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Abstract

In this thesis, I describe the development and demonstration of a screening
platform for the discovery of ice-nucleators. Ice nucleating agents (INAs) have
been used to control the temperature of ice nucleation within a narrow range at high
temperature. They play an important role in atmospheric ice formation and plant
pathogenesis. However, the relationship between surface chemical structure and ice
nucleation activity remains elusive. In the first chapter of this thesis, I briefly
reviewed the current INA study and its experimental methods, and challenges.

The primary focus within Chapter 2 is the development of Freeze-float
selection system that is designed to screen the stronger ice-nucleating substances
by buoyancy-based separation. This system employed the density-based separation
of the sample encapsulated into droplets, so that allows the identification of the
molecules that can cause ice-nucleation at different temperatures and separate from
others. The system showed the correlation of the droplet freezing temperature and
the INA concentration of the sample droplets.

To extend the screening system of the freeze-float selection and improve
the efficiencies and accuracies, in Chapter 3, I investigated the introduction of
automated droplets generation system and uniform controlled-rate cooling system
to the freeze-float selection. The new platform successfully improved the capacity
of the droplet numbers (from 50 to theoretically 1920 droplets) and sample numbers

(from 1 cuvette to 48 vials) that can be tested at once. To confirm the accuracy of
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the screening system, I investigated the detection threshold of the INA
concentration. At the threshold concentration, controlled-rate cooling system
showed better differentiation accuracies (p = 4.4x10”7) compared to the commodity
freezer (p = 0.83). The enlarged screening setup can lead to comprehensive research
for the ice-binding study.

Finally, I described the screening of ice-binding glycans by combining ice-
affinity purification technique “ice-shell purification” and genetically-encoded
glycan library; Liquid glycan array. The glycan library was screened and separated
into the ice-included and ice-excluded phase and the ice enriched glycans were
identified by the deep-sequencing. Further validation of the potential hit was done
by plaque forming assay of the colorimetric phage. This platform will complement
with different genetically modified library to identify ice-binding molecules.

In summary, I tested a methodology to screen the ice-binding glycans that
were chemically conjugated to phage. The LiGA array of genetically encoded
glycans permitted the screening against immobilized and slowly growing ice
surface. We showed the first demonstration of the ice-binding glycan screening
result analysis and validation test of the LiGA. However the screening validation
results were not reproducible, and hit discovery was inconclusive. Further
optimization of the screening platform or library with different glycan modification
is needed. Although the result was inconclusive, preliminary screening of ice-

binding protein demonstrated the feasibility of affinity-based screening. I believe
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this platform can be easily adapted for the screening of different modifications,

genetically-encoded libraries for further ice-binding molecule discoveries.
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Preface

Chapter 1 is an original brief review of current ice nucleator study and the
methods, and has not been published. I reviewed the current ice-nucleator studies,
wrote the manuscript and created the figures and tables with advice from R. Derda.

Chapter 2 is based on published work from Y. Kamijo and R. Derda,
“Freeze—Float Selection of Ice Nucleators”, Langmuir 2019, 35 (2), 359-364. R.
Derda initiated the project and I was responsible for the optimization and validation
of the selection system.

Chapter 3 is based on non-published work initiated by R. Derda. I was
responsible for collecting and organizing the experimental data as well as
modification of the system and validation test. The operation program directing the
Biomek 3000 was written by Mr. Troy Locke in Molecular Biology Service Unit.

Chapter 4 is based on non-published work initiated by R. Derda. J.
Wickware optimized the Ice-shell purification screening condition, and purified
AFP-GFP. I was responsible for optimization of Liquid Glycan Array screening
conditions, optimization of DNA extraction and PCR conditions, data analysis,
with advice from R. Derda. I am also responsible for the chemical modification of
glycans on phage, and validation of the selected glycans based on the screenings. J.
Maghera developed and constructed the Liquid Glycan Array. S. Sarkar, J. Maghera

and M. Sojitra isolated, amplified and glycosylated the phage clones. M. Sojitra



constructed the R script for the sequencing visualization script. N. Bennet cloned

and amplified fluorescent phage clones mNeonGreen and mCherry.

vi



Acknowledgements

I am deeply thankful to my supervisor, Professor Ratmir Derda for
accepting me in his group, and his continuous support and guidance throughout my
research. He is the most enthusiastic, knowledgeable and inspiring person in my
life, and he provided me a good basis for my research career.

I am thankful to Professor Robert Campbell and Professor Jed Harrison for
being my committee members and for providing constructive advice during my
program. [ would also like to thank Professor Peichun Amy Tsai for accepting being
arm’s length examiner.

I would like to thank Professor Steven Lindow at the University of
California, Berkeley for the sample of P. syringae and generous advice on the INA
experiment. I am thankful to Jessica Wickware, who has initiated this INA
screening project and gave me critical advices. I am thankful to Professor Bart
Hazes in Department of Biochemistry at University of Alberta for advice on the P.
syringae ice nucleating protein.

I would like to acknowledge the fellowship support from the Faculty of
Graduate Studies and Research from the University of Alberta, and financial
support from my advisor Ratmir Derda. This accomplishment would not have been
possible without these supports.

I'would like to express my sincere gratitude to my colleagues and my friends

who have supported me and given me a lot of encouragement during my years.

vil



Finally, I want to thank all my family members, my mother Atsuko, my
sister Rina, my grandmother Setsuko, and my grandfather Kenji, for their
continuous supports and encouragements. [ owe everything to my family for giving

me the opportunities and experiences that have made me who I am.

viil



Table of Contents

ADSITACE ...ttt e et e et e e et e et e e tb e e et e e abeeenbeeenraeeenaaeernaeaas i
PrETACE. .. ettt et v
ACKNOWICAZEMENLS......c..eiiiieiiiieiiecie ettt ettt et e e ereeeeee e vii
Table Of CONLENLS .....ceiuiiieiieeciie ettt e e st e e e te e e s e e e s beeessseeessseeenns X
LSt OF TADIES ..ottt xii
LSt Of FIGUIES ...ovvieiiecieeieeeteee ettt ettt st saesebeesaee e xiii
LiSt Of ADDIEVIALIONS .....veeeiiieeiiieciieeciie ettt e e e e e e eareeennneas XV
Chapter 1: INtrodUCHION .......cc.eeiiieiieeii ettt sreenaaens 1
1.1 Physical Foundation of Homogeneous and Heterogeneous Ice Nucleation. 1
1.2 TCE NMUCICALOTS ....eeeeeiieeiiieciie ettt et et e et e e e eta e e eebeeeseaeeennaeas 6
1.2.1 Organic and inorganic molecules.............ccocueevieriieciieniiieniieeie e, 8
1.2.2 Ice nucleating Protein...........cceeeveereerieenieenieenieeeieesieeseeeseesveesseesseeenns 9

1.3 Application of Ice-NuCIEatorS. ......c.ceevviieeiieeciie e e 14
1.4 Current methods to study ice-nucleators...........ccccveeriieercieeeriieeeniee e 17
1.4.1 Microscopic MEthOd.........coovviiiiiiieiiieciieeeeee e 17
1.4.2 Cloud Chambers.........cccueiiiiiiiieiieieeeee e 18

1.4.3 Continuous Flow Diffusion Chamber...........cccccoooiiiiiiniiiiiiniieeee, 18
1.4.4 Droplets fre€ZiNg aSSAY .....cecveeerieeerieeeiieeeireeeieeeeieeeereeesreeeneaee e 19
1.4.5 Molecular dynamics sSIMulation..........ccccecvevervienieneeneniieneeneeeneene 20

1.5 Tools for molecular studies of Ice-binders ...........cccoeviieiiieniiiniieniieenen, 21
T N o) o A Y RS 22
1.5.2 Nanoliter OSMOMELET .......cc.eeruiieriierieeiieeit ettt seee e eees 23

1.5.3 Ice affinity purification ..........ccocceeeieeniieniiienie e 23

1.6 TRESIS OVETVIEW ..cutiiiiiiiiiiiiieiie ettt et st 25
Chapter 2: Freeze-float selection of Ice nucleator ............coceevevvenienenicnienennn, 27
2.1 INEOAUCHION ...ttt sttt 27
2.2 Experimental DeSIZN........ccccvieeiiiiiiiiiieiiieeeiie et 30
2.3 Results and diSCUSSION .....c.ueruviriiiriiiiiniieieeienieere et 32
2.3.1 Establishment of Freeze-float selection system..........c.ccceeeveerveeneennee. 32

X



2.3.2. Statistical testing of Freeze-float selection ............ccccevevieeeieeicnieennee. 38

2.3.3. Freeze-float selection validation testing ...........cccceeeveerveecieneeeneennen. 41
2.4 CONCIUSIONS ...ttt sttt b et sttt e b e 44
2.5 Experimental ProCedUIES .........cc.eeeeuvieeiiieeeiieeeieeeereeeereeeeeeeeeveeeereeseaeeens 47

2.5.1 Materials and general information ............cocceeeeeenieecieenieeciienieeneeee. 47

2.5.2 Freeze-float selection system in organic buoyant layer....................... 47

2.5.3 Freeze-float selection system in silicone oil buoyant layer ................. 48

2.5.4 Freeze-float selection procedure...........oocvereeeeieenieeieeneeeiieenee e 48

2.5.5 Monitoring of the temperature of freeze-float system......................... 49

2.5.6 Thermal gradient simulation calculation ...........ccccoeceeviiiiiinnneenee. 49

2.5.7 Culture of P. SYFINGAE .....cueeecveeeeieeiieeiiieieeeie et 50

2.5.8 Validation testing of the Freeze-float selection ............cccceevveeveenennee. 51

Chapter 3: System for achieving enhanced throughput and quality for Freeze-float
SIS 5161510 1 USRS 52
3.1 INErOAUCHION. ...eoueiieitieiie ettt et et 52
3.2 Experimental DeSIZI.......cceeiiriiriiriiniiieeiesieeieetesieee ettt 54
3.3 Results and DISCUSSION ....couviiiiiriiiiiieiiciiieeiceee et 57

3.3.1 Automated droplets Zeneration..........ccccecvevueevierieneenenieneeeneeseeene 57

3.3.2 Asymptote VIA freeZer.......covveviiriiniiiiiniiiieienicreeeceeee e 65
3.4 CONCIUSION ....eiiiiieite ettt ettt 69
3.5 Experimental Procedures ...........ccoccueeeiiieeiiieeiieeeiieeeiee e 72

3.5.1 Materials and general information ............ccccocevveniinenicniencnieneee 72

3.5.2 Automated droplets generation and droplet dispersion measurement. 72

3.5.3 Asymptote VIA Freezer Freeze-float system .........cccceeevveeeieeveieeenneen. 73
Chapter 4: Selection of the Ice-binding Glycans using Genetically Encoded
Fragment-based Discovery by Ice Affinity Purification...........cc.ccocceiiniininn 75

4.1 TNEPOAUCHION ...ttt sttt 75
4.2 Experimental desSi@N........c.cccieiiieiiiiiiieiieeieeieee et 77
4.3 Results and DISCUSSION .....eeuieriiiiiiiiiieiiieiieeiee et 80
4.3.1 Validation of Ice shell screening............ccceevveeeiienieeiiienieeiiienieeeeee. 80
4.3.2 Screening assay to select ice-binding carbohydrate..............cccccueeee. 82



4.3.3 Analysis of [llumina SEqUENCING..........cccevveerriieriieeiiie e 82

4.3.4 Validation of the potential hit...........ccceeviiriiiiiiiniiieiieieeeeeeeee, 89

4.4 CONCIUSION ...enieniieiiieiieicete ettt sttt 92
4.5 Experimental ProCeAUIES .........cc.eeevuiieeiiieeeiiieeeiieeeieeeeveeeeeeeesveeeeeeesneeeens 93
4.5.1 Materials and general information ............cecceeeeveerieecieenieesienieeieeee. 93
4.5.2 Ice-shell purification validation test using AFP-GFP......................... 94
4.5.2.1 Amplification of AFP-GFP (performed by J. Wickware) ............ 94

4.5.2.2 Purification of AFP-GFP (performed by J. Wickware)................ 94

4.5.2.3 Ice-shell screening procedure ............occveveveerieeecieenieecieenieeneeene. 95

4.5.3 LiGA CONSLIUCHION ...eeiiieniiieiiieiieeiee sttt ettt saee e 96
4.5.4 Ice-shell purification of ice-binding glycans ..........c.cceevevveecreennnnnne. 100
4.5.5 Preparation for [llumina SEqUENCING ..........cceevvieriierieeiienieeieeeeeenn 101
4.5.6 Analysis of the deep-sequencing data...........cccceeveeviieiiienieiiieeneee 102
4.5.7 Construction of glycan modified phage...........ccceeveviienienieecieennnne, 102
4.5.8 Construction of glycan modified mCherry phage............cccceevvennennne. 103
4.5.9 Construction of mNeonGreen phage .........c.cccvceevevvienieneniicnieneenns 104
4.5.10 Analysis of glycosylation of phage by MALDI-TOF MS............... 105
4.5.11 Validation of the potential hit glycan..........c.cceceevviiiiiiiiiniiniee 105
Chapter 5: Conclusion and outlooK.........c..ccceeiiririiiniiniiienieneeceeeeeeee 107
5.1 CONCIUSION ...ttt ettt ettt et e et e aaeenbeeeneas 107
5.2 FULUTE QITECHIONS ..ottt 108
RETRIECNICE ...ttt e 110
Appendix A: Supporting information for Chapter 2..........ccccoceevievinicneenennnn 124
Appendix B: Supporting information for Chapter 3 ..........cccceeevvveeiieiniieeieene, 127
Appendix C: Supporting information for Chapter 4 ...........cccecevieneiiiniinennnns 145

x1



List of Tables

Table 1-1. The component of the INA and freezing temperature.......................... 13
Table 4-1. SDB id and glycan modifications. ............cccceeevierieeciienieeniienieeieeee. 84
Table 4-2. Silent barcodes of LiGA 1Ibrary ..........ccceevveeiiienieeiiienieeieeeieeeeeeeen 85
Table 4-3. Post-selection analysis on LiGA in ice-affinity purification................ 89

xii



List of Figures
Figure 1-1. Contact angle of the ice nuclei on an INA surface described by the

YOUNE’S CQUALION. 1eevvveererrreerieeereeesseeesseeessseeassseesssseesssseeassseesssesessseessssesessseesssseenns 6
Figure 1-2. Molecular composition of INA surfaces. ........ccccoeeeeeeveeinieeecieeeieens 7
Figure 1-3. Consensus repeat of ice nucleating protein from bacteria. ................ 11
Figure 1-4. The available technique to study ice nucleators..........c..ccccveeeeureeneen. 17
Figure 2-1. The design of freeze-float selection system. ..........cccceeeeueerieriiennnnnne 32
Figure 2-2. Thermal gradient of the cuvettes. ..........cccevvieiiiiiieniiiiiee e 37
Figure 2-3. Validation of freeze-float system with INA positive and negative

41 1070) 1 JS RSP PRUUSRRRRTRRIRUR 38
Figure 2-4. Optimization of the cooling rate. ...........ccoceeverviereriinienennicnieneens 40
Figure 2-5. Ice-nucleating activity and concentration. ............cceeceeeeueenveriieennenne 41

Figure 2-6. Validation of freeze-float system with various concentration of INA

1411070 1 JS USSP 42
Figure 2-7. Optimization of the cooling rate with various concentration of INA
ALOPIELS. .ttt sttt sttt sttt 44
Figure 3-1. Automated droplets generation system using Biomek 3000.............. 60
Figure 3-2. Thermal gradient in Biomek 3000 deep well system...........c.cccueeeee 61
Figure 3-3. Comparison of droplet freezing temperature dispersions by
Kolmogorov-Smirnov teSt. ........c.ceiieiiiiiieiiieie ettt 63
Figure 3-4. Thermal gradient in ASymptote SYSteIM. ........cocuevueevuerienerriereenennens 66
Figure 3-5. Comparison of droplet freezing temperature dispersions by
Kolmogorov-Smirnov teSt. ......c..ceceriirieniriinieieeieste et 67
Figure 3-6. Droplet freezing temperatures of serial dilution of INA solution. ..... 69
Figure 3-7. Comparison of droplet freezing temperature dispersion.................... 71
Figure 4-1. Ice-shell purification Strategy.........cccceevuererreriereenenieneeienieneens 79
Figure 4-2. Ice-shell purification validation test..........ccccevvvererienieneenenienennens 81
Figure 4-3. Glycan structures of LiIGA library. ........ccoceoerieniiiininiiinienees 86

Xiil



Figure 4-4. Analysis of ice-binding preferences of glycans from ice-shell

purification USING LIGA. .....c.oooiiiiiieiie et 88
Figure 4-5. Validation experiment of glycosylated phage by ice-affinity

PULITICALION. ..veieiiieeiiie et e e e e e e et e e e b e e e beeesnbeeeaseeenseeennaeas 91
Figure 4-6. Phage-INP conjugation Strat€gy..........ccceeveueeerreeerieeenreeerreeeeeveeeenen 92

Xiv



List of Abbreviations

AFP Antifreeze protein

CFDC Continuous flow diffusion chamber
CFU Colony forming unit

E. coli Escherichia coli

Da Dalton

DFA Droplet freezing assay

DNA Deoxyribonucleic acid

DSC Differential scanning calorimetry
dNTP Deoxynucleotide

GFP Green fluorescent protein

HTS High-throughput screening

IBP Ice-binding protein

INA Ice-nucleating agents

INP Ice-nucleating protein

IPTG Isopropyl B-D-1-thiogalactopyranoside
IRI Ice recrystallization inhibition

LiGA Liquid Glycan Array

MALDI matrix-assisted laser desorption/ionization

MDS Molecular dynamics simulation



PBS

PCR

PFU

P. syringae
rpm

RT

ssDNA

TH

Phosphate buffered saline
Polymerase chain reaction
Plaque forming unit
Pseudomonas syringae
Revolutions per minute
Room temperature
Single-stranded DNA

Thermal hysteresis

Xvi



Chapter 1: Introduction

1.1 Physical Foundation of Homogeneous and Heterogeneous Ice Nucleation

0 °C is a well-known temperature at which melting of ice occurs at 1 atm.
It is often incorrectly referred to as “freezing” temperature, but the ice formation
without any foreign substances, so-called homogeneous ice nucleation, is not
happening spontaneously at 0 °C or temperatures that are near 0 °C. In fact, true
homogeneous nucleation is postulated to occur only at temperatures about -38 °C,"
2 and this difference between freezing temperature and melting temperature is
referred to as thermal hysteresis (TH). Freezing of droplets of pure water is
entropically disfavored event that requires the formation of ice nuclei.** Once the
ice nuclei size reach to a critical size, they become thermodynamically stable and
ice growing becomes spontaneous. The critical size of the ice nuclei of
homogeneous nucleation is temperature dependent and postulated to be inversely
proportional to temperature; the critical radius of ice is around 9 nm at -10 °C, and
around 2 nm at -38 °C.°

Since the homogeneous ice nucleation is a stochastic process, nucleation
event is a time and volume dependent event with fixed probability of occurrence.
This probability value is referred to as a nucleation rate and the principal parameter
is temperature. This leads to the two observations; freezing temperature

dependence on the water volume at a constant cooling rate, and freezing time



dependence on the volume at a fixed temperature. Bigg and co-workers first
reported that the mean freezing temperature shows linear dependence on the
logarithm of droplets volume, for example mean freezing temperature of diameter
of 10 um droplets is -37.5 °C, that of 1 mm droplets is -23.8 °C, and that of 10 cm
droplets is -10 °C.° Leisner and co-worker observed that the droplets of two
different radii (49 and 19 um) showed different freezing rate (1.35 s™ and 8.2x10
s respectively) at a constant temperature (-35 °C).” This observation is in a good
agreement with the volume-nucleation rate theory; freezing rate is proportional to
the droplet volume.* ® Mason and co-worker showed the volume dependent
freezing temperature at the constant cooling rate, which gives -35.3 °C for droplets
of 100 um diameter and -41.2 °C for droplets of 1 pm diameter.’ One nuclei can be
defined as the minimum amount required for phase transition, therefore the
formation of one nuclei is the rate determining step in transition of all water
molecules into ice.'”

To describe the freezing process, classical nucleation theory has been used
as the most common theory.!! For the homogeneous nucleation to happen, the
formation of an ice embryo is required. The Gibbs free energy required to create
the cluster of water molecules of a critical size (ice embryo) can be described as the

difference between the free energy of a bulk and that of the surface.

