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ABSTRACT

Ice-binding proteins (IBPs) produced by cold-tolerant organisms interact with ice and
strongly control crystal growth. The molecular basis for the different magnitude of activities
displayed by various IBPs (moderate and hyperactive) has not yet been clarified. Previous
studies questioned whether the moderate activity of some IBPs relies on their weaker binding
modus to the ice surface, compared to hyperactive IBPs, rather than relying on binding only
to selected faces of the ice crystal. We present the structure of one moderate IBP from the sea-
ice diatom Fragilariopsis cylindrus (fcIBP) as determined by X-ray crystallography and
investigate the protein’s binding modes to the growing ice-water interface using molecular
dynamics simulations. The structure of the fcIBP is the IBP-1 fold, defined by a discontinuous
B-solenoid delimitated by three faces (4, B and C-faces) and braced by an a-helix. The fcIBP
structure shows capping loops on both N- and C-terminal parts of the solenoid. We show that
the protein adsorbs on both the prism and the basal faces of ice crystals, confirming
experimental results. The fcIBP binds irreversibly to the prism face using the loop between
the B and the C-faces, involving also the B-face in water immobilization despite its irregular
structure. The a-helix attaches the protein to the basal face with a partly reversible modus.
Our results suggest that fcIBP has a loser attachment to ice and that this weaker binding
modus is the basis to explain the moderate activity of the fcIBP.

Keywords: Ice-binding proteins; Antifreeze proteins; DUF3494; IBP-1 fold; molecular
dynamics simulation.

INTRODUCTION

Ice-binding proteins (IBPs) are defined by their ability to attach to ice and influence its
growth 2. IBPs lower the freezing point of a solution, affect the ice growth kinetics during
the crystallization process and inhibit ice-grain boundary migration (recrystallization) in
polycrystalline ice > *. A variety of different IBPs, also called antifireeze proteins (AFPs), has
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been found in several polar and cold-tolerant organisms. One common classification of IBPs
is based on the protein’s effectiveness in causing a thermal hysteresis (TH), i.e., a separation
of the freezing point below the melting point of a solution. At identical protein concentration,
moderate IBPs induce a TH of less than 1°C, whereas hyperactive IBPs cause a much
stronger freezing point depression °. The mechanisms underlying this difference in activity
are currently under dispute. Some studies suggest that hyperactivity is related to the ability of
IBPs to bind the basal face of ice crystals and suppress growth along the c-axis > °. Other
studies indicate that the TH activity shown by IBPs is related less to the crystallographic face
bound by the proteins, but rather to the strength of the binding of IBPs to the ice crystal
surface " ®.

The different IBP families show an amazing diversity of structures, including a-helix,
globular polypeptides with mixed folds, polyproline type-II coils and B-solenoids °. The ice-
binding site (IBS), often determined by point mutagenesis, is described as a broad, flat,
somewhat hydrophobic surface. IBPs exhibit various ice-binding mechanisms driven by

1013 "and anchored clathrate motif '*'°.

hydrogen bonding °, hydrophobic interaction
The IBPs from the sea-ice diatom Fragilariopsis cylindrus (fcIBP), a dominant species within
polar sea-ice microbial assemblages, belong to an IBP family very common among
psychrophilic microorganisms '’. This IBP family is characterized by the “domain of
unknown function” (DUF) 3494, as the domain is called in the Pfam database. The DUF3494-
IBP family represents today the most widespread of the known IBP families and can be found
in bacteria '*%°, diatoms '" *" **, yeast and other fungi ', among others. Studies on one
fcIBP isoform, fcIBP11, revealed that fcIBP11 binds to the prism and basal faces of ice

crystals and stops growth along the c-axis despite its moderate TH activity * **

The structures of DUF3494-IBPs known until now are a B-solenoid, characterized by a
discontinuous B-helix with a triangular cross-section defined by the A-, B- and C-faces. An a-
helix runs along the 4-face, parallel to the longitudinal axis of the B-helix. This fold, typical
for DUF3494-IBPs, has been called IBP-1 fold ®. The capping regions masking the
hydrophobic core of the proteins can be more or less extended in the individual proteins. Until
now, eight IBP-1 folds have been determined by X-ray crystallography. The solved structures

belong to sequences from Antarctic bacteria '>* 2, a snow mold fungus " ** and an Arctic
yeast >*. Despite the broad distribution of DUF3494-IBPs among polar diatoms, only the

structure of the Chaetoceros neogracile IBP, estimated by 3D modelling, has been reported *>
36

