliquid —surface

cos @ = —(Ay, 4 + 7/a)/y,

ice—liquid

1 7)
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This set of equations indicate that, to determine the barrier for
heterogeneous nucleation at a given temperature, we must know the
properties needed to compute the homogeneous nucleation rate at
that temperature, diffusivity, excess chemical potential, density, and
crystal—liquid surface tension, plus properties specific to the
nucleating surface: difference in the surface tensions upon binding
(i.e., the binding free energy) and line tension.

In what follows, we explain the iterative procedure, which we call
“Heterogeneous Ice Nucleation Temperature” or HINT, that we
implement to compute Ty, and Ty, evaluated at the same
nucleation rate, @Wpom(Thom) = @nee(Thee) (Figure 4) for a surface
that is much larger than the critical nucleus size. In section 4.2.2, we
explain how to extract Ay;q and 7 from simulation or experimental
data, in section 4.2.3 we explain how to implement HINT for limited
size surfaces (rectangular in the examples here, but trivially extendable
to other shapes) and use it to compute the ice nucleation
temperatures as a function of the size of the protein binding surface,
and in section 4.2.4 we apply that procedure to compute the ice
nucleation temperatures of protein aggregates.

We assume that the prefactor A(T) is the same for homogeneous
and heterogeneous nucleation at a given temperature, and is
controlled by the diffusion coefficient in the liquid, D(T). This
condition could be relaxed without any loss of generality. We assume
that the number N of sites for heterogeneous nucleation does not
depend on temperature, which allows us to construct curves of Ty,
that all have the same reference state (in our simulations, that is about
one protein per simulation cell; in the experiments of bacterial ice
nucleation it is the number of bacteria per droplet in the experiments
we take as reference for our calculation). Supporting Information E
shows that the T, values are quite insensitive to the concentration of
proteins, in the absence of aggregation. It may be argued that the
number of sites N is not the same for homogeneous and
heterogeneous nucleation. We consider, however, that this issue is
minimized by our choosing as references for homogeneous and
heterogeneous nucleation droplets of the same size and cooled at the
same rate, which is representative of the approach used to compare
the freezing efficiencies in experiments as well as in simulations.

We first set the rate @ and compute Ty, for that rate using the
parametrizations of D(T), }/ice_hquid(T), and Au(T) for the selected
substance (which in this work are either real water or the mW model
of water) following the procedure of ref 3. In a nutshell, we scan
temperatures to find the one, Ty, for which @o,(Thom) evaluated
using eqs 1 and 2 matches the selected rate w. Similarly, we define
each heterogeneously nucleating surface by its Ay, and 7, and find
Ty by scanning temperatures from Ty, to the equilibrium melting
temperature T, As the size N* and contact angle 6 of the critical
nucleus in heterogeneous nucleation are not known a priori, for each
T we grow the nucleus and determine the number N of particles in
the crystal nucleus, and for each N we determine the contact angle
with eq 6. We then compute the free energy profile AGy(N) with eq
5, from which we find the top of the free energy curve as a function of
N, the reaction coordinate for homogeneous and heterogeneous
nucleation,”®~®" which corresponds to the nucleation barrier AGy,*.
The heterogeneous nucleation temperature T}, for ice on that surface
is the temperature for which the free energy barrier computed through
this procedure matches the one required from @w/A(Ty.). We scan
temperatures by tuning the values of Ay;q and 7. We neglect the
temperature dependence of 7, and compute the temperature
dependence Ayy,;,q using the relation derived in ref 39:

)
Aybind(Tz) = A}/bind(Ti) + /; (=ASyna)=
1
T
Ay, (T) + / (=Soi + S, cos — S,_) dT=
T

L
Mgua(T) + (5 = S, AT
bind\ 1 T (8)

where we have assumed that water fully wets the IBS of the protein,
that is, cos @ = 1 (which we verify in simulations), and that the surface
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entropy of the ice—IBS interface is negligible, that is, S,_; = 0 (we have
previously shown this approximation to be valid for the graphite—
water interface®). The procedure presented here is valid for the
prediction of the nucleation temperature of any crystal from its melt.

