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Ice-binding proteins (IBPs) are well-characterized proteins responsible for the cold-adaptation mechanisms.
Despite extensive structural and biological investigation of IBPs and antifreeze proteins, only a few studies have
considered the relationship between protein stabilization and thermal hysteresis (TH) activity as well as the
implication of hyperactivity. Here, we investigated the important role of the head capping region in stabilization
and the hyper-TH activity of FfIBP using molecular dynamics simulation. Data comparison revealed that residues
on the ice-binding site of the hyperactive FfIBP are immobilized, which could be correlated with TH activity.
Further comparison analysis indicated the disulfide bond in the head region is mainly involved in protein sta-
bilization and is crucial for hyper-TH activity. This finding could also be generalized to known hyperactive IBPs.
Furthermore, in mimicking the physiological conditions, bacteria with membrane-anchored FfIBP formed brine
pockets in a TH activity-dependent manner. Cells with a higher number of TH-active IBPs showed an increased
number of brine pockets, which may be beneficial for short- and long-term survival in cold environments by
reducing the salt concentration. The newly identified conditions for hyper-TH activity and their implications on
bacterial survival provide insights into novel mechanistic aspects of cold adaptation in polar microorganisms.

1. Introduction

Ice grows from ice crystal seeds and expands its size as temperature
drops. The ice size can be increased even under diminutive temperature
fluctuations—known as ice recrystallization [1,2]. Ice formation and
growth in the inner and outer layers of cells cause physical damage as
well as osmotic shock to organisms in sub-zero environments [3-5].
Therefore, organisms from the polar region produce ice-binding proteins
(IBPs) or antifreeze proteins (AFPs) to protect themselves from freeze-
induced damage as cold adaptation and/or avoidance mechanisms? [6].

Unlike general enzymes, IBPs have unique properties, i.e., binding to

ice, and this interaction results in the inhibition of ice growth at low
temperatures by covering the potential binding sites for water molecules
on the crystal surface [7]. The magnitude of the interaction strength can
primarily be evaluated using the thermal hysteresis (TH) activity and an
ice recrystallization inhibition assay [8]. The TH activity is represented
by a numerical value defining the gap between the freezing and melting
points. Based on TH activity, IBPs can be divided into two groups:
moderately active or hyperactive IBPs. Moderately active IBPs have
been found in fish and plants with TH activity of ~0.5 °C at the
maximum protein concentrations measured, whereas the hyperactive
proteins from bacteria and insects show activity up to 5 °C at the
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maximum concentration [9-13]. Two factors are common for hyperac-
tive proteins: a common motif at the ice-binding site (IBS) and a wide
range of IBSes [14]. For example, the hyperactive TmAFP from Tenebrio
molitor and sbwAFP from the spruce budworm (Choristoneura occi-
dentalis) contain regular Thr-X-Thr motifs at the IBS, whereas MpAFP
from Marinomonas primoryensis contains the Thr-X-Asn motif [9,15,16].
These regularly spaced residues can be assembled with an ice lattice,
probably via the ordered hydration layer of water molecules. In addi-
tion, these hyperactive IBPs are formed by the association of parallel
B-strands in a helical pattern. This parallel -sheet is beneficial for hy-
peractive IBPs to interact with an extended ice surface. Furthermore,
truncated CfAFP (from C. fumiferana) showed reduced TH activity,
whereas long wild-type CfAFP had a higher activity, indicating that the
area of IBP interacting with ice is vital for hyper-TH activity [14].

The binding mechanism between IBPs and ice has been established
using multiple methods [17], and the dominant theory states that IBPs
interact with ice via water-mediated interactions involved in hydrogen
bonding and hydrophobic effects coordinating water molecules at the
IBS. In other words, residues on the IBP surface play a role in arranging
the water molecules, which mimics the arrangement of water molecules
on ice [18-20]. Thus, well-arranged and rigid residues at IBSes com-
plementary to ice water would be important to increase the ice-binding
strength of IBPs, as shown in the hyperactive IBPs. However, although
intensive biochemical and structural investigations of IBPs have been
conducted for decades, information regarding the correlation between
the structural stability and TH activity as well as the implication of
hyperactive IBPs for microbial survival in cold environments is limited.

Previously, our lab investigated two IBPs, FfIBP from the Antarctic
bacterium Flavobacterium frigoris PS1 and LeIBP from the Arctic yeast
Glaciozyma sp. [10,21-23]. Although the two IBPs share a highly
sequential and tertiary structure similarity, the TH activity of FfIBP was
10 times higher than that of LeIBP. The residue composition (e.g., T-A
(G)-X-T/N motif at the IBS) and broader surface area at the IBS were
thought to be important factors for the hyperactivity of FfIBP [10].
However, although the chimeric protein mFfIBP, whose capping head
region with LeIBP is swapped, has highly identical residues at the IBS
similar to FfIBP, it showed only moderate TH activity and lower stability
than FfIBP. Based on this observation, we hypothesized that the capping
head region is important for TH activity by stabilizing the overall
structure.

Herein, we report that the capping head region of p-helical IBPs is
involved in protein stabilization that can be correlated to the hyper TH
activity. Hyperactive IBPs have either FfIBP-like capping head region or
disulfide bond in the ice interacting strands for protein stabilization.
Importantly, we show that polar microorganisms utilize the hyperactive
and membrane-anchored IBPs that promote the formation of brine
pockets to reduce the salt concentration in the sub-zero environments
(Scheme 1).