Point mutation, structural analyses of the topography at the protein surface and docking
studies have been examined to identify the IBS "'*?°2° In all these cases, results suggest that
the protein B-face is involved in ice-binding, despite its lack of structural regularity.
Furthermore, some studies mention a possible relevance of the C-face and of the loop

7, 29, 30

adjacent to the B-face . However, although the computational docking studies give an
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insight about the structural matching between IBPs and ice surfaces, we must consider that
IBPs bind to a growing ice-water interface rather than to an ice crystal face alone *.

In the following, we present the structure of fcIBP11 determined by X-ray crystallography
and its ice-binding mode inferred by molecular dynamics simulation. This is the first case of
a DUF3494-IBP from diatom cells solved by crystallography and the first molecular
dynamics simulation of binding of a DUF3494-IBP to the growing ice surface. We investigate
whether fcIBP11 binds to both the primary prism and basal surfaces and suggest where its
IBS is.

MATERIAL AND METHODS
Crystallization and structure analysis of fcIBP11

fcIBP11 (GenBank Acc Nr DR026070), an isoform of fcIBP with molecular weight of 26 kDa
and of moderate TH activity, was recombinantly expressed (EMBL Heidelberg, Germany) as

explained elsewhere (Bayer-Giraldi et al 2011). This isoform was chosen based on previous

studies, which demonstrated its relevance for F. cylindrus in cold response ' **

. The protein
was lyophilized for storage, then dissolved in cold water and dialyzed against 100 mM Tris-
HCI pH 8.2 for buffer exchange and desalting. Prior to crystallization, the dialysate was
concentrated to 20 mg/ml using Amicon Ultra-4 centrifugal filter units (Merck KGaA,
Germany). The crystallization condition was screened using Crystal Screen, Crystal Screen 2,
Index, PEG/Ion, PEG/Ion 2 (Hampton Research, CA, USA), and Wizard Classic 1 and 2
(Molecular Dimensions, UK). By using nanoliter dispenser mosquito (TTP Labtech, UK) 0.1
uL of protein solution was mixed with the same volume of reservoir solution in a 96-well
sitting-drop plate **, then incubated at 20 and 4°C.

The diffraction data from the fcIBP11 crystal were collected at the beamline BL17A in
Photon Factory, KEK, Japan *, using the synchrotron radiation of 0.9800 A. The crystal was
soaked into a crystallization solution containing 30% glycerol, which was used as a
cryoprotectant, and then mounted on a nylon loop, followed by flash cooling to 95 K by a
cryocooling device. Diffraction images were processed by program XDS *, and CCP4
program suite *'. The crystal structure of /cIBP11 was determined by a molecular replacement
method using the program Phenix ** applying the coordinate of Typhula isikariensis AFP6
(PDB ID: 3VN3) as the search model. The molecular model of fcIBP11 was build and
manually corrected using Coot * and further refined using REFMAC5 *. The structure of
fcIBP11 was superposed against other known DUF3494-IBP structures by utilizing
secondary-structure matching (SSM) option implemented in Coot. Root mean square distance
(RMSD) between equivalent Ca atoms was employed for assessing structural similarities.