To find the freezing efficiency of a large, unlimiting surface using
the equations above and the iterative HINT procedure sketched in
Figure 4, we need to input the values and temperature dependences of
the surface tensions, difference in chemical potential of the nucleus
and liquid, and diffusion coeflicients. This requires certain
approximations, as, for the most part, these quantities have not
been accurately measured for water or water models in the
supercooled region. We here follow the approximations of ref 3 to
compute the freezing efficiency from the binding free energy Ayq
and line tension 7 for the crystallization of ice with (a) water at the
nucleation rate of wy,, = 10> s, corresponding to T, = 238 K in
uL droplets; and (b) mW water models at the nucleation rate
measured in the simulations with a cooling ramp of 1 K ns™" used in
the present study, @, = 10° s, which results in T}, = 202 K in
simulation cells with ~10 000 molecules:

(i) We approximate that the critical nucleus is made of hexagonal
ice. This neglects the size-dependent entropic stabilization arising
from stacking disorder.”

(ii) The difference in chemical potential between hexagonal ice and
liquid, Au(T), is taken from ref 2 for water and from refs 5SS and 78
for mW; the density of ice p(T) is taken from ref 42 for water and
from ref 54 for mW.

(iii) We consider that the ice—water surface tension of water at the
melting temperature i ¥ice_yater(Tr) = 31.2 mJ m™2, following ref 3,
and for mW %o yaer(Tm) = 35 mJ] m™% determined by the
thermodynamic integration with the Mold method.>””” We note
that the parametrization of ref 3 assumed ¥co_yater(Trn) = 30.8 mJ m™2
for mW water because that is the value that reproduces the rate of ice
nucleation determined with forward flux simulations at 240 K in ref
80.

(iv) We approximate that the temperature dependence of the ice-
liquid surface tension ¥i,_yae(T) is given by Turnbull’s relation,®’
yicefwater(T)/}/icefwa(er(Tm) = AHm(T)/AHm(Tm)r Where Tm is the
equilibrium melting point of ice and AH,, is the excess enthalpy of
liquid to ice. This relation has been validated for mW in ref 82.

(v) We take the temperature dependence of the diffusion
coefficient of the liquid, D(T), from ref 42 for water and from ref
54 for mW; we compute the prefactor A(T) using eq 1 of ref 42 and
eq 4 of ref 80 for mW.

(vi) The dependence of liquid—vapor surface tension with
temperature, needed for the calculation of the temperature depend-
ence of Ayyng is taken from ref 83 for water and from ref 84 for mW.

4.2.2. Procedure To Determine the Line Tension and Ice-Binding
Free Energy for an IBS. To determine 7 and Ay,;,4, we need to know
the freezing efficiency of an unlimited size surface ATF™™ in
conjunction with the data of L, for a limited surface of the same
binding efficiency.

To find the relationship between line tension and binding free
energy, we consider that if the sum of the last two terms in eq S is
positive, the ice nucleus is less stable at the surface than fully
immersed in liquid water, and the nucleation cannot proceed
heterogeneously. This indicates the condition for which the surface
heterogeneously nucleates ice is given by

A XAy tTXxI<o0

)
When ice nucleates on a surface, such as a protein, which has a narrow
ice-binding site, the width w of the base of the nucleus is the width of
the ice-binding site. In that case, the minimum length L_;, of the IBS
needed to promote heterogeneous nucleation is

ice—surface

A},bind/,z- = _I/Amin -2 (Lmin + W)/(Lmin X W) (10)
where we have considered that the area A;.._qf.ce = Linin X W, and the
three-phase line | = 2 X (L., + w). Equation 10 establishes a
relationship between Ay,;4 and 7 from the width w and minimum

length L, of the surface that promotes ice nucleation.
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L w, 7, and Ay, 4 for the ice-nucleating molecules of this study
are listed in Table 1. The width w of the IBS of TmINP is assumed to
be the width of the critical ice nucleus (see Figure 2 and Supp. Info.
C) on the 5 nm long protein, ~1.3 nm. The width of the IBS in PsSINP
in experiments is taken to be w = 1.8 nm, 0.2 nm larger than the
distance between serine and the last threonine in the STQT binding
site of the model PsINP.

Equation 10 is insufficient to find the absolute values of Ay, 4 and
7. We derive the values of both variables by combining the relation
provided by eq 10 with the relations derived from the freezing
efficiency of a surface large enough that does not limit the nucleus
size.

To solve the individual values of line tension 7 and Ay,;,4, we need
the freezing efficiency of a surface that exposes an unlimited ice-
binding site with the same chemistry as the protein. We use the 10 nm
X 10 nm periodic threonine-cysteine-threonine (TCT) peptide
surface of ref 46 to represent an infinite surface of TmINP. The
peptide surface is composed of 294 TCT units with the mismatch to
ice of TmAFP in experiments and in our simulations. The infinite
surface for this peptide does not have the full backbone of the TmINP
protein. We call this surface “unlimited TmINP”. We place a slab of
liquid water containing 23 400 water molecules on top of each surface
in a periodic cubic simulation cell, with the other side of the water
slab exposed to vacuum, and determine from cooling ramps at 1 K
ns! its freezing temperature to be Ty ™™™ = 250 K; that is, its ice
nucleation efficiency is ATF™™ = 48 K.