2. Results and discussion
2.1. Capping head region-dependent TH activity

Although the ice crystal plane where FfIBP can bind has not been
identified experimentally, the docking experiment and the dendritic
pattern perpendicular to the c-axis at the freezing point clearly indicate
that FfIBP binds to the basal plane [10,21]. To facilitate the interaction
between FfIBP and ice, FfIBP comprises T-X-A-T(N) motifs at the IBS;
these motifs are flat with parallel p-strands [21]. In particular, the res-
idues forming the motifs T79-X-A-T82 on f2, T263-X-A-T266 on $17,
and T245-X-A-T248 on 15 (X: Val or Ile) matched the regularly spaced
water molecules on the basal plane of ice crystals (Fig. 1A) [21]. This
positional combination of motifs was also found in the hyperactive IBPs
for favorable contact with either the hydration water or water from ice
and is thought to be an important factor for hyper-TH activity
[11,14,24].
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Scheme 1. Schematic illustration of the negative correlation between fluctu-
ation and TH activity of FfIBP and mechanistic insights into cold adaptation for
hyperactive FfIBP anchored on microorganism membrane. FfIBP is shown in
surface presentation, and the ordered hydration water layer around the IBS is
shown with spheres (white for hydrogen and red for oxygen). Brine pocket
formation (large white ovals) caused by FfIBPs attached to the microorganism
(small brown ovals) is shown in a circle. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)

Previously, we generated chimeric protein (mFfIBP), whose
sequence was a combination of capping region (a.a. 62-109) from LeIBP
and body region (a.a. 2-61 and 110-255) from FfIBP, and determined
the crystal structure at 2 A resolution (PDB code: 4NU3) [21]. The
structural comparison of FfIBP with mFfIBP showed that the mFfIBP
body region (61-92 and 130-276) was similar to FfIBP with a root-
mean-square deviation (RMSD) of 0.30 A for Ca and near identical for
residues of $2, p15, and p17 at the IBS (Fig. 1C and S1 Fig. and S2 Fig.).
The only difference between FfIBP and mFfIBP is the capping head re-
gion. Although the IBSes of both proteins are similar, their activity is
different. The TH activity of FfIBP is close to 2.5 °C at 50 pM concen-
tration [10]. In contrast, the TH activity of mFfIBP was three times less
than that of FfIBP, indicating that the composition of the residues at the
IBS was not a sufficient criterion for hyperactivity, and some other factor
(s) from the capping head region may be influencing TH activity. The
capping head region-dependent TH activity was consistent with the
single mutation C107S in the capping head region. Breaking the disul-
fide bond by mutation resulted in decreased activity, indicating that
rigidity in the capping region may be an essential factor in maintaining
the hyperactivity of FfIBP (Fig. 1D and S3 Fig.).

2.2. Residual fluctuation at IBS caused by capping head region

As observed in the hyperactive IBPs, regularly spaced motifs seem
critical for hyperactivity [25]. Water molecules on the basal plane of ice,
where the hyperactive IBPs mainly interact, were spaced 4.5 A vertically
and 10.5 A horizontally. At the IBS of FAIBP, the distance between T79
and T245 and between T82 and N248 was 9.7 A and 8.9 A cp),
respectively, and the distances between T79 and T82 and between T245
and N248 were close to 10 A (CP) for both, which stereo-specifically
matches the basal plane of the ice (S4 Fig.) [21]. In addition, the elec-
trostatic potential was analyzed using the Adaptive Poisson- Boltzmann
Solver to understand the ice-binding mechanism of FfIBP [26]. The
analysis revealed that the IBS of FfIBP consists of mainly non-polar
residues, whereas the negatively charged residues from the motifs are
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Fig. 1. Structure and activity comparison of FfIBP with derivatives. (A) Cartoon view of FfIBP with forward-facing IBS. Ice-binding motifs on p2, f17, and p15 are
represented with sticks with CPK coloring. (B) Structure superposition of FIBP with mFfIBP and C107S. (C) TH activity of FfIBP, mFfIBP, and C107S at different

concentrations.

locally distributed (Fig. 1B). This hydrophobic surface with spaced hy-
droxyl groups from the motifs is considered an important feature of IBS
for stabilizing the hydration water layer ordering, which is associated
with its ice-binding function. Consistent with this observation, careful
investigation regarding the hydration water layer on IBS found the
hexagonally latticed water molecules around the residues from the
motifs after solvation and energy minimization during simulation [27].
The reduced activity of mFfIBP or C107S is probably due to the distur-
bance of these hydration water molecules on the IBS, which stems from
the capping head region of FfIBP. Based on this idea, we hypothesized
that the immobility of FfIBP is important for interaction with solid ice.
To test this hypothesis, we performed molecular dynamic (MD) simu-
lations using FfIBP, C107S, and mFfIBP structures.

First, the RMSD and residual root-mean-square fluctuation (RMSF)
were calculated for each system to measure the spatial fluctuation of
residues at the IBS from the MD simulation at 300 K. The mean RMSD of
FfIBP during simulation was below 0.9 A with a low standard deviation
(0.108 .7\), whereas the RMSD of mFfIBP and C107S was close to or
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higher than 1 A as 1.23 A and 1.18 A, respectively. In contrast to FfIBP,
the RMSD of mFfIBP and C107S continued to increase over time, indi-
cating higher fluctuations in residue positions around the starting points
(Fig. 2A). Furthermore, the RMSD difference was caused by residual
movement in the capping head region of the IBPs in both cases.

A comparison of FfIBP with mFfIBP indicated that the a.a. 70-80
region of mFfIBP was more mobile, as indicated by the high value of
fluctuation in the simulation data (Fig. 2B). Superimposition of the
frames extracted from mFfIBP simulation every 10 ns exhibited notable
flexibility at the small turn region (70-PAAAY-75). This alanine-rich
region was barely connected via hydrophobic interaction between
Ala73 and Tyr104 in the crystal structure. The simulation result indi-
cated that the interaction between the two residues is disrupted, and the
PAAAY region could be freely flipped out toward the IBS. This would
generate steric hindrance which may interfere with the IBS's access to
the ice, resulting in the loss of TH activity (Fig. 3B). Notably, the capping
head region fluctuation was also observed in the C107S system. The
distance of alpha-carbons between C107 and C124 of FfIBP is close to
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version of this article.)