Models

fcIBP11 was modeled with full atomistic detail using CHARMM?27 ** ** (CHARMM22 ¥
plus CMAP * for proteins). The experimentally obtained crystal structure was used, in which
N-terminal 2 residues (S and T) and C-terminal 11 residues (TRRGLRGLQVA) were not
included in the structure model due to the indistinct electron density map. Water was

3
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represented by the TIP4P/2005 model *°, which provides a more realistic description of the
bulk liquid density and the hydration thermodynamics of simple molecules **°2. The
intermolecular interactions were truncated at 0.85 nm. The Lennard-Jones parameters for
cross-interactions were obtained using the Lorentz—Berthelot combination rules: €;; =

JEii€jj and o5 = (al-i + gj j) /2. The long-range Coulombic interactions were evaluated with

the particle-mesh Ewald algorithm and the dispersion corrections were implemented in the
evaluation of the energy and pressure.

Molecular Dynamics Simulations

Molecular dynamics (MD) simulations were carried out using GROMACS 2016.
integrating the equations of motion with the leapfrog algorithm using a time step of 2 fs. The
temperature 7 and pressure P were controlled with the Berendsen algorithm >°. Periodic
boundary conditions were applied in the three directions.

53, 54
4 >3

fcIBP11 in bulk water

In order to investigate the hydration shell structure around the protein, we performed MD
simulations for fcIBP11 dissolved in 20,000 water molecules with 5 sodium ions. The energy
minimization using the steepest descent method is followed by a 10 ns NP7-MD run at 300 K.
Then, the production NP7-MD run of 20 ns was performed at 250 K for the conformational
sampling. We also performed the same simulation without the protein.

Adsorption of fcIBP11 on the growing ice surface

We performed non-equilibrium NV7-MD simulations with cells containing slabs of vapor,
liquid and ice '°. The size of the simulation box for the system in which the primary prism
face was exposed to liquid water was set to 9.06 x 13.00 x 8.88 nm’ and that for the basal
face was 9.06 x 8.63 x 13.00 nm’. The simulation cells consisted of one fcIBP11 molecule, 5
sodium molecules, 20,000 free liquid water molecules and two restrained ice layers. These
two layers of proton disordered ice Ih (1920 and 1760 molecules for the systems exposing the
primary prism and basal planes, respectively) were generated with the program Genlce *°. The
20,000 free water molecules were placed on one side of the ice layers to let ice grow in a
single direction. The oxygen atoms of the molecules in these two layers of ice were
harmonically restrained at their original positions with a force constant of 1000 kJ mol™' nm™.
The fcIBP11 was initially placed 1.0~1.5 nm above the ice surfaces in three different ways as
A-, B- and C-faces of the protein faced towards the ice surface. We first performed an energy
minimization using the steepest descent method, followed by a 400 ps NVT equilibration run
at 300 K with freezing the protein coordination. Then, the production NV7-MD run was
evolved for 600 ns at 248 K, which is 2.5 K lower than the freezing temperature of ice Ih in
this model (250.5 K) °’. We gave three different momenta to the equilibrated configurations,
so that 9 independent trajectories were generated for each system. The name of the trajectory
indicates the exposed ice plane (P for prism face, or B for basal face), the face of fcIBP11 (4
or B or C) that initially faced toward the ice surface and the given initial momentums (1 or 2
or 3). We also performed the same simulations without the protein in order to investigate the
influence of the protein on the ice growth. In the protein bound trajectories, we determined
the amino acids that possibly interact directly with the ice face by checking which residues
are aligned with a crystal face.
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Root mean square displacement

To assess the adsorption of fcIB11 we computed the time evolution of root mean square

displacement (RMSD) for aC atoms of fcIBP11 using the equation of \/% >N - r?)z,

where r; and r® are the coordination vectors of ith aC atom at time ¢ and the initial state (t=
0), respectively. In the RMSD calculations, the highly flexible regions of fcIBP11 (with
residue numbers 3-13, 102-120, 239-246) were excluded.

