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!"#$%!&$' Hyperactive insect antifreeze proteins and bacterial ice-nucleating proteins are arguably the most potent ice-
binding molecules in nature. These highly effective proteins bind ice through amphiphilic ice-binding sites based on arrays of 
threonine residues. It remains poorly understood how hydrophilic and hydrophobic groups of the binding site contribute to the 
ice affinity of proteins. Here we use molecular simulations to demonstrate that the hydrogen-bonding and hydrophobic groups 
at the ice-binding site of the antifreeze protein TmAFP of Tenebrio molitor and extended ice-nucleating protein surfaces con-
tribute distinctively yet almost equally in magnitude to their binding free energy to ice. The methyl groups rigidize the ice-
binding site, slow down the water dynamics at the ice-binding surface, and stabilize the clathrate-like water in the anchored 
clathrate motif that binds these proteins to ice. We find that hydrophobic dehydration of the methyl group does not contribute 
to the binding free energy of the protein to ice. The role of the hydroxyl groups is to anchor the clathrate-like water through di-
rect hydrogen-bonding, positioning and slowing down the dynamics of water at the trough of binding site.  We uncover a corre-
lation between slower dynamics of water at the binding site for the protein in solution and stronger free energy of binding of the 
protein to ice. The synergy between hydrophobic and hydrophilic groups unveiled by this study provides guidance for the de-
sign of synthetic ice-binding molecules with enhanced ice nucleation and antifreeze activity.  
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A large variety of insects,1-3 fish,4-6 bacteria7 and plants8 that 
live at cold temperatures have evolved ice-binding proteins 
that either inhibit the growth or assist in the nucleation of 
ice. Interestingly, despite excelling at opposite functions, 
both hyperactive insect antifreeze proteins (AFPs) and bac-

terial ice nucleating proteins (INPs) bind ice through !-
helices that contain TxT repeats, where T is threonine and x 
a non-conserved amino acid (Figure 1a).1-3, 9 These repeats 
create a two-dimensional lattice-like arrangement with dis-
tances between hydroxyl groups comparable to those be-
tween water molecules in ice.1 The repeating TxT sequences 
of AFPs and INPs bind ice through anchored clathrate (AC) 
motifs.10-11 Water molecules in the AC motifs form a clath-
rate-like arrangement around the methyl groups of the thre-
onine residues; these clathrate-like waters are anchored to 
the hydroxyl group of the protein through hydrogen-bonds 
(Figure 1c).10-12 The AC motif of antifreeze and ice nucle-
ating proteins with TxT binding sites is the same,10 and simi-
lar to that first identified in the hydrated crystal of the hyper-
active bacterial AFP MpAFP, which also has an amphiphilic 
binding site.7, 13 

 

Figure  1 .  Ice-binding site (IBS) of the hyperactive insect AFP 
of Tenebrio molitor, TmAFP. a)  Threonine residues at the IBS 
are labeled in green. The methyl and hydroxyl groups of the 
threonine residues at the IBS are shown with red and blue balls, 
respectively. The protein backbone is shown with a silver rib-
bon. The IBS contains a row of 6 threonine residues (T4, T17, 
T29, T41, T53, T65), which we call the long-side, and a row 
with 4 threonine residues (T27, T39, T51, T63), which we call 
the short-side. The zoomed region shows also the position of a 
channel water (orange ball) in the inverted trough between the 
two rows of threonine residues. The distances between OH 
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groups in the protein, bOH-OH and aOH-OH are comparable to those 
in ice, parameters aice and bice in the basal plane of ice,1 which is 
depicted in panel b) .  c)  Snapshot of TmAFP bound to the 
basal plane of ice. The anchored clathrate (AC) motif is shown 
with orange sticks, the ice with cyan sticks, and liquid water is 
hidden for clarity. The arrow indicates the position of the chan-
nel water (CW) molecules in the AC motif. All molecular imag-
es in the figures of this study are prepared with the software 
Visual Molecular Dynamics (VMD).14  

 

It has been proposed that both hydrophobic and hydrogen-
bonding interactions are needed for the recognition and 
binding of molecules to ice.12, 15 However, some molecules 
such as antifreeze glycoproteins (AFGP) and type I AFPs 
bind ice using exclusively hydrophobic groups,16-19 while 
others such as polyvinyl alcohol and long-chain alcohol 
monolayers bind ice exclusively through hydrogen-bonding 
groups.20-21 Moreover, bacterial INPs, the most efficient ice 
nucleating molecules in nature, have two distinct binding 
sites, 9-10, 22-23 one amphiphilic and one hydrogen-bonding, 
which are equally efficient at binding ice.10 Molecular simula-
tions found significant differences in the hydration structure 
at the IBS of wild type TmAFP and its mutant in which the 
OH group of 8 of the 10 Thr of the IBS is replaced by CH3, 
emphasizing the important role of hydrogen-bonding and 
hydrophobic groups in the binding.12 The relative contribu-
tions of hydrogen-bonding and hydrophobic moieties to the 
strength of binding of hyperactive AFPs and bacterial INPs 
to ice, however, have not yet been elucidated.  