3.7 A, which does not change during simulation. However, breaking the
disulfide bond by mutation (C107S) resulted in a great increment in the
distance from 3.7 A to 8.3 A (at 50 ns) between Ca of two cysteines and
displacements of Cysl24. This fluctuation at the unstructured loop
influenced the movement in the 98-ITGAA-102 region that corresponds
to the PAAAY region of mFfIBP. Together, the switching of the capping
head region or breaking the disulfide bond (C107-C124) resulted in an
increased fluctuation of the entire capping region of IBP, specifically the
small turn region facing the IBS (Fig. 3C).

Next, we investigated how the movement of the capping head region
reflects at the IBS. The investigation of the residual movement in the IBS
implied that a mutation in the capping head region distorts the position
of residues. The distance of the grid-like position of the hydroxyl resi-
dues was measured from the simulation data. The average distance be-
tween T79 and T245 of FfIBP was 10.36 A during the entire simulation,
which is almost identical to the vertical distance of water molecules on
ice. However, the mFfIBP and C107S showed increased distance, with
mean distances of 11.25 A and 11.20 A, respectively (Fig. 4A and S3
Table). It is also worth noting that the distance between T79 and T82 of
FfIBP was steady with a low standard deviation during the simulation,
whereas that of mFfIBP and C107S increased with time, indicating the
increased movement of residues (Fig. 4A). However, the distances that
involved N248 (i.e., T82-N248 and T245-N248 for FfIBP and C107S;
T55-N228 and T225-N228 for mFfIBP) were similar to those of FfIBP.
Therefore, T79 was the most affected residue from the capping head
region fluctuation with a tendency to move toward the capping head
region (Fig. 4A).

As the arrangement of the hydration water molecules in regular in-
tervals is essential and is thought to play an important role in facilitating
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IBP binding, we analyzed the side-chain dihedral angle distributions of
motifs interacting with the hydration water. The dihedral angles (y;) of
T79 (T52 of mFfIBP), T82 (T55 of mFfIBP), T245 (T225 of mFfIBP), and
N248 (N228 of mFfIBP) were measured and compared [28]. The dihe-
dral angle distributions showed that the side chain of T79 of FfIBP is
steady, as indicated by a major peak at 60° with a low deviation,
whereas the T52 of mFfIBP and T79 of C107S changed the dihedral
angles with a high deviation. In a comparison of T82s, although FfIBP
and mFfIBP exhibited similar distribution angles at 180° as major peaks,
a minor peak could also be seen at 60° for mFfIBP (T55). Moreover,
unlike FfIBP and mFfIBP, the T82 of C107 showed dominant rotamers at
different angles. These distribution differences were also seen in T245
and T248. In case of T245, the preferred orientation of FfIBP was 60°,
whereas the mFfIBP and C107S changed the orientation approximately
to 160° and 180°, respectively. Moreover, major peaks for N248 distri-
bution had not changed among IBPs, but the minor peaks for mFfIBP and
C107S were increased at 180° (Fig. 4B). The distance between two
residues and the rotamer distribution analysis indicate that the fluctu-
ation of the capping head region alters the movement of residue as well
as the side-chain conformation that are essential for the arrangement of
hydration water molecules on IBS. Together, these results indicate that
the capping head region with the disulfide bond of FfIBP influences the
immobilization of the residues at the IBS.

2.3. Morphology of ice crystals in the presence of IBPs

The ice morphology and growth rate were checked at a freezing point
during the TH activity measurement. FfIBP effectively and consistently
inhibited ice growth until the ice burst rapidly. Dendritic burst
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web version of this article.)

489



J. Hwang et al.

A

Distance T79 (52) — T245 (225)

Distance (A)

Distance (A)

Distance (A)

Chi angle of T82 (55)

International Journal of Biological Macromolecules 204 (2022) 485-499

Distance T79 (52) — T82 (55) — FABP
144 144 mFAIBP
— c107s
1 ‘ ’
T » o a0 g F o
& & &
Time (ns) ¢ \(\(» <
Distance T245 (225) — N248 (228)
124 12—

Time (ns)

— FfiIBP
mFfiBP
— C107S

<
& O
Time (ns) © «\Q
Distance T82 (55) — N248 (228)
12+
2 "
:
5 ]
°
(a] o-
F Iy
& & &
Time (ns) ¢ \o(' <
B
Chi angle of T79 (52)
0.05 0.05-
0.04 0.04-
2 N 2
Z 0.034 I\ Z 0.03
8 [\ 8
© 0.02- [\ o 0.02-
o '.' \ a
0.01+ / \\ 0.01-
o0 LA\ 0.00
OV T T 1 1 ] T 1 T 1 Lot
0 40 80 120 160 200 240 280 320 360
Angle ()
Chi angle of T245 (225)
0.05- 0.05-
0.04- 0.04-
2 2
Z 0.03 Z 0.034
S 38
© 0.02- o 0.02
o o
0.01- 0.01
0.00 0.00

0 40 80 120 160 200 240 280 320 360
Angle ()

1 1 1 T T 1 1 1 1
0 40 80 120 160 200 240 280 320 360

Angle (')

Chi angle of T248 (228)

