Effect of pH on the Activity of Ice-Binding Protein
from Marinomonas primoryensis
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Abstract: The ability of an ice-binding protein (IBP) from Marinomonas primoryensis (MpIBP) to
influence ice crystal growth and structure in non-physiological pH environments was investigated in
this work. The ability for MpIBP to retain ice interactivity under stressed environmental conditions
was determined via (1) a modified splat assay to determine ice recrystallization inhibition (IRI) of
polycrystalline ice and (2) nanoliter osmometry to evaluate the ability of MpIBP to dynamically shape
the morphology of a single ice crystal. Circular dichroism (CD) was used to relate the IRI and DIS
activity of MpIBP to secondary structure. Results illustrate that MpIBP secondary structure was stable
between pH 6 — pH 10. It was found that MpIBP did not interact with ice at pH <4 or pH> 13. At6 <
pH > 12 MpIBP exhibited a reduction in grain size of ice crystals compared to control solutions and
demonstrated dynamic ice shaping at 6 < pH > 10. The results substantiate that MpIBP retains some
secondary structure and function in non-neutral pH environments, thereby enabling its potential

utility in non-physiological materials science and engineering applications.
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1. Introduction

Previous research indicates that ice-binding proteins (IBPs) may offer an alternative to
conventional frost-prevention strategies for biological cryopreservation (Davies 2014; Liang 2016)
and, by extension, antifreeze applications in a host of other commercial industries such as coolants in
aerospace engineering, frost-resistant pavements in civil engineering, and anti-icing coatings for
energy infrastructure such as solar panels or wind turbines. While IBPs offer a promising biological

solution for these ice-growth prevention applications, proteins are well known to unfold, refold,
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denature, aggregate, or degrade in non-physiological environments (Ptitsyn 1987). Applications with
harsh chemical environments, such as concrete in civil engineering that has a pore solution pH of
12-13 (Ghods 2009), would benefit from a material that inhibits ice recrystallization. Freeze-thaw
damage in concrete is due, in part, to the expansion of ice crystals (Powers 1975) demonstrating a
need for materials that inhibit ice growth in extreme pH environments. To the authors’ knowledge,
some studies have investigated the effect of pH on thermal hysteresis activity (Chao 1994; Gauthier
1998; Kristiansen 2005; Li 1998; Wu 1991), and a limited number of studies have indicated that IBPs
may produce similar ice recrystallization inhibition (IRI) activity in non-physiological pH solutions
(Leiter 2016; Delesky 2019) which necessitates pH studies for the IRI activity of IBPs in
non-physiological environments.

IBPs are a diverse category of proteins that have evolved independently among many types of
organisms, including plants (Duman 1993; Griffith 1992; Middleton 2014; Moffatt 2006), fungi
(Duman 1993; Hoshino 2003; Xiao 2010), fish (Davies 1988; DeVries 1988; Fletcher 1987; Hew
1981; Marshall 2004; Slaughter 1981), insects (Graether 2000; Graham 2005; Liou 1999), and
microbes (Duman 1993; Garnham 2008; Gilbert 2004; Vance 2018) to help them survive in freezing
environments. As IBPs come from a wide range of organisms, they vary in molecular weight,
structure, and activity (Bar-Dolev 2016b). X-ray crystallography and NMR studies have resolved IBP
structures to include o-helices, B-solenoids, helix bundles, and small globular proteins (Bar-Dolev
2016b). Although all structures exhibit the ability to adsorb to ice, there are few trends among
residues or sequences that lead to ice binding (Bar-Dolev 2016b). Mechanistically, the current
hypothesis for IBP function is through adsorption-inhibition (Bar-Dolev 2016b). The ice-binding face
of'an IBP is composed of regularly spaced ice-binding residues that match the lattice spacing of one or
more faces of the ice crystal lattice. The lattice match allows the protein to adsorb to a nascent ice
crystal and induce high local curvature on the ice crystal surface that makes further crystal growth
energetically unfavorable, a phenomenon known as the Gibbs-Thomson effect (Bar-Dolev 2016b;
Graether 2000; Jia 1996; Knight 1991; Liou 2000). All IBPs exhibit one or more phenomena that
indicate their interaction with ice. These phenomena include: (1) thermal hysteresis (TH), a
non-colligative depression of freezing-point temperature while maintaining (or raising) the melting
point; (2) dynamic ice shaping (DIS), a reshaping of the 1H hexagonal ice structure to form less
disruptive ice geometries; and (3) ice recrystallization inhibition (IRI), a property that limits ice
recrystallization through Ostwald ripening and overall reduces mean crystal size (Voets 2017).
Marinomonas primoryensis is an Antarctic bacterium that uses a 1.5 MDa extracellular protein to
keep it in the oxygen and nutrient rich phototropic zone by binding to the surface of ice (Bar-Dolev
2016a; Bar-Dolev 2016b). Of the 1.5 MDa protein, a 34 kDa region, dubbed region IV, is responsible
for ice-binding (Bar-Dolev 2016a). The ice-binding region consists of mostly B-strands that form a
calcium-stabilized B-solenoid (Garnham 2008; Vance 2014). The B-solenoid structure of the

Marinomonas primoryensis 1BP is similar to other hyperactive IBPs, though few IBPs have calcium



stabilized structures. The calcium-stabilization offers a unique potential for a more robust structure in
non-ideal environments.