Experiments indicate that the antifreeze activity of the hy-
peractive insect AFPs TmAFP and CfAFP drastically dimin-
ishes when threonine residues at the ice-binding site are mu-
tated to leucine, valine or alanine,2, 24-26 which lack the ability 
to hydrogen bond to ice. Analogously, mutation of threonine 
of the IBS to arginine, histidine or tyrosine - which have hy-
drogen bonding but not methyl groups- results in proteins 
with complete or partial loss of antifreeze activity.25 The di-
minished antifreeze activity of these mutants suggests that a 
synergism of hydrogen-bonding and hydrophobic moieties is 
essential for the strong binding of TxT based protein binding 
sites to ice.   

A recent study has shown that the antifreeze activity of AFPs 
is correlated to the dynamics of interfacial water hydrating 
the protein: slower water dynamics at the IBS of AFP is asso-
ciated with higher antifreeze activity.27 Several past studies 
have reported slower dynamics of interfacial water at the IBS 
of hyperactive insect AFPs compared to the non-ice binding 
surface (non-IBS) of the protein.27-32 In contrast to wild type 
insect AFPs, water at the IBS and non-IBS of protein mu-
tants without antifreeze activity have comparable 
dynamics.29, 31 An NMR study of the dynamics of water in the 
presence of TmAFP reveals that the slowest water molecules 

at the IBS are the ones in the trough between the two rows of 
threonine residues.33 The residence time of these channel 
waters (CW) was estimated to be about 0.3 ns.33 We note 
that immobilization and ordering of the channel waters is 
fundamental to the mechanism of ice recognition of TmAFP 
to ice.10, 13 Simulations indicate that the interfacial water at 
the IBS attains the order of the AC motif only when TmAFP 
is within 1 nm from the ice surface and with the axis of the 
binding site properly aligned with one of the ice axes.13 The 
spontaneous ordering of the AC motif can also be facilitated 
by the slow dynamics of channel water at the IBS of hyperac-
tive insect AFPs compared to the non-ice-binding site (non-
IBS) of the protein.27-32 The role of the hydrogen-bonding 
and hydrophobic residues in influencing the dynamics of 
channel water at the IBS remains unknown.  

The molecular mechanism of ice recognition and binding by 
hyperactive antifreeze proteins is determined by multitude of 
factors: rigidity of the ice-binding site, water dynamics at the 
ice-binding site, and stability of the binding motif.10, 13, 27, 34 
Understanding how the interplay between the hydrogen-
bonding and hydrophobic interactions at the ice-binding site 
modulate the aforementioned key elements of ice recogni-
tion and binding is the focus of this study. We use extensive 
molecular dynamics simulations with fully atomistic35-36 and 
united-atom models10, 37 to systematically investigate the role 
of the hydroxyl and methyl groups at the IBS proteins with 
TxT arrays in their binding sites on the rigidity of the binding 
site, the occupancy and residence time of channel water in 
solution, and their contributions to the binding free energy 
of this protein to ice. Our results indicate that hydrogen-
bonding and hydrophobic groups play equally important and 
synergistic roles in the exceptional ice binding ability of pro-
teins that bind ice with arrays of TxT amino acid sequences.  

!"#$%&'()*!,
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We investigate the protein and its mutants through molecu-
lar dynamics simulations with all atom (AA) and united at-
om (UA) models. We build the models of wild type TmAFP 
from the IEZG crystal structure available in Protein Data 
Bank.1 Supporting Information A explains how we build the 
all-atom (Supp. Info A.1) and united-atom  (Sup. Info. A.2) 
models, the cell dimensions, ensembles, simulation times, 
and simulation protocols. The all-atom proteins are modeled 
with CHARMM22 with CMAP correction,36 solvated with 
TIP4P/2005 water,35 same as in ref 10, 13. The all-atom simu-
lations of protein binding at the ice/water interface are per-
formed at 246 K, 6±5 K below the melting point of the 
TIP4P/2005 model,35 while simulations of the proteins in 
solution are performed at 273 K. Each all-atom simulation is 
~200 ns long (Supp. Table S1). The length of the AA simula-
tions is chosen to allow the spontaneous binding of proteins 
to the ice/water interface followed by at least 150 ns of sam-
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 





























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

 
































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 4 

in liquid mW water at 273 K as a function of the size and 
strength of the interaction of the methane group with water, 

sampling the same set of sizes "MW and strengths #MW as for 
the periodic TCT surface. Supp. Info. D details the calcula-
tion of hydration free energies through thermodynamic inte-
gration. 