A

0 40 80 120 160 200 240 280 320 360

Angle ()
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simulation. (B) Side-chain dihedral angle distribution (1) of T79, T82, T245, and N248 of FfIBP and C107S, and T52, T55, T225, and N228 of mFfIBP. Dihedral angle
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formation is a typical phenomenon of hyperactive IBPs because they
mainly bind to the basal plane such that the ice grows along the A-axis
[29-33]. However, mFfIBP and C107S failed to inhibit the ice growth,
even at higher concentrations (Fig. 5). This observation provides

convincing insights regarding the low TH activity of mFfIBP and C1078S.
Other differences in the presence of mFfIBP and C107S were ice mor-
phologies. Ice forms truncated bipyramidal structures in the presence of
mFfIBP, whereas ice with C107S shows hexagrams. The hexagram
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Fig. 5. Ice morphology at different concentrations at the freezing points of FfIBP, mFfIBP, and C107S. FfIBP effectively and consistently inhibited the growth of ice
until the ice burst, whereas mFfIBP failed even at higher concentrations. The pictures were taken during the TH measurement. The time interval is indicated on the
right side of the pictures. Photographs were taken using a Canon Power Shot 620. (Right panel) Magnified view of each ice crystal from yellow square. The scale bars
represent 200 pm, 200 pm, and 50 pm for FfIBP, mFfIBP, and C107S, respectively. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

formation changed at a higher concentration of C107S, similar to the ice differences in the ice growth rate and morphology of FfIBP, mFfIBP, and
morphology in the presence of FfIBP. The residue composition on IBS of C107S (Fig. 5).

mFfIBP and C107S were well fitted to the corresponding residues on IBS

of FfIBP. However, the increase in residue mobility might have disrupted

or weakened the bonding between the protein and ice, resulting in
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Fig. 6. Representations of the overall structure of hyperactive and moderately active IBPs. The disulfide bond(s) on the capping head region or in the intermolecular
B-strands of the hyperactive IBPs are represented with bold yellow sticks. The moderately active IBPs either have a LeIBP-like capping head region or no capping head
region. The capping head regions of IBPs are highlighted with different color codes. The green spheres on the structure of MpAFP represent calcium ions. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2.4. Common characteristics of hyperactive IBPs or AFPs

To generalize our findings, we analyzed the structural characteristics
of the IBPs. Although the IBPs share the same function of adsorption to
ice, their structures are diverse [34]. Among them, a particular IBP
family with the DUF3494 domain has been consistently found in polar
microorganisms. The members of this DUF3494 IBP family include FfIBP
(PDB:4NU2), LeIBP (PDB:3UYV), ColAFP (PDB:3WPY), TisAFP6
(PDB:3VN3), EfcIBP (PDB:6EIO), CfAFP-501 (PDB:1M8M), CfAFP-337
(PDB:1L0S), SfIBP_1 (PDB:6BG8), and AnpIBP (PDB:7BWX) [31]. The
structural analysis of the IBPs indicated that the DUF3494 IBP family
can be divided into two subgroups based on the folding of the capping
head region and the presence of disulfide bonds (which always resulted
in hyperactive IBPs, except for TisAFP8) [19,31]. For example, the hy-
peractive ColAFP from Colwellia sp. SLWO5 has similar folding in the
capping head region to FfIBP with disulfide bonds, whereas other
DUF3494 IBPs showing moderate TH activity do not have a disulfide
bond or capping head region (e.g., EfcIBP and AnpIBP) [33,35] (Fig. 6).
Notably, SfIBP_1 with distinctly different folding in the capping head
region from the two subgroups has TH activity between moderate and
hyperactivity, indicating that the folding of the capping head region is
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probably a distinguishable factor for TH activity [31].

Furthermore, in this study, although the hyperactive IBPs do not
belong to the DUF3494 IBP family, they have intramolecular disulfide
bonds in the intervals of the p-strands at the IBSes. The disulfide bond
among the strands stabilizes the overall structure and helps maintain the
rigidity of regularly spaced residues. Therefore, these hyperactive IBPs
probably evolved by integrating the disulfide bonds to stabilize the
structure, resulting in hyperactivity. In contrast, the hyperactive MpAFP,
which does not have a disulfide bond, instead has calcium ions between
p-strands for the regular interval of residues. This contradicts the
importance of rigid and regularly spaced residues for hyperactivity
(Fig. 6) [15].

The data presented herein indicate that the stability of regularly
spaced residues at the IBS stemming from the capping head region is an
essential factor for the hyperactivity of FfIBP, which had been less
focused for TH activity, whereas the composition of hydrophilic residues
and shape of the IBS have received attention. Furthermore, generalizing
our findings to the DUF3494 IBP family and f-helical hyperactive IBPs
suggests that either the capping head region or integrated disulfide bond
(s) of IBPs seems to be an important factor for hyper-TH activity.

Merged

Reduced intensity

Fig. 7. Expression and identification of the subcellular localization of FfIBP in bacteria. (A) Western immunoblot analysis of FfIBP from bacterial cell fractions
detected using His-tag antibodies. Cell fractions are shown above the lanes: W., whole cell; C., cytoplasm; P., periplasm; M., membrane fractions. The whole cells with
empty vector (W. emp.) were considered as a negative control. Different amounts of recombinant FfIBP (amino acids 27-276) with His-tag were used as a positive
control [11]. (B) Confocal microscopy images of cells harboring empty, FfIBP, mFfIBP, and C107S vectors. Protein-expressing bacteria were incubated with Ni-NTA-
ATTO 550, washed, and examined under fluorescence microscope LSM800. Scale bars represent 10 pm. The image from the mFfIBP sample with low laser intensity

was shown in the right panel to identify the specific localization of IBPs.
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2.5. FfIBP is a membrane-anchored protein

To explore the benefits of IBP with hyper-TH activity in bacteria, we
first analyzed the FIBP sequence. The sequence analysis of FfIBP using
SignalP 5.0 [36] predicted that FfIBP has a lipoprotein signal sequence
at the N-terminal of the coding sequence with 99% possibility, followed
by a cysteine residue. The signal sequence has the most conserved amino
acid (leucine) in the lipobox and cleaves between the LMTN and CSND
sequences of the 20th amino acid (S5 Table). This sequential feature
indicates FfIBP is anchored to membranes via N-terminal lipids.