The purpose of this work was to investigate the ability of the calcium-stabilized ice-binding
region IV from the Marinomonas primoryensis extracellular adhesion protein (MpIBP) to control the
size and inhibit the growth of ice crystals in non-physiological pH solutions (2 < pH > 13). It is not
known whether the calcium-stabilized MpIBP is also pH tolerant, thus, we characterized its activity in

non-physiological solutions.
2. Materials and Methods

2.1. Materials

All reagents were purchased from Fisher Bioreagents without further purification. Clonal cells
with MpIBP were obtained from Dr. Peter Davies at Queen’s University in Kingston, Ontario, Canada
and used for protein expression (Garnham 2008). Solutions with a pH range from 2 to 13 were created
at room temperature in increments of ~2 by adding HCl to create acidic solutions and adding NaOH to
create basic solutions, and pH was measured again at 0 °C (Table 1). MpIBP at each pH was
compared to its respective control pH solution so that all constituents were the same save for the
addition of MpIBP. pH 8 was used as the reference solution as it was close to the pH of purification
solutions (~8.5). Tris(hydroxymethyl)aminomethane (Tris) was carried over from protein purification
and therefore included in control solutions to account for protein addition. Total ionic strength (I) for
each solution was calculated according to Equation (1):

Q) I=2%7%,
where Z is the valence of the ion and C is the concentration. Varied pH solutions were tested for IRI
and DIS either as a control or loaded with 0.1 mg/ml MpIBP. A protein concentration of 0.1 mg/ml
was used in this study as this was previously determined to be the level at which MpIBP thermal
hysteresis activity is at a maximum (Garnham 2008). It was anticipated for MpIBP in pH 4 solution
the concentration might have been less than 0.1 mg/ml as pH 4 is close to the isoelectric point of 4.11
(Table S1), which often reduces protein solubility (Xia 2018). The concentration of MpIBP in pH 4
solution was lower than 0.1 mg/ml and measured using UV-Vis at 280 nm and was found to be ~0.04
mg/ml (Table S2). Table S3 provides the composition for solutions used during MpIBP production

and purification procedures.

Table 1 Solutions for evaluating MpIBP efficacy in different pH conditions

pH Constituents (mM) Total Ion Content
Target Ambient 0°C | Tris NaCl CaClz NaOH HCI | Nat(mM) CI'(mM) [ (mol/L)
2 2.15 3.31 10 15 10 - 32 15 67 0.066

4 3.99 5.81 10 15 10 - 25 15 60 0.063




6 6.18 6.93 10 15 10 2.6 26 17.6 61 0.064
8 8.06 9.21 10 15 10 - 8.5 15 43.5 0.054
10 9.98 10.52 10 15 10 8.4 2.5 234 37.5 0.055
12 12.01 13.08 10 15 10 44 - 59 35 0.078
13 12.98 *14+ 10 15 10 219 - 234 35 0.207

*Measured pH was above the threshold of the pH meter

2.2. Expression of MpIBP

Expression of MpIBP was adapted from Garnham et al. (2008). Briefly, a culture was used to
inoculate 1.6 L of lysogeny broth (LB) medium with kanamycin (100 pg/mL) and grown until ODsgo
reached 0.5 (37 °C, 200 rpm). The temperature was lowered to 23 °C until cells reached ODggo = 1 (~2
hours). Then, isopropyl B-D-1-thiogalactopyranoside was added to a final concentration of 1 mM to
induce expression overnight. Cells were recovered by centrifugation (30 min, 4,300 g, 4 °C),
resuspended in Buffer A (Table S2), and lysed using a Qsonica Q55 Sonicator Ultrasonic
Homogenizer with Probe 55W (5x, 45 seconds, 50% amplitude). Cellular debris was removed via
centrifugation (1.5 hours, 4 °C, 4,300 g) on a Beckman Coulter Allegra X-14R Centrifuge with a
SX4750A rotor.

2.3. Purification of MpIBP

The cellular supernatant was mixed with 16 mL of Ni-NTA (Ni**-nitriloacetate) resin (16 hr, 4
°C), loaded into a column, washed with Buffers A through C, and eluted with Buffers D and E (Table
S2). Fractions were examined using SDS-PAGE, and samples displaying bands for MpIBP (~34kD)
were pooled before running through a ThermoScientific Protein Biology 50 mL 30kD Pierce Protein
Concentrator (2000g, 4 °C) in Buffer F (10-fold reduction, 3x). The concentrate was loaded onto a
DEAE-Sepharose resin column equilibrated with Buffer F, washed with Buffers F through H, and
protein was eluted using Buffers I through K (Table S2). Fractions displaying a band for MpIBP via
SDS-PAGE were pooled and concentrated, then run on a GE Healthcare AKTApurifier FPLC with a
Frac 950 equipped with a HiLoad Superdex 75 PG preparative size exclusion chromatography
column. Fractions that displayed a band for MpIBP via SDS-PAGE were again pooled and
concentrated. Concentrate purity was verified using SDS-PAGE (Fig. S1), and absorbance at 280 nm.
The final yield was 3 mg of pure MpIBP.

