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Ice nucleation of an insect lipoprotein ice
nucleator (LPIN) correlates with retardation of the
hydrogen bond dynamics at the myo-inositol ring

Alexander Baumer,? John G. Duman® and Martina Havenith*®

Remarkably little is known about the mechanism of action of ice nucleation proteins (INPs), although
their ability to trigger ice nucleation could be used in a broad variety of applications. We present CD
measurements of an insect lipoprotein ice nucleator (LPIN) which show that the lipoproteins consist of a
high amount of B-structures (35%). Terahertz absorption spectroscopy is used to probe the influence of
the LPIN on the H-bond network dynamics. We observe a small, but significant THz excess, as an
indication of an influence on the H-bond network dynamics. When adding the ice nucleation inhibitor
sodium borate, this effect is considerably reduced, similar to that observed before for antifreeze
glycoproteins (AFGPs). We propose that myo-inositol, the functional group of phosphatidylinositols, is
crucial for the observed change of the H-bond network dynamics of hydration water. This hypothesis is
confirmed by additional THz experiments which revealed that the influence of myo-inositol on the
hydrogen bond network can be blocked by sodium borate, similar to the case of LPINs. Interestingly, we
find a less significant effect when myo-inositol is replaced for chiro- and allo-inositol which underlines
the importance of the exact positioning of the OH groups for the interaction with the H-bond network.
We propose that a local ordering of water molecules is supporting ice nucleation activity for the LPIN in

www.rsc.org/pccp

Introduction

Freeze tolerance (the ability to survive ice formation in the body
fluids, usually only extracellular) is one of nature’s strategies for
life under sub-zero conditions. This is often achieved by employing
extracellular ice nucleation proteins (INPs) which trigger ice nuclea-
tion at high sub-zero temperatures, i.e. temperatures just below 0 °C,
thereby inhibiting extensive supercooling that can lead to lethal
intracellular ice if freezing eventually occurs.' Although the freezing
point of pure water is 0 °C, water can be supercooled to —18 °C,
where the crystallization rate reaches a maximum and homogeneous
nucleation occurs.” Several organisms have developed strategies to
promote heterogeneous nucleation at higher sub-zero temperatures,
to limit supercooling and promote slower and more controlled
freezing, among them are many insects. In general INPs trigger
the extracellular formation of ice, resulting in an increased solute
concentration in the unfrozen extracellular water, which leads to
dehydration of the cells due to osmotic pressure differences.
High concentrations of small carbohydrates and glycerol serve as
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a similar way to that found for AFP activity in the case of hyperactive insect AFPs.

intracellular cryoprotective agents, whereas the cell membrane
inhibits the propagation of ice into the cell.>?

INPs are known for their broad variety of applications in
medicine, industry and especially in agriculture. The frost
damage caused by ice nucleating bacteria is responsible for
massive crop failure. Despite the commercial interest, surprisingly
little is known about the molecular mechanism. In particular no
three-dimensional structures from X-ray diffraction or nuclear
magnetic resonance spectroscopy are available.

Nevertheless, some INPs have been characterized relatively
well, among them is the lipoprotein ice nucleator (LPIN) which
is found in the hemolymph of the freeze tolerant larvae of the
north American crane fly Tipula trivittata.”® Similar to other insect
hemolymph lipoproteins the LPIN serves as a lipid shuttle, however,
the LPIN also shows ice nucleation activity at temperatures of about
—6.0 to —9.5 °C.° Unlike other lipoproteins, the LPIN contains
surface located phosphatidylinositol (PI) molecules. The OH groups
of the myo-inositol ring along with the two apolipoproteins are
required for ice nucleation activity.® It is assumed that the two
apolipoproteins bind to PI, providing an ice lattice template which
forms hydrogen bonds to water and thereby forming and stabilizing
ice embryo crystals.® The specific arrangement of the OH groups at
the myo-inositol head of the PIs is proposed to be crucial, thus a
substitution by another inositol stereoisomer (e.g. chiro-inositol)
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is expected to result in an inactivation, consequently these stereo-
isomers are not found in any ice nucleation protein. The ice
nucleation activity is dramatically reduced by adding sodium
borate, probably by forming complexes with the OH groups.®
Interestingly, this is similar to the case of antifreeze glyco-
proteins (AFGPs) where complexation of the carbohydrate cis-OH
groups by borate was found to suppress the long-range hydration
shell - as detected by terahertz absorption - and to strongly
reduce the AFGP antifreeze activity.’