4
AGhom = §7Tr3Ag + 4nric



where 7 is the radius of the sphere of nucleus, Ag is the difference in free energy
per unit volume, and o is the surface tension of the interface of the nucleus and
liquid. AG of the homogeneous nucleation at 220 K is calculated to be ~18 kT by
the MD simulation.'?> Because of the energy barrier associated with the surface
energy, homogeneous ice nucleation is not spontaneous until the embryo reaches
to the critical radius.
The rate of nucleation R is expressed as

R = NsZj exp(—AG* /kgT)
where Ng is the number of nucleation sites, Z is the Zeldovich factor, j is the rate
at which molecules attach to the nucleus causing to grow, AG”* is the free energy
cost of forming the critical nucleus, kg is the Boltzmann constant and T is the
absolute temperature.!® This expression for the rate is defined as the number of
nucleus formed per unit volume in unit time, and it is consisted of two factors; the
average number of ice nucleus that have critical size (Ng exp(—AG*/kgT)), and
probability of the ice nuclei with critical size to grow diffusively and complete ice
formation by the incoming water molecules (Zj).

Ice nucleation in nature practically occurs at much higher temperatures due
to the presence of foreign substances. Homogeneous ice nucleation is thus a rare
event and majority of ice formation around us does not occur through a
homogeneous mechanism. To increase the nucleation rate by the substances in

contact with water, surface of some (but not all) foreign substances in contact with



the liquid water can lower the free energy barrier of the nucleation and affect the
number of nucleation sites.'*!'® A general property of such surface is described as
wetting by water and ice. Blohm and co-workers experimented using water-
repellent surface to test the impact of substrate that have low wettabilities.!” They
showed that the low contact angle of the substrate reduced the energy barrier and
probability of forming a single ice nucleus. The wetting factor f is the parameter
that describes how much the foreign surface reduces the energy barrier for the
formation of ice embryo compared to homogeneous nucleation. '8 °
AG = f(8) X AGhom
From the volume of the sphere-cap ice nucleus and change in volume energy AG,

f is derived as follows:*

(2 + cos8)(1 — cosB)?
4

f(6) =

The angle 8 (Figure 1-1) is the contact angle, which is the tangential angle between
the ice embryo on the foreign surface and the liquid water phase, and it has a value
between 0 and 180°. The contact angle is determined from the interfacial energies
by the Young’s equation:

Vst = Yis + Yucoso
The force acting on an ice embryo on INA surface is associated with this contact
angle. Theoretically, when the contact angle on the foreign surface is close to 0°,

nucleation is more promoted.*! For instance the surface that have @ =~25° is about



117 times lower AG compared to that have 6 = ~110°, which results in the higher
nucleation rate.?? The contact angle of homogeneous nucleation is described as
180°, then f(6) becomes 1 so that free energy will be equal to AGy,,,. Contact
angle of the nuclei on the solid surface has been studied by using molecular
dynamic simulations,?? or a direct measurement system on nearly molecular scale,
and the relationship between the observed contact angle and the nucleation rate was
examined.?? While these definitions are important, quantitative validity of the atom-
scale and molecular requirements of the nucleation process are not confirmed. All
molecular scale investigation of heterogeneous nucleation is top-down and they
start from known substances or surface that has been empirically observed to act as
a nucleator. It is not known how to relate the atomic composition of an interface

and its ability to influence the AG to act as ice nucleator.



0=60° Yl

Liquid - |
Vsl X is Ao
A Ice nuclei - ¢

il Liquid -/

o - o
Jal (™0 J* lcenuclei-j

@ =160°

- ) Vo Liquid - |

Figure 1-1. Contact angle of the ice nuclei on an INA surface described by the
young’s equation.

¥ 1s the surface tension for INA surface-liquid, y;; is the surface tension for ice-
water, and y; is the surface tension of ice-INA surface. Three surface tensions y,
Yi1, and y;, are at the equilibrium at the contact angle 6 between the nucleating
phase and the surface. Theoretically the lower the contact angle, the better the
surface ability to promote ice nucleation.

1.2 Ice nucleators
The foreign substances that can induce heterogeneous ice nucleation at
subzero temperatures are specifically called ice nucleating agents (INAs). It is

proposed that the ice-binding surface of the strong nucleators act as a template to



organize water molecules into the ice-like confirmations and form ice embryo. The
relationship between the chemical composition of INA surface and its ability to

induce ice nucleation has been intensively studied.?*
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Figure 1-2. Molecular composition of INA surfaces. (A) Inorganic INA Agl
crystal surface with Ag exposure surface.?® (B) Mineral INA Kaolinite surface.?®
(C) Synthetic polymer INA poly(vinyl) alcohol (PVA).?” (D) Ice nucleating
protein InaZ of P. syringae.”®



1.2.1 Organic and inorganic molecules

A soluble synthetic polymer poly(vinyl) alcohol (PVA) (Figure 1-2C) is
known to have ice-nucleating activity?’, however, the structural resemblance to the
structure of ice is not obvious. MD simulation suggested that PVA is able to
promote ice-nucleation by increasing the nucleation rate of homogeneous
mechanisms.?” Wang and co-workers suggested that by reducing the density of
hydroxyl group on the PVA, ice-nucleating efficiency was improved (23%
reduction of the hydroxyl group resulted in 6 °C higher freezing temperature).*
Also Fukuta and co-workers showed that the organic molecules with high ice
nucleating activity above -5 °C tend to have higher free hydroxyl groups on their
surface. Organic molecules such as steroids in the atmosphere also known to have

ice nucleating activity,>!-?

and it is predicted that natural soils that were rich in
organic molecules were more ice-nucleating active than the soils with less organic
molecules.**

Agl is known to be the best inorganic ice nucleator (Figure 1-2A).3% 3 This
activity is due to the rigid hexagonal wurtzite structure, which matches to the ice
lattice. Patey and co-workers used MD simulation to show that heterogeneous ice
nucleation is observed only on the silver exposed surface, and iodine exposed
surface did not cause ice nucleation.?®

Kaolinite?® 37 (Figure 1-2B) and muscovite*® are known as the best ice

nucleator among minerals. They are both silicate and have low contact angle



between their surface and ice nucleus (from 6° to 12°), whereas for the minerals
that have less activity such as quartz and calcite had higher contact angle (from 25°
to 27°).38 Their activity was proposed to be due to the rigid hexagonal hydroxylated

(001) surface which can act as a template for the formation of ice structure.*

1.2.2 Ice nucleating protein

Known INAs include biological origins (insect,*” *! pollen,**** bacteria,*
59 fungal spore’!, and diatom>?) and surfaces of cells from many kingdoms of life
that is able to initiate ice nucleation at high temperature. The best characterized and
most active biological ice nucleator is a bacterial protein of Pseudomonas syringae
(Figure 1-2D).*: 3% 3% These bacteria encode the INP gene in their genome and
express INP gene product a membrane-bound protein that catalyzes ice formation
at subzero temperatures. P. syringae is proposed to induce frost damage to access
nutrient from plant tissue, and enhance the bacterial pathogenicity.’® It is also
hypothesized that it induces extracellular ice nucleation to increase osmotic
concentration on the extracellular water, which results in out flux of intracellular
water that decreases the freezing temperature of the cells.”” The purification of the
membrane-associated INPs for the structure elucidation has not been successful due
to the tendency of this protein to aggregate.’® >

INP of P. syringae, encoded as inaZ gene, has molecular weight of 120 kDa,

and INPs from different ice nucleating bacteria are homologous.®® Analysis for



identity of P. syringae InaZ protein sequence using BLAST program shows 75.9%
identity with protein of P. fluorescens InaW, 73.0% with Xanthomonas campestris
InaX and, 71.8% with Pa. ananatis (Erwinia herbicola) IceE and all these bacteria
show high ice nucleating activities of -2 to -4 °C (Table 1-1). The protein of P.
syringae is separated into three domains; a central repeating domain that is
consisted of 16-residues repeats (AGYGSTXTAXXXSXLX; X is any amino acid),
an N-terminal domain, and a C-terminal domain (Figure 1-3).°" ® Mutagenesis
study of this INP shows that the deletion which disrupted the periodicity of 16
codons in a repetitive region of the INP decreased the threshold temperature of the
ice nucleation from -3 °C to -6 °C, which suggest that the repetitive region is
responsible for the ice nucleating activity.®> Current MD study predicted that
bacterial INP has B-helical fold®* ® that could interact with water through the
repetitive TXT motif (X is any amino acid). However, there are neither atomic-
resolution structures by experimental studies (X-ray crystallography or NMR) nor
structures available for homology modeling exist.*® It is not clear if any B-helix
with that motif would act as ice nucleator. Molinero and co-workers used the MD
model of INPs, which predicted that the distance between the hydroxyl groups of
the TXT motif match with the basal plane of hexagonal ice structure.”®
Bandyopadhyay and coworkers conducted the MD simulation study of TXT
surfaces, which shows that the hydroxyl groups of threonine on peptide surface

with TXT motifs match to the arrangement of the basal or prism plane of ice.’” This
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simulation also showed that y-methyl and y-hydroxyl groups of Thr are necessary

for the ice formation.

Central repeat domain
Al 71 AGYGSTXTAXXXSKLY |-| AGYGSTXTAXKXSXLX HAGYGSTXTAXXXSXLX |~ e SRS
domain domain

B P. syringae P, fluorescens X. campestris E. herbicola
InaZ Inaw InaX lceE

Identiti

Y| 100% 75.9% 73.0% 71.8%

to InaZ

Protein 1,200 aa 1,210 aa 1,567 aa 1,258 aa

size 118,588 Da 118,881 Da 152,549 Da 125,085 Da

# of
45 49 65 565

repeats

Length 16 16 16 16
182 181 220 154

Central AGYGSNETAGNHSDLI AGYGSTETAGDSSTLT AGYGSTETAGDHSDLI AGYGSTGTAGADSTLV

repeats | AGYGSTGTAGSDSWLY AGYGSTGTSGSDSSIT AGYGSTGTAGSDSSIL AGYGSTOTAGEESSOM

domain AGYGSTQTAGGDSALT AGYGSTGTACSDSSLT AGYGSTQTAAGRSTLT AGYGSTQTGMKGSDLT
AGYGSTQTAREGSNLT AGYGSTQTAGGDSSLT AGYGSTQTAQEGSRLT AGYGSTGTAGDDSSLI
AGYGSTGTAGSDSSLI AGYGSTOTAQVGSNLT SGYGSTATSGSDSAVI AGYGSTOTAGEDSSLT
AGYGSTQTSGGDSSLT AGYGSTGTAGPDSSLI SGYGSTQTAGSESSLT AGYGSTQTAQKGSDLT
AGYGSTOTAQEGSNLT AGYGSTOTAGGESSLT AGYGSTQTARKGSDIT AGYGSTGTAGADSSLI
AGYGSTGTAGSDSSLI AGYGSTOTAQVGSDLT AGYGSTGTAGSDSALL AGYGSTOTAGEESTOT
AGYGSTQTSGGDSSLT AGYGSTGTAGSDSSLI AGYGSTQTAGSESSLT AGYGSTQTAQKGSDLT

Figure 1-3. Consensus repeat of ice nucleating protein from bacteria.
(A) Domain structure in ice nucleating protein. (B) Ice nucleating proteins that have
highest identity with InaZ from P. syringae. The amino acid sequence of central
repeat domain (first nine repeats) are shown. Consensus amino acids
(AGYGSTXTAXXXSXLX; X is any amino acid) are shown in bold.

Although the role of TXT motif appears to be understood, the reverse experiment

providing the necessity and TXT motif (grafting on a non-nucleating protein) has

not been performed. It is also known that the large fraction of ice nucleating protein

is glycosylated. Arellano and co-workers tested the effect of cleavage of different

11



glycans by N-glycosidase, O-glycosidase, and B-galactosidase.’® The result shows
that the cleavage of those sugar residues include galactose, glucosamine, and
mannose leads to the deletion of most active ice nucleating structure (~-4.5 °C).
However, the ice-binding protein studies also showed that hydrogen bonds are
insufficient in explaining the full ice-binding interaction. The actual binding
mechanism might be more complex than only between hydrogen bonding, such as
hydrophobic interactions. Therefore, to date the structure-activity relationship of
INA that induce nucleation at T > -10 °C is not fully understood. The minimum
structural features are difficult to predict and de novo design of protein that has

nucleation ability is not reported.®®
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Table 1-1. The component of the INA and freezing temperature.

. Freezing .
Composition temp. (°C) Technique Reference
Homogeneous - .38 DFA AngelP?
nucleation
Biological nuclei
P. syringae Bacterial protein InaZ -2 DFA Caldwell*?
-2.7 DFA Nishikawa®
P. fluorescens Bacterial protein InaW -2.5 DFA Nishikawa®
P. viridiflava Bacterial protein InaV -5.9 DFA Nishikawa®
Pa. ananatis
(Erwinia Bacteria protein IceA -4.0 DFA Fall™
herbicola)
X campestris pv. Bacterial protein InaX -2.0 DFA Franc”!
translucens
cranefly Tipula . . 40
ivittata Insect protein -8 Glass capillary  Castellino
. DFA, Grothe*?
Birch pollen Pollen surface -18 DSC Koop®
Alder pollen Pollen surface -20 DSC Koop*
Thalassiosira Diatom surface -23 DFA Aller 2
pseudonana
Inorganic nuclei
Silver iodide Agl -3.5 Bulk freezing Vonnegut®
-2.5 Bulk freezing Vonnegut’?
Silver bromide AgBr -8 Bulk freezing Vonnegut®
Copper iodide Cul -2.5 Bulk freezing Vonnegut’
Kaolinite Al14Si4010(OH)g -15  ZINC Kanji*
-27 Optical Bertram?®
microscope
Muscovite KAL(Si;Al)O10(OH,F), 7 Optical Bertram™
microscope
Organic nuclei
PVA [CH.CH(OH)]. -23  DFA Wang**
Long chain alcohol ~ C300H -18 MD simulation ~ Molinero*
Naphthalene SOA  CjoHs -29.5 MD simulation ~ Koop*!
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1.3 Application of Ice-nucleators
The freezing of water impacts the process that determines the Earth’s
climate. Atmospheric glaciation ability at sub-zero temperature plays an important

role in the global hydrological cycle affect precipitation and cloud formation* 7>

74 as well as on the radiative forcing.”” The model simulation from Hoose et al.
showed that the nucleation via dust and soot immersion and contact is the dominant
nucleator in the atmosphere.”® On the other hand, Sands and co-workers showed
that more than 69% of the ice nucleators active at high temperatures > -7 °C and <
-4 °C from the snowfall samples were biological origin.”® Pdschl and co-workers
also confirmed that the rainfall contains more biological particles compared to the
aerosol during dry period.”” Psenner confirmed that the survival of the airborne
microorganisms, which suggests that the ice nucleating bacteria or fungi utilize the
atmospheric process as transportation.’® 7

For the modification of the local climate, INA such as silver iodide is
suggested to be used as the cloud seeding.®’ There exist many examples of cloud
seedings by silver iodide aerosol or potassium iodide from planes or rockets to
promote cloud formation.®! 82 Blestrud and co-workers showed the experimental
evidence that Agl could initiate the cloud formation and induce precipitation on a
mountain surface within a specific target region,®® and avoid precipitation over

designated metropolitan areas. However, the effectiveness of the cloud seeding to

the larger area precipitation is still under discussion.
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The other practical application that emanated from the investigation of ice-
nucleating active bacteria is the use of bacteria to prevent frost injuries. Specifically,
a wild type ice-nucleating bacteria (P. syringae) is known to be plant pathogens
and epiphytic® and can harm the crops by causing frost on the plants at a higher
temperature than usual (~-5 °C).* Ice-minus bacteria, which are the genetically
engineered P. syringae to lack INP expression, can be used to control frost injury
by competition between the wild type and the mutant.® This is the first genetically
modified organism that was released into the environment. The field test was
successful, and result showed that the ice-minus bacteria can effectively prevent
the frost injury. However the use of recombinant bacteria in the field brought
controversy, but also led to the formation of biotechnology policies in the US .58

For the effective use of ice-nucleating protein from P. syringae, the
sterilization method is important. The sterilization by heat denature the INP activity,
on the other hand, the gamma-ray inactivation of the cell can maintain the ice-
nucleating activity and prevents growth of the cells. The sterilized ice nucleating
bacteria P. syringae has been exploited for the commercialized artificial snow
inducer Snomax.%

The lyophilization is a common technique to achieve the better preservation
of the product, and it is extensively used in academia and in pharmaceutical and

food industries.” Increase of the freezing temperature of the sample improves the

efficiency of the lyophilization and product quality.®! The addition of INA such as

15



protein from ice-nucleating active bacteria or Agl promotes lamellar ice crystal
content, which attributes to the faster primary drying rate, but there are probably
situations where the use of heavy metals (Ag) and poorly understood products of
bacterial origin are simply not acceptable as additives.”? Availability of chemically
defined or “organic” additives might find a broader use.

Protein from ice-nucleating active bacteria, Agl, and other nucleators have
been suggested to have potential use in the cryopreservation.”® To achieve better
control of the freezing temperature and efficiency of cooling, since they can provide
the special control of the ice nucleation and ice crystal growth. The major difficulty
is the low biocompatibility or poor characterization of both substances.

There exists investigations of the use of INAs as the adjuvant of the
cryosurgery.”® %> Cryosurgery is a surgical technique that destroys undesired tissue
by causing localized freezing. The proteins that induce ice nucleation at higher
temperature or the compounds that promote needlelike shaped ice crystals can
enhance destruction of cancerous tumors. Introducing nanoparticles such as MgO
into target tissues can increase ice formation and prevent damage in healthy
tissues.”®

These and other the practical applications are limited by the lack of
characterization of INAs, and understanding of the relation between nucleation

temperature and the structure of the INAs. The control of the ice nucleation, growth
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and coarsening involve delicate balance of thermodynamic, kinetic, and rheological

factors and the relation between structure need to be further investigated.

1.4 Current methods to study ice-nucleators

Continuous Flow
Diffusion Chamber

Droplet Freezing Assay
(cryoplate)

Droplet Freezing Assay
(microfluidic droplet)

Droplet Freezing Assay
(emulsion)

Advantage

Disadvantage

In contact
with

Detection

Separation

* Computer-controlled
system
» High-thoughput analysis

» Large chamber size
» Expensive machine

* No contact

» Optical particle counter

* Yes (by size)

Air

b

* Relatively easy setup

= Contact with solid
surface

« Difficulty in temperature
control

« Evaporation

+» Cooling plate

* Depolarization of
backscattered light

* No

HFE 7500

= High-throughput

+ Uniform droplet
generation

» Automated freezing
detection

+ HFE 7500 and
surfactant

« Contact with surfactant

* Depolarization of
backscattered light

*Yes / No
(Depends on systems)

®®®

* Prevent evapolation
* Prevent Wegener-
Bergeron-Findeisen effect

= Droplet coalescing
* Low to medium
throughput

« Silicone / paraffin oil

* Depolarization of
backscattered light
- D8C

* No

Figure 1-4. The available technique to study ice nucleators. Ice nucleating

activity or INA concentration of sample particles are measured.

1.4.1 Microscopic method

For the study of mineral dusts and other environmental INAs, microscopic

techniques have been used. The optical microscopy was used to observe the phase

transition of the particle immersed in droplets.”” This system relies on manual
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observation, and the setup can achieve the cooling to 170 K. Weinbruch and co-
workers used environmental scanning electron microscope (ESEM) to study the

condensation and deposition freezing of Agl.”8

The ice nucleation was investigated
in the observation chamber with increased vapor pressure. Chemical identification
of the ice nuclei is able to be done by ESEM at the same time. Other electron

microscopy study of snow crystals and its mineral nuclei showed that there is no

relationship between crystal forms and the chemical composition of the nuclei.”

1.4.2 Cloud Chambers

Cloud chambers generate cloud-like conditions and nucleate particles
through adiabatic expansion.'% It measures the ice nucleation efficiency of mineral
particles. However, the instruments tend to be large and expensive. They provide

ability to adjust many variables in order to obtain comparable measurement.

1.4.3 Continuous Flow Diffusion Chamber
Continuous Flow Diffusion Chamber (CFDC) was designed by Rogers
(1988) to quantify the concentration of the active ice nucleator in the aerosol

sample,'”!

and it is one of the most commonly used laboratory instrument to
investigate the ice nucleators (Figure 1-5).”7 12 This system uses a temperature

gradient to produce supersaturation of vapor to create immersion freezing

environment of the sample particles flow through the chamber.!®* The formation of
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ice crystals was detected by the depolarization of scattered laser light. There exist
several instruments which modified this systems, and one of the most widely used

system is Zurich Ice Nucleation Chamber (ZINC).!%

1.4.4 Droplets freezing assay

Droplet freezing assay (DFA) have been utilized in the ice nucleation
experiments (Figure 1-4). The measurement of the droplets freezing temperature
on a copper cold stage covered by oil-coated aluminum sheet system has been
commonly used.!% 1% However, when measuring the droplets freezing temperature,
the contact of the droplets with the cooling plate often cause unfavorable ice
nucleation which is not due to the sample ice nucleating activity.'%’

Whitesides and co-workers have been developed the microfluidic
instruments to investigate the ice nucleation temperature of the aqueous droplets
suspended in perfluorinated oil and in contact with perfluoro surfactant.!”® The
microfluidic chip contains flow-focusing droplets generator, cooling chamber and
the optical detection system of the frozen droplets. The benefit of the microfluidic
DFA is that the aqueous sample is encapsulated in the immiscible continuous phase,
prevent the contact with the device wall and act as independent sample container.
Still each droplet is in an extensive contact with the surfactant and perfluoro oil.
Differential scanning calorimetry (DSC) is also used to detect the droplet freezing

temperatures that were generated by the microfluidic device.** ' DSC is a
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thermoanalytical technique which allows a measurement of the amount of heat flow.
The phase transition of the sample can be detected by observing the amount of heat

absorbed or released during such transitions.