2.4. Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE)

Blue-native polyacrylamide gel electrophoresis (BN-PAGE) was performed on MpIBP in varied
pH solutions at a concentration of 0.4 mg/ml to ensure visible bands in the gel. BN-PAGE procedures
were adapted from Fiala e a/l. (2011) and Krause et al. (2008). Briefly, protein solutions were stained
using sample buffer (50 mM bis-tris, 5% w/v Coomassie brilliant blue, 10% glycerol, pH 7). Samples
were dry-loaded into a 10% denaturing acrylamide gel (1.75 mm x 10 well; 80 min, 300 mA; outer




buffer 1X Tris-Glycine Native PAGE running buffer, pH 8.3) and run using a voltage of 100 V until
the samples entered the separating gel, where the voltage was increased to 150 V. Samples were
compared to a 10-250 kDa PageRuler Plus protein ladder (ThermoFisher Scientific) to estimate
molecular weight. MpIBP content within the gel was stained using Coomassie SimplyBlue SafeStain

(Invitrogen) according to manufacturer specifications.

2.5. Size-Exclusion Chromatography with Multi-Angle Light Scattering Detector (SEC-MALS)

Varied pH solutions were analyzed as controls or loaded with 1 mg/ml MpIBP using
size-exclusion chromatography (SEC) equipped with a multi-angle light scattering (MALS) detector.
SEC was performed on an Agilent 1100 Series LC system and a Tosoh TSKgel G3000SWxI size
exclusion column. MALS was performed using a Wyatt miniDAWN Treos II. The mobile phase was
30 mM tris, 150 mM NacCl, and 10 mM CaCl; at a flow rate of 0.4 mL/min. 50 puL of each sample
were analyzed (50 pg MplIBP/injection). Data were processed using Astra software 7.1.2 and were
compared against a bovine serum albumin (BSA) standard to determine size. Data were smoothed

using an FFT algorithm with a 15-point window and plotted using Origin 2019.

2.6. Circular Dichroism (CD) Spectroscopy

Circular dichroism (CD) spectra were collected on a modular Applied Photophysics Chirascan
Plus CD and Fluorescence Spectrometer in the far UV range (190-260 nm) at ambient temperature
with 0.5 nm steps and 0.5 sec/step at a 0.5 mm path length. MpIBP was loaded at 0.4 mg/ml to ensure
adequate detection of the protein. The solutions were tested from 260 nm to a varied minimum
wavelength. The final wavelength was altered to be as low as possible per sample before the signal
detection limits of the instrument were saturated from the interference of the pH adjusters, namely
HCI and NaOH, as they absorb in the peptide bond region (Buck 1954). MpIBP was incubated in
solutions for at least 24 hours before testing to ensure equilibrium folding states (Song 2017).

Five repeat scans were averaged for each loading of MpIBP in pH solutions and the
corresponding baseline for the control pH solution. After removing the control solution baseline,
noise was removed from the data in the Chirascan Software using the Savitzky-Golay smoothing filter
using five points per window with a polynomial order of two. Protein conformation (% helix, strand,
turns, etc.) was measured from the peptide bond region (<240 nm) (Kelly 2005) using BeStSel
software (Misconai 2015) with the exception of the pH 13 sample as the measured data set did not

meet the minimum wavelength range for deconvolution.

2.7. Ice Recrystallization Inhibition (IRI)

Ice recrystallization inhibition of MpIBP was investigated using a splat assay adapted from
Knight et al. (1988). Varied pH solutions were tested as controls or with a 0.1 mg/ml loading of
MpIBP. Splats were performed in triplicate. A 10 uL droplet of sample was dispensed from 1.7 m



through a PVC pipe onto a microscope slide on an aluminum block chilled with dry ice to obtain a
single layer of ice crystals. The slide was rapidly transferred to an Otago nanoliter osmometer sample
stage annealed at -4 °C for 30 min. The temperature was monitored using a bead-type thermocouple.
Ice recrystallization was observed by collecting images immediately after the splat was performed (to)
to ensure a polycrystalline sample had been obtained, and again at 30 minutes (t3o) to observe IRI
activity. Images were taken using an Olympus BX41 microscope with an Olympus PLN 10X
objective (NA = 0.25), equipped with an Axiocam 506 color camera on a 17 1.0x 60N C-mount
adapter.

2.8. Dynamic Ice Shaping (DIS)

MpIBP was tested for dynamic ice shaping (DIS) in pH solutions by modifying a protocol
established by Bar-Dolev et al. (2012) using an Otago nanoliter osmometer sample stage mounted on
an Olympus BX41 microscope with an Olympus LUCPlanFL N 20x /0.45 Ph1 microscope objective
(NA = 0.45). MpIBP pH solutions were tested for DIS at a solution concentration of 0.1 mg/ml.
Approximately 1 pl sample was loaded into immersion oil in the sample holder for the osmometer,
which was carefully placed onto the sample stage atop thermal paste to improve heat transfer. The
sample was then frozen rapidly by lowering the temperature to -20 °C. The sample was slowly melted
(~1 °C/min) until a single ice crystal (<25 um) remained. The sample was incubated for 15 min to
ensure interaction of MpIBP with the ice surface before the temperature was decreased at 0.01°C/min
until ice growth occurred. Videos were recorded using Axiocam 506 color camera on a 17 1.0x 60N
C-mount adapter. VideoPad Video Editor (NCH Software) was used to isolate still images from video

recordings.

3. Results

3.1. Primary structure of monomeric MpIBP is stable from pH 2 — pH 12

MpIBP was tested for agglomeration and degradation of primary structure in varied pH solutions
using SEC-MALS and BN-PAGE, which revealed that the expected protein molecular weight and
monomeric state of MpIBP in solution was maintained at pH 4 — pH 12, but that hydrolysis and
significant degradation occurred at pH 13.