Most studies of ice nucleating proteins so far focused on
bacterial INPs, especially highly potent INPs expressed by
Pseudomonas syringae.'®”** In particular with the help of com-
putational modeling, some ideas regarding how INPs structure
water into ice have been proposed.

It is widely accepted that antifreeze proteins (AFPs) use the
adsorption-inhibition mechanism for antifreeze activity.'> Although
INPs do not use this mechanism of action, they serve opposite
biological functions and are in general much larger, and recent
studies indicate that both protein classes seem to utilize the same
ice-binding mechanism. Garnham et al. performed molecular
dynamics (MD) simulations and found that bacterial INPs could
order water molecules into an ice-like lattice by an anchored
clathrate water mechanism similar to AFPs.'>"” Previously, it has
been reported that INPs from different bacteria share a typical ice-
interacting secondary structure motif with insect AFPs, a -helical
fold.'>'*'®1% Consequently, Graether et al. suggested that the
distinguishing feature between INPs and AFPs could be the size
of the ice-interacting surface."

However, the underlying molecular mechanism for INPs is
not understood. The tertiary structures of INPs have not been
solved and thus the mechanism that is responsible for the
phase transition at ice nucleation sites of INPs has not yet been
identified.

Terahertz (THz) spectroscopy is a valuable tool to study the
fast hydration dynamics of water and its hydrogen bond network in
the presence of biomolecules.*** Using concentration dependent
THz absorption spectroscopy, we have investigated the influence of
AFPs on the collective hydrogen bond dynamics.”>* In these
cases, a retardation of the collective H-bond network dynamics was
observed which is correlated with an increase in THz absorption in
the frequency range between 2 and 3 THz. In particular, for AFPs a
retardation of hydration dynamics has been found to be a key
property for antifreeze activity.”*>’ In recent studies we proposed
a two-tier mechanism of action for molecular recognition.”® In
addition to the enthalpic hydrogen-binding mechanism by OH
groups we found that all major AFP classes showed a retardation of
the hydrogen bond dynamics at the ice-binding site.”**>” The
formation of local hydrogen bonds is found to be a necessary
condition for antifreeze activity and contributes to the enthalpic
component. We proposed that a retardation of the hydrogen bond
dynamics at the ice-binding site is favorable for the binding of
nano-ice crystals, since it reduces the entropic cost associated with
desolvation of the binding site.® The proposal of a retardation of
hydrogen bond dynamics at the ice-binding site of AFP III was
confirmed by IR SFG measurements by the Bakker group which
showed an ice-like water layer at the ice-binding site of AFP II1*°
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In order to stimulate ice nucleation the LPIN will bind to a
nano-ice crystal. Albeit opposite in the biological function - ice
nucleating versus ice nucleating suppression - the LPIN and
AFP face the same challenge in recognizing the surface of ice
crystals.>* Both have developed strategies to preferentially bind
ice crystal over liquid water. Our goal was to investigate whether
they share the same mechanism which was postulated for AFP,
i.e.: retardation of collective hydrogen bond dynamics over long
distances. Here, we apply concentration dependent THz absorption
spectroscopy to study the influence of the LPIN on the collective
water network dynamics in order to unravel the molecular
mechanism of the ice nucleation mechanism. As a test we will
also investigate the effect of borate complexation — which similar to
AFP shifts the hydration dynamics towards bulk water behavior.
Special attention will be paid to the role of myo-inositol as an
important binding motif for nano-ice crystals.

Experimental section

The LPIN was purified from T. trivittata larvae as described
elsewhere.® All other reagents were purchased from Sigma-
Aldrich. The LPIN was analysed in TRIS buffer (25 mM TRIS,
50 mM NacCl, pH 7.5) and in sodium tetraborate buffer (25 mM
TRIS, 50 mM NaCl, 50 mM Na,B,0-, pH 7.5).