1.4.5 Molecular dynamics simulation

Over the past 15 years, molecular dynamics simulations have been used for
the homogeneous ice nucleation study!!® and to determine the effect of the INA
toward ice formation. Moore and co-workers developed a molecular dynamics
simulation to study homogeneous and heterogeneous ice nucleation based on
coarse-grained model of water activity, which employs the intermolecular
interaction between water molecules, or water and different substances.'!!
Molinero and co-workers used this coarse-grained model of water activity to
elucidate the effect of different surfaces, for instance water soluble molecules such
as polysaccharides of pollen and poly(vinyl alcohol) (PVA)* or carbon surfaces''?
on ice crystallization, where both of the substances were found to increase the
freezing temperatures. Pereyra and co-workers have used molecular dynamics
simulations of water to relate the ice embryo size and the nucleation rate of the

heterogeneous nucleation.!'?

Michaelides and co-workers used coarse-grained
model of water activity to study the hydrophobicity and the morphology of the

crystalline surface that promotes ice nucleation, which leads to the conclusion that
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the different crystallographic places of the same surface can alter the ice nucleation
rate and cause up to different face of water.!!*

Another MD simulation study is conducted to the P. syringae protein InaZ
combined with the interface-specific sum frequency generation (SFG) spectroscopy
to show that hydrogen bonding at the water-INA contact imposes structural
ordering on the adjacent water molecules.!!”

MD simulation of ice binding surface is done to observe the hydration
enthalpy and entropy, and it is claimed that the enthalpic interactions are as

important as pre-ordering the water molecules into ice-like conformation.!!'®

1.5 Tools for molecular studies of Ice-binders

The common feature of ice-nucleating and antifreeze proteins is their ability
to interact with water molecules to control the kinetics of water crystallization.
Structures and ice-binding mechanistic of ice-nucleating and antifreeze proteins

65,117 and it is often

have large similarities even though they are opposite in function,
reported that some ice-binding proteins have antifreeze and ice-nucleating property
at the same time.* '8 Davies and co-workers proposed that distinguishing

#3.119 and aggregation. !

difference between them might be the size of the molecules
Lindow and co-workers hypothesized that the minimum mass of functional ice-

nucleating proteins that initiate ice nucleation at -12 to -13 °C is 150 kDa.'?! Santl-

Temkiv and co-workers prepared the truncated version of INP of P. syringae and
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examined the ice nucleating activity.'?? The result suggests that the short version of
the ice nucleating protein does not have efficient ice nucleating activities, even if
they contain the ice-binding surface tandem repeat. Tsuda and co-workers also
generated a recombinant polypeptide corresponding to a truncated P. syringae
protein central repeat sequence Tyr176-Gly273.!2} They observed that the truncated
INP exhibited antifreeze activity instead, for example hexagonal bipyramid ice
crystal shaping, inhibition of ice growth and TH activity. Investigation of the ice-
binding molecules has potential to the structural understanding of the
heterogeneous ice nucleating mechanism and allow engineering of the new class of

ice nucleating molecules.

1.5.1 Splat assay

Splat assay is one of the most accepted methods for assessing ice
recrystallization inhibition (IRI) activity since it was developed by DeVries and co-
workers in 1987.!2* This method measures the size change of the ice grain size over
time. Laybourn-Parry and co-workers proposed a semi-high throughput method of
splat assay named high-throughput AFP protocol (HTAP) by incorporating 96 well
plate.'?® Using this system, they analyzed 866 isolated bacteria and found 187 to

have IRI positive activity.
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1.5.2 Nanoliter osmometer

Osmometer was originally designed to study the osmolarities of biological
sample solutions by measuring the depressions of freezing point. It has been applied
for the thermal hysteresis (TH) activity measurement for ice-binding molecule.
Drori and co-worker combined nanoliter osmometer and computer-controlled
system that was able to achieve highly accurate controlled temperatures and

temperature logging to study the TH activity of the molecules.'?® 1?7

1.5.3 Ice affinity purification

Davies and co-workers invented an affinity based screening method that can
identify or purify molecules that interact with ice.'*® When compared to the other
ice binding activity methods, which measures qualitative ice recrystallization
inhibition (IRI) activities of sample one by one, ice affinity purification offers high-
throughput screening of mixture of ice-binding molecules starting from aqueous
solution of chemical libraries of potentially any size and complexity. In a complex
mixture, affinity purification can separate the molecules that exhibit binding
interaction with ice surface from those that do not by inclusion of ice binding in the
solid ice. This affinity based selection successfully selected the ice-nucleating
bacteria P. syringae and IRI active bacteria Chryseobacterium sp. Cl4. E. coli
without any ice-binding protein was not enriched in the ice fraction.'?® To achieve

the higher throughput of this purification method, thin ice-shell inside the round
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bottom flask'*® or commercially available ice-making machine!*! has been

employed.
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1.6 Thesis overview

In this thesis, I developed a screening system for the discovery of INAs. In
Chapter 1, I described my perspective on the study of ice nucleator studies. I
discussed examples of different type of assays that are able to detect molecules that
influence ice formation. I compared the different techniques and indicated the
challenges in this field.

In Chapter 2, I described Freeze-float selection, that is able to detect the
presence of ice-nucleating substances in droplets and separate them. This system
employs the difference in density between ice (0.916 cm?) and liquid water (0.999
cm?) to identify the ice-nucleation events of the aqueous droplets and separate them
from others. The system uses simple commercial cooling equipment, and
successfully separated the droplets that contained ice nucleator from the droplets
that do not. From the further evaluation of its ability to detect ice nucleators, we
believe that this system could be upgraded to sort the large number of droplets
based on presence of ice-nucleating abilities in these droplets.

In Chapter 3, I improved efficiency and accuracy of the freeze-float
selection system. I automated the generation of droplets by a robotic liquid handling
system Biomek 2000. To expand the screening scale and accommodate a large
number of droplets in one screening experiment, I tested multiple well system in a
controlled rate freezer Asymptote. I observed less thermal delay in metal multiwell

plate in controlled rate freezer compared to polypropylene 96-well plate in the
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commercially available commodity freezer. Those results outline the next steps for
the further design of the higher throughput system for screening and detection of
ice-nucleators.

In Chapter 4, I described a screening platform of the potential ice-binding
glycans that employed ice-shell purification. It incorporated Liquid Glycan Array
(LiGA) technology strategy to discover ice-binding glycans. The genetically
encoded phage library was screened by the ice affinity purification and enriched
glycans were identified by deep sequencing and analysis. The selected glycans were
evaluated the selected glycan’s effect to the ice formation by the validation test.

Lastly, Chapter 5 summarizes the advances and limitations I encountered in
developing the technology described in Chapters 2-4. I outlined future directions to

translate my thesis work into a further investigation for INA screening.
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Chapter 2: Freeze-float selection of Ice nucleator

2.1 Introduction

Water is one of the most abundant substances on the Earth but many aspects
of its behaviour are still poorly understood. It is known that nucleation of ice in
water requires the presence of small molecules, nanoparticles, environmental
contaminants (pollen, dust), biological macromolecules or whole organisms to
induce so-called “heterogeneous” ice nucleation. Homogeneous or spontaneous ice
nucleation is rarely observed and is thought to occur only at temperatures around
-38 °C.! It is hypothesized that a significant fraction of ice-nucleating agents (INAs)
in the atmosphere are biological origin (i.e., glycoproteins embedded in membranes
of bacteria).’® 7 Interestingly, only a few INAs of well-defined chemical structures
are known.%* The motivation of this chapter is to develop technologies that can
accelerate discovery of new INAs of well-defined chemical structures. I believe
that discovery of the broader class of INA has the potential to provide insight into
ice nucleation mechanisms. In turn, understanding the molecular basis and
composition of INAs in environmental samples is critical to our ability to
understand changes in climate due to human activity.!3> Chemically-defined INAs
will also be useful in many fields including the food industry, atmospheric sciences,
production of artificial snow, agriculture, organ preservation, cryobiology and

cryosurgery.'?® Here I describe a system that facilitates screening of a large number
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of substances and their effect on nucleation of ice to facilitate future unsupervised
discovery (i.e., random screening) of INAs.

In this chapter, I developed a screening system that employs the difference
in density between liquid water and ice (0.9998 g/cm? vs. 0.9168 g/cm? at 0 °C) to
identify ice-nucleating agents (INAs) that are encapsulated into droplets of water
suspended in silicone oil of intermediate density (0.939 g/cm?). Droplets of liquid
water stably reside at the interface of the silicone oil and perfluoro oil (1.6658
g/cm®); freezing causes the aqueous droplets to float to the top of the silicone oil
layer. I demonstrated the feasibility of this screening system by using droplets that
contained well-defined ice-nucleator Snomax. The droplets with and without
Snomax froze at different temperatures and separated into two groups in our system.
I tested the screening system to validate samples that have different ice-nucleating
activities. Starting from known ice nucleating active bacteria P. syringae, 1
confirmed that droplets that contain an increasing amount of ice-nucleating bacteria
per droplet exhibited a dose-dependent increase in ice nucleation. When droplets
containing different amounts of P. syringae were separated using a freeze-float
setup, I observed that the droplets that floated at higher temperature contained more
ice nucleating active bacteria. The outlined system, thus, permits simple power-free
separation of droplets that contain effective INA from those that contain weak or
no INA. Such setup can be used as a starting point for development of high-

throughput approaches for discovery of new INAs.
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There exist several approaches to study ice-nucleating activities of INAs in
solutions distributed into arrays of droplets spotted onto a surface, or droplets
suspended in an immiscible liquid. Ideal unsupervised discovery should permit
rapid separation of water droplets that contain INAs from those that do not. The use
of droplets that are suspended in liquid or air minimizes the surface induced
nucleation that could take place in arrays of droplets on a solid surface. Whitesides
and co-workers pioneered the use of microfluidic devices to characterize ice
nucleation in monodisperse aqueous droplets suspended in fluorinated oil that
flowed through a temperature gradient. The authors observed that droplets could be
cooled to the homogeneous nucleation temperature (between -36 and -37.8 °C),!**
and these observations suggested that the effect of the fluorinated oil and
fluorosurfactant on nucleation was minimal. Murray and co-workers also
developed a microfluidic device to study the atmospheric INAs by encapsulating
them into monodisperse droplets and optical recording of droplet freezing on a cold
stage.'”” A monodisperse fluoro oil emulsion has subsequently been adopted by
Toner and co-workers to test nucleation efficiencies of P. syringae-derived
substances (Snomax) in D,O and H,0.!** These reports set an important precedent
for the utility of water/perfluoro oil emulsion for nucleation studies. Unfortunately,
as these microfluidic devices are designed for detection of nucleation events and
not for separation of droplets that exhibit nucleation, they cannot be implemented

directly for selection of new ice-nucleating substances. Development of
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microfluidic techniques for separation of droplets that contain “active” vs. “inactive”
readout is an intense area of research'*® and a focus of several startup companies.'?’
Many strategies for detection and separation of “active” droplet employ complex
optical detection of active droplets coupled to electromagnetic or pneumatic
actuation of flow to induce separation of desired droplets.’® 8 Passive methods for
separation also exist: these are based on trapping of droplets or their repetitive
interaction with pins, walls and other objects in microfluidic channels.!** For
example, Chiu and co-workers developed a microfluidic device which can generate
microdroplets, and subsequently trap the frozen droplets in “pockets” in the
microfluidic channels with higher selectivity for frozen over non-frozen aqueous

droplets.'*

2.2 Experimental Design

We sought to devise a simple system that separates frozen droplets (i.e.,
those with substances that induce ice-nucleation) from a large collection of liquid
droplets on the basis of the difference in density between water and ice. This
screening system should be readily scalable to permit direct separation of ice-
nucleating substances from a vast collection of non-nucleators. The design, in
principle, requires only one functional component: the buoyant liquid layer with a
density intermediate between ice and water that separates ice and water droplets. I

developed and implemented the functional prototype that highlights the basic rules
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of operation and boundary conditions of buoyancy-based separation based on
droplet size, the composition of the surrounding media, cohesion of droplets with
one another, and their adhesion to the surrounding surfaces.

We designed our device to satisfy five criteria. 1) It should be compatible
with approaches that produce droplets of uniform size that can encapsulate tested
substances. Such approaches may include flow-focusing microfluidics, droplet-on-
demand microfluidic systems or mechanically actuated systems (repeater pipettors).
i1) The droplets in the device should be stable during the screening and not merge
on contact upon changes in temperature or upon nucleation of ice. iii) The device
should be compatible with a large number of droplets in order to obtain statistically
significant data, or to screen large number of samples. iv) In early stages of design,
I realized the need for an additional layer of density > 1.3 g/cm?® (referred to as
“cushion phase” below) to prevent the droplets from contacting the bottom surface
of the container; the latter contact causes either ice nucleation, fusion of droplets or
adhesion to the container. v) The device should be compatible with many
temperature control systems. Ideally, it should work with a generic freezer system.
Although cuvettes and a freezer are readily available, a designed bench-top
apparatus with controlled electronic cooling inside an insulated container with

external viewing would be useful for future work.
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2.3 Results and discussion
2.3.1 Establishment of Freeze-float selection system
The core of the experimental design that I developed, shown in Figure 2-

1A, is a separation system which uses the difference in density of ice and liquid

A
° ° <— Frozen aqueous phase

Buoyant layer Density = 0.9167 g/cm?®

Density = 0.94 glcm? I I

Liquid agueous phase

. @ . @ <— Density = 0.9998 g/cm?

“Cushion” layer
Density = 1.67 g/cm?®

Buoyant layer: hexane:chloroform Buoyant layer: silicone oil

“Cushion” layer: HFE-7500 “Cushion” layer: HFE-7500 55

Figure 2-1. The design of freeze-float selection system. (A) Scheme of the freeze-
float selection system. Droplets that contain liquid water remain at the biphasic
interphase between immiscible “cushion layer” and “buoyant layer”. Placing the
system in a freezer and lowering the temperature at a rate of ~ 0.2 — 1.0 °C/min
leads to freezing of droplets; frozen droplets float to the top of the buoyant layer.
(B-C) Images taken during a freeze-float separation experiment employing the
buoyant layers composed of hexane chloroform mixture (B) and silicone oil (C). In
both systems, droplets contained 1 mg/mL Snomax (yellow droplets) froze and
floated at -8 °C, while the droplets that did not contain Snomax (blue droplets) did
not freeze and remained at the bottom of the floating layer until the system was
cooled below -20 °C.
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1A, is a separation system which uses the difference in density of ice and liquid
water. By setting the density of the continuous phase to ~0.95 g/cm?, it is possible
to make a selection system in which frozen droplets with density of ~0.91 g/cm?
float to the top of the oil phase while the non-frozen droplets with density of ~1.00
g/cm’ remain at the bottom of the solution. As an “active phase” of the first
prototype of the system, I used a mixture of the organic phase (hexane : chloroform,
7 : 3) to achieve the desired density. Although it achieved desired separation (Figure
2-1B), I found that the organic phase has several drawbacks such as instability of
the droplets, corrosion of plastic cuvettes, and poor biocompatibility. By thorough
iterative testing of several liquids and matching surfactants, I identified silicone
fluid DM-Fluid-5cs (Shin-Etsu, Akron, OH) as suitable liquid with density near the
temperature of interest (0.95 g/cm? at -3 to -10 °C) optimal for buoyant separation
of ice (0.9167 g/cm?) from water (0.9998 g/cm?) (Figure 2-1C). Guided by the
manufacturer’s suggestions and a previous report by Paegel and co-workers,'*! who
used a similar silicone oil as the stationary phase for water-oil emulsions, I selected
triblockcopolymer silicone emulsifier KF-6017 (Shin-Etsu, Akron, OH) as a
surfactant to stabilize the emulsion. As a “cushion phase”, I used hydrofluoroether
oil HFE-7500 (3M, St. Paul, MN) that has high density compared to other phases
(1.6658 g/cm®). A thin, 2-3 mm layer of this liquid sits at the bottom of the system
to prevent droplets from adhering to the surface of the container (Appendix Al).

HFE-7500 is immiscible with both water and silicone oil (or organic solvents), and
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does not interfere with the screening process. As droplets are buoyantly positioned
on the interface of two layers, position of the aqueous droplet is calculated based
on densities of these liquids (water, silicone oil, HFE-7500) as
Pwater V1 + V2) = PsiticoneV1 + PrreV

where py,qter 1S the density of water, pg;jicone 18 the density of the silicone oil, pyrg
is the density of HFE-7500, V; is the volume of the spherical segment of aqueous
droplet that is submerged in silicone oil, and V, is the volume of the spherical
segment of aqueous droplet that is submerged in HFE-7500. The calculation
indicates that 92% of volume of water droplet should protrude into the bottom of
silicone oil and 8% submerged into HFE-7500 layer.

To show that the setup is compatible with a low-complexity cooling system,
all experiments in this chapter used a commodity chest freezer (Costco #949554)
as cooling system. Placing the cuvette in the freezer induced sufficiently slow
cooling which promoted temporally-controlled freezing and separation of droplets.
The advantage of the freeze-float selection system is the direct comparison of the
ice nucleating activities of the multiple different droplets suspended in the same
cuvette. Excluding the effect of putative convection of the buoyancy layer,
calculated cooling rate of the droplets located in the same cuvette was similar,
within little variability due to the thermal gradient across the cuvette. The
separation of ice nucleator by the droplets, thus, should only be minimally

influenced by the non-linear cooling rate. To measure the freezing temperature,
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three identical freeze-float systems that did not contain any droplets were placed in
the freezer at the same time. Thermometers placed in the empty systems recorded
the temperature during the freeze-float experiment (Figure 2-2 A-B). I note that the
setup would work equally well in more sophisticated, temperature controlled
freezing system.

Figure 2-1 B-C depicts separation of frozen droplets from water droplets in
a freeze-float system made of a 3.5 mL cuvette with 2 mL of “buoyant layer”
(organic phase in Figure 2-1B and silicone oil in Figure 2-1C) and 1 mL HFE-7500.
Water droplets were pipetted directly into the system and the cuvette was placed on
a wet paper to prevent accumulation of static electricity, which was observed to
cause destabilization and fusion of the droplets.'**!** Two 5 uL droplets containing
either (i) the ice nucleator Snomax (1 mg/mL Snomax in MilliQ water) marked by
fluorescein dye or (ii) no nucleator, marked by Coomassie Brilliant Blue. As the
system was cooled, I observed the expected behavior of the droplets: The
fluorescent yellow droplets that contained Snomax froze at -8 °C and floated to the
top of the organic layer. Conversely, the blue Snomax-free droplets did not freeze
at these higher temperatures and remained at the interface of “cushion” and
“buoyant” layers even when the system was cooled to -20 °C. Droplets were stable
for several hours on the interface between the organic phase and the HFE-7500, but

I noticed that prolonged storage of droplets on this interface (>24 hours) led to
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increased cohesion between droplets: frozen droplets floated as clusters rather than

individual droplets.
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Figure 2-2. Thermal gradient of the cuvettes. (A) Inner temperature of three
systems over time. The inter system temperature difference due to the nonuniform
cooling was between 0.2 to 1.0 °C, and all three systems underwent a similar
cooling rate. (B) Illustration of the minor temperature gradient and a temporal delay
(here 3 min) required for the different cuvettes or different locations in the same
cuvette to reach similar temperatures (here: -10.4 °C). (C) Simulation of
temperature diffusion in 1 cm diameter cylindrical vessel with continuous media
with thermal conductivity of silicone oil (0.12 W/m*-°C) in the absence of
convective stirring. The ambient temperature cooling rate was assumed to be -
1 °C/min, and the temperature change in the different position in 1 mm thick plastic
cuvette filled with silicone fluid DM-F-5cs was calculated. Temperature was
calculated at five discrete positions, 0 mm 1 mm, 2 mm, 3 mm, 4 mm, and 5 mm
from the edge of the inner cuvette, the latter representing the center of the cuvette.
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2.3.2. Statistical testing of Freeze-float selection

In a container of 1 cm? footprint geometry, the freeze-float separation
system can readily accommodate up to 50 1 uL droplets at once, for example, 25
droplets with Snomax and 25 without (Figure 2-3). The 50 droplets resided at the
interface of silicone oil and HFE-7500 without coalescence. The inner temperature
of the system was extrapolated from placing thermometers in two droplet-free

cuvettes placed in the vicinity of the test cuvette. Upon cooling, all 25 droplets that
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Figure 2-3. Validation of freeze-float system with INA positive and negative
droplets. (A) Freezing temperature of two groups of droplets, containing either 0.1
mg/mL Snomax in water or water alone. (B) Inner temperature of the freeze-float
system measured as a function of the time.
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contained nucleator floated to the top of the silicone oil, permitting statistical
analysis of nucleation capacity in datasets of modest size (total droplets n = 50,
Figure 2-3A). Characteristic time for droplets to nucleate, freeze and float all the
way to the top of the silicone oil layer (~3 cm path) was 20-30 s (Movie S1). |
observed two statistically separated groups: all the droplets that contained Snomax
floated between 7 and 13 min from the start of the experiment as the temperature
of the system decreased from -5 to -9 °C. The droplets without Snomax did not
exhibit freezing and floating until the temperature decreased below -12 °C (Figure
2-3B). The effect of the cooling rate was evaluated by comparing the freeze-float
selection with higher cooling rate (-0.7 °C/min) and lower cooling rate (-
0.2 °C/min). As the cooling rate was lowered, the larger dispersity of the freezing
temperature was observed. However similar separation resolution was observed at
a both cooling rate (Figure 2-4), which indicated that the effect of the cooling rate
was minimum in this separation experiment. The surfactant prevented the 50
droplets from coalescing and aggregating, and provided stability for the emulsion
during the freeze-float experiment. The droplets floated individually, confirming
no transmission of nucleation events from droplet to droplet. Upon testing of the
various container sizes, I concluded that the small footprint of the container of 1
cm? area was critical for reliable optical monitoring and for maintaining a low
temperature gradient across the container. If necessary, 10 or more containers could

be set up in parallel to accumulate measurements with up to n = 500 data points,
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whereas the use of single container of an equivalent footprint (10 cm?) was less

optimal due to non-uniform cooling of the bulk liquid.
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Figure 2-4. Optimization of the cooling rate. (A) Freezing temperature of two
groups of droplets, containing either 1 mg/mL Snomax in water or water alone
cooled at the rate of -0.7 °C/min. (B) Representative images of freeze-float
separation experiment. Yellow droplets contained Snomax and fluorescein dye,
blue droplets contained aqueous solution of Coomassie Brilliant Blue dye. (C) The
same experiment as (A) conducted with the cooling rate of -0.2 °C/min and (D)
images of the experiment described in (C). In both cases, the groups of droplets that
contained nucleator could be robustly separated from those that did not.
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2.3.3. Freeze-float selection validation testing

To wvalidate the ability of freeze-float selection system to separate
substances that exhibit a continuum of ice-nucleating properties, I used droplets
that contained different concentrations of ice-nucleating bacteria, P. syringae 31R1
(a generous gift from the Lindow laboratory, University of California, Berkeley).