The elution time by SEC-MALS for MpIBP can be related to molecular weight, indicating
integrity of the primary structure. A distinct absorbance peak was observed at an elution time of 19.5
min for MpIBP in pH 8 solution, the physiological control pH solution at which we expect MpIBP to
be intact (Fig. 1a). MpIBP in solutions at pH 4, 6, and 10 expressed a peak with shape and elution time
similar to MpIBP at pH 8 (Fig. 1a). MpIBP in pH 12 solution exhibited peak broadening, with the
peak starting at ~14.5 min as opposed to 18.5 min. MpIBP in pH 2 solution demonstrated a broad peak
at an elution time of 20 min with a reduced intensity compared to MpIBP in pH 8 solution. For MpIBP
in pH 2 and pH 12, it is likely that secondary or tertiary structure was disrupted (Feeney 2002) due to



changes in the protein’s native charge, yielding chromatogram traces with broadened peaks compared
to the native protein due to ionic interactions with the column (Barth 1998; Dil 1990). MpIBP in pH 2
may have succumbed to acid mediated hydrolysis (Williams 2003), given the reduced intensity and
peak broadening observed in the MALS. MpIBP at pH 13 did not evince any peaks, indicating MpIBP
did not retain primary structure in this condition.

To verify primary structure integrity, BN-PAGE was performed (Fig. 1b). A clear band for
MpIBP at the expected molecular weight was seen in solutions at pH 2 to pH 12, indicating intact
primary protein structure. While the predicted molecular weight of MpIBP is 34 kDa, the observed
band lies at a higher molecular weight. It is anticipated that the increase in observed molecular weight
is likely due to a lack of complete denaturation of the protein, possibly due to calcium stabilization,
and was observed in preceding literature (Garnham 2008). BN-PAGE bands were distinctly absent for
MpIBP at pH 13. As there was residual dye in the lanes from running the BN-PAGE, SDS-PAGE was
run in addition to verify that there were no smaller protein fragments that may have been obscured by
the lane run-off (Fig. S2). Only MpIBP at pH 13 exhibited protein bands at lower molecular weights.
The lack of a band near 34 kDa and presence of lower bands for MpIBP at pH 13 corroborates the
SEC-MALS result, indicating that MpIBP degraded in pH 13 solution, likely due to hydrolysis of
amino acids (Lawrence 1951; Radzicka 1996; Williams 2003).
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Fig. 1 The stability of MpIBP in pH solutions. (a) SEC-MALS detector absorbance as a
function of elution time for 1 mg/ml MpIBP in solutions with pH 2 — 13. (b) BN-PAGE
(10% w/v) analysis of 0.4 mg/ml MpIBP stability in solutions with pH 2 —pH 13

3.2. MpIBP retains secondary structure between pH 6 and pH 10

MpIBP exhibits regularly spaced B-strands that form a B-solenoid. The spacing of the ice-binding
residues on the regularly spaced B-strands is currently hypothesized to contribute to its ice-binding
activity (Garnham 2008; Guo 2012). Therefore, MpIBP was tested for retention of secondary

structure in non-physiological pH solutions using CD (Fig. 2). Data analysis using BeStSel software



parsed secondary structure of MpIBP into eight categories—regular a-helix, distorted a-helix, left
[B-strand, relaxed B-strand, right B-strand, parallel B-strand, turn, and other (disordered) (Table 2).

As expected, ellipticity for MpIBP in the pH 8 control solution exhibited a secondary structure
with two distinct peaks: a positive band at 194.5 nm, and a negative band at 218 nm, which matches
the spectra previously reported by Garnham et al. (2008) and are indicative of high pB-strand content.
The CD spectra for MpIBP at pH 10 shows bands in the same locations as pH 8 with a slightly larger
magnitude. MpIBP CD spectra in pH 12 solution shows two negative bands at 216.5 and 204 nm.
MpIBP CD spectra in pH 13 solution was not able to be measured to achieve a true minimum due to
the interference of the pH adjustor with the CD detector. Similar absorbance saturation occurred when
measuring the control pH 13 solution due to the pH adjustors. Band shifts can be seen for MpIBP in
pH 2 (negative to 215 nm, positive to 190 nm), MpIBP in pH 4 (negative to 221.5 nm, positive to <
190 nm), and for MpIBP in pH 6 (negative to 217 nm, positive to < 195 nm).

Molar Ellipticity (degxcm?/dmol)

T T T T T T T T T T T
190 200 210 220 230 240 250
wavelength (nm)

Fig. 2 The far-UV CD spectra of MpIBP in the presence of varied pH solutions (pH 2 (==),
pH 4 (=), pH 6 (—), pH 8 (=), pH 10 (=), pH 12 (=), pH 13 (==)). The lowest
wavelength was determined by the interference of the pH adjustors and instrument
absorption limits

Deconvolution of CD spectra determined that as pH deviated further from pH 8, more changes
were imparted to the secondary structure of MpIBP. B-strand structure is important for facilitating ice

interactions, and variance the B-strand content in MpIBP secondary structure (left B-strand, relaxed



[B-strand, right B-strand, parallel B-strand) changed between 13.4% (pH 10) to 48.9% (pH 4) compared
to MpIBP in pH 8.