In order to study the change in the fast collective water
network dynamics, we used our p-Germanium (p-Ge) laser
difference spectrometer in a double beam configuration (see
Fig. 1).** We recorded the transmitted THz radiation in the frequency
range from 2.4-2.7 THz depending on the sample concentrations in
the sample cell. As a reference we measured the transmitted THz
power when replacing the sample by buffer. We used Beer’s law to
calculate Ax as a function of solute concentration by subtracting the
averaged absorption coefficients of the sample solution (dtsampie) and
of the buffer solution (cteference):

Ao = Xsample — %reference-

For each data point 60000-120000 pulses for both the
sample and reference cells were recorded and averaged. All
measurements were performed at low humidity (<3%) and in a

p-Ge Laser

Reference

BS I I
c BS{ Detector
Mirror I I

Sample
Mirror

Mirror

Mirror

Fig. 1 Experimental set-up. Beam splitters (BSs) are used to set up two
distinct beam paths. The transmission of the sample and of the reference
cell is alternatively probed using two phase-shifted choppers (C).
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temperature stabilized cell at 5 + 0.1 °C. The sample cell has
dimensions of 1.5 x 1.5 cm in the x- and y-direction and 50 pm
in the z-direction, corresponding to the absorption length. The
accurate spacing was determined using a Fourier transform
infrared spectrometer, which recorded the interference between
the transmitted and reflected waves (etalon structures). We used
a beam splitter to set up two beam paths where the sample and
the reference could be probed under identical conditions, in
order to reduce systematic errors.

Circular dichroism (CD) spectra of the LPIN were recorded
in the temperature range between 20 and 5 °C using a Jasco
J-815 CD spectrometer (Jasco, Gross-Umstadt, Germany)
using quartz cuvettes with a path length of 0.1 cm. Spectra
were recorded at wavelengths from 200-250 nm. The spectra
were baseline corrected. For each data point four spectra were
averaged. The results are presented as mean residue ellipticity
[0] in deg cm® dmol™' using a mean residue weight of
124.5 g mol .° The percentage of a-helices and B-sheets in
the two apolipoproteins of the LPIN was calculated using the
web server K2D3.*?

Results and discussion

Using CD spectroscopy we determined the secondary structure
composition of the LPIN. The results are shown in Fig. 2. The
lipoproteins contain 35% B-sheets and 16% a-helices. No significant
change in the secondary structure composition was observed
between 5 and 20 °C (data not shown). It was reported that bacterial
INPs from P. syringae contain an unusual B-helical fold'>'® which is
also the major secondaty structure motif in several insect AFPs.'®"?
Consequently, Graether et al. suggested that AFPs and INPs
share similar structural motifs.'> For the LPIN we found a high
amount of B-structures, which gives room for speculation if the
LPIN also partially consists of B-helical folds. However, the
present data do not give evidence for this. CD and FTIR
spectroscopy are incapable of confirming these structures with
the required accuracy.>* Therefore, computational methods
would be needed to further investigate the secondary structure
motifs of the LPIN, and hence three dimensional structure
information is needed.

[61-1073/deg-cm?-dmol"
o

210 220 230 240

250
Wavelength/nm

Fig. 2 CD spectrum of the LPIN dissolved in 25 mM TRIS buffer at 5 °C.
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In order to test the effect of the LPIN on the collective
hydrogen bond dynamics we have carried out concentration
dependent THz measurements. THz absorption spectroscopy is
sensitive to protein-induced changes in the collective water
2332 The THz absorption of biomolecules, e.g. carbo-
hydrates and proteins, in the 2.4 to 2.7 THz range is in general
smaller than the absorption of bulk water. Thus, in the absence
of any influence of the biomolecule on the collective water
network dynamics, we expect a linear decrease in THz absorp-
tion when increasing the sample concentration.”* However, for
many biomolecules we found a nonlinear trend in the concen-
tration dependence.*>** Conversely, an initial increase in the
THz absorption up to a characteristic protein concentration
Cmax indicates that the protein is influencing the collective
network motion in the vicinity of the protein.>* In a previous
experimental and theoretical study we could show that an

dynamics.