Droplets containing P. syringae solutions at four different concentrations (20,000
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Figure 2-5. Ice-nucleating activity and concentration. Freezing temperatures of
droplets which contain (A) P. syringae and (B) Snomax were measured in n = 25
droplets. The rectangle is centered around population average and its height is 2x
standard deviation.
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Figure 2-6. Validation of freeze-float system with various concentration of INA

droplets. (A) The experimental design of the continuous freeze-float separation

system. The droplets were picked as they floated to the top of the system and were

titered individually. (B) The setup was used to separate 30 droplets containing
either 200, 2,000 or 20,000 CFU/droplet of P. syringae. (C) P. syringae

concentration in the droplets as a function of freezing time. With the exception of
some outliers, concentrations of INA in recovered droplets exhibited a good
correlation with freezing temperatures.
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CFU/droplet, 2,000 CFU/droplet, 200 CFU/droplet, 20 CFU/droplet) spotted onto
a plastic Petri dish exhibited ice-nucleating activity that was dependent on the
concentration of P. syringae (Figure 2-5); same observation was previously
reported by Lindow and co-workers.*> Then I tested a new set of droplets containing
either 120,000 CFU/droplet, 12,000 CFU/droplet, or 1,200 CFU/droplet in the
freeze-float selection screen. The floated droplets were removed from the solution
as they froze and thawed in separate containers, to determine the titer of bacteria
encapsulated in each droplet (Figure 2-6). The titers indicated that droplets that
froze at higher temperatures contained more ice-nucleating bacteria, and those that
froze at lower temperatures contained fewer ice-nucleating bacteria (Figure 2-6
B,C). This observation demonstrated the ability of the freeze-float system to
distinguish between the substances with differences in their relative ice nucleation
capacities. It is intuitively clear that the rate of cooling could influence the selection
process. Gradual cooling (~ -0.2 °C/min) increased the efficiency of the screen
when compared to rapid cooling (~ -0.9 °C/min). Still, even rapid cooling yielded
sorting outcome with acceptable fidelity (Figure 2-7). Reduced sorting fidelity at a
rapid cooling rate likely originated from the ~2 °C temperature gradient across the
cuvettes (Figure 2-2), whereas gradual cooling minimized differences in

temperature between droplets in different locations of the freeze-float setup.
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Figure 2-7. Optimization of the cooling rate with various concentration of INA
droplets. (A) The system was brought from +20 °C to a -20 °C environment and
cooled rapidly (-0.92 °C/min). (B) The system was cooled gradually by submerging
the setup into ethanol/water bath at the rate of 0.21 °C/min. The ethanol/water bath
was continuously stirred during the experiment. Lower cooling rate showed
improved fidelity in separating the droplets with 20,000 ice-nucleating bacteria
(red) from those with 200 bacteria (blue). Based on data described nucleation
temperature as a function of the concentration of bacteria (Figure 2-5), I did not
anticipate separating droplets with either 2,000 CFU/droplet from 20,000 or 2,000
CFU/droplet from 200 CFU/droplet populations, because the confidence interval of
freezing data for sample with 2,000 CFU/droplet overlapped with both 20,000 and
200 CFU/droplet samples.

2.4 Conclusions
A simple suspension of aqueous droplets in a biphasic silicone oil /

perfluoro oil layer is a functional, power-free, density-based screening system for
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identification of INAs. It separates droplets that contain robust ice-nucleators from
substances with a range of nucleatory activity even in a low-cost household chest
freezer that does not allow for control of cooling rate of the system with high
precision. At a density of 50 droplets/cm?, the frozen droplets do not coalesce and
it is possible to separate the encapsulated INA substances by simple collection of
the buoyant droplets. I am currently upgrading the setup to a high-throughput
selection format in 96-well plates. I believe that the freeze-float selection system
described in this communication will enable a wide range of experiments for
studying ice-nucleating agents. With appropriate external or internal calibration, it
also can be used for determination of the freezing temperatures of the solutions of
INAs in droplets.

The freeze float selection works effectively with homogeneously pure
species; still, I foresee the need for further development of the setup to allow
discovery of nucleators from heterogeneous mixtures. Two types of directions will
be required for either INAs that can be amplified (bacteria, environmental phage or
engineered phage-display or bacteria-display systems) vs. INA that cannot be
amplified (inorganic particles). Our reports corroborate the previous finding and
indicate that even potents INAs such as P. syringae bacteria, have to be present in

multiple copies per droplet. I and others previously demonstrated that it is possible

144, 145 142, 143 142, 143, 146

to culture bacteria or phage, or phage-displayed libraries n

200-300 micron droplets and achieve up to 1,000 copies of bacteria or up to
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1,000,000 copies of clonal phage par droplet providing a sufficient concentration
of homogeneous species in each droplet. Thus, if the goal is to isolate ice-nucleating
bacteria from a mixed population or identify a phage that displays ice-nucleating
proteins, the approach will likely require two-steps: (i) separation of the
heterogeneous sample into the droplet-based compartment and culture of these
droplets to yield multiple copies of the clonal bacteria or phage in each droplet
similarly to previous reports;!4% 143- 196 (ij) separation of the droplets after culture
in a freeze-float system in a similar static setup (e.g., a parallel 96-well setup).
Efforts towards such two-step separation are ongoing in our laboratory and will be
presented in the Chapter 3.

Discovery of INA that cannot be amplified will likely benefit from re-
engineering of the geometry of the system to adopt droplets of nanoliter scale. The
current report provides the first critical starting point by outlining the composition
of the liquids and surfactants. Ideally, a static perfluoro oil/silicone oil bilayer can
be replaced by known micro-channel geometries that employ two layers of liquid
and two vertically stacked exit ports.'*” I caution that fluid dynamics in such
heterogeneous vertically stacked layers is known to be rather complex and lead to
complex behaviours such as rotation of the interface that employ viscous and non-
newtonian fluids. Development of a setup for nanoliter droplets and a two-layer

microfluidic-freeze float separation will be considered in a separate report.
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2.5 Experimental procedures

2.5.1 Materials and general information

Fluorescein (#FX325, Matheson Coleman & Bell, Norwood, OH) and
Coomassie Brilliant Blue R-250 (#161-0400, BioRad, Hercules, CA) was used for
the coloring of the droplets. Milli Q water was used for all the droplet freezing
experiments. Snomax was a generous gift from Edmonton Snow Valley Ski Club.
Hexane and chloroform were purchased from Sigma Aldrich (#293253 and
#319988). HFE-7500 was purchased from 3M (St. Paul, MN). Silicone oil DM-
Fluid-5cs and silicone emulsifier KF-6017 were purchased from Shin-Etsu (Akron,
OH). 4.5 mL plastic cuvette for the freeze-float system container was purchased

from Fisher Scientific (#14-386-20).

2.5.2 Freeze-float selection system in organic buoyant layer

3 mL of mixture of the organic phase (hexane:chloroform, 7:3 (v/v)) was
used as the floating layer. To avoid the corrosion of plastic cuvette, I used quartz
cuvette for the container. 1 mg/mL Snomax solution marked by fluorescein dye and
no nucleator, marked by Coomassie Brilliant Blue was prepared for the positive
and negative INA solution. The Freeze-float selection experiment was performed

as described in the section 2.5.4 “Freeze-float selection procedure”.
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2.5.3 Freeze-float selection system in silicone oil buoyant layer

Silicone oil floating layer was prepared by dissolving 1% (v/v) emulsifier
KF-6017 in DM-Fluid-5cs and agitating for 1 hour on a rotator. 200 pL of the
hydrofluoroether oil and 3 mL of the silicone oil layer was placed in 4.5 mL plastic
cuvette. 1 mg/mL Snomax solution marked by fluorescein dye and no nucleator,
marked by Coomassie Brilliant Blue was prepared for the positive and negative
INA solution. The Freeze-float selection experiment was performed as described in

the section 2.5.4 “Freeze-float selection procedure”.

2.5.4 Freeze-float selection procedure

Add 1 pL droplets by pipetting of the sample solution into the floating layer
with a repeat pipettor (Eppendorf, #022260201). The 3.5 mL cuvette can hold up
to 50 droplets without coalescence or adhesion to the walls. Pre-equilibrate a freezer
(Costco #949554, DCF038A1WDB, Danby Products LTD., Guelph Ontario,
Canada) to 0 °C.

Transfer the cuvette into the freezer and start the freezing experiment by
setting the temperature to -20 °C. Record the behavior of the droplets by a digital
camera (Canon EOS Rebel T31 #5169B003) placed inside the freezer (Appendix
A-3). The lid of the freezer remains closed during the experiment and the
illumination of the samples is performed by low-heat LED light sources (Staples,

#19639-000) placed in the freezer. The camera was operated remotely by a
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controlling software EOS Utility 2 (Canon) and images were recorded every 10
seconds. If necessary, the floated droplets can be transferred to a separate container

and used for further analysis.

2.5.5 Monitoring of the temperature of freeze-float system

To record the inner temperature of the freeze-float system and measure the
freezing temperature of the droplets without interfering with the system itself, I
used a proxy method that measured the temperature of several droplet-free cuvettes
placed in the vicinity of the test cuvette during the experiment using digital
thermometer (Traceable, #4371). The droplet-free cuvettes were placed 1 cm away
from the test cuvettes in which the freeze-float experiment was conducted. The
inner temperature of the test cuvette was extrapolated to be within an average and
a standard deviation of temperatures in three reference systems. Figure 2-2 A-B
shows that the temperatures recorded by these reference systems with a standard

deviation of 0.2 - 1.0 °C during a typical cooling cycle.

2.5.6 Thermal gradient simulation calculation

To simulate the inner temperature of the silicone oil freeze-float system
(Figure 2-2C), I used one-dimensional non-stationary heat conduction calculation
in a cylinder model. According to Fourier's law, the equation of one-dimensional

non-stationary heat conduction in cylinder is:
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where a is the thermal diffusivity, and r is the distance from the center. The thermal
diffusivity of DM-F-5cs is 7.10x10® m?%/s, and that of polystyrene is 2.54x107
m?/s. Discretizing time as t = PAt, the distance as r = nAr, allows estimating the
discrete values of T,F, the temperature of the cuvette at a specific time p, and spatial

position n. The discrete form of the above equation can be represented as:
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The temperatures of silicone oil phase in different positions at the different times

were calculated by solving the above equation.

2.5.7 Culture of P. syringae

P. syringae 31R1 was obtained from Lindow laboratory, University of
California, Berkeley. The strain was cultured on agar solid media supplemented
with 2% glycerol at room temperature. The plates with colonies were maintained
at 4 °C up to 1 week. For the individual experiment, one colony was used to
inoculate the LB liquid medium with 2% glycerol and cultured in 14 mL
Polypropylene Round-Bottom Tube (352059, Falcon, NY) shaken at 200 rpm for 2

days at room temperature.
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2.5.8 Validation testing of the Freeze-float selection

As the INA positive solution, varying concentrations (120,000 CFU/droplet,
12,000 CFU/droplet, or 1,200 CFU/droplet) of P. syringae solutions were used. The
P. syringae culture from 2.5.7 was used. This solution was marked by fluorescein
dye. The freezing experiments were conducted in the two different conditions; rapid
cooling at -20 °C environment and slow linear cooling at 0.21 °C/min. 1 pL 10
droplets from each solution were placed in the Freeze-float selection system, and
temperature and droplets freezing behaviour were recorded. System was cooled
down and the floated droplets were removed from the solution as they froze and
thawed in separate 1.5 mL microcentrifuge tube containing 99 pL LB with 2%
glycerol. To determine the titer of bacteria encapsulated in each droplet. The INA
concentration was measured by tittering the P. syringae concentration of the each

droplets.
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Chapter 3: System for achieving enhanced throughput and quality for

Freeze-float selection

3.1 Introduction

In this chapter, I developed the high throughput screening implementation
of freeze-float selection platform system I established in Chapter 2. The goal of this
chapter is to expand the system to higher throughput and accuracy. In the following
sections, I describe the steps for automated droplets generations, adaptation of
freeze-float selection using controlled and uniform temperature cooling system, and
semi-automated droplets detections program.

Previously in Chapter 2, I reported and published a first proof-of-concept
implementation of freeze-float selection system,'*® which was able to identify the
ice-nucleation event in droplets that contained ice-nucleating entities. 1 cm?
geometry cuvette system successfully accommodated up to 50 x 1 uL droplets at
once and separated the samples that have ice-nucleating activity from those do not.
However, due to the low thermal conductivity of the silicone oil, it was not possible
to increase the footprint of the container and accommodate a larger number of
droplets without introducing a significant thermal lag (Figure 2-2B). The
throughput could be increased by setting up multiple cuvettes in parallel, but setting
up more than 5-10 cuvettes in the same freezer system was difficult, and again,

resulted in non-uniform results; for example, in setting up 10 cuvettes at the same
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time, we observed a difference of a few degrees’ between cuvettes. To improve the
uniformity of the temperature among multiple cuvettes, the system requires the
good heat conductor between cuvettes.

High throughput screening (HTS) in multi-well plates miniaturization and
automation of biochemical assays is well-established method to enable a large
number of parallel measurements. HTS has been developed originally for drug
discovery in the laboratory or pharmaceutical industry to screen the increasing
number of potential targets and therapeutic compound libraries.'*"!>? The transition
from the low-throughput assay to the HTS results in highly efficient and integrated
system, which includes the shortened screening time, reduced amount of sample
and reagent, and lower costs of the overall process. Miniaturization using 3456-
well microtiter plate made it possible to carry out more than 100,000 assays per day
and volume of less than 5 pL.'>* !'>* Combination of the automated liquid
dispensing and plate handling robotics enabled even higher throughput and
reproducibility while the increasing number of assays.!*> 1°® To process the large
data sets associated with the HTS, robust signal detection and statistical analysis
systems have also been developed.'>’

Droplets-based assays represent another form of high-throughput assay. It
offers the advantage of chemical and physical compartmentalization to avoid cross-
contamination of the samples by segmenting the uniform droplets by the

immiscible carrier fluid. Successful examples of the droplet microfluidic assays
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such as crystallization study'°° or single cell screening of enzyme production
reported a million fold reduction of reagent consumption and 300-folds increase in
throughput when compared to the HTS-multiwell assays. Droplet-based assays
have also been employed to measure tens of thousands ice nucleation events at one
experiment.'?”- 1% Microfluidic droplet based cell and virion counting techniques
are also reported.!'®® Droplet based analysis became a commercial success in digital

)61 and single-cell genomics.'> ' This

polymerase chain reaction (dPCR
technology successfully increased the sensitivity of the absolute nucleic acid
quantification by compartmentalizing the individual DNA molecule into uniform
droplets. When compared to HTS plate-based assays, the drawback of droplet

systems is difficult in measuring a large number of droplets of arbitrary

compositions.

3.2 Experimental Design

In this chapter, we aimed to improve previously published system to add
functional advantages, such as; a) increased efficiency of the screening with fewer
manipulation steps; b) increased accuracy of measurement due to the increased
sample size; c) increased uniformity of temperature distribution by incorporating
the controlled-rate freezer. In the following sections, we describe the steps for

automated droplets generations, freeze-float system adaptations using controlled
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and uniform temperature cooling system, and semi-automated droplets detection
program.

Preparation of polydisperse silicone oil emulsions by simple mixing have
been used in biochemical applications.'®* Despite the ease of manufacturing,
polydispersity is detrimental in ice-nucleation studies because the freezing
temperature is directly proportional to the logarithm of droplets diameter.® The
polydispersity of the droplets can directly influence the accuracy of the freezing
measurement. Swanson and co-worker observed that the droplet diameter and
homogeneous freezing temperature can be expressed as

y =In(x) — 26.8

where y is nucleation temperature and x is droplet radius.® This approximation will
lead to 2.3 °C difference of mean freezing temperature between the 1 mm diameter
and 0.1 mm diameter droplets. Microfluidics can produce uniform droplets but
interfacing of microfluidics and microtiter well plates used in HTS is not obvious
and not trivial. Based on this knowledge, we produced uniform size droplets via the
commercially available automated pipetting system and confirmed the
monodispersity by image analysis.

To obtain the reliable freezing temperature, sample number is also
important. Confidence interval of the freezing temperature of droplets was
calculated via the formula:

n ~ (2k/CI?s?
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n is the sample number, k is the value for desired confidence level (1.96 for 95%
confidence), CI is the confidence interval, and s is the standard deviation of the
outcome of interest. From the obtained value, we concluded that more than 30
droplets sample is sufficient to observe the reliable freezing temperature.

I introduced the robotic liquid transfer system Biomek® 3000 (Beckman
Coulter, Indianapolis, IN) to enable the automated parallel generation of droplets
in wells of a multi-well plate. Biomek 3000 replaced manual generation of droplets
by repeat pipetting employed in our previous report. This robotic system provides
liquid handling operations with a spatial positioning ability compatible with many
multi-well plate geometries. Simple modification to the Biomek program allowed
changing the parameters of droplets generation including droplets number or
droplets size.

From the prior study, the droplet freezing is hypothesized to be a random
nucleation process which can be accelerated in the presence of ice nucleators. Due
to the stochastic freezing behavior, the freezing spectra in droplet freezing assays
usually shows inherent distributions, which results in a spread of the freezing
temperature among droplets even when all the droplets have identical size and
contain the same number of the INA species.!® This dispersion makes it difficult
to determine the ice nucleating temperature from a small number of samples. By
expanding the size of the assay vessel from a 1 cm? footprint cuvette that contains

up to 50 droplets to the 48 cryovials that can contain up to 40 droplets (40 droplets
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X 48 vials = 1920 droplets), the throughput can be increased by the factor of 38.
The cooling setup employed the metal cooling plate and sample holder to achieve
the homogeneous cooling through the vial to vial.

Wills and co-workers have reported that the droplet freezing assays with
cooling rates from 0.8 to 10 K/min produced nucleation rates fit in a single line,'
which suggested that the difference in cooling rate had minimum effect on the
nucleation rate coefficients. However linear cooling rate is important for the droplet
freezing assay in the stochastic model of heterogeneous nucleation measurement. '
Based on this report, we conducted the freeze-float experiment incorporating a
constant rate freezer Asymptote VIA freezer. This commercially available
instrument affords a constant rate cooling with high precision down to -0.5 °C/min.

We equipped this bench-top instrument with custom-made glass lid to enable

automated image recording by generic digital camera.