To prove that FfIBP is a membrane-anchored protein based on signal
sequence analysis, we cloned the full-length ffibp coding sequence in the
pET-21b vector to generate C-terminal His-tagged IBPs. IBP-induced
cells were then analyzed for protein expression using western blotting
probed with a His-tag antibody. Subsequently, we investigated the
subcellular localization of FfIBP by fractionation. Consistent with the
sequential predictions, FfIBP was detected only in the membrane frac-
tion (Fig. 7A).

In addition, IPTG-induced cells were incubated with 6x His-tag
specific fluorescent dye (NTA-Atto 550) and checked for protein local-
ization using a fluorescence microscope. The fluorescence signal was
present in the bacterial cells harboring pET21b, FfIBP, mFfIBP, and
C107S, whereas no fluorescent signal was observed in the cells con-
taining empty pET-21b (Fig. 7B). Moreover, the reduced fluorescent
signal image revealed that the fluorescent signal was from the mem-
brane fraction. It is noteworthy that the fluorescence dye NTA-Atto 550
is not membrane permeable. Together, these results confirm FfIBP is a
membrane-anchored protein that is most similar to the membrane of
Flavobacterium frigoris PS1 in its natural state.

2.6. Benefits of hyperactive IBPs for microorganisms inhabiting ice

To better understand how microorganisms with IBP on their

A

* X

Log,, CFU mL 1
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Fluorescence field
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membrane surface survive in a cold environment, the recovery rate of
cells after repeated freezing and thawing processes was measured. The
proteins were expressed on the cell surface and the protein expression in
each cell was confirmed by checking the fluorescence level before the
experiment. The first round of freeze-thaw cycles resulted in a steep
decline in the recovery rates of all strains, indicating high fragility of the
cells. However, differences could be observed among the strains. After
the first freeze-thaw cycle, the colony forming units (CFUs) of viable
bacteria with the empty vector were 3.5 x 10* on an average, whereas
for the strains with FAIBP, mFfIBP, and C1078S, the CFUs were over 7.2 X
10%,1.7 x 106, and 2.1 x 10°, respectively. Strains with FABP had a 20
times higher survival rate than the empty vector strain. Most cells with
empty vectors died in the second freeze-thaw cycle (CFU < 1 x 10?),
whereas the CFUs of strains with FfIBP, mFfIBP, and C107S were 8.5 x
10* 4.0 x 10%, and 5.9 x 102 respectively. These results indicate that
the cells with IBPs having a high TH activity were resistant to the re-
petitive freeze-thaw cycles compared with the cells without IBP
(Fig. 8A).

Although the same process and conditions were used for protein
expression and incubation for tagging a specific fluorescence dye, the
intensity of fluorescence for each cell type was different (as shown in
Fig. 7). For instance, some cells had no fluorescence, indicating vari-
ability in the protein contents in each cell, potentially because of the
different IPTG-induction times for each cell. Because FfIBP contributes
to bacterial cell survival in the freeze-thaw cycle, we speculated that
strains with higher FfIBP content (high Atto fluorescence intensity)
survive better than those with low or no protein content. Consistent with
our hypothesis, the percentage of cells with FfIBP (cells with fluores-
cence/total cells) increased from ~20% up to 65% after the third cycle,
indicating that the strains with high FfIBP content has a higher survival
rate in the repeated freeze-thaw process than the stains without/low
FfIBP content (Fig. 8B). This could also explain the low survival rate of
strains compared with those with FfIBP in the first round of the freeze-

Fig. 8. CFUs of bacteria (empty, FfIBP,
mFfIBP, and C107S) after freeze-thaw cy-
cles. (A) The CFUs of each sample were
measured after the freeze-thaw cycle to
calculate the live cells. Protein-expressing

Il FABP cells were washed with 150 mM NaCl and

___ the CFU was adjusted to 10° for the initial

mFABP amount of cells. The data was plotted from
three individual measurements. (B) The cells

B c1o7s with FfIBP that survived the 3rd freeze-thaw
cycle. Cells were treated with Atto 550 for
the IBP identification. Scale bar represents
10 pm.
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thaw cycle.

Next, we mimicked the natural conditions to understand the detailed
mechanism of bacterial survival with IBPs in ice. Cells with or without
membrane-anchored IBPs were frozen in a chamber, and the morpho-
logical phenomena of ice were compared. As shown in Fig. 9 and S5 Fig.,
the cells (fluorescein isothiocyanate [FITC]-stained) without IBP or with
mFfIBP (moderately active) showed high fluorescence intensity at the
triangular junction of ice granules, indicating concentrated cells. In
contrast, the cells with FfIBP or C107S were distributed in the ice and
formed small brine pockets in the granule boundary with low fluores-
cence intensity. Smaller granules were also found in the ice cubes. Under
freezing temperatures, the ice nuclei formed randomly and grew until
the space was filled with ice. During this process, the cells were pushed
by growing ice granules and concentrated in the triangular junction
where the three ice granules were in contact. However, cells with hy-
peractive IBPs could attach to the ice surface and create brine pockets in
the ice granule boundary. These brine pockets contained less concen-
trated cells and facilitated cellular distribution throughout the ice cubes.
This is probably because the hyperactive IBPs bind to the multiple planes
of ice and immobilize the bacteria from flowing through the quasi-liquid
layer (QLL). Therefore, cells with hyperactive IBPs can be deconcen-
trated in ice and expand the overall living area.