The protein exhibited little change in parallel B-strand content between pH 6 and pH 10,
mirroring the structure determined in previous studies (Garnham 2008; Garnham 2011; Guo 2012).
However, relaxed antiparallel B-strand content was lost entirely at pH 6, whereas it was prevalent at
pH 8 and pH 10. At pH <4 or pH > 12, the CD spectra indicated that MpIBP secondary structure
exhibited larger changes, especially related to B-strand structure. Although MpIBP CD absorption
spectra for pH 13 could not be obtained below 205 nm, the spectrum recorded indicates misfolded or

unfolded protein (Kelly 2005).

Table 2 Secondary structure of MpIBP under the influence of different pH solutions as determined by BeStSel

software
MpIBP Structure
Fold Type pH?2 pH 4 pH 6 pH 8 pH 10 pH 12 *pH 13

Regular a-helix 35.0% 0.0% 6.9% 20.9% 25.6% 5.8% -
distorted a-helix 11.9% 0.0% 5.4% 1.3% 4.0% 3.1% -
left-twisted antiparallel B-strand 0.0% 1.8% 3.5% 4.7% 3.2% 15.5% -
relaxed antiparallel B-strand 0.0% 0% 0.0% 16.8% 12.7% 0.0% -
right-twisted antiparallel B-strand 14.9% 16.9% 3.1% 3.9% 0.4% 0.0% -
parallel B-strand 11.0% 10.4% 25.2% 26.6% 30.9% 17.1% -
turn 0.0% 39.5% 5.1% 2.1% 1.5% 7.8% -
other (irregular/loop) 27.1% 31.5% 50.7% 23.7% 21.6% 50.8% -

*pH 13 was not able to be measured in the minimum range for BeStSel deconvolution
3.3. MpIBP exhibits IRI activity between pH 6 and pH 12

IRI assays were implemented to determine the efficacy of MpIBP to prevent ice growth in varied
pH environments. As some salts have been shown to effect ice morphology (Wu 2017), control pH
solutions without MpIBP were compared to pH solutions with 0.1 mg/ml MpIBP to rule out the
influence of salt constituents. Control solutions lacking protein were used in experiments to account
for effects due to changes in pH and ionic strength. As expected, all control pH solutions
demonstrated ice recrystallization after incubating for 30 minutes, seen as larger ice grains compared
to ice grains at to (Fig. S3). All control pH solutions exhibited varied ice recrystallization end points
(Fig. 3), which is expected due to the addition of pH adjusters (HCI or NaOH) that will affect the
hydrogen bonding network of water based on ion interactions with the bulk, and thus affect the
recrystallization process (Wu 2017, Duignan 2014). Control solutions at pH 4, pH 6, pH 10, and pH
12 have larger ice crystals at t3p compared to the control pH 8 solution (Fig. 3). The control pH 2
solution had the same ice recrystallization effect as the control pH 8 solution. Control pH 13 solution
exhibits smaller ice crystals at t3p compared to control pH 8 solution, which is expected because an

increase in ionic content has been shown to affect the ice recrystallization process and exhibit smaller



ice grains (Wu 2017). However, the ionic strength does not inhibit or negate the effect added IBPs
(Suris-Valls 2019).

MpIBP in pH 8 exhibited IRI activity, as evidenced by smaller ice grains than control pH 8
solution at t3o (Fig. 3). For pH 6, pH 8, pH 10, and pH 12 solutions, the addition of 0.1 mg/ml MpIBP
reduced the growth of ice at t3p compared to control pH solutions (Fig. 3, Fig. S3). For pH 4 solution,
the addition of 0.1 mg/ml MpIBP did not evince IRI activity and ice grain sizes at t3p were the same as
control pH 4 solution. For pH 2 and pH 13 solutions, the addition of 0.1 mg/ml MpIBP resulted in
larger ice crystals as compared to control solutions. To determine if pH or ionic strength influenced
MpIBP activity more, ice grain sizes were estimated and normalized relative to each respective
control solution. The mean largest grain size estimates were compared to pH and ionic strength (Fig.
S4). It was found that pH had a greater effect on IRI than ionic strength — for example, MpIBP
exhibited IRI in pH 12 solution with an ionic strength of 0.078 mol/L, but did not exhibit IRI in pH 2

or pH 4 solutions, each with an ionic strength < 0.066 mol/L.
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3.4. MpIBP exhibits DIS between pH 6 and pH 10



DIS was implemented to determine if MpIBP was adsorbing to the ice crystal surface (Fig. 4).
None of the control pH solutions elicited dynamic ice shaping, evidenced by spherical single crystals.
DIS by MpIBP was readily seen in pH 6, pH 8, and pH 10 solutions as a change to hexagonal ice
crystals. At pH > 12 or pH <4 MpIBP did not demonstrate any DIS and behaved similarly to control
solutions. In physiological solutions, when MpIBP adsorbs to ice crystals it prevents expansion of the

crystal in the basal and prism planes, creating a hexagonal ice crystal (Garnham 2008).