3.3 Results and Discussion
3.3.1 Automated droplets generation

To implement the freeze-float selection at the higher throughput scale, we
first tested the 96 deep well plate which is compatible with the robotic liquid
handling machine Biomek 3000 (Figure 3-1 A-B). We used the same silicone oil
buoyant layer with 1% silicone surfactant system and HFE-7500 cushion layer as

we used in the previous publication.
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We dispensed 30 x 1 pL droplets into the silicone oil layer of 96 deep well
plate using Biomek 3000. At a standard dispensing rate 1 droplet per 2 seconds, a
pipetting arm successfully generated 40 uniform droplets in 96 wells (up to ~3800
droplets at once) in ~15 minutes. The rate can be further accelerated by using a
multi-head dispenser.

Uniform volume is the key for quantitative detection of ice-nucleation
events. To assess the droplets dispersity, we prepared the 60 1 pL droplets with
fluorescein dye by the Biomek 3000 in the silicone oil in the 12 well plate filled
with silicone oil and acquired the fluorescent image by ChemiDoc MP (Bio-Rad,
CA) (Figure 3-1C). The droplet diameters were measured by using Matlab
automated circle detection program Droplet Dispersion.m (Appendix B-11). This
program detects the circles in image in an automated manner and analyze the
diameter of each droplets. The polydispersity of the 60 droplets defined as standard
deviation of the radii of the droplets (here 2.86x107) divided by the mean radius
(here 3.10x10* m) was 9.2%, which indicated that the droplets generated by the
robotic system have sufficiently uniform volume (Figure 3-1 D-E). Swanson and
co-worker observed that the droplet diameter and homogeneous freezing
temperature can be expressed as

y = In(x) — 26.8
where y is nucleation temperature and x is droplet radius.® Based on the standard

deviation of the radii of the droplets, we calculated the temperature error from the .®
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we expected no more than £0.09 °C dispersion in the measurement of the nucleation
temperature.

We took several precautions to eliminate droplets coalescence. To avoid
contact with the plastic wall which can cause the droplets destabilization, the HFE-
7500 was always placed at the bottom of the system as a cushion layer. The static
electricity of the Biomek 3000 which could cause coalescence of the droplets was
removed by using Auto-set lon Pump (#19500, Charles Water, MA). This machine
is bench-top equipment that discharges static potential accumulation caused by the
Biomek 3000 operation. Also when we move the droplet system, wet filter paper

was placed below the plastic plate to minimize the accumulation of static electricity.
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Figure 3-1. Automated droplets generation system using Biomek 3000. (A) Digital
imaging of the automatic droplet generation. 1 pL droplets were dispensed into the
deep wells by the repeat pipetting. (B) Overview of the droplets generation machine.
(C) Fluorescent imaging of the droplets. (D) Droplet detection system by Matlab.
(E) Histogram of estimated droplets size. The droplets’ polydispersity was 9.3%.
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Figure 3-2. Thermal gradient in Biomek 3000 deep well system. (A) and (B) show
the freezing temperature dispersion on constant temperature cooling at -28 °C in
different position of the deep well, and (C) and (D) show the linear cooling at -
0.25 °C/min in different position of the deep well. Freezing temperatures of 1
mg/mL Snomax droplets were measured over time.

I conducted freeze-float validation experiment of the system implementing

Biomek 3000. The Biomek 3000 successfully prepared 30 aqueous droplets with 1

mg/mL Snomax colored with yellow fluorescein dye in a 96 deep well system. |

placed this system in the commodity freezer employed in the previous chapter, and

recorded the droplets freezing and floating behaviour (Figure 3-2). The INA
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droplets showed droplet freezing behaviour with a good agreement with the
previous report.

We used Python script KStest.ipynb (Appendix B-13) to compare the
freezing temperature distribution of droplets from two different samples. Briefly,
this script compares cumulative distributions of the freezing temperature from two
samples and calculate the p-value using Kolmogorov-Smirnov test to show if the
freezing temperature profile of the two samples are drawn from the same
distributions.

To achieve the high throughput screening, it is necessary to establish the
multi-well platform that can give uniform cooling through all wells in a plate.
However, due to the low thermal conductivity of the silicone oil and geometry of
the 96 deep well plate, it was difficult to avoid the cell to cell thermal gradient. The
freezing temperature in cells in the same deep well plate showed p-value of 4.4x10"
7 at constant temperature -28 °C generic freezer (Figure 3-3). The thermal gradient
was decreased (p = 0.31) with linear cooling (-0.25 °C/min) compared to the
constant temperature cooling, however it significantly increased the range of
freezing time, and mean freezing time between the cells were different (47.4 and
50.6 min). I concluded that using these 96 deep well plate approaches as the

screening platform is not a promising path.
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Figure 3-3. Comparison of droplet freezing temperature dispersions by

Kolmogorov-Smirnov test.

These results show the comparison of the cells in different position. Commodity
freezer system with constant temperature (at -27 °C) was used. Both used 1

mg/mL Snomax droplets.
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Figure 3-3. (Cont.) Comparison of droplet freezing temperature dispersions by
Kolmogorov-Smirnov test. These results show the comparison of the cells in
different position. Commodity freezer system with linear cooling (-0.25 °C/min)
was used. Both used 1 mg/mL Snomax droplets.
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3.3.2 Asymptote VIA freezer

To achieve the constant rate cooling of the freeze-float system and better
uniformity of the cell to cell temperature, I employed VIA Freeze™ Research
controlled rate freezer (Asymptote, Cambridge, UK). The freezer successfully
provided high accuracy control of the cooling temperature and accommodate up to
48x1 mL cryovials in an instrument-specific metal holder.

Each cryovial contained 50 uL. of HFE-7500 at the bottom of the cryovial
as a cushion layer, 1 mL silicone oil with 1% surfactant floating layer, and 20
aqueous droplets with 1 mg/mL Snomax marked with fluorescein, and 20 droplets
of INA free milli Q water marked with Coomassie Brilliant Blue dye. Similar to
the previous observations, the droplets with INA froze at -7.1 £0.59 °C and droplets
without INA did not freeze until the temperature reached to -12.3 °C in the
Asymptote freezer (Figure 3-4). This observation suggested that the controlled
cooling rate provided better detection of INA compared to the freeze-float selection
in a commodity freezer system (mean temperature -7.5 £0.97 °C).

To evaluate the uniformity of the cooling between cells at different positions,
we compared the temperature at which 1 g/mL Snomax droplets froze in Asymptote
controlled rate freezer system and 96 deep well in generic freezer. We used python
script KStest.ipynb (Appendix B-13) to compare the freezing temperature
distributions. We observed well to well variability and inter-well dispersion in the

freezing time in the 96 deep well system (p = 0.31, standard deviation 1.6), whereas
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the distribution of freezing of droplets in Asymptote freezer (Figure 3-5) showed
less difference of well to well freezing temperature (p = 0.83, standard deviation

0.73) and overall 36% lower dispersion (Figure 3-6).
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Figure 3-4. Thermal gradient in Asymptote system. (A-B) Asymptote constant-rate
freezer with cooling rate at -0.5 °C/min in different position and (C-D) 96 deep well
system with cooling rate at -0.25 °C/min in different position as a reference.
Freezing temperatures of two groups of droplets, containing either 1 mg/mL
Snomax in water or water alone, were measured over time.

66



Asy 1 vs Asy 2

<o
o

o
”

©
'S

Frequency
o
w

0.2
01
0.0 T r T
6.0 6.5 7.0 7.5 8.0
Temperature (-°C)
0.6
0.5

o
~

Frequency
o o
N w

o
=

| .

o
o

5.0 55 6.0 6.5 7.0 7.5 8.0
Temperature (-°C)

Cumulative frequency

Cumulative frequency

1.0 1

0.8 4

0.6

0.4

0.2 1

0.0

6.5

7.0 7.5 8.0
Temperature (-°C)

8.5

1.0

0.8 1

0.6 1

0.4 1

0.2 1

0.0

6.0

6.5 7.0 7.5
Temperature {-°C)

Ks_2sampResult(statistic=0.182, pvalue=0.831)

Frequency

50 55 60 65 70 75 8.0
Temperature (-°C)

Cumulative frequency

8.0

1.01

0.8 -

0.6 -

0.4 4

0.2 1

0.0

6.0

65 70 75 8.0
Temperature (-°C)

Figure 3-5. Comparison of droplet freezing temperature dispersions by

Kolmogorov-Smirnov test.

8.5

These results show the comparison of the cells in different position cooled with
Asymptote freezer (cooling rate -0.5 °C/min). Both used 1 mg/mL Snomax droplets.
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Figure 3-5. (Cont.) Comparison of droplet freezing temperature dispersions by
Kolmogorov-Smirnov test.
These results show the comparison of the deep well cells in different position
cooled with commodity freezer system (linear cooling at -0.25 °C/min). Both used
1 mg/mL Snomax droplets.
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Figure 3-6. Droplet freezing temperatures of serial dilution of INA solution.
Freeze-float selection system was cooled either (A, B) Asymptote freezing system
or (C, D) generic freezer system.

3.4 Conclusion

To increase the efficiency and accuracy of the freeze-float system from
Chapter 2, we employed the automated droplets dispensing system and controlled
rate freezer. By using Biomek 3000 liquid handling system, theoretically generates
up to ~3800 uniform 1 pL droplets in the 96 well plate freeze-float system. The
droplets generated by this system and contained INA showed similar freezing and
floating behaviour to the experiment I conducted in the previous chapter, which

indicates that this system can be implemented to the high throughput freeze-float

69




system. However, when the system needs to be transferred certain distance, for
example from one laboratory to another, the droplet stability was not sufficient and
static electricity caused by frictions caused coalescing. Due to this problem, it was
not successful to combine the droplets generation system.

Next, we implemented the controlled-rate Asymptote freezer system to
enlarge the capacity of the droplets and improve the accuracy of the system. The
cell to cell thermal delay was improved by the constant linear cooling (from p =
44x107 to p = 0.31). To confirm the accuracy of the screening system, the
detection threshold of the INA concentration was investigated. At the threshold
concentration, controlled-rate cooling system showed better differentiation
accuracies (p = 4.4x1077) compared to the commodity freezer (p = 0.83).

The throughput of the described droplet-based screening enables 50
different samples, measuring 40 droplets each. When combined with automated
liquid handling, in principle, this system is suitable for medium throughput, high
confidence measurement of 100-1000 unique chemical compositions or
concentrations. While the unbiased discovery of INAs from a large chemical library
remains a challenge in this setup alone, it can serve as a robust validation step for
novel putative INA compositions emanating from large-scale genetically-encoded

screens.
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3.5 Experimental Procedures

3.5.1 Materials and general information

Fluorescein (#FX325, Matheson Coleman & Bell, Norwood, OH) and
Coomassie Brilliant Blue R-250 (#161-0400, BioRad, Hercules, CA) was used for
the coloring of the droplets. Milli Q water was used for all the droplet freezing
experiments. Snomax "™ was a generous gift from Edmonton Snow Valley Ski Club.
HFE-7500 was purchased from 3M (St. Paul, MN). Silicone oil DM-Fluid-5cs and
silicone emulsifier KF-6017 were purchased from Shin-Etsu (Akron, OH). 96
deepwell plates were purchased from Eppendorf (#951033405, Germany).

Cryovials were purchased from Nalgene (#5000-0012, Rochester, NY).

3.5.2 Automated droplets generation and droplet dispersion measurement

The sample solution of was placed in one of the wells of deep well plate.
The silicone oil layer was prepared by dissolving 1% of (v/v) emulsifier KF-6017
in DM-Fluid-5¢s (both from Shin-Etsu, Akron, OH). The silicone oil layer was
agitated for 1 hour on a rotator.

The droplets generation was carried out by using the Beckman Biomek 3000.
The operation program directing the Biomek 3000 was written in Biomek software
version 3.3.14. Biomek was programed to suspend 1 pL droplets by aspirating 35
pL of the sample solution, and dispensing of 1 pL was dispensed in the air. The

pipette tip was submerged into the silicone oil layer and retracted. As the pipette
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tip was removed from the surface, 1 uL droplet was dispensed in the silicone oil. 1
pL of the solution was dispensed again for the next droplets. This procedure was
repeated to produce multiple droplets.

To test the droplet dispersity, the experiment was carried out in 12 well cell
culture plate (#3513, costar). 100 pg/mL fluorescein solution was used to generate
and image the droplets. 3.8 mL silicone oil with 1% surfactant was placed in the
well, and 30 droplets per well were placed in the well plate by the procedure
described above. The droplet was imaged via ChemiDoc MP, and droplets size and
dispersion were confirmed by the image analysis by custom Matlab script
Droplet Dispersion.m (Appendix B11). The Matlab script Droplet Dispersion.m
utilize the circular object detection tool implemented in Matlab to identify droplets
in the image. The polydispersity of the droplets generated by Biomek system was

calculated from the diameter of the detected droplets.

3.5.3 Asymptote VIA Freezer Freeze-float system

I'slowly added 50 pL of the HFE-7500 to the 1 mL cryovials. I added 1 mL
of silicone phase to the cuvette. I placed the cryovials in a metal sample holder, and
put a wet paper on the metal sample holder to minimize the accumulation of static
electricity in the system to prevent coalescence of droplets. I prepared the sample
solution of I mg/mL Snomax. Add 1 uL droplets by pipetting of the sample solution

into the floating layer with a repeat pipettor. The 1 mL cryovial can hold up to 40
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droplets without coalescence or adhesion to the walls. I placed the metal sample
holder on a cryoplate inside the freezer.

The system was cooled in the Asymptote VIA freezer with a programmed
cooling rate. First, the system was cooled to 0 °C in -2 °C/min cooling rate, then
the system was held at 0 °C for 10 min to equilibrate the temperature. Then the
temperature was cooled by 0.5 °C/min and the program run until the experiment
was completed (~ -25 °C). The droplets freezing behaviour was recorded from the
top of the freezer through a house-made glass lid by a digital camera (Canon EOS
Rebel T3i #5169B003). The camera was operated remotely by a controlling
software EOS Utility 2 (Canon) and images were recorded every 5 seconds.

Droplets counting is done with the assistant of the Matlab script available
in (Appendix B12). This script utilizes the selection of the region of interest (ROI)
and automated circle detection system, and then plot the frozen fraction
automatically. This is the interactive program so the final decision making of

droplet recognition is done manually so that it could achieve better accuracy.
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Chapter 4: Selection of the Ice-binding Glycans using Genetically Encoded
Fragment-based Discovery by Ice Affinity Purification

4.1 Introduction

In this chapter, I investigated the feasibility of screening for ice-binding
glycans using a combination of “Ice-shell Purification” technology'® developed by
Peter Davies laboratory and “Liquid Glycan Array (LiGA)”, a genetically-encoded
glycan library developed in Derda lab.

The ice-shell purification system was shown to be effective in enriching
molecules with ice-binding capacity in the ice and excluding non-binders in an
unfrozen supernatant. This system, theoretically, can be adopted to screen any type,
of molecular mixtures. It can successfully enrich ice-binding proteins from a

complex cell lysate,!?% 167-169

and screen the molecules or organisms that display
molecules that have ice-affinity.'> We hypothesized that in vitro selection of phage
displayed libraries can identify phage clones with affinity towards ice surface and
allow the discovery of ice-binding molecules from a large chemical library.

I71-173 and carbohydrates*® bind to the ice

Some proteins'’’, glycoproteins
surface and either promote or inhibit ice growth, and the difference in functions
might arise from their sizes, which are large in INPs and small in AFPs.'!®- 120 To
date, a variety of ice-binding biomolecules have been isolated from different

organisms (at least seven bacteria)*>°. The ice-nucleating protein (INP) of P.

syringae 1s known to be mannosylated on asparagine residues via N-glycan bond.
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These mannose residues on the glycan are decorated by phosphatidylinositol and
the additional glycan residues are attached to INP via O-glycan linkages to serine
and threonine.’® The cleavage of the glycans by N- and O-glycosidase, a.- and B-
mannosidase, and [3-galactosidase resulted in the deletion of ice-nucleating
activities. This observation indicates that the glycans may play a major role in the
ability of the INP to bind to the ice surface and induce the ice nucleation process.'”*
However, the role of the structure, density presentation of the glycan and the
location of its attachment to the INP is not fully understood. To study structure-
activity relationship between glycosylation and ice nucleation is not trivial in the
context of INP on the surface of P. syringae because such SAR requires a toolbox
that could precisely control glycosylation in a specific protein of P. syringae. To
the best of our knowledge, no tools are available to control any glycosyltransferases
in this organism. Heterologous expression of INP in E. coli is feasible, however
cloning of INP in E. coli results in protein with no glycosylation and no ice
nucleating ability. We reasoned that selection of glycoconjugates with affinity
towards ice-surface would not only give rise to new ice-nucleating or antifreeze
molecules but also provide new insight into the mechanism of interaction between
glycoconjugates and ice.

High-throughput investigation of glycan interaction with glycan binding
targets is commonly performed via glycan array technology, however, it is not

obvious how the ice-glycan interaction can be investigated by the immobilized

76



glycan array. As alternative, I employed soluble version of glycan array, “Liquid
Glycan Array (LiGA)” composed of chemically glycosylated M13 phage (Figure
4-1 A-B). Both composition and density of the glycan are genetically-encoded in
DNA of the phage.!”® Each carbohydrate is attached to phage by reaction between
anomeric azidoalkyl linker and dibenzocyclooctyne-modified N-terminus of pVIII
protein of M13 phage. Compared to conventional glycan array that is immobilized
on a solid support, LiGA can be subjected to affinity capture and pulldown studies
to allow investigation of binding between the glycans and glycan binding entities
in vitro and in vivo. The “fluid” composition of LiGA makes it compatible with the
investigation of binding toward ice-surface using ice affinity purification and offers

potential to provide insight into the recognition of ice by glycans.

4.2 Experimental design

Previously, I investigated the ice-nucleator by the direct measurement of
ice-nucleating activities. In this chapter, I approached the discovery of the ice-
nucleator by screening of the phage-displayed glycans for their affinity towards ice.
If such phage displaying glycans are identified, a subset of them may exhibit ice
nucleation properties.

To enable identification of ice-binding glycans, we tested a protocol that
employs one round selection of LiGA by affinity purification toward ice surface,

followed by Illumina sequencing of the phage trapped in ice and remaining in
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supernatant (Figure 4-1C). Analysis of the sequencing data identified the top 7
glycans that had high enrichment in the ice phase compared to liquid phase. I further
validated this discovery platform by the screening results using reporter phages

chemically modified with glycans identified by LiGA screening.
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Figure 4-1. Ice-shell purification strategy. (A) Chemical modifications of coat
protein pVIIl of MI13 phage. (B) Sequence of pVIII protein and a two-step
modification by dibenzocyclooctyne N-hydroxysucciniimide (DBCO-HNS) linker,
and ligation of azido glycan. (C) Scheme of ice-shell purification of LiGA. The
LiGA sample purified by the ice affinity purification was analyzed by deep
sequencing of phage genome to identify the enriched glycans.
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4.3 Results and Discussion

4.3.1 Validation of Ice shell screening

To validate the feasibility of the ice-shell purification as the ice-binder
screening system, we used fusion protein of antifreeze protein (eGFP-type III
AFP)!7¢ with confirmed ice-binding activity at a concentration of 29 pg/mL AFP-
GFP in the 20 mL of sea salt solution. It is reported that presence of ions from salt
solution significantly modify the H-bond properties of ice.'”” We used sea salt
solution to maintain the AFP solution environment to be close to the AFP in the
nature environment. We coated the round-bottom flask wall with ice formed from
~1 mL of Milli Q water. The ice phase and liquid sea salt solution were equilibrated
in the ice-water bath at -3.5 °C. At this temperature, the ice grows slowly results in
incorporation of 10 mL of solution in the ice phase over 30 min. We purified 20
mL AFP-GFP solution with two round ice-shell purification method and obtained
~50% ice and ~50% liquid fractions. The AFP-GFP concentration was obtained
from the fluorescein measurement. After the first round, the ice fraction was thawed
and used for the second round. Same as the first round, the thawed ice fraction (~10
mL) was added in the round-bottom flask that contains thin ice layer, and separated
into the ~50% ice and ~50% liquid fractions. The AFP concentrations throughout
two rounds of purification were obtained from the fluorescent intensity of the GFP.
Normalized intensity (Figure 4-2B) was calculated as the following equation.

Normalized intensity = F X Fippye X Vinpue/ (Fl-ce Vice + Fiiq Vliq)
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where F is the fluorescence intensity of the output, Fip,,,; is the fluorescence
intensity of the input solution, Vi, 1s the volume of the input solution, Fj., is the
fluorescence intensity of the output ice solution, , V;.. is the volume of the ice
fraction, F;, is the fluorescence intensity of the output liquid solution, Vj;, is the
volume of the liquid fraction.