!"!!"#$%&'()(*+'(,&",)"'-%"*-+&&%."/+'%0"1,.%*2.%34"

!"#$%!&%'&!()*"$*+$(,-).$.-/)#-"%-$()0-1$,

The channel water (CW) molecules are located in the in-
verted trough between rows of threonine residues, and are 
directly hydrogen-bonded to the hydroxyl group of the thre-
onine residues on the long-side of the protein IBS (Figure 
1).1 We monitor the occupancy of water in the trough that 
are  within 4.5 � of both the hydroxyl and amide groups of 
two consecutive threonine amino acids (e.g. T53 and T65) 
on the long-side of the protein IBS. The same criterion is 
applied to identify the channel waters for the wild type, and 

the Thr"Ser and Thr"Val mutants. In the latter case, the 
distance criterion is applied with respect to the methyl and 
amide groups of the Val residues. We note that this criterion 
requiring the CW to be between two Thr identifies a maxi-
mum of 5 out of the 6 CW of the IBS of wild type TmAFP. 
We assess the presence of the sixth CW through the density 
profile of water at the IBS. In ref 10 we used the same criteri-
on to identify channel water described above, except that 
there we applied the criterion to only 4 threonine residues - 
T29, T41, T53, T65- which identifies a maximum of three 
channel water molecules. Supp. Info. A.4 details the calcula-
tion of the mean residence times of water molecules in the 
channel at the protein binding sites.  

!"#$%&'()&#*+,#,-&.'&&!"#,

!"#"$!"#$%#&"'($)*+,-.$+/$&"#$&"*#+010#$*#.12,#.$1!"

!"#$%!"#$"%&'()"#'*!!"#"$"%&'%('%)*'"+*)!"#$"#%&'"()*&,

Flatness and rigidity are key for strong binding of surfaces to 

ice.20, 46-47 The !-helix secondary structures of hyperactive 
antifreeze proteins grant rigidity and flatness to their ice-
binding sites.69-71 The crystal structure of TmAFP displays a 
narrow distribution of dihedral angles for the threonine resi-

dues, $N-C-C-OH = 57¡ ± 3¡.1 Experiments indicate that, also in 
solution, all threonine residues at the IBS of TmAFP and its 
structural homolog DAFP-1 have identical orientation with 
respect to the backbone.72-73 Experiments and all-atom simu-
lations indicate that mutations of Thr to Val, which replace 
hydroxyl by methyl in the IBS of TmAFP, preserve the orien-
tation of the threonine residues at the IBS as in the wild type 
TmAFP.12, 25 It is not yet known, however, what is the effect 
of mutations of Thr to Ser, which eliminate the methyl 
group, on the conformational rigidity of TxT ice binding 
sites and how much this rigidity contributes to the binding 
free energy of the proteins to ice.  

To investigate whether the methyl groups play a role in the 
conformational rigidity of the threonine residues at the IBS 
of TmAFP, we mutate Thr53 at the IBS (Figure 1a) to ser-
ine, i.e. we remove a methyl group from the IBS, in the fully 
atomistic flexible protein model in solution. We find that the 

probability distribution of the dihedral $N-C-C-OH of the thre-
onine residues in the wild type is unimodal, in agreement 
with NMR experiments of the protein in solution,74  and cen-

tered around 60¡ (Figure 2a), close to the 57¡ ± 3¡ of the 
protein in the crystal.1 This contrasts with the T53S mutant, 

in which $N-C-C-OH oscillates between 60¡ and 180¡ in both 
the solution and bound states, as it can be appreciated in the 
time evolution of the dihedral (Supp. Figure S7) and its bi-
modal probability distribution (Figure 2a). We conclude that 
the methyl groups of the threonine residues play a key role in 
maintaining the conformational rigidity of the threonine 
residues at the IBS of TmAFP.  The T53S mutant in solution 

favors the non-native $N-C-C-OH = 180¡ conformation over the 

native 60¡ by a free energy difference !G60¡"180¡ = -RT 

ln[P(180¡)/P(60¡)] = - 6.1 kJ mol-1 (Figure 2a), where P is 
the equilibrium probability of a given dihedral angle.  We 
note that, despite the conformational flexibility of the IBS in 
solution, the mutant and wild type protein favor the same 
configurations in the ice-bound state (Figure 2a). This indi-
cates that the flexibility of the Ser in the T53S mutant weak-
ens the binding by 6.1 kJ mol-1, the work needed to reposi-

tion the threonine from $N-C-C-OH = 180¡ to the wild type 

configuration of $N-C-C-OH = 60¡. We conclude that removal 
of the methyl groups of the threonine residues increases the 
flexibility of the binding site, weakening the binding of the 
protein to ice. 
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 6 

 