Control  +MpIBP




Fig. 4 Dynamic ice shaping for (left) control pH solutions and (right) 0.1 mg/ml MpIBP in
pH solutions. Ice crystals outlined with a circle do not demonstrate DIS, and ice crystals
outlined with a hexagon demonstrate hexagonal DIS. Bubbles in the images are a result of
the immersion oil. Black regions in the images are the sample holder. Scale bar = 50 pum

4. Discussion

The results displayed here demonstrate that MpIBP elicits IRI activity between pH 6 —pH 12 and
DIS between pH 6 — pH 10. This study investigated MpIBP in various pH environments (pH 2 — pH
13). It was found that the primary structure of monomeric MpIBP is stable from pH 4 — pH 12, and
that secondary structure is retained between pH 6 — pH 10. To the authors’ knowledge, this is one of
only a few studies that looks at the IRI activity of an IBP under the influence of pH adjusted ionic
solutions. Most studies investigate IRI activity in neutral ionic solutions or with added polyols, or
investigate the change in thermal hysteresis activity (Amornwittawat 2008; Amornwittawat 2009;
Caple 1986; Delesky 2019; Evans 2007; Kristiansen 2008; Leiter 2016; Li 1998; Suris-Valls 2019a).
This novel contribution of ice inhibition by proteinaceous materials in non-physiological
environments could be implemented in a variety of engineering applications.

Based on singular observable peaks in SEC-MALS and single bands at the expected molecular
weight by BN-PAGE, MpIBP does not aggregate or degrade in solutions between pH 4 to pH 12.
MpIBP only exhibits degradation in pH 13 solution, made apparent by a lack of elution peak in
SEC-MALS and no prominent band at the expected molecular weight by BN-PAGE, as well as
smaller molecular weight bands in SDS-PAGE. MpIBP at pH 2 exhibits a broadened peak at the same
elution time in SEC-MALS compared to pH 8 but exhibits a band at the expected molecular weight by
BN-PAGE, suggesting intact protein with different charge interactions in the SEC-MALS column.
The elution peaks for MpIBP in solution with pH 4 — pH 12 are singular, and similar in size and
elution time compared to MpIBP in pH 8. Assuming that MpIBP is monomeric at 0.1 mg/ml at pH 8
based on previous literature (Garnham 2008; Garnham 2011), it can be assumed they MpIBP is also
monomeric in solutions at pH 4 — pH 12. The BN-PAGE showed that the protein was not aggregating
due to a lack of upper molecular weight bands, nor was it degrading due to a lack of bands at lower
molecular weights, thus the primary structure of the protein is stable.

Properly folded MpIBP creates a calcium-stabilized B-solenoid tertiary structure that would have
its ice-binding face exposed to solution, allowing interactions with ice crystals (Fig. 5a). The
B-solenoid consists of thirteen tandem repeats with the sequence -xGTGNDxuxuGGxuxGxux-,
where x is any amino acid and u is a hydrophobic amino acid (Guo 2012). The current hypothesis for
MpIBP ice-binding activity is closely related to its regularly spaced parallel B-strands that promote a
7.4 A spacing between ice-binding residues (threonine (T) and asparagine (N)) on the same coil of the
B-solenoid, as well as 4.6 A spacing between ice-binding resides on adjacent coils, as can be seen in
Fig. 5b (Garnham 2008; Garnham 2011; Guo 2012). Oxygen atoms in the ice crystal lattice repeat at

7.37 A along the c-axis of the primary prism plane as well as repeat at 4.52 A along the a-axis in the



primary prism and basal planes, as can be seen in Fig. 5c. The spacing of ice-binding residues along
the coils of the MpIBP B-solenoid allow it to match the ice lattice on the primary prism and basal

planes of ice, resulting in IRI and hexagonal DIS.

()
N

basal plane 452 A

7.37 A

prism plane

Fig. 5 (a) The B-solenoid structure of properly folded MpIBP in the presence of Ca®* ions
(green spheres). (b) Spacing of ice-binding residues of properly folded MpIBP. The
ice-binding face of MpIBP exhibits ice-binding residues with 7.4 A spacing on the same coil
of the B-solenoid, as well as 4.6 A spacing between ice-binding resides on adjacent coils. (c)
Schematic of the hexagonal ice crystal lattice. Oxygen atoms in the ice crystal lattice repeat
at 7.35 A along the c-axis of the primary prism plane as well as repeat at 4.52 A along the
a-axis in the primary prism plane and basal plane. MpIBP crystal structure was provided by
Garnham et al. (2011; PDB 3P4G). MpIBP molecular graphics performed with UCSF
Chimera, developed by the Resource for Biocomputing, Visualization, and Informatics at
the University of California, San Francisco, with support from NIH P41-GM103311
(Pettersen 2004). Ice lattice schematic was made using VESTA software (Momma 2011)

A disruption of protein tertiary structure does not necessarily equate to loss of functionality
(Ptitsyn 1987). Small molecule peptide analogs have shown activity, albeit reduced, when compared
to their structured counterparts (Suris-Valls 2019b), indicating that if a portion of the protein
responsible for ice growth inhibition remains intact, then some activity may be seen. Herein, CD was

utilized to hypothesize how changes in secondary structure influenced IRI and DIS activity. CD



analysis revealed that MpIBP exhibited relatively well folded structure between pH 8 and pH 10,
consisting largely of B-strands, similar to literature precedence (Garnham 2008; Garnham 2011; Guo
2012). For MpIBP in pH 10, a change of 23.5% secondary structure, taken as the absolute difference
between fold types, is observed although no singular fold type changed by > 5% (Table 2), indicating
MpIBP stability at pH 10. Based on high IRI activity (Fig. 3) and hexagonal DIS for MpIBP in pH 8
and pH 10 solutions, we suggest that the B-helix region hypothesized to interact with ice is intact (Fig.
5a) and can interact with ice crystals to reduce recrystallization (Fig. 3) or alter ice morphology (Fig.
4). Control pH 10 solution exhibited larger grain sizes than control pH 8 solution, demonstrating that
for applications in pH 10 environments the crystal expansion would be more detrimental. As the
control solution grain size at t3p was larger than pH 8 control solution, MpIBP at pH 10 appeared to
have the greatest reduction of ice size. Since the grain size at t3o for MpIBP at pH 10 was similar to
MpIBP in pH 8 solution, it could be concluded that MpIBP was most effective in pH 10 solution.