I confirmed that two consecutive purification increased the protein
concentrations in the ice phase when compared to the liquid phase by 69% and 90%
respectively (Figure 4-2). We noted the decrease of the total GFP fluorescence
during experiment indicating either a loss of total protein or loss of active
fluorescent form of protein (e.g. due to unfolding of GFP after trapping in and

releasing from ice).
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Figure 4-2. Ice-shell purification validation test. (A) AFP-GFP concentration in the
sample input and ice, liquid fractions of ice-shell screening were assessed by
measuring the fluorescence of GFP. (B) Fluorescent intensity after normalization.
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4.3.2 Screening assay to select ice-binding carbohydrate

We conducted the affinity purification experiment of LiGA library with 74
different glycan modified phages. The list of glycans is available in Table 4-1. The
amount of the phage in input was 10° PFU in 20 mL of the 40 g/L sea salt water,
which gives the total phage amount sufficient for the DNA amplification in the
downstream PCR process. The solution was separated into ~10 mL ice and liquid
sample.

DNA extraction and PCR of the phage output solution was optimized. Due
to the relatively low concentration of phage in a relatively large sample amount of
liquid, we employed MiniPrep column purification method. Briefly, after the
thawing process of the phage solutions, 1% (v/v) CH3COOH was added to each
solution to precipitate phage. All the phage solutions were loaded onto the column
and phage particles were purified by following the MiniPrep purification protocol.
The extracted DNA is processed to the amplification by PCR and deep sequencing

of the DNA to allow identification of the potential ice-binding glycans.

4.3.3 Analysis of Illumina sequencing

Enrichment of the glycans was determined as the ratio of frequency value
of glycans in the fraction of ice sample and liquid sample from the same ice-shell
experiment (Figure 4-3). We observed the glycan that had the highest enrichment

from the ice fraction compared to liquid fraction was Neu5Ac(a2-8)NeuSAc(a2-
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3)Gal(b1-4)Glc(b1-, that had the highest >3-fold enrichment (p < 0.08) (Table 4-
3). The glycan with mannose residues, Man(al-6)[Man(al-3)]Man(al-, was
predicted to have higher enrichment since INP of P. syringae is glycoprotein with
mannosylations. However contrary to our prediction, Man(al-6)[Man(al-
3)]Man(al- glycan showed the lowest enrichment (0.67) among all glycans. We

conclude that the trisaccharide of mannose might not have the ice-binding affinity.
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Table 4-1. SDB id and glycan modifications.

SDB_id  Modification

1 Galb1-3GIcNach1-3Galb1-4[Fuca1-31GlcNac-Sp
2 NeuAca2-3Galb1-3GIcNAcb1-3Galb1-4GIcNAch-Sp
& Neu5Aca2-3Galb1-3GalNAcb1-3Gala1-4Galb1-4Glch-Sp
9  Galb1-4Glch-p4
10  Galb-P4
13 Galb3GalNAch3Gala4Galb4GIcNAch-Sp
15 Neu5Aca2,8Neu5Aca2,8Neu5Aca2, 8NeuSAca2-3Galb1-4Glcb-Sp
16 Neu5Aca2,8Neu5Aca2,8Neu5Aca2, 8NeuSAca2-3[GalNAcb1 4]Ga|b1-4Gch Sp
17 NeuAc(QAc)aZ 3LN-b-sp
21  Neu5Aca2-3[GalNAch1-4]1Galb1-4GIcNACh-Sp
22 Fucal-2Galb1-4[Fucal-3]1GlcNAcb1-3Galb1-4[Fucal-3]GIlcNAcb-Sp
23 Gala1-3Galb1-4{Fuca1-3]GIcNAcb-Sp
24 GalNAca3Galb4[Fuca2]GlcNAcb-Sp
26 Galal-3(Fucal-2)Galb1-4GlcNAcbSp1
29 GalNAca3Galb4[Fuca2lGlch-Sp
34  GalNAcb1-4GlcNAch-Sp
35 NeuAca2-6GalNAcb1-4GlcNAcb-Sp
40  NeuAca2-3[MeuAca2-3Galb1-3GalNAcb1-4]Galb1-4Glch-Sp
42 Galb1-3GIcNAcb1-3Galb1-4GlcNAch-Sp
45  Neu5Aca2,8Neu5Aca2-3Galb1-4Glcbh-Sp
47  Galb1-4GlcNAcb1-3Galb1-4GIcNAcb1-3Galb1-4GIcNAcb-Sp
48  Galb1-4[Fucal-3]GIcNAcb1-3Galb1-4[Fucal-3]GlIcNAch-5p
49 Galb1-4[Fucal-3]GlcNAcb1-3Galb1-4[Fucal-3]GlcNAcb1-3Galb1-4[Fucal-3]GlcNAch-Sp
51  Neu5Aca2,8Neu5Aca2,8Neu5Aca2-3[GalNAch1-41Galb1-4Glch-Sp
52 Neu5Aca2-3Galb1-4[Fucal-3]GlcNAch1-3Galb1-4[Fucal-3]GlcNAck-Sp1
53 Neu5Aca(2-3)(Galb(1-4)[Fuca(1-3)]GIcNAc)3b-Sp
54  GlcNAcb1-3Galb1-4Glcb-Sp
55  GlcNAch1-3Galb1-4GIcNAch-Sp
56  Galb1-3[Fucal-4]GIcNAcb-Sp
57 Gala1-3Galb1-4Glch-5p
58 Gala1-4Galb1-4GlcNAcb-Sp
59  GIcNAch-Sp
59 Fucal ZGa|b1 3GlcNAch-Sp
66 Galb1-4Glch-Sp
67  Galb1-3GIcNAcb-Sp
70 Neu5Aca2-3Galb1-4Glcb-Sp
71  Neu5Aca2-3Galb1-4GIcNAch-Sp
73 Neu5Gca2-3Galb1-4GlcNAch-Sp
74 Neu5Gca2-3Galb1-3GlcNAcb-Sp
76 Fucal-2(Galb1-4GIcNAch1-3)3b -Sp
77  Fucal-2Galb1-4GlcNAcb1-3Galb1-4GIcNAcb1-3Galb1-4GIcNAch-Sp
79  Neu5Aca(2-6)(Galb(1-4)GIcNAcb(1-3))2b-Sp
80 Galal-3[Fucal-2]Galb-sp
81 GalNAca1-3[Fucal-2]Galb-sp
82 Fucal-2Galb-sp
87 KDNa2-3Galb1-4GlcNAch-Sp
88  Galb1-4GIcNAcb1-3Galb1-4Glcb-5p
105  Gala1-3[Fucal-2]Galb1-3GIcNAch-Sp
106 GalNAcal-3[Fucal-2]Galb1-3GlcNAch-Sp
107  Neu5Gca2-6Galb1-4GIcNAcbh-Sp
111 KDNa2-3Galb1-3GIcNAch-Sp
112  Gala1-3Galb1-3GIcNAcb-Sp
113 Galbl1-4[Fucal-3]GIcNAcb1-3Galb1-3[Fucal-4]GlcNAcb-Sp
114  NeuAca2-3Galb1-4GlcNAchb1-3Galb1-3GIcNAch-Sp
115 Neu5Aca2-3Galb1-3GlcNAck1-3Galb1-3GIcNAch-Sp
116 NeuAca2-6-LNb3Le c-bsp
117 NeuAca2-3Le ab3Leab-sp
118 Gala1-4Galb1-4GIcNAcb1-3Galb1-4Glcb-Sp
121 Neu5Aca2-3[Galb1-3GalNAcb1-4]1Galb1-4Glcb-Sp
122 Neu5Aca2-8Neu5Aca2-3[GalNAch1-41Galb1-4Glch-Sp
124  Neu5Aca2-8NeuS5Aca2-8Neu5Aca2-3Galb1-4Glch-Sp
125 Galfb1-5Galfb1-5Galfb1-5Galfb-58
126 Galfb1-5Galfb1-5Galfb1-5Galfb-59
127 Manal-6[Manal-3]Mana-s6
128 Neu5Aca2-6Galb1-4GlcNAch-Sp
129 Neu5Aca2-3Galb1-4GIcNAch-Sp
132 Galfb1-5Galfb1-5Galfb-S8
149 (Galb1-4GlcNAcb1-3)2b-Sp
150 Fucal-2Galb1-4GlcNAch-Sp
152  Fucal-2Galb1-4GlcNAch-Sp
153  Fucal-2Galb1-4Glch-Sp
155 GlcNAcb1-3Galb1-3GIcNAch-Sp
160 Neu5Aca2-6Galb1-4GlcNAcb-Sp
161 Neu5Gca2-3Galb1-4Glcb-Sp



Table 4-2. Silent barcodes of LiGA library

SDB _id

SDB clone sequence

Peptide region

153

155

160

161
mCherry0l
mNeon04

CTGCTGTTCGCAATACCACTC
CTTCTATTCGCAATTCCGCTC
CTGCTGITTGCGATTCCACTG
CTTCTTTTTGCAATTCCTCTA
CTACTGTTTGCTATACCGCTG
CTACTTTTCGCAATTCCTCTG
CTGCTGITCGCCATACCCCTT
CTGCTGTTCGCAATCCCGCTG
CTACTCTITCGCGATTCCGCTT
CTACTCTITTGCAATTCCCCTT
CTACTGTTTGCTATCCCACTT
CTGCTCITTGCAATACCTCTIT
CTACTATTCGCGATCCCGCTC
CTGCTATTCGCTATCCCACTC
CTGCTATTTGCGATCCCGCTG
CTTCTTTTTGCGATTCCGCTG
CTGCTCITCGCTATTCCACTT
CTTCTGITCGCTATTCCGCTT
CTTCTGTTTGCRAATACCCCTG
CTGCTGTTTGCGATTCCTCTG
TTATTATTCGCAATACCGCTA
TTATTATTCGCAATTCCTTTA
CTACTGTITCGCTATCCCGCTIG
CTGCTCTITTGCTATACCCCTA
CTACTGTTTGCTATCCCGCTG
CTGCTGTTTGCGATCCCGCTC
TTATTATTCGCAATTCCTTTA
CTGCTCTTTGCAATTCCGCTIG
CTACTGTITTGCTATACCTCTT
TTATTATTCGCAATTCCTTTA
CTACTCTTCGCTATACCCCTC
TTATTATTCGCAATTCCTTTA
TTATTATTCGCAATTCCTTTA
TTATTATTCGCAATTCCTTTA
CTTCTGTTCGCTATACCTCTC
CTACTGITCGCAATCCCGCTC
CTGCTTTTTGCTATTCCTCTG
TTATTATTCGCAATTCCTTTA
CTACTCTTTGCGATCCCTCTG
CTGCTTTTTGCCATACCGCTA
CTGCTATTTGCCATCCCGCTG
CTACTGITCGCAATACCTCTC
CTTCTGTTCGCGATCCCCCTA
CTACTCTTTGCTATTCCGCTT
TTATTATTCGCAATTCCTTTA
CTACTCITCGCTATACCCCTC
CTGCTGTITCGCGATTCCTCTA
CTGCTTTTTGCTATTCCTCTT
CTACTGTTCGCAATCCCGCTA
TTATTATTCGCAATTCCTTTA
CTGCTGTTTGCTATCCCGCTA
CTACTGTITCGCGATCCCACTG
CTACTGTITTGCCATTCCCCTG
NTACTGTTTGCGATCCCACTC
CTACTGTTCGCTATCCCGCTG
CTGCTTTTTGCTATACCTCTT
TTATTATTCGCAATTCCTTTA
CTACTCTITCGCGATACCCCTC
CTGCTGTTTGCGATACCGCTT
CTGCTTTTTGCTATACCCCTG
CTACTGTTTGCGATCCCCCTC
CTGCTATTCGCTATCCCGCTIG
CTGCTCTTTGCAATTCCGCTG
CTGCTATTTGCCATCCCACTA
TTATTATTCGCAATTCCTTTA
CTTCTGTTCGCGATACCGCTG
CTACTGTITCGCAATACCTCTIC
CTACTCTITTGCAATCCCGCTT
CTGCTCTTTGCTATCCCTCTA
CTGCTTTTTGCTATACCTCTC
CTACTATTCGCTATTCCTCTG
TTATTATTCGCAATTCCTTTA
TTATTATTCGCAATTCCTTTA
CTGCTATTCGCTATCCCCCTG
CTTCTATTTGCTATTCCTCTA
CTACTGITCGCAATCCCGCTA

AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT
AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT
AGTGTGGAGAAGAATGATCAGAAGACTTATCATCGCGGGTGGAGGT
AGTGTGGAGARGAATGATCAGAARGACTTATCATCCGGGTGGAGGT
AGTGTGGAGARGAATGATCAGRAGACTTATCATGCGGGTGGAGGT
AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT
AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT
AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT
AGTIGTGGAGARGAATGATCAGAAGACTTATCATGCGGGTGGAGGT
AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT
AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT
AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT
AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT
AGTGTGGAGAAGAATGATCAGAAGACTTATCATCGCGGGTGGAGGT
AGTGTGGAGARGAATGATCAGAAGACTTATCATGCGGGTGGAGGT
AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT
AGTGTGGAGAAGAATGATCAGAAGACTTATCATGCGGGTGGAGGT
AGCGTGGRAAAGAACGATCAAAAGACCTATCACCCCGGGGGAGGE
AGCGTGGAGAAGAATGATCAAAAGACGTACCATGCGGGGGGAGGE
AGCGTGGRARARRAATGACCARARAACCTACCATGCAGGGGGGGGA
AGTGTTGAGAAGAATGACCAGAAGACGTATCACGCCGGGGGAGGE
AGCGTAGAGAAARACGACCAGRAGACCTATCACGCGGGAGGAGGT
AGTGTGGAAAAGAATGATCAGAAGACTTACCACGCTIGGTGGTGGE
AGCGTCGAGARRAATGATCARAAAAACCTATCACGCCGGGGGGEGA
AGTGTAGAGARGAATGACCAAAAGACATATCATGCGGGAGGAGGT
AGTGTGGAGARRAATGACCARAAGACCTATCATGCTGGAGGGGGT
AGTGTCGRAAAAAACGATCAGARGRCCTATCACGCAGGCGGGEGE
AGTGTCGAAARARATGACCARRACACTTATCACGCTGGTGGTGGA
AGCGTTGRAAARAATGACCAGAARRACTTACCATGCGGGTGGAGGT
AGCGTCGAGARGAACGACCAARARAACCTATCACGCAGGTGGCGGE
AGCGTGGAGAAAAACGACCARAAGACCTACCATGCAGGTGGTGGC
AGTGTCGARAAGAATGACCAARARACTTATCATGCAGGTGGGGGA
AGTGTCGRAAAAGAATGACCARARARCTTATCATGCAGGTGGGEGA
AGTGTCGAGARAGAACGATCAGAAGACCTACCACGCAGGGGGGGET
AGCGTGGAGAAGAATGACCAGAAAACTTATCACGCAGGAGGTGGA
AGTGTTGAAAAAAACGATCAAAAAACGTATCATGCTGGTGGAGGT
AGTGTTGAAAAAAACGATCAGAAGACTTATCACCLGGGGGGCEEE
AGCGTTGRAARAAACGATCARAAGRCATATCACGCTGGCGGAGGA
AGTGTCGAARARAAATGACCARARAGACCTATCACGCGGGCGGGGGA
AGTGTTGAGAAGAATGATCAGAAGACCTACCACGCAGGAGGTGGC
AGCGTCGAGAAAAACGATCAAAAGACATACCATGCCGGCGGAGGA
AGCGTGGAGAAAAACGACCAGAAAACGTATCATCGCTGGTGGTGGA
AGTGTAGAGAAGAATGATCAGAAAACGTATCATGCGGGAGGGEGT
AGCGTGGAGARGAATGATCAGARARCGTACCACGLCGGTGGTGGL
AGCGTGGAGAAGAACGACCARRAGACTTATCACGCGGGCGGGEGE
AGCGTAGRAARAAATGACCARAAGACCTACCATGCGGGAGGTGGE
AGTGTAGAGAAGAATGACCAGAAGACCTACCACGLGGGLGGGEGE
AGTGTCGAGAAGAATGATCARAAAACTTACCACGCGGGTGGTGGA
AGTGTAGRRARRAAACGATCAGAAGACTTACCATGCTGGTGGTGGE
AGTGTGGAGARGAACGATCAGAAGACCTATCACGCAGGAGGCGGA
AGTGTAGARAARAATGACCAGAARACGTACCATGCGGGCGGTGGE
AGTGTAGRAAAMAATGACCAGAAGACGTATCACGCAGGCGGAGGT
AGTGTCGRAAARAATGATCAGAAARACTTATCACGCAGGAGGGGEGE
AGCGTGGAGAAGAACGACCAGAAGACCTACCACGLCGGGGGGAGGE
AGTGTCGARAARRAATGACCAGAAAACGTATCATGLGGGGEGGGEGT
AGCGTGGAGAAGAACGATCAGAAARRCGTATCATGCTGGTGGTGGE
AGCCTTGRAAAGAATGACCAGAAARRCGTACCACGCGGGGGGLGGA
AGTGTCGRAAAGAATGATCAGAAGACTTATCATGCAGGTGGTGGT
AGTGTGGAGARAAACGATCAGAAGACCTATCATGCTGGGGGTGGA
AGCGTGGAGARGAACGATCAAAAGACCTATCACGLCGGGGGGAGGT
AGCGTTGARAARAACGATCAARARACATATCATGCGGGAGGLGGE
AGTGTAGRAARAARCGACCAGARARCCTATCATGCCGGTGGCGGE
AGTGTAGRAAARAATGATCAGAAARRCATACCATGCTGGTGGCGGA
AGTGTTGAGAAGAACGATCAGAAAACGTATCATGCAGGTGGTGGA
AGCGTTGAAAAGAATGACCAGAAAACATATCACGCTGGGGGAGGG
AGCGTCGRARAAGAATGATCAGAARACTTATCATGCGGGGGGCEGE
AGCGTAGRAARAAATGATCARARARCATATCACGCAGGTGGUGGA
AGCGTGGAGAAGAACGACCAGAAGACTTACCACGCGGGTGGTGGE
AGTGTTGRAAAALAACGACCAGAAGACTTATCACGCAGGTGGTGGE
AGCGTAGAAAAGAATGACCAGAAGACGTACCATGCCGGTGGGEGEE
AGTGTCGAGAAAAACGATCAAAAGACCTATCATGCGGGTGGGEGT
AGTGTGGAGAAGAATGATCAAAAGACGTACCATGCAGGCGGAGGT
AGTGTCGRARARAAATGACCAGARAACTTACCATGCTGGAGGGGGL
AGTGTTGAGAAGAATGACCARRAGACATATCACGCCGGGGGAGGG
AGTGTCGAGAAGAACGACCAGAAGACGTATCATGCGGGGGGTGGT
AGTGTTGAGAAMRAATGATCARAARACTTATCACCGCCGGTGGTGGT
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SDB_id
1 b4 b3 b4 gmal
Galb1-3GlcNach1-3GalbT-4[Fuca1-3]GlcNac-Sp

- a3 b3 b3 b4

NeuAca2-3Galb1-3GlcNAcb1-3Galb1-4GleNAcb-Sp

: a3 b3 b3 a4 b4

Neu5Aca2-3Galb1-3GalNAch1-3Gala1-4Galh1-4Glch-Sp

) b4

Galb1-4Gleh-p4

10 Qr

Galb-P4
13 b3 — b3 g ad ~bd

Galb3GalNAch3GaladGalb4GleNAch-Sp

15 a8 a8 a8 a3 b4

Neu5AcazZ,8NeuSAcaz 8NeuSAca2 8NeubAcaz-3Galb1-4Glch-Sp

b4
16 ad a8 ag a3 h4

NeubAcaz,8NeudAca2 BNeuSAca2 BNeuSAcaz-3[GalNAch1-4]1Galb1-4Glch-Sp

9Ac

17 a3 b4
NeuAc! gAc)a2-;LN-b-sp

a3
21 b4 A b4

NeubAcaz-3[GalNAchT-4]Galb1-4GlcNAch-Sp

22 4 a2 b4 pm?S o bd g

Fucal-2Galb1-4[FucaT-3]GlcNAcb1-3Galb1-4[Fucal-3]GlcNAch-Sp
23 a3 b4 a3
Gala1-3Galb1-4[Fucal-3]GlcNAcb-Sp

24 a3 . b4 gLiaZ

GalNAca3Galb4[Fucaz]GlcNAch-Sp

56 a3 1-a2
Gala13(Fuca3)BAIbT-4GIcNACbSp!