Figure  3 .  Contributions of the hydroxyl and methyl groups to 
ice affinity of TmAFP, determined by the effect of mutations on 
the binding free energy of the protein to ice. Free energy of 

binding, !Gbind, of the rigid protein to the basal plane of ice at 

273 K becomes less negative with the number of Thr"Ser (sol-

id red circles) and Thr"Val (solid blue circles) mutations. The 
open red circles include the 6.1 kJ mol-1 cost per serine to recov-

er the configuration with $N-C-C-OH # 60¡, needed to bind the 
OH group of the amino acid to ice. The order of the mutations 
is T29, T27, T39, T41, T53, T51, T63, T65, T17 and T4. Of 
these residues, T29, T41, T53, T65, T17 and T4 are in the long-
side of the protein (Figure 1a), and T27, T39, T51 and T63 are 
in the short-side of the IBS (Figure 1a). The free energy of bind-
ing the wild type TmAFP to the basal plane of ice is -57.3 kJ 

mol-1.10 Proteins with 8 or more Thr"Ser mutations or with 5 

or more Thr"Val mutations do not bind to ice in up to 300 ns 
long unconstrained simulations, which suggests that they have 

!Gbind > 0 (although we have not measured the binding free 
energies of these non-binding mutants). 

We investigate the effect of mutating the threonine residues 
to serine, i.e. deleting the methyl groups, on the short-side 
and the long-side of the IBS (Fig. 1a). The methyl groups of 
the Thr of the long-side are in the outer boundary of the IBS, 
while those in the Thr of the short-side are in the inner side, 
between the two rows of OH groups. We find that mutations 
on these two sides of the IBS have distinct effects on the 
structure of the AC motif that binds the protein to ice. Dele-
tion of the inner methyl groups in the short-side of the pro-
tein results in the formation of AC with empty clathrate-like 
cages when the protein is bound to ice. Guest-free cages are 
less stable than clathrate cages occupied by methane and 
other small hydrophobic guests,76 resulting in a decrease in 
the magnitude of binding free energy (Figure 3). Removing 
methyl groups on the long-side of the protein does not lead 
to guest-free clathrate cages, but to the collapse of the clath-
rate-like water cages around the mutated residue. The col-

lapse of the cages produces disordered water, incompatible 
with the underlying ice lattice, and, hence, also weakens the 
binding free energy of the mutant proteins (Figure 3). Our 
results are consistent with previous reports of stabilization of 
clathrate-like order induced by the adsorption of methane at 
the ice-like interface.77-78 We conclude that a key role of the 
methyl groups in ice-binding proteins with TxT amino acid 
repeats is the ordering and stabilization of water into clath-
rate-like cages that form the AC motif that glues the protein 
to ice.  

!"!!"!"#$%&'%()*+#,'"#$-.)%/+#%,0+/%.+#$)1,+.',+-!"

!"#$%&"'(")!!"!)!"#$%&!'(%'()&#*+,"-$#!!"#$%&!"!,

Hydrophobic dehydration contributes to the binding of pro-
teins to organic ligands and also to the stabilization of clath-
rate hydrates.79-82 Hydrophobic dehydration is also responsi-
ble for the binding of AFGP and type I AFP to ice.16, 19, 83 The 
hexagonal rings on the surface of ice provide shallow cavities 
wherein methane molecules or methyl groups can adsorb, 
freeing hydration water into the solution.16 This results in 
modest entropy-driven free energies of adsorption of less 
than -2 kJ mol-1 per methane at the prismatic face and less 
than -0.5 kJ mol-1 per methane at the basal face for both the 
fully atomistic16 and united atom models (Supporting Figure 
S2).  The agreement among the UA and AA models in the 
free energy of binding of methane to ice, as well as in the free 
energy of hydrophobic attraction in water,84-85 indicates that 
the united atom model can be used to assess the effect of 
hydrophobic interactions in the binding of the proteins to 
ice. 

It has been hypothesized that hydrophobic dehydration pro-
vides the driving force for the binding of hydrophobic groups 
of the IBS of hyperactive insect antifreeze and bacterial ice 
nucleating proteins to ice.34, 86-87 Proteins with TxT repeats in 
their binding sites, however, do not nest their methyl groups 
directly on the ice surface: they organize the interfacial water 
molecules into distinct anchored clathrate structures (Figure 
1c). Experiments33, 73 and simulations13 indicate that water at 
the IBS does not have anchored-clathrate order when the 
protein is in solution. This implies that the interfacial water 
at the IBS must order to form the AC motif upon binding, 
decreasing the entropy.  This analysis suggests that hydro-
phobic dehydration of the methyl groups at the IBS does not 
drive the binding of TxT-based protein binding surfaces to 
ice.   