MplIBP exhibited promising activity for acidic (pH 6) and basic (pH 12) solutions as a reduction
of grain size was observed compared to control solutions, especially considering the final ice grain
size for control solutions were larger than control pH 8 solution. MpIBP in pH 6 had a greater
reduction of ice size compared to MpIBP in pH 8 at t3o. MpIBP in pH 12 demonstrated a reduction of
ice crystal size at t3o compared to control pH 12 solution. However, the crystal size for MpIBP in pH 6
and pH 12 at t3p was larger than pH 8, indicating decreased IRI activity. The CD spectra for MpIBP in
pH 6 demonstrates some folded structure (Fig. 2); however, the BeStSel deconvolution (Table 2)
resulted in 50% unfolded structure. MpIBP exhibits a few a-helices and antiparallel B-strands that are
not calcium stabilized (Fig. 5a), and it is anticipated that at pH 6 the non-stabilized structures of the
protein are beginning to denature while the calcium-stabilized parallel B-strands remain intact.
Similar to MpIBP in pH 6, MpIBP in pH 12 solution shows a decrease in secondary structure that is
not calcium stabilized while retaining some parallel B-strand structure. As the ice-binding residues of
MpIBP are regularly spaced between the calcium-stabilized parallel B-strands (Garnham 2011), the
retention of the B-strand structure could explain the of IRI activity despite the increase of irregular
structure at pH 6. To further probe MpIBP structure under the influence of external stressors such as
pH, NMR could be implemented; however, NMR fell outside the scope of this research study.

DIS was only seen in pH 6 and pH 10 solutions where MpIBP showed < 5% change of parallel
B-strand structure compared to pH 8, likely because the ice-binding residues still mimicked the
distance of oxygen atoms in the ice lattice to facilitate adsorption (Fig. 5). The tertiary structure of
MpIBP regularly aligns the ice-binding residues into a 7.4 A by 4.6 A motif that facilitates adsorption
to hexagonal ice. The 7.4 A by 4.6 A motif is structured through the parallel B-strands, and it is
anticipated that changes in the B-strand alignment would disrupt the spacing of the residues, reducing
the match to the ice crystal lattice. MpIBP in pH 12 retained a similar amount of overall B-strand
structure as MpIBP in pH 6. However, MpIBP in pH 12 retained less parallel B-strand and exhibited

more twisted B-strand structure. We hypothesize that the increase of twisted B-strand is responsible



for the loss of DIS activity as there are no longer enough adjacent coils on the -solenoid to align the
ice-binding residues with an appropriate spacing to match the ice crystal lattice, but the overall
retention of general B-strands resulted in IRI activity. As IRI is more reliant on the disruption of water
molecules at the ice-water interface between ice grains, retention of any B-strand structure could
enable some short-range water ordering to inhibit ice growth. DIS appeared to be more reliant on
tertiary structure than IRI, indicating that there is a minimum amount of native structure required to
ensure interaction between the protein and ice (Davies 2014). To better understand how MpIBP can
elicit IRI but not DIS in pH 12 solution, it could be beneficial to observe MpIBP in physiological and
stressed environments using neutron reflection to determine interactions at the ice-water interface (Xu
2008).

Similar to MpIBP in pH 12, the secondary structure of MpIBP at pH 4 showed an increase in
twisted antiparallel B-strands; although MpIBP in pH 4 showed right twisted antiparallel B-strands as
opposed to left twisted antiparallel B-strands. However, MpIBP at pH 4 did not evince any IRI
activity. It is possible that the difference in the twist direction impacts the difference in IRI activity.
Since MpIBP has an isoelectric point of 4.1 (Table S1), MpIBP was expected to exhibit instability in
pH 4 solution, which resulted in measurement fluctuations in the CD detector (Xia 2018). It is
possible that in pH 4 solution MpIBP is unable to interact with ice due to the net neutral charge of the
protein. In the future, to better understand MpIBPs activity around the isoelectric point, solutions with
finer gradations of pH could be implemented to glean what might be happening.

Although MpIBP exhibited larger ice crystals compared to control solutions for pH 2 and pH 13,
an additional class of proteins, called ice nucleation proteins, can be useful for targeting specific ice
crystal sizes in solution (Bar-Dolev 2016b). The shift of CD spectra to lower wavelengths for MpIBP
in pH 2 solution indicates some restructuring with an increase in regular and distorted a-helix
structure at the expense of turns, antiparallel B-strands, and parallel B-strands. What p-strand structure
that was preserved in MpIBP at pH 2 is again possibly due to calcium-stabilization and likely allowed
some ice-binding residues to remain exposed to solution. For MpIBP at pH 13, the amount of NaOH
necessary to create a pH 13 environment caused absorbance saturation in the CD detector, preventing
enough data to be collected for BeStSel deconvolution; however, the spectra that was able to be
collected is reminiscent of a typical denatured protein, which is further supported by the lack of
elution peak in SEC-MALS and the lack of band at the expected molecular weight by BN-PAGE,
indicating protein degradation. It is possible that despite degradation some of the ice-binding residues
remained intact on one or more of the sequence repeats (-xGTGNDxuxuGGxuxGxux-). Therefore, it
is possible that there were enough ice-binding residues exposed to solution at pH 2 and pH 13 to
interact with ice; however, without a regular structure to promote ice growth inhibition, they could
facilitate ice nucleation. Ice nucleation proteins typically exhibit a common contiguous octapeptide
repeat composed of mainly hydrophilic residues (-AGYGSTLT-) (Kawahara 2017). While MpIPBP