29 a3 -~ b4 L a2
GalNAca3Galb4{FucaZ|Glch-Sp

34 b4

GalNAcb1-4GlcNAcb-Sp

35 a6 b4

NeuAcaZ-6GalNAch1-4GlcNAch-Sp

4p Xa3 b4 ¥ ad
NeuAca?-SRleuAta2-3GabYBGaINAch 1-4]Galb1-4Gleb-Sp

42 b3 b3 b4
Galb‘l-gGIcNAcb‘l -3Galb1-4GIcNAcb-Sp

OGal  []GalNAc ()Galf

@clkc

B GicNAc @ Man

45 a8 a3 b4
NeugAcaZ,Saeu5Aca2-3Galb1AG\cb-Sp

47 b4 b3 b4 b3 b4

Ga\b;-4G\cNAcb1-3Ga|b%-4G\cNAcb1-SGa I‘SW -4GleNAch-Sp

48 b4 gmald ~ b4 pgald
Ga\b14[Fuca1-3]8%NAcb1-SGalb1-4[Fuca1-3]GIcNAcb-Sp
49 b4 a3 b4 gL a3 b4 £oa3

b4
51 a8 a8 a3 b4
N ca2,8NeubAcazZ 8NeubAca2-3[GalNAch1-4]Galb1-4Glch-Sp
52 a3 b4 L ad a3

NeuShca-3Galb-4[Fucal 3 15Tebi-3Gaib14[Fucat-31GINACh-Sp*

53 a3 ~ b4 plhad
NeubAca(2-3)[Galb(1-4)[Fucal1-3)]GIcNAC)3b-Sp
oo g b3 b4

b
GlcNAch1-3Galb1-4Glch-Sp
55 == b3 . b4

GlcNAch1-3Galb1-4GlcNAch-Sp

56 b3 ad

Galb1-3[Fucal-4]GlcNAchb-Sp
b4

57 a4
Ga\a;—SGalbW-ilGlcb—!p

58 a4 b4
Ga\a;-4Galb%-4GlcNAcb-Sp

59
GlcNAchb-Sp
59 a2 b4
Fuca1-2Galb1-3GIcNAcb-Sp
b4

€19
Ga\b!AG\cb-gp

57 gub3
Galb1-3GIeNAchb-Sp

70 ad b4
NeubAca2-3Galb1-4GIchb-Sp

71 a3 b4
NeubAca2-3Galb1-4GIcNAch-Sp

73 a3l b4
NeubGea2-3Galb1-4GIcNAch-Sp

@ xoN

Figure 4-3. Glycan structures of LiGA library.

’NeuSAc <>NeuGAc A Fuc

Galb1-4[Fucal-3]GlcNAch1 -3G§81-4[Fuca1-3]GPc%Acb1 -3Galb1-4[Fuca1-3]GlcNAch-Sp

86



74 a3 b3

Neu5Gea2-3Gal é1f3GIcNAcbep

76 a2 b4 b3 b4 b3 ~ b4
Fucat -2(Ga|b1-§;;IcNAcb1-3)3b -Sp

17 a2 b4 b3 b4 b3 b4
Fuca1-2Galb1 -4%|CNAC|31 —SGa|b1-4éICNACb1 —3Ga|b1—;G|CNACb—Sp
79 a6 b4 b3 ~ b4

NeuSAca(2-6)(Galb(1-4)GIcNAch{-3)}20-Sp

30 a3 @ a2
Galal-3[Fucal-Z]Galb-sp

g1 a3 6 a2
GalNAcal-3[Fuca1-2]Galb-sp

82 a2
Fuca1-2Galb-sp

87 a3 b4
KDNaz2-3Galb1-4GlcNAch-Sp

g8 -~ b4 mm b3 b4
Galb1-4GlcNAch1-3Galb1-4Gleb-Sp
105 a3 L a2

Gala1-3Fucat-Z[GAE1-3GINAcb-Sp

106 a3 1 a2
GaINAca1-3[Fuca1-t2?Ga\b1-SG\CNAcb-Sp
107 a6 b4
NeubGea2-6Galb1-4GIcNAchb-Sp

111 a3 b3

KDNa2-3Galb1-3GIcNAcb-Sp

112 a3 b3

Gala1-3Galb1-3GIcNAchb-Sp
113 b4 a3 b3 a3
Galb1—4[Fuca1—3]GIcﬁl§cb1 -3Galb1-3[Fucai-4]GlcNAcb-Sp

114 a3 b4 b3 —~ b3

NeuAcaz-3Galb1-4GlcNAch1-3Galb1-3GIcNAcb-Sp

115 a3 b3 b3 —~ b3

Neu5Aca2-3Galb1-3GlcNAcb1-3Galb1-3GlcNAch-Sp
ab ~ b4 b3 ~ b3

116
NeubSAca2-6Galb1-4GlcNAcb1-3Galb1-3GlcNAch-Sp
117 a3 ~ b3 &2a4 b3 Had

NeubAcaz2-3(Galb1-3[Fucal-4]GlcNAcb1-3)2b-Sp

118 a4 b4 g b3 -~ b4
Gala1-4Galb1-4GIcNAch1-3Galb1-4Glch-Sp

122

NeubSAcaz-8NeubAcaz-3| alhﬂ\cb -41Galb1-4Glcb-Sp

124 a8 a8 a3 b4
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125 b5 - b5 - b5
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127 23
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128 ab b4
NeuSAca2-6Galb1-4GlcNAch-Sp
120 4 33 bd
NeuSAca2-3Galb1-4GlcNAcb-Sp
132 b5 b5
Galfb1-5Galfh1-5Galfb-S8

149 b4 g b3 . b4
(Galb1-4GlcNAcb1-3)2b-Sp
150 b3 b4 b3 ~ b4
Fuca1-2Galb1-4GIcNAch-Sp
152 a2 ~ b3
Fuca1-2Galb1-4GIcNAcb-Sp
153 a2 ~ b4
Fuca1-2Galb1-4Glch-Sp

155 b3 ,~ b3
GleNAcb1-3Galb1-3GleNAch-Sp
160
NeuSAca2-6Galb1-4GleNAch-Sp
161 a3 b4
Neu5Geaz-3Galb1-4Glch-Sp
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Figure 4-3. Glycan structures of LiGA library (cont.
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Figure 4-4. Analysis of ice-binding preferences of glycans from ice-shell
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Table 4-3. Post-selection analysis on LiGA in ice-affinity purification. The glycans
that have p < 0.1 and ratio > 1.2 cut off glycans are listed, and arranged in
descending order of enrichment.

SDB id  Glycan

45  Neu5Ac(a2-8)Neu5Ac(a2-3)Gal(b1-4)Glo(b1-

113 Gal(b1-4)[Fuc(al-3)]GlcNAc(b1-3)Gal{b1-3)[Fuc(al-4)]GlcNAc(b1-
149 Gal(b1-4)GlcNAc(b1-3)Gal(b1-4)GlcNAc(b1-

105  Gal(a1-3)[Fuc(ai-2)]Gal(b1-3)GIcNAc(b1-

111 KDN(a2-3)Gal(b1-3)GIcNAc(b1-

161 Neu5Gc(a2-3)Gal(b1-4)Gle(b1-

152 Fuc(al-2)Gal(b1-4)GIcNAc(b1-

ice/liquid
SDB_id | input1 input2 input3 | ice1 liquid1 ice2 liquid2 iced liquid3 iced4 liquidd p-value ratio
45 63 60 125 112 23 154 47 56 29 30 4 0.07736 3.417

113 | 1523 1260 2074 538 254 855 409 538 544 476 119 | 0.07558 1.815
149 | 2127 2108 2024 1144 670 875 654 1118 973 | 1020 353 | 0.03645 1.569
105 | 2104 1954 1787 426 323 566 292 611 556 555 209 | 0.06046 1.564
111 | 3601 3548 4385 2805 1801 | 2856 2079 | 2469 2271 | 2324 871 0.04329 1.489
161 | 1274 1336 1462 897 624 | 1145 771 971 1004 885 493 | 0.08689 1.351
152 | 3038 2817 32N 3141 3118 | 35638 2658 | 2972 2413 | 2929 1820 | 0.06806 1.270

4.3.4 Validation of the potential hit

To validate the ice-binding interaction of glycans on phage, I built a focused
array that contains the most enriched glycan Neu5Ac(a2-8)Neu5Ac(a2-3)Gal(b1-
4)Gle(bl-, the excluded glycan Gal(al-4)Gal(b1-4)GIcNAc(bl-3)Gal(bl-
4)Glc(bl-, and the phage that does not display any glycan. Glycan NeuS5Ac(a2-
8)Neu5Ac(a2-3)Gal(b1-4)Glc(bl- was conjugated to the phage clone that
expressed lacZa reporter (Figure 4-5 A-C). The glycan Gal(al-4)Gal(bl-
4)GIcNAc(b1-3)Gal(b1-4)Glc(b1- was conjugated to the tracer phage clone that
transduced mCherry reporter into the E. coli host. The tracer phage clone that

transduced mNeonGreen reporter was used as the non-glycosylated phage
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reference. The plaque forming assay of the output samples provided the enrichment
information of three types of phage in one ice-binding experiment.

Panning of the potential ice-binding glycan Neu5Ac(a2-8)NeuSAc(a2-
3)Gal(b1-4)Glc(b1- glycosylated phage by ice-affinity purification did not show
enrichment compared to Gal(al-4)Gal(b1-4)GlcNAc(bl-3)Gal(b1-4)Glc(bl-
glycosylated phage and non-glycosylated phage, 2.0% and 2.9% increase
respectively (Figure 4-5D). However, the incorporation ratio of the glycosylated
phage in the ice phase was less compared to the result from section 4.3.3 “Analysis
of Illumina sequencing” (3.4 times enrichment), and the enrichment difference
between Neu5Ac(a2-8)NeuSAc(a2-3)Gal(b1-4)Gle(bl- and Gal(al-4)Gal(bl-

4)GIcNAc(b1-3)Gal(b1-4)Glc(b1- was not significant (p = 0.343).
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Glycan:
Neu5Ac(a2-8)NeubAc(a2-3)Gal(b1-4)Glc(b1-
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Figure 4-5. Validation experiment of glycosylated phage by ice-affinity
putification. (A) Reporter phage visualized by plaque forming assays. Phage with
Neu5Ac(a2-8)NeuS5Ac(a2-3)Gal(bl-
4)Gle(bl- glycan, phage with mCherry reporter was conjugated with Gal(al-
4)Gal(b1-4)GIcNAc(b1-3)Gal(b1-4)Glc(bl- glycan, and phage with mNeonGreen
reporter did not have any glycan conjugation. (B) Location of reporter in the phage
genome. (C) Scheme of ice-affinity purification experiment. (D) Phage counts
from ice-affinity purification experiments of color-coded glycophage.

LacZa reporter was conjugated with
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4.4 Conclusion

In summary, I tested a methodology to screen the ice-binding glycans that
were chemically conjugated to phage. The LiGA array of genetically encoded
glycans permitted the screening against immobilized and slowly growing ice
surface. We showed the first demonstration of the ice-binding glycan screening
result analysis and validation test of the LiIGA. However the screening validation
results were not reproducible, and hit discovery was inconclusive. Further
optimization of the screening platform or library with different glycan modification
is needed. Although the result was inconclusive, preliminary screening of ice-
binding protein demonstrated the feasibility of affinity-based screening. I believe
this platform can be easily adapted for the screening of different modifications,

genetically-encoded libraries for further ice-binding molecule discoveries.

M13 phage
DBCO-NHS
HaN Or H,
HzN >
HN % \

Hz

ZI ZT Z

.
NS—NNNH O

N=/ 1
(m ——— ()it

Figure 4-6. Phage-INP conjugation strategy. The ice-nucleating protein can be
used as a positive control of the ice-affinity purification, or other INA screening

platform.
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In future work, this platform may be used to test other chemically modified
libraries. It is known that the significant fraction of ice nucleator in nature are
relatively long glycoproteins (>120 kDa)!”® and forms multivalent display on
bacterial cell membrane. We hypothesize that incorporating a larger size of the

glycopeptide libraries will increase the likelihood of identification of ice nucleators.

4.5 Experimental procedures
4.5.1 Materials and general information

PBS 10x (0.1 M) buffer was prepared by mixing NaCl (80 g), KC1 (2 g),
Na;HPO4 (14.4 g), KH2PO4 (2.4 g) in 1 L of Milli Q water (pH 7.4). Sea salt
solution contained 40 g/L sea salt (Sigma-Aldrich, #S9883) in sterilized Milli Q
water. Solutions used for ice-shell purification were sterilized by filtration through
0.2 um PES membrane filter (#566-0020, Thermo Fisher). DBCO-NHS ester (#CP-
2033, Conju-Probe) was prepared in dry DMF at the final concentration 50 mM.
Zeba™ Spin Desalting Columns (#87767, Thermo Scientific) was used for the
desalting and quenching phage and DBCO-NHS mixture.

MS-MALDI-TOF spectra were recorded on AB Sciex Voyager Elite
MALDI, mass spectrometer equipped with MALDI-TOF pulsed nitrogen laser (337
nm) (3 ns pulse - up to 300 pJ/pulse) operating in Full Scan MS in either positive

or negative ionization modes. Sinapinic Acid is purchased from Sigma (#D7927).
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4.5.2 Ice-shell purification validation test using AFP-GFP

4.5.2.1 Amplification of AFP-GFP (performed by J. Wickware)

eGFP-type III AFP was a generous gift from Dr. Peter Davies (Queen's
University, CA). The cells were inoculated on 1.5% LB agar plate with 100 ng/mL,
and incubated overnight at 37 °C. One colony was picked and cultured in LB media
with 100 pg/mL ampicillin until the ODgoo = 0.5. Then the flask was transferred to
a 23 °C shaker until the ODsoo = 1.0. To induce the protein expression, isopropyl
B-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM

and incubated in the shaker for overnight at 23 °C.

4.5.2.2 Purification of AFP-GFP (performed by J. Wickware)

The overnight culture was centrifuged at 3500 rpm for 10 min and pellet
was resuspended in 25 mL of Binding/Wash Buffer (50 mM Na3;PO4 (pH 8.0), 300
mM NaCl, 0.01% Tween 20). Cells were lysed by sonication. The lysate was
centrifuged at 16,000 rpm and supernatant was transferred to another tube.
Dynabeads His-Tag Isolation and Pulldown (#10103D, Invitrogen) was used to
pulldown and purify the AFP-GFP. I followed the instruction of the Dynabeads
from Invitrogen. Briefly, I transferred the beads to the conical tube and placed on a
magnetic separation rack for more than 2 min, then the supernatant was discarded.
The cell sample was added in the tube, and incubated for more than 5 min on a

shaker. The tube was placed on a magnetic separation rack for more than 2 min and
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supernatant was discarded. The beads were washed with Binding/Wash Buffer for
4 times, and supernatant was discarded. The His-Elution Buffer (300 mM imidazole,
50 mM Na3zPO4 (pH 8.0), 300 mM NaCl, 0.01% Tween 20) was added to elute the
protein. The solution was incubated for 5 min and placed on a magnetic separation
rack for more than 2 min. The eluted protein solution was transferred to another

tube.

4.5.2.3 Ice-shell screening procedure

14 mL Milli Q water was added to 100 mL round bottom flasks and ice shell
was formed by submerging the flask into 95% ethanol-dry ice bath (temperature
was maintained at -78 °C). Ice shell was formed by manual rotation of the round
bottom flask. Once the ice layer of ~1 mm was formed, the remaining water was
removed from the flask. The thickness and volume of ice shell were extrapolated
from the drained water. We aimed to form a 1 mL ice shell on the surface of the
100 mL flask by this procedure. The flask was dipped in the ethanol bath to freeze
the inner water completely, and as the inner water freeze completely, cracks form
on the ice shell inside the flask. The flask with ice shell was kept in -20 °C freezer
until further experiment.

For selection, a higher temperature cooling bath was prepared with ice-

water, salt, and dry ice to control the temperature at -3.5 °C during the purification
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process, and dry ice was added manually to maintain the ice bath temperature
constant.

The AFP-GFP solution was cooled in the cooling bath  for at least 5 min
to equilibrate the temperature. The flask with ice shell was attached the rotary
evaporator (Buchi R-200 Rotavapor System), the flask was half submerged in the
cooling bath and rotated at ~25 rpm. 20 mL of the cooled AFP-GFP solution was
added to the ice-shell flask by the serological pipette over 1 min. The flask was
rotated in the cooling bath for ~1 h to incorporate ~50% of the sample volume into
the ice layer. The flask was removed from the rotary evaporator and the remaining
liquid layer was transferred to a 15 mL conical tube. The ice layer was thawed at
4 °C, and solution was transferred to another 15 mL conical tube. The AFP-GFP
amounts in ice and liquid fraction were compared by measuring the GFP
fluorescence with 395 nm excitation and 509 nm emission wavelengths with a
Cytation 5 (BioTek, VT). Output volume difference was taken into account during

the calculations of enrichment.

4.5.3 LiGA construction

Description was adapted from the manuscript in preparation Derda et al.
“Genetically Encoded, Multivalent Liquid Glycan Arrays”. LiGA library was
constructed by Jasmine Maghera in our group. Component of LiGA is shown in

Appendix C2. A library of silent double barcode-codons (SDB) in the phage
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genome proximal to the plll cloning site was created by Nicholas Bennett (Derda
lab). Briefly, the Gibson Assembly cloning kit (NEB, #E5510) purchased from
New England Biolabs was used to introduce the first SDB region into M13KE by
NEBuilder HiFi DNA Assembly.

Double stranded DNA from M13KE clone phage containing the stuffer
sequence  CAGTTTACGTAGCTGCATCAGGGTGGAGGT equating to the
peptide QFT*LHQGGG was used as a template, with * representing a stop codon.
The insert fragment was PCR amplified using the primers P1 and P2 and the vector
fragment was PCR amplified using primers P3 and P4:

Name Sequence (5'->37):

P1
GAGATTTTCAACGTGAAAAAACTNCTNTTYGCNATHCCNCTNGTGGTACCTTTC
TATTCTCA
P2 TTAAGACTCCTTATTACGCAGTA
P3 TTGCTAACATACTGCGTAATAAG
P4 TTTTTTCACGTTGAAAATCTC
P5
GTGGTACCTTTCTATTCTCACTCGAGYGTNGARAARAAYGAYCARAARACNTAY
CAYGCNGGNGGNGGNTCGGCCGAAACTGTTGAAAG
P6 CGAGTGAGAATAGAAAGGTAC

PCR was performed using 50 ng phage dsDNA with 1 mM dNTPs, 0.5 uM

primers, 0.5 pL. Phusion High Fidelity DNA polymerase in 1x PCR buffer (NEB

#B0518S) in a total volume of 50 pL. The temperature cycling protocol was
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performed as follows: a) 98 °C 3 min, b) 98 °C 30 s, ¢) 60 °C 30 s, d) 72 °C 4 min
s, €) repeat b) - d) for 35 cycles, f) 72 °C 10 min, g) 4 °C hold. PCR amplified
fragments were treated with restriction enzyme DPN 1 (NEB, #R0176S) and then
gel purified. NEBuilder Hifi DNA assembly was then carried out following the
manufacturer protocols by mixing 100 ng of vector, 4 ng insert, 10 uL of NEBuilder
Hifi DNA assembly master mix, and deionized H>O up to a total volume of 20 pL.
The resulting ligated DNA was transformed into E.coli K12 ER2738 and
propagated overnight at 37 °C. The overnight culture was then centrifuged to
separate bacteriophage from host cells. The cloning of SVEKNDQKTYHAGGG
peptide was conducted as follows. The insert fragment was amplified by PCR
following the described protocol using primers P5 and P2. The vector fragment was
PCR amplified using primers P4 and P6. PCR fragment were processed using
NEBuilder Hifi DNA assembly kit using steps described above. The resulting
ligated DNA was transformed into electrocompetent cells E.coli SS320 (Lucigen).
The resulting overnight culture was centrifuged to remove host cells and incubated
with 5% PEG-8000, 0.5 M NaCl for 8 h at 4 °C, followed by 15 min centrifugation
at 13000 g to concentrate released phage. PEG precipitated phage was resuspended
in PBS-Glycerol 50% and stored at -20 °C. The SDB silent encoding in the SDB
region produced a library of chemically identical phage with 6.1x10° possible
sequence combinations, and further cloning in of SVEK sequence results in 2.1x10°

possible sequence combinations. Combined the SDB-SVEK construct 1.2x10'°
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possible sequence combinations. We noted that culture of the mixture of these
clones eliminated a few sequences with grow disadvantage.

A 10 uL aliquot of phage was diluted and plated at a density of ~100 plaques
per plate. Single colonies were manually picked, and individually transferred into
0.5 mL of PBS-Glycerol 50% and incubated at room temperature for 30 min. The
tubes were then placed in 55 °C heating block for 10 min to inactivate any
remaining bacterial cells. After the incubation, 20 puL sample of each colony
suspension was amplified for 4.5 h in 5 mL of LB supplemented with a 1:100
dilution of log phase E. coli K12 ER2738. After amplification the phage clones
were collected from the culture supernatant by centrifugation at 4500 g for 10 min.
Next, bacterial cell pellet and culture supernatant were processed separately. The
supernatant was incubated with 5% PEG-8000, 0.5 M NaCl for 8 h at 4 °C, followed
by 15 min centrifugation at 13000 g to precipitate the viral particles. The phages
were resuspended into 1 mL PBS-Glycerol 50% and stored at -20 °C until further
use. The bacterial cell pellet was processed for phage-DNA extraction using
GeneJET Plasmid Miniprep kit (ThermoFisher, #K0502). For SDB identification,
a sample of 400 ng of the phage DNA was submitted for Sanger sequencing at the
Molecular Biology Service Unit (University of Alberta). We selected the clones
who contained three base pair substitutions from one another (i.e., Hamming
distance (H)=3). H=3 permits correction of any point mutations that may have

arisen during the analysis by deep sequencing (Appendix C1).
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Solution of 150 uL of 10'3 PFU/mL of phage clone SBD3 in PBS pH 7.4
was distributed by 50 uL aliquots into three. Each sample was reacted with DBCO
linker at room temperature for 1 h at ImM final concentration of linker. The
reaction mix was then passed through Zeba Spin column to eliminate unreacted
linker. The remaining phages were incubated 8 h at 4 °C with azido-glycan JB-1 (2

mM final concentration). The mix was then filtered through Zeba Spin column.