We estimate the entropy of binding of the united atom mod-
el of TmAFP to ice from the temperature dependence of 

!Gbind and find it to be negative, !Sbind = -105 J K-1mol-1 
(Supporting Information C), disfavoring the binding. If the 
surface entropies of the AC/liquid and ice/liquid interfaces 
are identical, we use the latter44 and a thermodynamic cycle 
to derive entropy associated to the formation of the AC at 
the IBS, which for TmAFP has an area of 5.32 nm2 (Support-
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 


























































































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It is an open question whether it is possible to design pro-
teins or synthetic molecules that bind to ice as strongly as 
hyperactive insect AFPs and bacterial INPs. The results of 
last section show that increasing the size of hydrophobic 
groups of the IBS from methyl to isopropyl diminishes the 
strength of binding of the protein to ice. Our analysis indi-
cates that the weaker binding of the doubly isopropylated 
mutant is due to the strain that the large isopropyl groups 
exert on the water at the AC that binds the protein to ice: the 

average energy of water molecules in the AC is 2.4 ± 1.0 
kJmol-1 higher when the IBS has isopropyl groups than when 
it has methyl groups. For reference, that quantity is almost 
half the enthalpy of melting of ice, 5.3 kJmol-1 for mW and 
6.0 kJmol-1 for water.37 We find the same qualitative results if 
the methyl groups are replaced by methyl-like moieties that 
are 35% larger and more hydrophobic than methyl (Support-
ing Information D). Our finding that larger hydrophobic 
groups weaken the ice-binding by TmAFP mutants through 
steric effects is consistent with the lower antifreeze efficiency 
of mutants that replace threonine residues at the IBS to bulk-
ier leucine, lysine and tyrosine in laboratory experiments.71 

To understand why the isopropyl group does not form a 
more stable AC motif upon binding, despite propane form-
ing more stable clathrates than methane, we note that these 
two alkanes form clathrates with different crystalline order: 
propane forms the sII clathrate crystal, which has larger wa-
ter cages than the sI clathrate crystal formed by methane.89 
The isopropylated and wild type proteins, however, form 
identical AC.  We conjecture that this is due to the con-
straints in the distances between the OH groups that anchor 
the protein to ice, which do not permit the formation of larg-
er water cages that would better accommodate the isopropyl 
groups. Likewise, Supporting Figure S3 shows that the order 
of interfacial water at the IBS of large, periodic TCT surfaces 
in contact with liquid water and with the same mismatch to 
ice as TmAFP, develop the highest extent of AC-like order 
when the size of the hydrophobic group in the threonine 
residues is close to that of the methyl group. Interestingly, we 
find that while the ordering of interfacial water at the extend-
ed IBS is very sensitive to the size of the hydrophobic group, 
it is quite robust against changes in its strength of interaction 
between with water. We conclude that the methyl group has 
the optimum size to stabilize the AC motif that binds hyper-
active insect AFPs and bacterial INPs to ice.  

!"!!"!"#$%&"'(!"#$%&'()*$+,-./0$!"#$%&'($)"*'*)!+$

!"#$%&'($"%)*!"!!!!"#$!!"#$%&#'(!$&)*#$!#)+&,!,

Having established the different roles that the methyl groups 
have on the binding of the protein to ice, we now focus on 
the role and contributions of the hydroxyl groups of the 
threonine residues to the binding. To this end, we perform 

sequential Thr"Val mutations of TmAFP, each of which 
replaces an OH by a CH3 at the IBS. We model the protein at 
the UA level as a rigid body, because both experiments and 
simulations with flexible models show that the IBS of these 

mutants preserves the !-helix secondary structure, flatness 
and rigidity of the wild type AFP.12, 25  

We find that Thr"Val mutations steadily decrease the 
strength of binding of the protein to ice, as the hydrogen-
bonding groups are sequentially mutated into methyl groups 
(Figure 3). The mutated protein is unable to bind ice in up 
to 300 ns long unconstrained simulations when 6 or more of 
the 10 Thr residues of the conformationally ordered IBS 
have been replaced by valine, suggesting that the ice-binding 
free energy of these mutants is positive (i.e., unfavorable). 
This indicates that hydrogen-bonding by the hydroxyl 
groups is vital to build the clathrate-like order around the 
hydrophobic groups. Our results in Figure 3 are consistent 
with the weak thermal hysteresis activity exhibited by a mu-
tant in experiments in which four Thr residues are substitut-

ed by valine.25 The evolution of !Gbind upon sequential mu-
tations of Thr to Ser or Val (Figure 3) reveal that both the 
hydroxyl and methyl groups are equally critical for determin-
ing the strength of binding of TmAFP to ice.  

!"!!"#$%&'($)"*&'+,-",'-./.'0"/12"314002)"54/2&"40%"

!"#$%&'#(!)$&!)*)!"#$%&'($)%(*%(+$%,)*($"-.%,

The TxT repeats at the binding site of TmAFP produce a 
channel or trough between the two rows of threonine resi-
dues.1 In the wild type, this channel is occupied by 6 water 
molecules, which have the slowest dynamics of the hydration 
shell of the protein.33 The channel water is a key component 
of the AC motif that binds the protein to ice (Figure 1c).10, 13 
Figure 5 maps the probability density of interfacial water at 
the IBS of TmAFP: the protein in solution has channel wa-
ters in the same positions as in the hydrated crystal1 and in 
the AC motif of the ice-bound protein.10 Supporting Figure 
S6 shows that hydration waters of the UA rigid TmAFP 
model are in the same positions as in the fully atomistic flexi-
ble protein model of ref 12. The channel waters are stabilized 
by hydrogen bonding to the OH groups of threonine resi-
dues on the long-side of the IBS (Figures 1c and 5a).10, 12   