We use the freezing efficiency ATP™™ of the unlimited TmINP
surfaces to read the values of Ayy;,(ATy 7) for each possible value of
7 using the parametric curves shown in Figure S. For each of these
values of Ayy,g at Tie™™™, we obtain Ay at Thom using eq 8. With
these values, we compute L ;, for TmINP at Ty, using eq 10. If the
prediction matches the L;, for TmINP in the simulations, then the
procedure is complete. We report the converged values of 7, Ay;,q at
Tiom and at Tp., "™ in Table 1.

For the bacterial PSINP in experiments, T;,""™ = 271 K, but we do
not know 7 nor L_;. Hence, we assume that the line tension for
PsINP in experiments is 10 pN, the value we deduce for TmINP using
simulations, and we follow the same procedure described above for
TmINP to determine Ayy,y = —62.6 m] m™> for PSINP in
experiments at Tj "™ (Table 1).

4.2.3. Prediction of the Saturation Length L, and Correspond-
ing Heterogeneous Nucleation Temperature T, for Ice-Nucleating
Proteins in Simulations and Experiments. We extend here the
HINT procedure explained for unlimiting surfaces in section 4.2.1, to
predict the length of the protein L, for which Tj, reaches its
maximum value Ty, for IBS of arbitrary (here exemplified with
rectangular) shape. First, we assume that the shape of the ice nucleus
is a cylinder with two half spherical caps at its ends (Figure 10). That

;h}é

L w=2a

Figure 10. Sketch of the ice geometry on the protein that limits the
nucleus size. We assume that the contact angle @ is the same in the
two directions of the protein.

figure shows the case when L > w. If L < w, we assume the shape of
the ice nucleus is a partial cylinder with the two ends formed by half
spherical caps along the width of the INP, in which L = 2a. The width
w, the binding free energy Ayy;,4, and the line tension 7 of the model
TmINP and of PsINP using experimental data are listed in Table 1.
For each length L of the protein binding site, we vary the contact
angle from 0 to 7, and track the reversible work of forming an ice
nucleus as a function of N;, to find the ice nucleation barrier

AG*(T). We compute AG*(T) for all temperatures in the range

7450

between T,, and Tj,,, until this computed AG*(T) matches that we
derived from the nucleation rate (see section 4.2.1). This procedure is
the same sketched in Figure 4 for an unlimited surface, except for the
following two conditions. First, the geometry of the ice nucleus is not
a spherical cap as on the infinite surface (Figure 9), but the elongated
geometry shown in Figure 10. Second, the contact angle of ice on IBS
is not determined with eq 7, because in principle it can take any value
between 0 and 7 when the edge of the ice nucleus is touching the
boundary of the IBS, as we have previously deduced for pore-
condensation freezing.”> We find that the heterogeneous ice
nucleation temperature T, for TmINP increases with L (Figure 2),
until it saturates at Ty, = 220 K when the length of the protein
reaches L, = 5.3 nm. The width of the IBS of TmINP is 1.3 nm. It
might be possible to consider that the two directions of propagation
of the nucleus have different contact angles, but that complicates the
calculation of the volumes and areas, and we find already excellent
agreement between theory and simulations for TmINP (see Figure 2)
assuming that the contact angles in the two directions are identical.

We use the same procedure to predict the maximum freezing
temperature by a monomer of the bacterial INP PsINP using the 7
and Aypy;,g we deduced in section 4.2.2 and listed in Table 1 (the
results are shown in Figure 6), and for TmAFP using two sets of
binding free energies (Supp. Info. E), using HINT with experimental
data for water and the experimental nucleation rates.

4.2.4. Prediction of the Maximum Nucleation Temperature of
Aggregates. To compute the maximum efficiency of the aggregates
with Nyyp side-by-side INP of PsINP, we repeat the same procedure
assuming that the width of the IBS is proportional to the number of
monomers, and we grow the length of the IBS until we find that either
the freezing temperature does not increase, or the length reaches 40
nm, the maximum length of monomers for Ps. syringae INP.*® Table
S7 lists the saturation temperature T, as a function of number of
monomers in the ice-nucleating aggregate.
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