RESULTS AND DISCUSSION

1. Structural Analyses
1.1 Crystal Structure of fcIBP11
Crystals of fcIBP11 were obtained under 0.1M Tris-HCI pH 8.5 and 2.0 M ammonium

dihydrogen phosphate at 4°C and grown in a plate-like shape. Diffraction data at 1.4 A

resolution were collected at the synchrotron beamline. The crystal belongs to orthogonal
space group P222, with unit cell parameters of a=36.05, b=47.59, and c=134.52 A,
containing one molecule in an asymmetric unit. A clear solution for fcIBP11 structure was
provided by molecular replacement calculation, then corrected manually and applied for the
crystallographic refinement. N-terminal 2 residues and C-terminal 11 residues were not
included in the structure model due to the indistinct electron density map, which implies the
disordered conformation in these regions. At the late stage of the structure refinement, water
molecules were introduced to the model by inspecting the electron density map. The final
fcIBP11 structure contains 244 residues out of 257, and 279 water molecules with R factor of
0.137 and Free R factor *® of 0.162. The quality of the main-chain conformations was
validated by Ramachandran-plot calculated by MolProbity *°, showing that most residues fell
into the favored and allowed region. The statistics for data collection and refinement was
summarized in Table 1. The coordinates are deposited in the Protein Data Bank (PDB) under
ID 6A8K.

The crystal structure of fcIBP11 exhibits an IBP-1 fold characteristic for DUF3494-1BPs
(Figure 1). The structure is dominated by a distinct p-solenoid *°, which is composed of a
helical structure of parallel $-sheets. The B-solenoid of fcIBP11 is folded into a right-handed
helix with a triangular cross-section, which forms three side faces (the A-, B- and C-faces)
made up of eight- or six-stranded B-sheets with 2-5 residues each. The (-solenoid domain
with 182 residues is composed of 56 N-terminal residues, from Val20 to Pro75, and 126 C-
terminal residues, from Glyl124 to Ala239. The N-terminal part forms a helical coil (1)
toward the end of the solenoid, followed by a capping loop structure. The other end of the
solenoid is also covered by a capping loop, followed by six helical coils (2-p6) toward the
one-third middle of the solenoid. Accordingly, the N- and C-terminal units are stacked
together with a “head-to-tail” manner to locate the N- and C-terminal residues (Val20 and
Ala239, respectively) at an adjoining position. A long a-helix with 20 residues (Gly82-
Alal01) is situated in the middle of the polypeptide chain, lying parallel to the B-solenoid
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along the A-face, and connecting each end of the solenoid. This topological arrangement as a
discontinuous solenoid braced by a parallel a-helix has been uniquely observed for the 3D
structure of DUF3494-IBPs.

Considering the faces of the solenoid, the B-face is formed by regularly aligned p-strands and
displays the flattest molecular surface of the three faces of the solenoid. The C-face also
constitutes a flat surface, but two strands (2 and 3) near the end of the solenoid elongate to
form a small bulge. The N-terminal region of the polypeptide chain (Ala3-Asp18), which lies
antiparallel to the a-helix and covers the A-face of the solenoid, forms an extended helical
structure, showing a close similarity to polyproline II helix followed by a short 3¢ helix.

The similarity between the overall structure of fcIBP11 and those of other DUF3494-
IBPs was assessed by superposition. The RMSD between corresponding Co atoms in the f3-
solenoid domain and the long a-helix ranges from 0.72 A to 1.41 A, showing close similarity
with other microbial IBPs. This is reflecting the overall sequence similarity (29—49%) typical
for the residues that constitute the hydrophobic core of the molecule.