 

A) Wild-type B) 4-Valine C) 4-Serine
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Figure  5 .  Density distributions of water molecules in contact 
with the IBS of (a) the wild type UA rigid TmAFP protein, b) 
the mutant in which 4 Thr are mutated to Val, 4-Valine, and (c) 
the mutant in which 4 Thr are mutated to Ser, 4-Serine. The 
positions of the hydroxyl and methyl groups are shown with 
blue and red circles, respectively. The coloring of the density 
map indicates the probability of occupancy of water molecules; 
density of occupancy 1 indicates that the grid point is occupied 
by a water molecule in the entirety of the simulation time. The 
positions of the channel waters can be seen in light blue in the 
trough region, hydrogen bonded to the OH groups in the long-
side of the IBS. Supporting Figure S5 presents the difference in 
density distribution between the mutants and wild type TmAFP 
along the sequence of mutations.  

The average number of channel water molecules NCW sharp-

ly decreases with the number of Thr"Val mutations (Fig-
ures 5b and 6), as the OH groups that bind the channel wa-
ters are replaced by methyl groups. This indicates that sec-
ondary interactions with the backbone of the protein and the 
methyl groups are not sufficient to position the water mole-
cules in the channel of the IBS. The water molecules in the 
protein trough are primarily stabilized by hydrogen-bonding 
to the nearest hydroxyl groups of the threonine residues.  

 

Fig.  6 .  Average occupancy of channel water NCW as a function 
of the number of mutations for the rigid UA TmAFP in solution 
at 273 K. We only monitor the 5 channel water molecules en-
closed between pairs of OH groups in Figure 5. The order of the 
mutations is the same as in Figure 2. NCW sharply decreases with 

the degree of mutation for Thr"Val substitution (solid blue 

line). NCW is insensitive to the degree of mutation for Thr"Ser 
substitution (solid red line) in the rigid protein, but we never-
theless expect that the conformational flexibility of the OH in 
the flexible mutants will result in the loss of water in the channel 
(see Figure 2).   

Interestingly, removal of the methyl groups through 

Thr"Ser mutations on the rigid protein model has little 
impact on the occupancy of the channel water molecules: 
Figures 5c and 6 show that the average number of channel 

waters NCW in the trough decreases by less than one even 
when all Thr at the IBS of the rigid protein are mutated to 
Ser. This supports that the hydrogen bonding to the close 
OH of the IBS positions the water molecules in the protein 
trough. We note that although even when all threonine resi-
dues are mutated to serine in the rigid protein, the mutant 
protein (10-Ser) in solution retains occupancy of the water 
molecules in the channel but is unable to bind to ice. The 
lack of ice affinity of 10-Ser can be attributed to the asym-
metric positioning of the middle row of channel waters, that 

offer a large lattice mismatch to ice, %b = -61%. This demon-
strates that for asymmetrically positioned middle row of hy-
drogen-bonding group, as in TxT binding sites, the clathrate-
like water arrangement around the hydrophobic groups plays 
a key role in building the AC motif that glues the protein to 
the ice surface.  

Our results of section 3.1 indicate that the removal of the 

methyl groups upon a Thr"Ser mutation in the flexible pro-

tein results in the conformational change of the $N-C-C-OH 

dihedral from the native 60¡ to 180¡. When $N-C-C-OH = 180¡, 
the OH group cannot hydrogen bond to a water molecule in 
the channel, resulting in its dislocation (Figures 2b). Hence, 
we expect mutations of Thr to Ser on the long-side of the IBS 
(the one in which the hydroxyl groups bind the channel wa-
ters) in the flexible protein results in a significant decrease in 
the occupancy of water in the protein trough. We conclude 

that both Thr"Ser and Thr"Val mutations destabilize the 
water in the trough, and weaken the binding of the proteins 
to ice.  

!"!!"!""#$%&%'()%#*+#,+)-.+/-(**.&+0().1+%2+!"##$%&'$()

!"!!"#$%&'()%*)%&'$+'",-'.#$"-)%'"$')/-0'!,

NMR experiments indicate that the channel water in the 
trough between the two rows of threonine residues has the 
slowest dynamics among all the hydration shell of the pro-
tein, with a residence time of about 0.3 ns at 293 K.33 We 
determine the residence times of the CW in the flexible fully 
atomistic, UA flexible, and UA rigid protein models of wild 
type TmAFP to be 0.11 ns, 0.3 ns and 1.3 ns, respectively, at 
273 K (Supporting Table S2).  The longer residence time of 
water solvating the rigid protein confirms that flexibility of 
the IBS is detrimental for the ordering of water in the chan-
nel.10 It would be expected that the flexible united-atom 
model has a faster dynamics than the flexible all-atom model, 
as the diffusion coefficient of mW water model at 273 K is 5 
times faster than that of TIP4P/2005.37, 91 We attribute the 
shorter residence time of the flexible fully atomistic model to 
a slight lack of planarity of the IBS modeled with the 
CHARMM22 force field hydrated by TIP4P/2005 water.10, 