increase in THz absorption around 2.8 THz is associated with
a retardation in hydrogen bond dynamics.>? For AFP1 we found
that the observation of a THz excess, i.e. a retardation of the
hydrogen bond dynamics, is a necessary condition for anti-
freeze activity.>>>3>3¢

The concentration dependent THz absorption coefficients in
comparison to buffer for the LPIN at 5 °C are displayed in Fig. 3.
The dashed line corresponds to the predicted THz absorption
of a two-component mixture: the water is displaced by a THz
transparent solute of the same size (THz defect). Similar to all
biological active AFPs we observed a small, but significant THz
excess with a non-linear deviation from the predicted THz
defect of up to ~1.2 ecm ™ *.2**"2” In order to test the correlation
between the observed THz excess and biological activity we
have added sodium borate which is known to inhibit ice
nucleation. The addition of the inhibitor sodium borate
resulted in a loss of the THz excess, revealing a correlation
between ice nucleation activity and a measurable influence on
the water network dynamics, similar to AFGP.° Thus, we
propose that also for the LPIN the influence on the collective

3 T T T
oL 3
1F : [ [ ]
T 0 ——= i3 T
: R EEE——
o] L ]
g -1 i
2F ]
Eoe LPIN in TRIS buffer
-3 = LPIN in borate buffer ]
4 . L .
0.0 05 1.0 1:5

Concentration/mg-mi~"

Fig. 3 Concentration-dependent THz absorption (averaged between 2.4
and 2.7 THz) of the LPIN dissolved in buffer relative to buffer. Measure-
ments were carried out in 25 mM TRIS buffer (black) and in 50 mM borate
buffer (blue) at 5 °C. 2o standard deviations are reported as £=SEM. The
dashed line corresponds to the predicted THz absorption when subtract-
ing water, which is displaced by the LPIN.
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water network dynamics is a necessary condition for ice nuclea-
tion activity, which at first glance is a surprising similarity
between the LPIN and the AFGP.’

myo-Inositol as the functional head group of PI is a very
uncommon component in insect lipoproteins. It is only present
in insect lipoproteins which show ice nucleation activity and is
known to play a crucial role in the ice nucleation activity of the
LPIN.® In order to test whether myo-inositol plays also an
important role in the induced changes on the collective hydra-
tion bond dynamics we recorded the concentration dependent
THz absorption at 5 °C displayed in Fig. 5. For myo-inositol, we
observed a THz excess, ie. an increase compared to the
predicted THz defect, of up to ~11 em™ ", indicating a strong
myo-inositol-water interaction, which supports the idea that
myo-inositol plays a crucial role in nucleation activity. This
effect is temperature dependent, with a maximum THz effect at
decreasing temperatures: additional measurements at higher
temperatures showed a slightly less pronounced THz excess for
myo-inositol (see Fig. 6, black data points).

Furthermore we compared the absorption of myo-inositol
and the ice nucleation inhibitor sodium borate to a solution
with sodium borate only. The results are shown in Fig. 5. The
addition of sodium borate strongly reduced the THz absorption
of myo-inositol, now following more closely the prediction for a
solute that does not influence the water. Interestingly, upon
addition of the ice nucleation inhibitor sodium borate we
observed even a decrease of THz absorption below the pre-
dicted THz defect. At first glance this unexpected result can be
explained by the fact that the reference sample, the solvated
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Fig. 5 Concentration-dependent THz absorption (averaged between 2.4
and 2.7 THz) of myo-inositol dissolved in water relative to water (black) and
of myo-inositol dissolved in 0.1 M sodium borate solution relative to 0.1 M
sodium borate solution (blue). Measurements were carried out at 5 °C. 2c
standard deviations are reported as +SEM. The dashed line corresponds to
the predicted THz absorption when subtracting water, which is displaced
by inositol.
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Fig. 4 (A) Conformation of the three investigated inositol stereoisomers.