To understand the beneficial effect of brine pockets on the ecological
conditions of the FfIBP sample, we estimated the salt concentration of
the ice cubes with cells using Raman spectroscopy. Previously, the OH
stretching band of water was chosen to measure the dynamic properties
and the effect of ions [37]. The intramolecular OH bonds are influenced
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by local conditions, including the presence of ions. In the aqueous so-
lutions, “disordered” vibration from OH-Cl was dominantly exhibited in
the 3400-3600 cm ™! region of the Raman spectrum rather than the
“ordered” vibration at 3140 cm~! from accumulated water (i.e., ice) or
ion-free conditions. Therefore, the salt concentration of the area of in-
terest in the frozen sample can be estimated by calculating the Raman
intensity ratio of 3140/3430 cm ™. The intensity ratio of the QLL region
where NaCl was mainly gathered was 1.87 in the presence of 50 mM
NaCl solution, and it decreased as the NaCl concentration increased (S6
Fig.). The average ratio (3140/3430 cm™') of the 10 QLL regions with
FfIBP was 1.42, which was higher than that of the empty sample (1.30),
indicating that the salt concentration of the FfIBP sample in the QLL
region was lower than that of the empty sample. In addition, the brine
pocket region with FfIBP is adjacent to 1.66, whereas the empty sample
is 2.08, which is close to the ratio of the ice granule region (2.07). The
increased number of brine pockets and smaller ice granules probably
helped expand the area of the QLL region and reduced the salt con-
centration. These results suggest that cells with FfIBP are exposed to
mild salt concentration in QLL and brine pockets under freezing condi-
tions, whereas those without FfIBP experience extreme conditions (high
salt at QLL; or ice in the brine or bubble region) (Fig. 10 and S7 Fig.).

3. Discussion

Many IBPs have been found in plants, animals, insects, fungi, and
bacteria [38]. Structural and biochemical investigations helped us un-
derstand the ice-binding mechanisms of these proteins. Although

Fig. 9. Confocal microscopy of ice-
trapped bacterial cells. Bacteria were
frozen in a 1 cm x 1 cm chamber and
observed using a fluorescence micro-
scope. The intensity of fluorescence was
indicated vertically in the 2.5-dimension
(2.5D) images on the right of each
image. Different levels along the z-axis
were observed in the same system (lower
panel). Images shown are merged bright
field and fluorescence field images.
Concentrated cells, either in the trian-
gular junction of ice or brine pockets, are
indicated with white arrows. Scale bar
represents 50 pm.

2.5D image
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Peak ratio (3140/3430 cm™")

Strain with Ice Brine QLL
granule

Empty 2.07 2.08 1.30

FAiIBP 2.36 1.66 1.42

Fig. 10. Peak ratio of Raman spectroscopy (3140/3430 cm ™). The 10 ice granules, brine pockets, and QLL region areas were scanned five times and averaged. The
averaged data indicated on the right correspond to the data in the graph. A single asterisk [*] indicates p < 0.05, and double asterisks [**] indicate p < 0.01 by

unpaired t-test. ns: not significant.

uncertainty remains regarding the ice-binding mechanism due to the
structural diversity of IBPs [32,34], numerous studies indicate that IBPs
interact with ice via the “ice-like waters” that are layers of water mol-
ecules on IBS [15,27]. These water molecules can be arranged by in-
teractions involving hydrogen bonding and hydrophobic effects to
facilitate the interaction with ice. FfIBP also has a hydrophobic surface
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with spaced hydroxyl groups from the motifs, which is not only
considered crucial for locating the polygonally arranged ice-like water
molecules on IBS, but is also directly related to the TH activity (Fig. 1B)
[27].

IBPs are divided into two categories based on their TH activity:
moderate and hyperactive IBPs. However, the mechanism underlying
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Fig. 11. Proposed survival mechanism of bacteria with membrane-anchored IBP. (Top) Bacteria without IBPs on the ice surface were flown into the triangular
junction of ice granules and concentrated with salt. (Bottom) Bacteria with IBPs bound to the ice surface using the IBPs inhibit ice growth and form brine pockets as
individual habitats. The ice granules are shown in cyan. The bacteria and IBPs are indicated with brown ovals and blue cylinders, respectively. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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these differences in activity is yet to be elucidated. Here, we report
hyperactive FfIBP has a unique capping head region with a disulfide
bond, which stabilizes the protein and reduces the movement of residues
at the IBS. The movement of residues on IBPs can be negatively corre-
lated with TH activity. Replacing the capping region or breaking the
disulfide bond on the capping region caused incremental fluctuation of
residue T79 and orientation of side chains of residues on IBS, which may
destabilize the hydration water layer and decrease the TH activity.

The correlation between structural stability and TH activity can be
found in other IBPs. Unlike moderate IBPs, hyperactive IBPs either have
disulfide bond(s) between the f-strands or FfIBP-like-capping head re-
gion. The disulfide bond(s) maintains a regular space among strands,
which minimizes residual fluctuation in the IBS and most likely in-
creases the strength with a long-range interaction time between the IBP
and ice, resulting in hyperactivity. Thus, structural stability constitutes
another condition for IBP to be hyperactive. These novel insights into
the complexities of the ice-binding mechanism of IBPs will provide new
evidence for distinguishing IBPs into moderate and hyperactive IBPs,
predicting information on the activity of uncharacterized IBPs and ideas
for the generation of artificial IBPs for hyperactivity.

Another key finding of this study is the role of membrane-anchored
hyperactive IBPs in cold environments. All previously characterized
DUF3494 IBP family members are secreted and thought to secure the
area by inhibiting ice growth toward the bacterial habitat (S5 Table)
[39,40]. The reason that only secretory IBPs have been discovered is
probably that researchers initially screened IBPs from the bacterial
secretome. Unlike these IBPs, FfIBP is a membrane-anchored protein not
yet characterized. Bacteria with FfIBP can effectively survive freeze-
thaw cycles. Experiments mimicking natural conditions indicate FfIBP
induces the formation of brine pockets by preventing the migration of
bacteria in the QLL (Figs. 9 and 11). The number of brine pockets de-
pends on the TH activity. Multiple ice-binding sites—characteristic
features of hyperactive IBPs—probably help bacteria bind to various
planes on the ice boundary and generate brine pockets starting from the
ice-bound bacteria (Fig. 11). The generation of brine pockets could be
beneficial for the short- and long-term survival of bacteria. An increase
in brine pocket domains reduces salt concentration in QLL and brine
pockets, protecting bacteria from osmotic shock during the freezing
process [41]. The freezing process accompanies increases in solute
concentrations in the liquid-like layer of ice. The high salt concentration
outside the cell induces the migration of the water through biological
membranes, and microorganisms living in this condition have to adapt
their physiology to maintain a high osmotic pressure. Especially the
rapid change in salt concentration occurring in the freezing process is
harsher for the microorganisms. Therefore, maintaining the low salt
concentration in the extended QLL or brine pocket will help the or-
ganisms in living in the polar region.