13 In what follows we focus on the relative effect of mutations 
of the rigid UA protein on the residence time of the channel 
water. 
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We find that Thr"Ser mutations on the rigid protein have a 
dramatic effect on the residence time of the channel waters 
(Figure 7), despite having very little impact on the average 
number NCW of water molecules in the channel (Figure 5c 
and 6). This suggests that the slower dynamics of channel 
water in wild type TmAFP is due to their confinement by 
neighboring methyl groups at the IBS. We note that the 
slowdown of water dynamics due to topological confinement 
is a general feature of water at interfaces.92-94 We find a corre-
lation between slower dynamics of water at the channel of 
the IBS and stronger binding of the protein to ice (inset of 
Figure 7). We expect the effect of these mutations on the 
occupancy and residence time of channel waters to be signif-
icantly more pronounced in the flexible mutant than deter-
mined in Figures 6 and 7 for the rigid mutants, as our fully 
flexible atomistic simulations indicate that the OH of the 

serine in mutants favors the $N-C-C-OH = 180o conformation 
that does not provide hydrogen bonding stabilization to wa-
ter in the protein trough (Figures 2b).   

 

Figure  7 .  Slowdown of the residence time of water in the 
channel of the binding site as a function of the number of 

Thr"Ser mutations for rigid TmAFP in solution at 273 K. The 

slowdown is defined as the ratio between the residence time & of 
channel water normalized by the residence time of channel wa-

ter for wild type TmAFP for rigid UA protein, &wild type = 1.3 ns.  
The inset shows that the binding free energy for the wild type 
and rigid Thr !Ser mutants with up to 6 mutations is correlat-
ed with the dynamics of water in the trough of the IBS.  

It is challenging to quantify the effect of hydroxyl groups on 
the residence time of channel water by analyzing the 

Thr"Val mutants, because the average number of channel 
water molecules, NCW, monotonically decreases upon these 
mutations (Figures 5b and 6 and Supporting Figure S5). 
Instead, we quantify the influence of hydroxyl groups on the 
dynamics of channel water by systematically varying the 
strength of the hydrogen bond between the hydroxyl groups 
at the IBS and water, as the CW directly hydrogen-bond to 
the hydroxyl group of the nearest Thr residues.  We tune the 

strength of the hydrogen bond by tuning the depth #OHW of 
the attraction between hydroxyl and water in the force field, 
as in ref. 20. We find that the slowdown of the channel water, 

&/&wild type, monotonically increases with the strength of the 
hydroxyl-water attraction (Figure 8). Most importantly, we 
find that the slower is the dynamics of the channel water, the 
stronger is the free energy of binding of the protein to ice 
(Figure 8 and inset of Figure 7).  

 

F igure  8 .  The free energy of binding of the protein to ice, 

!Gbind, becomes more negative and the slowdown of the chan-

nel water, &/&wild type, more pronounced when the attraction be-
tween water and OH of the Thr of the IBS is strengthened with 
respect to the water-water attraction. The simulations are per-
formed at 273 K for the rigid UA TmAFP protein. 

Stronger binding of proteins to ice increases their ice nuclea-

tion efficiency, !Tf  =Thet Ð Thom, where Thet and Thom are the 
temperatures of heterogeneous and homogeneous ice nucle-
ation, respectively.20, 67 Our analysis in Figure 8 suggests that 
deuteration of water or the OH of the threonine residues, 
which should increase the strength of hydrogen bonding95-97 
between the protein and its hydration shell, should increase 

the !Tf of proteins. This may contribute to the larger ice 
nucleation efficiency of TmAFP in a mixture of light and 

heavy water, !Tf  = 5 K,33 and in light water, !Tf  =  2.5 ± 2 
K.98 The predictions of simulations with the rigid UA model 
of TmAFP in mW water are in quantitative agreement with 

the later, !Tf  = 2 ± 1 K.67 As strong binding to ice is also im-
portant for antifreeze activity,53, 99-100 the correlation between 
slower dynamics of the CW and stronger binding of the pro-
tein to ice may explain why residence times at the IBS can be 
used to predict the magnitude of thermal hysteresis of anti-
freeze proteins.27  

A recent computational study found that dispersion of hy-
drogen bonding groups on a surface reduces the mobility of 
interfacial water.101 It may be expected that not all surfaces 
that slow down the dynamics of interfacial water are efficient 
at binding ice, because efficient binding to ice also requires 
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precise positioning of groups at the surface. It would be in-
teresting to assess in future studies whether the principles 
uncovered in ref. 101 can be used to design effective ice-
binding surfaces. 