Some differences among the IBP-1 folds can be seen when considering the capping
structures (Figure 2). The local conformation of the N-terminal capping loop of the
DUF3494-1BPs can be classified into four groups, with eukaryotic IBP-1 folds (7yphula
ishikariensis TisIBP and Leucosporidium sp. LeIBP) constituting a separate group " *>. The
N-terminal loop structure of fcIBP11 shows close similarity with the eukaryotic group (Figure
2A) and forms an antiparallel strand composed of 14 residues (Asp53 — Thr66). In the known
DUF3494-1BPs structures the C-terminal edge of the solenoid is less covered with distinct
loop segment. However, fcIBP11 possesses a unique loop segment of 12 residues, from
Gly106 to Thr117, which is inserted between the long o-helix and the (3-solenoid and covers
the C-terminal unit of the solenoid (Figure 2B). In many p-solenoid proteins, the loop or
helical components are situated at both ends of the solenoid and prevent the exposure of the
hydrophobic core of the molecule by covering the solenoid. The capping loop also builds
hydrogen bonds with the 3-sheets at the edge of the solenoid in order to avoid the aggregation
of different molecules by intermolecular hydrogen bonds.

1.2 Putative IBS inferred from structural analysis

The preceding papers about the structure analysis of DUF3494-IBPs reported that the flat B-
19, 29, 33, 34

face of the solenoid is involved in binding of the protein to ice . It was estimated that

the IBS is constituted by approximately 30 residues, aligned on the B-sheet of the B-face, on

the adjacent loop region and on the C-face 7,29,30

. The residues on the putative IBS mainly
have short side chains, but are poorly conserved among the homologous IBPs. fc/BP11
displays a less flat surface on its corresponding face (Figure 3A), which reflects a lower
contents of Gly, Ala, Ser and Thr on the B-face. The content of these residues is 56% (14
residues out of 25) for fcIBP11, whereas for the hyperactive 7isIBPS8, for example, it is 80%
(20 residues out of 25). In addition, residues with a long side chain such as Lys24, 165, 209
and 213, and Glul93 form a small bulge on the B-face of fcIBP11. Lys213 and Asnl95,

which are located at the center region of the putative IBS, adopt multiple conformations in
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their side chain. This structural variety of side chains implies that the IBS of fcIBP11
possesses a less regular and a less restricted structure compared with other DUF3494-1BPs.

Furthermore, our analyses show little regularity among the 50 bound waters on the putative
IBS of the fcIBP11 B-face (Figure 3B). Previous reports of crystal structure of DUF3494-
IBPs identified regularly aligned water molecules, which occupy the shallow grooves on their
IBS " ** ¥ In contrast, the putative IBS on the B-face of fcIBP11 exhibits less regularly
aligned waters and distinct surface grooves. No bound waters are found at the center of the
putative IBS around Lys213 and Asn195, which adopt multiple conformations in their side
chain. This also seems to reflect the high relief surface and the less restricted property of the
IBS of fcIBP11. Therefore, in order to identify further putative IBS of fcIBP11, we proceeded
with MD simulations, which allow analyzing the binding process of the protein to the prism
and basal face of ice in a dynamic situation.

2. MD simulations

2.1. Hydration shell structure in bulk water

Some IBPs indirectly bind to ice through ordered “ice-like” or ‘“clathrate-like” hydration
water molecules, which are formed beside regularly spaced residues on the ice-binding site of
IBP. Although the three-dimensional structure of these bound water molecules is distinct from
the ice, it extensively matches the spacing of water molecules in ice lattice and forms
hydrogen bonds with them '*' ',

To assess whether such an ordered hydration array exists around fcIBP11 in solution, we first
identify immobile (or solid-like) water molecules based on its translational mobility ' > .
The value 67 is defined by 67 = ({{r;(t + At) — r;(t)}?), where r, is the coordination vector
of oxygen of ith water molecule, At is set to 100 ps and (...) is the average over 1 ns. We
compute the distribution of 67 for bulk liquid water molecules at 250 K and found that the
population in the region of §? < 0.06 nm” is negligibly small (Figure 4A). Thus, we define
immobile water molecules if its 57 is smaller than 0.06 nm®. The distribution for the water
molecules in a fcIBP11 solution (green line in Figure 4A) shows that the population of
immobile water molecules significantly increases upon addition of fcIBP11 (380 molecules on
average), indicating that fcIBP11 slows down the translational displacement of water
molecules in the hydration shell.