Another advantage of brine pockets is nutrient acquisition by bac-
teria. The polar microorganisms in the ice experience a nutrient limi-
tation [42]. This distribution of trapped bacteria with a low population
in the habitat is probably beneficial for the bacteria to reduce the
nutrient consumption for long-term survival compared to the concen-
trated population in the brine pocket (Fig. 11). We also found that
several uncovered or uncharacterized IBPs in bacteria from the cold
environment have a lipoprotein signal peptide sequence at the N-ter-
minal (S8 Fig.). This observation indicates that the survival mechanism
with membrane-anchored IBPs and generation of brine pockets, as
suggested in this study, is another example of the cold-adaptation
mechanism of microorganisms from the polar region.

In conclusion, the findings in this study provide a detailed molecular
and mechanistic understanding of the relationship between residual ri-
gidity and TH activity. The rigidity of IBP stemming from the capping
head region, especially the disulfide bond, can immobilize the residues
at the IBS to increase the protein-ice interaction strength, as indicated by
hyper-TH activity. Furthermore, cells with IBPs on the membrane sur-
face survive better than cells without IBPs by generating brine pockets to
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expand the living space in a TH activity-dependent manner. Thus, we
identified a previously unknown survival mechanism using membrane-
anchored IBPs responsible for polar microorganism survival in a cold
environment.

4. Materials and methods
4.1. Purification of IBPs

Recombinant FfIBP and mFfIBP were obtained as previously
described [10,21]. The FfIBP gene in the pCold vector was transformed
into BL21(DE3) cells. Overnight seed culture from a single cell was
inoculated into 4 L of Luria-Bertani (LB) broth supplemented with
ampicillin. Once the culture reached an ODggo of 0.8, 1 mM IPTG was
added to induce protein expression for 36 h at 10 °C. The cells were
harvested by centrifugation, and the proteins were purified by His-tag
purification followed by FPLC using a HiLoad® 16/600 Superdex®
200 pg column. Similar protein expression and purification methods
were applied to the C107S mutant construct. For mFfIBP protein pro-
duction, a pET28a vector was used, and protein production was induced
at 25 °C (S1 Table).

4.2. Circular dichroism analysis

The secondary structure composition of FfIBP, mFfIBP and C107S
were determined using circular dichroism analysis. The far-UV CD was
performed using a Chirascan CD spectrometer (Applied Photophysics
Ltd., Leatherhead, UK) between 200 and 260 nm using a quartz cuvette
with 1 mm path length at 293 K. Five scans were recorded, the baseline
spectra (buffer alone) were subtracted and the results were averaged
followed by smoothing of the data. Buffer used for the proteins was 20
mM Tris pH 8.5, 150 mM NacCl.

4.3. Structure determination and models for MD simulation

The structure of C107S was determined by X-ray crystallography.
The purified protein was crystallized using the hanging drop vapor
diffusion method with a precipitant solution composed of sodium citrate
pH 4.6 and 2.9 M NaCl. The crystal was diffracted at 2.0 A, and the
structure phase was obtained by molecular replacement using the FfIBP
crystal structure (PDB code: 4NU2). The refined C107S structure was
almost identical to FfIBP, as indicated by the RMSD value of 0.158,
except for the disulfide bond. The detailed data after refinement are
listed in S2 Table (PDB CODE: 7EHK). The crystal structures of FfIBP
(PDB: 4NU2, 2.1 A resolution), C107S, and chimeric mFfIBP (PDB:
4NU3, 1.4 A resolution) (chain A) were used as models for the MD
simulations. Water molecules and ions obtained from the crystallo-
graphic studies were removed.

4.4. MD simulation

The protein structures were subjected to MD simulations using
GROMACS v2020.4 with the CHARMM 27 force field topologies and
parameters [43,44]. Process and syntax followed the GROMACS docu-
mentation and the Galaxy platform [44]. The system was solvated with a
TIP4P water model in a cubic box and neutralized with 0.15 M NaCl. The
dimension of sides of the cubic box was 4 nm for each system, and the
model was located at the center of the box before the simulation. One
thousand steps of the steepest descent followed by 50,000 steps of the
adopted basis Newton-Raphson method were performed for minimiza-
tion. Two equilibrations steps—isothermal-isochoric ensemble (NVT;
the number of particles (N), simulation cell volume (V), and temperature
(T)) and the isothermal-isobaric ensemble (NPT; pressure (P))—were
performed for 4 ns before the production step. In addition, a leap-frog
algorithm for integrating Newton motion equation and a smooth parti-
cle mesh Ewald (SPME) method for electrostatic and van der Waals
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interactions were applied [45]. MD was performed at 300 K with a 1-fs
time step for 50 ns (simulated 2 ns.gro trajectory output files, which
were continuously restarted by the res-files, were combined into the
final 50 ns) under the NPT ensemble. GROMACS v2020.4 and parameter
sets were used to run MD simulation. GROMACS was used to analyze the
trajectory files for RMSD, RMSF, the distances between residues, and the
side-chain distribution. The VMD and Pymol programs were used for
figure generation.

4.5. TH activity

The ice morphology at freezing points was obtained during the
measurement of the TH activity of IBPs, as described previously [10].
Briefly, the sample was placed on holes of an aluminum disk on the stage
and frozen rapidly at approximately —20 °C using a nanoliter osmom-
eter (Otago Osmometers, Dunedin, New Zealand). The temperature was
raised slowly until a single ice crystal remained (melting temperature).
The temperature was then lowered again slowly (~0.5 °C/min) until the
ice crystal grew (freezing temperature). The morphology of the ice
crystals at the freezing point was observed under a microscope. Images
were taken using a Canon Power Shot 620. Measurements were per-
formed in 20 mM Tris-HCI (pH 8.5) and 150 mM NacCl buffer at various
sample concentrations.