does not exhibit more than two adjacent residues from this octapeptide (Fig. S5), there is a -GTG-



repeat close to the -GYG- repeat, as well as a high percentage of the hydrophilic residues present in
the MpIBP sequence, e.g., 8.2% A, 13.9% G, and 5.7% T (Table S1). To further probe this
phenomenon, it would be beneficial to investigate MpIBP in pH 2 and pH 13 as a possible ice
nucleator using an ice nucleation assay as described by Congdon et al. (2015). Additionally, the
sequence of the protein fragments observed at pH 13 could be investigated through mass
spectrometry, facilitating understanding of retained amino acid sequences capable of ice nucleation.
To contextualize the importance of investigating ice growth in extreme pH environments,
previous research has shown that IRI active materials can decrease freeze-thaw damage in cement due
to, in part, to prevention of ice crystal expansion (Frazier 2020; Qu 2019). Cementitious materials
have a pH of 12-13 due to the presence of Ca(OH), that creates a calcium-silicate-hydrate gel, giving
concrete its strength (Ghods 2009) which necessitates pH compatible IRI additives. As Ca* plays an
important role in MpIBP structure, the calcium present in cementitious environments could be
advantageous for an MpIBP additive. Additionally, since MpIBP prevents ice growth via IRI at pH
12, it could be a beneficial additive to cementitious environments to prevent freeze-thaw damage.
MpIBP exhibits IRI activity in solutions 6 < pH < 12, indicating that MpIBP (and other IBPs)
could be effective at mitigating frost-induced damage in applications that necessitate activity in
somewhat non-physiological chemical environments. Although the presence of Na“ and Ca®" have
been shown to effect ice crystal shape and recrystallization (Wu 2017), no shaping or significant
inhibition of ice recrystallization was seen in control solutions pH 6 — 10, indication that the addition
of 0.1 mg/ml MpIBP affected both crystal size (Fig. 3) and shape (Fig. 4). MpIBP is more resistant to
the presence of OH™ compared to H;O", which is substantiated by the isoelectric point of the protein
(pl = 4.1). Given that MpIBP is only effective at preventing ice growth in solutions 6 < pH < 12,
alternative materials for controlling ice morphology in environments beyond these pH bounds must
be considered. To further improve pH stability, synthetic biology approaches could be utilized to
engineer a more stable protein that retains activity and mitigates ice growth in environments with a
pH < 6 or a pH > 12 (Alegre-Cebollada 2010; Hagan 2010; Kang 2007; Kang 2009; Zakeri 2015).
Additionally, synthetic polymer architectures that mimic the ice-binding functionality of IBPs offer a
unique avenue for mitigating and controlling ice nucleation and growth, as they may be not only more
cost-effective, but also more able to inhibit ice crystal recrystallization in aggressive chemical
solutions without relying on tertiary structure to elicit ice interaction activity (Biggs 2017; Congdon

2013; Congdon 2015; He 2018; Mitchell 2014; Mitchell 2015; Stubbs 2019).

5. Conclusions

This study evaluated the potential of a calcium dependent ice-binding protein (IBP) from
Marinomonas primoryensis (MpIBP) to inhibit and control ice crystal nucleation and growth in
non-physiological environments, and changes in activity were found to be a function of protein

structure. MpIBP showed the ability to retain its primary and secondary structure in the pH range of 6



— 10 as indicated by similar CD spectra, a single elution peak in SEC-MALS, and a single band at the
expected molecular weight by BN-PAGE. DIS and IRI were observed between pH 6 and pH 10.
MpIBP lost parallel B-strand structure at solutions of pH < 6 or pH > 10, as well as the ability to inhibit
ice crystal growth and exhibit dynamic ice shaping (DIS). MpIBP at pH 12 was an exception, as it
misfolded but still retained IRI activity, though it did not elicit DIS. In the most extreme environments
(pH 2 and pH 13), the addition of MpIBP resulted in larger ice crystals after 30 min compared to
control solutions. Some applications, such as preventing freeze-thaw damage in cement, require pH
resilience for IRI active materials due to a highly alkaline environment (pH 12 — 13). In conclusion,
these results suggest that MpIBP has some applications in non-physiological environments as

frost-prevention materials.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Table S1:
Breakdown of the structure and properties for region IV of the ice-binding protein from Marinomonas
primoryensis (MpIBP) as determined by Expasy, Table S2: Absorbance for MpIBP in pH 4 solution,
Table S3: Solution recipes for buffers used during MpIBP purification, Fig. S1: SDS-PAGE (10%
w/v) analysis of MpIBP purification, Fig. S2: SDS-PAGE for MpIBP in different pH solutions from
Table 1 to verify that MpIBP did not degrade, Fig. S3: Ice recrystallization micrographs of varied pH
solutions at ty and t3 either as controls or loaded with 0.1 mg/ml MpIBP, Fig. S4: Quantitative
comparison of IRI activity as a function of pH or ionic strength, Fig. S5: Amino acid sequence for the
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