Snapshots in Figure 4B show that fcIBPI11 is fully covered by immobile water molecules.
However, we do not find any clue for ordered hydration layers in the vicinity of fcIBP11,
presumably because fcIBP11 lacks the structural regularity on the surface. These results are
consistent with the analyses examined in the section 1.2.

2.2. Adsorption on Primary Prism Surface

We observe the adsorption of fcIBP11 on the growing primary prism surface in 2 of 9
trajectories (P_bl and P_b3, Figure 5). The movies for these trajectories clearly demonstrate
that the fcIBP11 tightly binds to the ice surface and halts its growth after wandering on the
ice-water interface in the first 200 ns (SI movie P_bl and P_b3). In these trajectories, the
RMSDs with regard to the initial conformation become almost constant after 200 ns due to
the adsorption on the ice surface (Figure 6A). Then, the adsorption immediately halts the

7
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growth of ice, while the amount of ice monotonically increases without fcIBP11 (Figure 7A).
In the trajectory of P_bl, the fcIBP11 rotates 90 degrees in the first 200 ns and binds to the
ice surface through the loop region between the B- and the C-faces (Figure 8A). The residues
of Thr50, Val30, GIn233, Ile215, Thr216 and Alal98 align with the x-axis (perpendicular to
the c-axis of the ice lattice). Three residues of Thr50, Val30 and GIn233 directly bind to the
well-defined ice lattice consisting of only 6-member rings, while there are non-ice-like
immobile water molecules between the other residues (Ile215, Thr216 and Alal98) and the
ice surface. Such immobile water molecules are also formed under the whole B-face (see the
dashed circle in Figure 8B). In the trajectory of P_b3, we also observe that the fcIBP11 binds
to ice through the loop region between the B- and the C-faces, although the loop region aligns
with the z-axis in this trajectory. Figure 8D shows the residues of Val30, Thr145, Alal71,
Alal98, Ile215, Thr216 and GIn233 directly bind to the ice lattice. The immobile water
molecules without ice structure are also observed below the B-face (the dashed circle in
Figure 8C). These results indicate that the loop region between the B- and the C-faces of
fcIBP11 directly binds to the ice lattice, but the flat B-face may also contribute the adsorption,
in consistent with the point mutation experiment for the same IBP family **. Although there
are at least two different binding modes on the primary prism surface, we do not observe the
transformation between them and each binding is irreversible in the computational time scale.

2.2. Adsorption on Basal Surface

We observe that the fcIBP11 binds to the basal ice surface in 2 of 9 independent trajectories
(see SI movies B al and B a3). The adsorption resulting in the halt of ice growth is
supported by the RMSD (Figure 6B) and the amount of immobile water molecules (Figure
7B). The ice-binding occurs through the a-helix on the A-face in both trajectories. The
residues directly binding to the ice lattice are Ser79, Thr83, Thr87, Ser90, Thr94, Asp98 and
AlalOl (Figure 9A and 9C). A small portion of the a-helix is buried into the ice lattice in the
trajectory B_al, while the a-helix in the trajectory B_a3 is parallel to the ice surface (Figures
9A and 9C). Because the direction of the a-helix on the x-y plane is almost identical (Figures
9B and 9D), we recognize these binding modes are the same. In the end of trajectory B a3,
fcIBP11 is released from the ice surface, indicating a reversible ice-binding.

3. Binding mode and TH activity of fcIBP11
We show that fcIBP11 can bind to ice with different modes, depending on the
crystallographic face considered. We observe, within the computational time scale,

irreversible attachment of fcIBP11 to the prism face of the ice crystal and partly reversible
binding of fcIBP11 to the basal face, suggesting that the adsorption on the basal face is not
strong.