4.6. Expression and localization of IBPs

Genes for IBPs (full-length FfIBP, mFfIBP, and C107S) were cloned
into pET-21b at the Ndel restriction enzyme site using the LIC cloning
method [46] to generate C-terminal His-tagged IBPs. BL21(DE3) cells
were transformed with cloned vectors. ITPG (1 mM) was added to the
culture medium at an ODggg of 0.5 and incubated for 20 h to induce
protein expression. The cells were then washed three times with
phosphate-buffered saline (PBS) or 150 mM NaCl three times and
incubated with His-tag specific fluorescence dye (Ni-NTA-Atto 550;
Sigma-Aldrich, St. Louis, MO, USA) for 15 min. The unbound fluores-
cence dye was washed twice with PBS or 150 mM NaCl. The protein
expression levels and localization were analyzed using a microplate
reader (EnVision 2013 multilabel Reader; Perkin Elmer, Waltham, MA,
USA) or under a laser confocal microscope (LSM-800; Zeiss, Oberko-
chen, Germany).

4.7. Subcellular fractionation

Subcellular fractionation was followed by a combination of cold
osmotic shock and sonication methods, named PureFrac [47]. IPTG-
induced cells were washed twice with PBS and centrifuged, and the
supernatant was discarded. The cell pellet was resuspended in a sphe-
roplast buffer (0.1 M Tris-HCI, pH 8.0, 500 mM sucrose, and 0.5 mM
EDTA), incubated for 5 min, and the supernatant was carefully discarded
after centrifugation. The pellet was then resuspended in cold 1 mM
MgCl,, incubated for 15 s on ice, and then 20 mM MgSO4 was added to
the periplasmic fraction. The pelleted cells were resuspended in buffer
(50 mM Tris-acetate, pH 8.0, 2.5 mM EDTA) and sonicated on ice. The
lysed cells were centrifuged at 16,000 rpm for 40 min, and the super-
natant and pellets were separated into cytoplasmic and membrane
fractions, respectively.

4.8. Western blotting

Samples from subcellular fractionation were loaded onto an SDS-
PAGE gel, and the proteins were semi-dry transferred to a PVDF mem-
brane. The membrane with proteins was blocked with skim milk over-
night at 4 °C. After blocking, the membrane was incubated with a His-
probe antibody (SC-53073; SANTA CRUZ, Santa Cruz, CA, USA) at
1:2000 dilution and the m-IgGk BP-HRP (SC-516102; Santa Cruz) at
1:20,000 dilution in TBST. SuperSignal™ West Femto (Thermo Fisher,
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Waltham, MA, USA) was the chemiluminescent substrate.

4.9. Recovery rate of bacteria

The protective effects of IBPs on bacteria from the freeze-thaw cycle
were measured by calculating CFUs. First, the cells were washed,
resuspended in 150 mM NaCl solution, and the ODggp was adjusted to
1.0, representing approximately 1 x 10° CFUs for all samples. Next, the
cells were frozen at —80 °C without a cryoprotectant. After 1 day, the
frozen cells were thawed on ice for 30 min and transferred to 25 °C. The
serial dilutions of the samples were plated on LB agar plates for CFU
calculation in the first round of the freeze-thaw cycle. The thawed cells
were re-frozen and then thawed again using a similar process as the
second freeze-thaw cycle next day. A similar process was used to
calculate the recovery rate for the third freeze-thaw cycle.

4.10. Brine pocket formation using laser confocal microscopy

The protective effects of IBPs on bacterial cells were analyzed using a
laser confocal microscope (LSM-800; Zeiss) equipped with a Linkam
THMS 600 stage (Linkam Scientific Instruments, Tadworth, UK)
controlled by Linksys software. IPTG-induced bacterial cells were
washed twice with PBS and resuspended in 150 mM NacCl solution in the
same volume of the culture medium. Thereafter, the cells were mixed
with water containing 100 nM FITC at a 1:1 ratio, placed in a square
chamber fitted to the Linkam THMS 600 stage, and frozen. The freezing
process was performed in three steps: the temperature was first
decreased from 25 °C to 0 °C at a rate of —5 °C/min, and then decreased
to —5 °C at arate of 1 °C/min, and finally to —20 °C at a rate of —0.2 °C/
min. The temperature was maintained for 30 s between the steps for
latent heat. The FITC (detection wavelength 490-700 nm) and elec-
tronically switchable illumination and detection (ESID) channels were
observed using LSM-800 with an LD x50 objective (N/A = 0.55) with a
488 nm laser as the excitation source. A GaAsP-PMT detector for the
FITC channel and photodiode ESID detector for the ESID channel were
used.

4.11. Raman spectroscopy of brine pocket and QLL

Confocal Raman spectroscopy (inVia Qontor; Renishaw, Wotton-
under-Edge, UK) was used to investigate the relative salt concentra-
tions in the brine pockets. An aqueous NaCl solution with different salt
concentrations was dropped onto a temperature-controlled stage, fol-
lowed by a reduction rate of —0.2 °C/min to —20 °C. The detailed
freezing process with cells was similar to that used in processing the
samples for laser confocal microscopy, except for adding FITC. After the
temperature reached —20 °C, the ice granules, brine pockets, and QLL
regions were scanned from 2868 to 3693 cml. The spectra from 10
areas were scanned five times and averaged. A 532 nm laser was used as
the excitation source. The salt concentration of the aqueous solution was
estimated to proximate the brine pocket, and the QLL region was
measured by Raman spectroscopy, as shown previously [37].
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