!"#$%&$'()*%&),

Hyperactive insect antifreeze protein and bacterial ice nucle-
ating proteins bind strongly to ice through amphiphilic bind-
ing sites with TxT amino acid repeats.20, 67 It has long been 
debated what is the role of hydrogen bonding and hydro-
phobic interactions in the binding of these proteins to ice.2, 10-

12, 102 In this work, we use fully atomistic and united atom 
molecular simulations to investigate the binding of large ice-
nucleating TCT peptide surfaces and the hyperactive anti-
freeze protein TmAFP, as well as mutants that result from 
systematic replacement of threonine residues at the binding 
site for valine, serine, and synthetic amino acids that modu-
late the hydrophobicity and hydrogen bonding strength of 
the binding surface. We find that the methyl and hydroxyl 
groups contribute equally to the ice-binding free energy of 
these exceptionally potent classes of antifreeze and ice nucle-
ating proteins. To our knowledge, this is the first determina-
tion of the relative effect of hydrophobic and hydrogen 
bonding groups to the mode and strength of binding of these 
proteins to ice. 

The simulations uncover synergistic effects of the hydrogen-
bonding and hydrophobic groups at the IBS. We find that 
the methyl groups are key to maintain the conformational 
rigidity of the threonine residues at the IBS, ordering the OH 
and CH3 groups into the positions needed for their binding 
to ice. When methyl groups are eliminated, the hydroxyl 
moiety of the resulting serine residues becomes rotationally 
flexible and unable to order and immobilize the water mole-
cules in the trough of the binding site. The result is an en-
tropic penalty to reorganize the hydroxyl groups and channel 
waters into their anchored clathrate configuration, which 
results in a significant weakening of the ice binding free ener-
gy.  

The second role of the methyl groups is to order and stabilize 
water into a clathrate-like order, together with the anchoring 
hydroxyl groups, facilitating the formation of the anchored 
clathrate motif that glues the protein to the ice surface. Re-
moval of methyl groups of the IBS results in disordered water 
cages or metastable guest-free clathrate cages in the bound 
state. Both yield a significantly less negative binding free en-
ergy. Our analysis indicates that methyl groups are optimally 
sized to stabilize the anchored clathrate; larger hydrophobic 
groups sterically strain the clathrate cages and reduce the 
binding efficiency. 

We find that hydrophobic dehydration does not contribute 
to the binding of the proteins to ice. This is consistent with 

the increase in ordering of the water molecules around the 
methyl groups to form the anchored clathrate. Our thermo-
dynamic analysis indicates that water at the binding surface 
of TmAFP in solution has lower entropy than in bulk water, 
despite not presenting the order of ice or anchored clath-
rate.13 This is consistent by the analysis of the density profiles 
of water molecules at the IBS of the protein, which show 
preferential positions for water molecules at the binding site, 
both in our analysis with united atom models and in fully 
atomistic simulations.10-12 This positional order is particular-
ly pronounced for water in the trough of the TxT binding 
surface. We find that the positioning and immobilization of 
the channel waters through hydrogen bonding to the closer 
hydroxyl groups of the threonine residues and their topolog-
ical confinement by the methyl groups of the other row of 
threonine residues are key for the strong binding of the pro-
tein to ice.  

We find a correlation between a slower dynamics of channel 
water and stronger ice binding strength of the protein. To 
our knowledge, this is the first time such correlation has been 
reported, and it may underlie the correlation between ther-
mal hysteresis and dynamics of water at the binding site un-
covered by a recent neural network analysis of antifreeze 
proteins.27. The correlation, however, may not be unex-
pected, as the relation between entropy and diffusivity in 
water is well documented,103-105 and binding of the protein to 
ice requires immobilization and ordering of channel water, 
which would result in a penalty due to loss of entropy if water 
is not positioned in the channel or has high translational or 
rotational mobility. The positioning of the water molecules 
increases with the dimensions of the binding surface and is 
optimum for hydrophobic groups of the size of the methyl 
group. Proteins with properly positioned and slowly ex-
changing hydration water lose less translational entropy up-
on binding to ice, and therefore have stronger binding, which 
leads to more effective antifreeze27, 53 and ice nucleation20, 67 
activities.   

The analysis of this study suggests that the independently 
evolved TxT arrays of amino acids at the binding site of in-
sect hyperactive antifreeze and bacterial ice nucleating pro-
teins are thoroughly optimized for strong binding to ice: 
their chemical makeup ensure that they are rigid, flat, have 
the proper size of hydrophobic groups, and spacing of hy-
drogen bonding groups close to that of water molecules on 
ice.  The elucidation in this study of the molecular contribu-
tions to the mode and strength of binding to ice of the most 
potent ice nucleating and antifreeze proteins evolved by na-
ture paves the way for the rational design of more efficient 
synthetic mimics of these molecules for applications in cryo-
preservation,106-108 food processing,109 improving the freeze 
tolerance of plants, 110-111 and seeding of clouds to induce 
precipitation.112  
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