Our results can be considered in the frame of the discussion about the mechanisms underlying
differences in TH activity displayed by IBPs. The basis for hyperactivity of IBPs has often
been correlated with the adsorption of the proteins on the basal face of ice crystals and the
suppression of its growth > °. Other works have focused on the binding strength of IBPs to
ice, rather than to the affinity for specific crystallographic faces. For example, results from

64, 65 10, 16

fluorescence microscopy and MD simulations show that the hyperactive protein

8
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from the insect Tenebrio molitor (TmAFP) binds irreversibly to ice whereas the moderate fish
antifreeze glycoprotein (AFGP) 8 binds reversibly, suggesting a loser binding mode for the
781929 conclude that the

binding energy of the proteins to ice crystal surface plays an important role in IBP

moderate protein. Previous publications on various DUF3494-IBPs

hyperactivity. Furthermore, it has been shown that the moderate fcIBP11 can attach, at least in
some amount, to both the prism and the basal face of ice crystals and suppress growth of the
basal face, resulting in a growing pattern of the ice crystal usually ascribed to the presence of
hyperactive IBPs °. Our results match experimental evidence of affinity of fcIBP11 also for
the basal face of ice crystals and indicate that the moderate TH activity of fcIBP11 is possibly
related to a partly reversible, lose attachment of the proteins to the basal face of ice. Anyhow,
also the lose binding mode of fcIBP11 to the basal face enables its growth suppression as
experimentally shown before, and therefore must be strong or fast enough to stop ice growth.

CONCLUSIONS

In this study, we show for the first time the structure of a diatom DUF3494-IBP and
determine that the conformation of fcIBP11 groups with that of other eukaryotic IBPs with
IBP-1 fold. fcIBP11 binds to both the primary prism and basal surfaces, consistent with the
experimental results. The binding site of fcIBP11 to the primary prism surface is the loop
region between the B- and C-faces and fcIBP11 has at least two different adsorption
alignments. The B-face may also contribute to ice, although it shows a less regular and a less
restricted structure compared with other DUF3494-IBPs as indicated by structural analysis on
this face. The binding to the basal surface occurs through the a-helix parallel to the A-face
and we further observe partial detachment of the protein from the ice surface. We here show
selected putative binding options of fcIBP11 to ice, not considering statistical significance.
However, we suggest that this binding mode explains the kinetics of ice growth in the
presence of fcIBP11, a protein with moderate TH activity but causing basal face growth
inhibition. Further studies are required to determine which factors, e.g. hydrogen bonding or
hydrophobic interaction, predominantly contribute to the adsorption and to clarify the binding
kinetics of fcIBP11 to stop crystal growth along the c-axis.
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Table 1 Data collection and refinement statistics for fcIBP11

389
Data collection
Space group P222,
Unit-cell parameters (a, b, c), (A) 36.05, 47.59, 134.52
Number of molecules in asymmetric unit 1
Beam line Photon Factory BL-17A
Wavelength (A) 0.9800
Resolution range (A) 47.6-14 A
R merge 0.057 (0.434)
Observed reflections 571,099
Independent reflections 46,394
Completeness (%) 99.7 (98.7)
Multiplicity * 12.3 (11.6)
<llo(ly>" 24.1(6.3)
Refinement
R factor 0.137 (0.192)
Free R factor % 0.162 (0.200)
R.M.S bond lengths (A) 0.029
R.M.S bond angles (°) 2.478
Residues 244
Number of non-hydrogen atoms
Protein 1758
Solvent 279
Ramachandran plot (%) '
Residues in favored regions 97
Residues in allowed regions 3
Residues in outliner regions 0
Average B factor (A%) 15.0
390
391 Values in parentheses are for the highest resolution shell (1.48—1.4 A for data
392 collection and 1.44-1.4 A for refinement)
393 "R merge = 2;|<[(h)> — I(h);| | £X;<I(h)>, where <I(h)> is the mean intensity of a set of
394 equivalent reflections.
395 * R factor = X||Fops(h)| — |Feae(M)||/ T |Fovs(h)|, where Fops and Fey are the observed and
396 calculated structure factors, respectively.
397 ¥ A randomly chosen 5.0% of the data were used to calculate the free R factor .
398 ¥ Statistics were obtained from MolProbity >°.
399
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Figure 1. The crystal structure of fcIBP11 drawn with schematic illustrations. fc/BP11 is
composed of a discontinuous B-solenoid braced by an a-helix. The major coils of the solenoid
are indicated as p1-6. The N- and C-terminal parts of the 3-solenoid are indicated in cyan and
red, respectively. The long a-helix situated along 3-solenoid is colored green. The B-solenoid
of fcIBP11 folds into a right-handed helix with a triangular cross-sections, which displays 4-,
B- and C-faces on its molecular surface. The illustrations in Figure 1, 2 and 3 were prepared
by PyMOL .
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Figure 2. Close-up views of the capping loops of fcIBP11 and other microbial IBPs. (A)
Pairwise superpositions of fcIBP11 N-terminal loop (blue) with 7TisAFP6 (PDB ID: 3VN3,
pink), Co/AFP (PDB ID: 3WP9, orange), IBPv (PDB ID: 5SUYT, yellow), and S/IBP (PDB
ID: 6EIO, cyan). (B) Close-up view of the C-terminal capping loop.