The axial OH groups are highlighted. (B) Illustration of the underlying
H-bond rearrangements in the water network. (C) Representation of hydrated
myo-inositol, as probed by THz absorption spectroscopy. The blue shadow
schematically represents the degree of retardation of the collective H-bond
network dynamics in the hydration shell.
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Fig. 6 Concentration-dependent THz absorption (averaged between 2.4
and 2.7 THz) of myo-, chiro- and allo-inositol dissolved in water relative to
water (black, blue and red). Measurements were carried out at 20 °C. 2c
standard deviations are reported as +SEM. The dashed line corresponds to
the predicted THz absorption when subtracting water, which is displaced
by inositol.

negatively charged borate ion, is expected to show character-
istic rattling modes in the investigated frequency range.*” Upon
binding of the negatively charged borate ion to the OH groups
of myo-inositol these rattling modes should disappear due to
desolvation. We attribute the overall negative Ax of solvated
myo-inositol complexed with borate compared to solvated
borate to a disappearance of the rattling modes and a dimin-
ishing effect on the myo-inositol-water interaction. It is most
likely that borate ions show the same effect when myo-inositol
as the head group of PI is located on the surface of the LPIN,
thereby inhibiting ice nucleation.

Our investigations of AFP1 and DAFP revealed the impor-
tance of an exact positioning of a rigid helical structure that
positions threonine residues accurately for ice-binding for
biological functions, as was tested by choosing distinct mutants
of AFP1.%® Therefore we have investigated three different inositol
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stereoisomers (myo-, chiro- and allo-inositol, see Fig. 4) to address
the question, whether the specific positions of the OH groups in the
inositol stereoisomers are of importance for the influence on the
water network dynamics. The concentration dependent THz absorp-
tion of myo-inositol was compared to those of chiro- and allo-inositol
in order to explore the importance of the configuration of the six OH
groups in the influence on the water network dynamics. Fig. 6 shows
the difference in THz absorption (Ax) of all three inositol stereo-
isomers compared to water recorded at 20 °C. myo-Inositol has one
out of six OH groups in the axial position, and chiro-inositol shows
two and allo-inositol even three axial OH groups. None of later two
has been found in INPs. Although we observed a pronounced THz
excess for all stereoisomers, the THz excess of myo-inositol exceeds
the excess of other stereoisomers, revealing a more significant
myo-inositol-water interaction compared to chiro- and allo-inositol.
Our results suggest that the specific and precise arrangement of the
OH groups in inositol molecules is indeed an important factor
determining the strength of the interaction with the surrounding
water network (similar to that found for AFP1). We speculate that the
effective interaction of myo-inositol plays an important role in the
biological activity of the LPIN, with the precise arrangement of
the OH groups determining the actual ice nucleation strength as
tested by the variation of the positioning.

Our measurements indicate that the LPIN uses a similar two
tier molecular mechanism for the preferred binding to nanoice
crystals as do AFPs: these proteins influence the collective
hydration bond network dynamics and exhibit a local mecha-
nism in which the exact positioning of the OH groups plays a
decisive role.”**3®

Conclusions

In summary, the strong myo-inositol-water interaction seems to
be a crucial feature for ice nucleation activity of LPINs. Our
results indicate that the precisely arranged OH groups of the
myo-inositol head of PI represent part of the ice-binding site of
the LPIN, similar to the threonine residues in several AFPs.
Furthermore, we found a small but significant influence of the
LPIN on the collective water network dynamics, which is partly
attributed to the interaction of myo-inositol with water. Sodium
borate diminishes the influence on the water network in both
cases. The loss of the THz excess correlates with a loss of ice
nucleation activity in the case of LPINs.°

For AFP, we speculated that the formation of a hydration
funnel, ie. a gradient of retardation in hydrogen bond
dynamics towards the ice-binding site, leads to a reduction of
the entropic cost for binding as part of the molecular binding
mechanism. Although both protein classes serve opposite
biological functions, a similar molecular mechanism seems
to be responsible for the ice nucleation activity of INPs.
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