A)

Figure 3. Surface residues and bound waters located in putative ice-binding site (IBS) of
fcIBP11.

(A) The side chains of IBS residues are shown as sticks. C, O and N atoms are colored
yellow, red and blue, respectively. (B) Water molecules located within 5A from the IBS are
shown as balls. Waters located on the concave surface of the IBS are colored cyan. The

molecular surface of fcIBP11 is also represented and the IBS is drawn with same colors as
(A).
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Figure 4. (A) Distributions of the §7 of water molecules in bulk liquid (black line) and
fcIBP11 solution (green line) at 250 K. The shade region indicates immobile water molecules.
(B) A typical structure of immobile molecules in the fcIBP11 solution from three different
angles. The oxygen atoms of immobile water molecules with §? < 0.06 nm” are described by
green spheres and two immobile water molecules are connected by a red line when their
oxygen-oxygen distance is smaller than 0.35 nm.

Figure 5. Initial configurations for the MD simulations in which the ice surface exposes (A-C)
primary prism and (D-F) basal surfaces. These correspond to the trajectories named (A) P_al,
P a2 and P _a3; (B) P bl, P b2 and P b3; (C) P cl, P c2 and P _c3; (D) B_al, B a2 and
B a3; (E) B bl, B b2 and B b3; (F) B cl, B c2 and B _c3, by giving three different initial

13



445

446
447
448
449

450
451

452
453
454

455
456
457

458
459

460
461
462
463

464
465

momenta. The restrained two ice layers are shown by dark blue lines, while the other water
molecules are not shown in the figures. The z-axis corresponds to the c-axis of the ice lattice.
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Figure 6. RMSD of fcIBP11 on the (A) primary prism and (B) basal planes. The adsorption of
fcIBP11 is observed in the trajectories named P_bl and P_b3 in the panel (A), and B_al and

B a3 in the panel (B).
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Figure 7. Time evolution of immobile water molecules in the system exposing (A) primary
prism and (B) basal surfaces. The plotted are the trajectories in which the adsorption of
fcIBP11 is observed and the trajectories separately computed without fcIBP11. The plot
without the protein is the average obtained from three independent trajectories.
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last flame (600 ns) of trajectory (A, B) P_bl and (C, D) P_b3. The immobile water molecules
are shown by gray lines. The residues in the loop between B- and C-faces which directly bind
to the ice lattice are shown by sticks with the ID. The red dashed circles indicate the immobile
water molecules without ice structure below the B-face.
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Figure 9. Snapshots of the adsorbed fcIBP11 on the basal surface, obtained from the last
flame (600 ns) of trajectory (A, B) B _al and (C, D) B_a3. The z-axis corresponds to the c-
axis of ice lattice. The immobile water molecules are shown by gray lines. The residues in the
alpha-helix which directly bind to the ice lattice are shown by sticks with the ID.
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