4.5.4 Ice-shell purification of ice-binding glycans

For the ice-binding selection, LiGA phage was added to 20 mL to a total of
1.2x10° PFU in 40 g/L sea salt solution. Ice-shell formation was described in the
previous section 4.5.2. ~1 mL ice shell was formed on the inside of 100 mL round-
bottom flask. The flask with ice-shell and 20 mL LiGA solution was kept in the -
3.5 °C ice-water bath to equilibrate the temperature. LiGA solution was transferred
to the flask attached the rotary evaporator by the serological pipette over 1 min. The
flask was half submerged in the cooling bath and rotated at ~25 rpm. The flask was
cooled in the ice-water bath for ~30 min to incorporate ~50% of the LiGA solution
into the ice layer. The flask was removed from the rotary evaporator and the
remaining liquid layer was transferred to a 15 mL conical tube. The ice layer was
thawed at 4 °C and solution was transferred to another 15 mL conical tube. The ice
and liquid phage solutions were subjected to ssDNA extraction and PCR according

to the procedure in section 4.6.4.
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4.5.5 Preparation for Illumina sequencing

After the ice shell purification, add 100% acetic acid to the phage solutions
from ice and liquid fractions (~10 mL each) in 1:100 ratio, and incubate the mixture
at room temperature for 2 minutes. Load 0.7 mL of this mixture onto a QIAprep
2.0 Spin Column (#1018398, Qiagen) and centrifuge for 15 seconds at 8,000 rpm,
and discard flow-through. Repeat this procedure for ~15 times until all the ~10 mL
of solution is loaded onto the column. The remaining procedure follows a standard
QIA Miniprep Kits (#27104, Qiagen) steps. Add 700 uL of dissociation buffer
(#1014966, Qiagen), centrifuge for 15 seconds at 8,000 rpm, and discard the flow-
through. Repeat with an additional 700 pL of dissociation buffer. Add 700 pL of
70% ethanol and centrifuged for 15 seconds at 8,000 rpm, and discard the flow-
through. Repeat this procedure two times. Centrifuge for 1 min at 8,000 rpm to dry
column. Add 20 pL of DNase free water, incubate at 55 °C for 5 min and centrifuge
for 15 seconds at 8,000 rpm. Repeat elution with additional 30 pL of DNase free
water. The extracted phage ssDNA was subjected to PCR according to the
procedure described below.

The extracted ssDNA was then converted to Illumina-compatible dsDNA
amplicon by PCR. The ssDNA was combined with 1x Phusion® buffer, 200 uM

dNTPs (each), 0.5 uM forward and reverse primers, and one unit Phusion® High-
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Fidelity DNA Polymerase in a total volume of 50 uL. The temperature cycling
protocol was performed as follows: a) 98 °C 3 min, b) 98 °C 30 s, ¢) 60 °C 30 s, d)

72 °C 4 min s, e) repeat b) - d) for 35 cycles, f) 72 °C 10 min, g) 4 °C hold.

4.5.6 Analysis of the deep-sequencing data

Sequencing was performed using the Illumina NextSeq platform (Molecular
Biology Service Unit, University of Alberta). Data for each experiment was
retrieved from the http://48HD.cloud server as space-delimited text files containing
names of glycans (CFG-codes), DNA (filtered or not), peptide translations and
either raw or normalized number of sequencing counts. Experimental replicates are
combined in one file. Python script (Appendix C1) consolidated and summed the
normalized frequencies of glycans from different sequencing set, calculated the p-

value between the ice sample and liquid sample from the same test.

4.5.7 Construction of glycan modified phage

A solution of 50 uL of phage clone (1.5 x 10'* PFU/mL in PBS) was mixed
with 1 pL of 50 mM DBCO-NHS ester in dry DMF. The reaction mixture was
incubated for 45 min at 4 °C and passed through Zeba spin column to eliminate
unreacted linker. 20 pL. of the DBCO-phage was combined with 5 pLL Neu5Ac(a2-
8)NeuS5Ac(a2-3)Gal(b1-4)Glc(bl- (10 mM in DMF) and incubated overnight at

4 °C. The mix was purified through Zeba spin column. The sample was analyzed
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by MALDI-TOF spectrometry (Appendix C4) and plaque forming assay (Figure 4-

5D).

4.5.8 Construction of glycan modified mCherry phage

We produced filamentous phage vector that contains the gene for
fluorescent protein mCherry and mNeonGreen cloned in place of the lacZa
fragment. Vectors containing mCherry and mNeonGreen genes were generous gifts
from Dr. Robert Campbell (University of Alberta). Both constructs were built by
HiFi NEB builder ligation of fluorescent protein (FP) fragment and M 13 fragment.
Vector pPBAD-mCherry was used as the source for the mCherry insert, whereas
Vector pPBAD-mNeonGreen was used as a source for the mNeonGreen insert. FP
fragments were PCR amplified using primers P7 and P8, whereas the M13 fragment
was PCR amplified from SDB vector using primers P9 and P10.

Name: Sequence (5’7->3")

P7
GCGGATAACAATTTCACACAGGAAACAGCTATGGTGAGCAAGGGCGAG
P8
TTAAATTTTTGTTAAATCAGCTCATTTTTTACTTGTACAGCTCGTCCA
P9 AAAATGAGCTGATTTAACAAAAATTTAA

P10 AGCTGTTTCCTGTGTGAAAT

A solution of 50 puL of mCherry phage clone (10'* PFU/mL in PBS) was mixed

with 1 pL of 50 mM DBCO-NHS ester in dry DMF. The reaction mixture was
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incubated for 45 min at 4 °C and passed through Zeba spin column to eliminate
unreacted linker.

20 pL of the DBCO-phage was combined with 5 uL Gal(al-4)Gal(b1-
4)GIcNAc(b1-3)Gal(b1-4)Glc(bl- (10 mM in DMF) and incubated overnight at
4 °C. The mix was purified through Zeba spin column. The sample was analyzed
by MALDI-TOF spectrometry (Appendix C4) and plaque forming assay (Figure 4-

5D).

4.5.9 Construction of mNeonGreen phage

We produced filamentous phage vector that contains the gene for
fluorescent protein mNeonGreen cloned in place of the lacZa fragment. Vectors
containing mNeonGreen genes were generous gifts from Dr. Robert Campbell
(University of Alberta). Both constructs were built by HiFi NEB builder ligation of
fluorescent protein (FP) fragment and M 13 fragment. Vector pPBAD-mNeonGreen
was used as a source for the mNeonGreen insert. FP fragments were PCR amplified
using primers P7 and P8,

Name: Sequence (5’'->3")

P7
GCGGATAACAATTTCACACAGGAAACAGCTATGGTGAGCAAGGGCGAG
P8
TTAAATTTTTGTTAAATCAGCTCATTTTTTACTTGTACAGCTCGTCCA
P9 AAAATGAGCTGATTTAACAAAAATTTAA

104



P10 AGCTGTTTCCTGTGTGAAAT

4.5.10 Analysis of glycosylation of phage by MALDI-TOF MS

The sinapinic acid matrix was formed by deposition of two layers. Layerl
was prepared as a 10 mg/mL solution of sinapinic acid in acetone-methanol (4:1).
Layer2 was prepared as 10 mg/mL solution of sinapinic acid in acetonitrile:water
(1:1) with 0.1% TFA. I a typical sample preparation, 2 pL of phage solution in what
buffer was combined with 4 pL of layer2, then a mixture of 1:1 layerl-
layer2+phage was deposited on the MALDI inlet plate. To plot the spectrum and
estimate the ratio of modified to unmodified pVIII, we fit the data using MatLab

script plotONEmaldi.m (Appendix C2).

4.5.11 Validation of the potential hit glycan

Validation screening test was conducted using the glycosylated and
reference phage prepared in section 4.5.7, 8, and 9. Neu5Ac(a2-8)NeuSAc(a2-
3)Gal(b1-4)Glc(b1- modified phage, Gal(al-4)Gal(bl-4)GIcNAc(b1-3)Gal(bl-
4)Glc(bl- modified mCherry phage, and reference mNeonGreen phage were
combined in a 1:1:1 ratio based on PFU counts, and 10’ PFU of each phage clone
in 20 mL of 40 g/L sea salt solution was used for ice-shell screening in the same

procedure as section 4.5.4.
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1 mL ice shell was formed on the 100 mL round-bottom flask wall. The
flask with ice-shell and 20 mL LiGA solution was kept in the -3.5 °C ice-water bath
to equilibrate the temperature. LiGA solution was transferred to the flask attached
the rotary evaporator by the serological pipette over 1 min. The flask was half
submerged in the cooling bath and rotated at ~25 rpm. The flask was cooled in the
ice-water bath for 30 min to incorporate ~50% of the LiGA solution into the ice
layer. The flask was removed from the rotary evaporator and the remaining liquid
layer was transferred to a 15 mL conical tube. The ice layer was thawed at 4 °C and
solution was transferred to another 15 mL conical tube. The phage in the output

solution was quantified by plaque forming assay.
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Chapter 5: Conclusion and outlook

5.1 Conclusion

This thesis describes the development and validation of platforms for the
discovery of molecules which promote ice nucleation. Some biological INAs cause
ice nucleation at a significantly higher temperature than other substances do,
however the surface chemistry that associate with ice nucleating activities and its
mechanism are still not known. Thus, many INA discovery and development
mostly rely on the known ice-nucleating substances from natural sources.
Development of high-throughput screening platform could accelerate discovery for
de novo INAs that have higher ice nucleating activities by combining the different
chemical library.

First, I demonstrated the detection and separation system of the ice
nucleating event for uniform aqueous droplets to identify the stronger ice nucleators
in Chapter 2. The density-based selection system was tested using samples with
different ice nucleating activities. The system showed correlation of the droplet
freezing temperature and the INA concentration of the sample droplets. This system
setup pointed out the inability to accommodate a large number of samples (>50
droplets) due to the inability to cool multiple cuvettes at the uniform temperature.

In Chapter 3, to achieve higher throughput, I investigated the introduction

of automated droplets generation system and controlled rate cooling system to the
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Freeze-float selection. This new setup improved efficiencies (from 50 to
theoretically 1920 droplets). Also, we observed better INA concentration
differentiation accuracies at threshold concentration (freezing temperature p =
4.4x107 to p = 0.83), and narrower freezing temperature distribution (standard
deviation of freezing temperature 2.0 to 0.73). Higher sensitivity of the system has
potential to lead to the discovery of INAs with weak nucleating activity or low
concentrations.

In Chapter 4, I describe a screening strategy combining ice-affinity
purification technique which is “ice-shell purification” and genetically encoded
glycan library “LiGA” to explore the ice-binding glycans. This platform reinforced
the advantages of approaches that exploited the “fluid” LiGA screening
environment to access the ice binding affinities. The down sized phage-glycan
conjugate was used for the validation of screening results. Unfortunately, the glycan
that showed enrichment from LiGA screening via the ice-shell purification

experiment failed to demonstrate the ice binding interaction in the validation test.

5.2 Future directions
With the characteristic of the INA, nucleating activity, and the binding
affinity to the ice surface, the possibility of de novo INA discovery and

development is vast. The further improvement on the direct ice-nucleating activity
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comparison, affinity purification toward ice surface, and investigation of the
chemical composition of new INAs will lead to the efficient INA screening strategy.

In Chapter 2 and Chapter 3, I demonstrated the development of the INA
screening system by direct ice nucleating activity comparison. The system can
combine the automated droplet generation system and higher capacity and
temperature controlled system to achieve higher throughput of the INA screening.
I envision that this platform could be further expanded to employ custom libraries
of different chemicals to select and compare the compounds that have strong ice
nucleating activity.

While affinity purification method of ice-binding protein is established,
efficient screening of glycans based on their binding affinity towards ice surface
and validation test remains challenging. Also correlation between the ice-binding
affinity and ice-nucleating activity is not established yet. I envision that the further
investigation on the different chemical libraries, especially the larger size or the
fragment with high lattice match with the ice confirmation, might be useful for the

new INA discoveries.
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Appendix A: Supporting information for Chapter 2

frozen droplets (yellow)
float in rare cases

Majority of frozen droplets
are pinned to the surface

of plastic cuvette (top)
or quartz cuvette (bottom)

Appendix A-1. Digital imaging of the droplets in a freeze-float system without the
“cushion” layer before and after freezing of droplets. I have tested a freeze-float
system that contained only one layer of silicone oil with 2% surfactant either in (A)
polystyrene or (B) quartz cuvettes. 1 pL droplets that contained fluorescein dye
were light green in the liquid state, and became orange-yellow in color upon
freezing. Floating of the droplets in a system that contains only one layer of liquid
and no second “cushion layer” was neither successful nor robust. The use of
floating layer with density around 0.95 g/mL allowed separation of some ice
droplets from liquid droplets, however, most of the liquid droplets that sedimented
to the bottom had aggregated and adhered to the surface of the container. Even
when droplets froze, floating was not observed. To avoid this adhesion,
incorporating the second layer of liquid immiscible with water and silicone oil and
density >1.3 g/cm® (“cushion layer”) was necessary to prevent the droplets from
touching the surface of the container.
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Appendix A-2. Droplets freezing assay of 1 uL droplets. (A) is unfrozen droplets
and (B) is frozen droplets. Polarization-lidar technique was used to determine the
droplet freezing.
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chest freezer and laptop for remote control of camera inside the freezer: lights, camera, and cuvette

—-— -

Lid closed during the experiment. /
lllumination inside is maintained by the low-heat
LED lamps placed inside the chest freezer. remote control cable for camera

Appendix A-3. Setup of the freeze-float selection using a generic freezer. The
selection platform sits inside the freezer, and the droplets freezing in the cuvette
was illuminated by low-heat LED lamps and recorded by the camera which was
placed in the freezer. The camera was controlled by the software on the computer
next to the freezer.
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Appendix B: Supporting information for Chapter 3
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Appendix B-1. Comparison of droplet freezing temperature dispersion by
Kolmogorov-Smirnov test. These results show the comparison between
Asymptote freezer system and commodity freezer system. Both used 10 mg/mL
Snomax droplets.

127



A10™-6vsG10™-6

0.30
1.0 A
0.25 >
2 0.8
S
> 0.20 1 ugj_
] & 0.6
2 0.15 A [}
o 3
I} ]
* 0.10 1 S 04
E
5]
0.05 1 0.2 1
0.00 T T T T | .| T T 0.0 T T T T T T T
7.5 10.0 12,5 15.0 17.5 20.0 22.5 25.0 7.5 10.0 12,5 15.0 17.5 20.0 22.5 25.0
Temperature (-°C) Temperature (-°C)
0357 1.01
0.30 >
g 0 8 4
0.25 g
> =3
o o 1]
g 0.20 i 0.6 A
2 g
2 0.15 4 2
w S 0.4 1
0.10- £
© 0.2 1
0.05 -
0.00 T T T T 0.0 T T T T T T
8 9 10 11 12 13 9 10 11 12 13 14
Temperature (-°C) Temperature (-°C)
Ks_2sampResult(statistic=0.282, pvalue=0.209)
0.35 4
1.0 1
0.30 4

o
[s¢]
1

Freguency

e
S
L

Cumulative Frequency
o
[o)]
1

o
N
1

T T T 0.0 T T T T
10 15 20 25 10 15 20 25

Temperature (-°C) Temperature (-°C)
Appendix B-2. Comparison of droplet freezing temperature dispersion by
Kolmogorov-Smirnov test. These results show the comparison between Asymptote
freezer system and commodity freezer system. Both used 10°® mg/mL Snomax
droplets.
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Appendix B-3. Comparison of droplet freezing temperature dispersion by
Kolmogorov-Smirnov test. These results show the comparison between Asymptote
freezer system and commodity freezer system. Both used 10”7 mg/mL Snomax
droplets.
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Appendix B-4. Comparison of droplet freezing temperature dispersion by
Kolmogorov-Smirnov test. These results show the comparison between Asymptote
freezer system and commodity freezer system. Both used 10® mg/mL Snomax
droplets.
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Appendix B-5. Comparison of droplet freezing temperature dispersion by
Kolmogorov-Smirnov test. These results show the comparison between 10 and
10"° mg/mL Snomax solution droplets in Asymptote freezer system.
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Appendix B-6. Comparison of droplet freezing temperature dispersion by
Kolmogorov-Smirnov test. These results show the comparison between 10 and
10”7 mg/mL Snomax solution droplets in Asymptote freezer system.
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Appendix B-7. Comparison of droplet freezing temperature dispersion by
Kolmogorov-Smirnov test. These results show the comparison between 107 and
10"® mg/mL Snomax solution droplets in Asymptote freezer system.
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Appendix B-8. Comparison of droplet freezing temperature dispersion by
Kolmogorov-Smirnov test. These results show the comparison between 10 and
10"® mg/mL Snomax solution droplets in commodity freezer system.
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Appendix B-9. Comparison of droplet freezing temperature dispersion by
Kolmogorov-Smirnov test. These results show the comparison between 10 and
10”7 mg/mL Snomax solution droplets in commodity freezer system.
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Appendix B-10. Comparison of droplet freezing temperature dispersion by
Kolmogorov-Smirnov test. These results show the comparison between 107 and
10 mg/mL Snomax solution droplets in commodity freezer system.
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Appendix B-11. Source Code for Matlab script Droplet Dispersion.m

Y. Kamijo, Droplet HT, (2019), GitHub repository,

https://github.com/YukiK1201/Droplet HT/blob/master/Droplet Dispersion.m

close all;
clear all;

% select the droplet picture

i = "Troy 2019-07-04 12h10m30s (Fluorescein) .jpg’
img = imread(i);
rgb = imshow (img) ;

title('Drow circle to define ROI');
d = imdistline (gca, [100 1001, [100 2007);

e = drawcircle('Color','k','Label’', 'My Circle');
e.Deletable = false;

BW = createMask (e, img) ;

BW(:,:,2) = BW;
BW(:,:,3) = BW(:,:,1);
ROI = img;

ROI (BW == 0) = 0;

figure, imshow (ROI) ;

)

% Change the circle diameter depends on the droplet size
[centers,radii] = imfindcircles (ROI, [4

9], 'ObjectPolarity', 'bright',

'Sensitivity',0.93);

a = length (centers)
r = radii

imshow (ROI)

h = viscircles (centers, radii)

histogram(r)

o

5 Write to csv file
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T = table([r])
writetable (T, 'DropDisperse.csv')
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Appendix B-12. Source Code for Matlab script Droplet_plot.m

Y. Kamijo, Droplet HT, (2019), GitHub repository,

https://github.com/YukiK1201/Droplet HT/blob/master/Droplet plot.m

clear all;
close all;
disp('start'")

% define your image
[

files,dir,~] = uigetfile('*.JPG', 'Select multiple images', ...

'MultiSelect', 'on');
repeating=1;
a = length(files)

% load the first file
img = imread(fullfile(dir,files{1}));

h im = imshow (img) ;
title('Drow circle to define ROI’);
d = imdistline(gca, [100 100],[100 20071);

o

Drow circle to define ROI circle
= drawcircle('Color', 'k', "Label', "My Circle');
.Deletable = false;

® O

for 1 = 1: a
file = imread(fullfile(dir,files{i}));

BW = createMask (e, file);

BW(:,:,2) = BW;
BW(:,:,3) = BW(:,:,1);
ROI = file;

ROI (BW == ) = 0;

figure, imshow (ROI) ;

% Change the circle diameter depends on the droplet size, and

sensitivity to optimize the droplet detection

[centers, radii] = imfindcircles (ROI, [15

201, 'ObjectPolarity', 'dark',
'Sensitivity',0.95);

y = length (centers)
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yC = num2str (y)

imshow (ROI)
h = viscircles (centers, radii);

prompt = {'Droplet number:'};

title = 'Input';

dims = [1 36];

definput = 13%;

answer (i) = inputdlg(prompt,title,dims,definput)
end

promptl = {'Time (sec):', 'Max # of the droplets:'};
titlel = 'Time intervals';

dimsl = [1 36];

definputl = {'10',"'30"};

sec = inputdlg(promptl,titlel,dimsl,definputl)

s = cell2mat (sec)

s2 = str2num(s)

s3 = s2(1,1)

dmax = s2(2,1)

y2 = str2double (answer)
y3 = y2./dmax

x1l = 1:a
x2 = 1/60*s3
X = x1.*x2

scatter (x,vy3)

xlabel ('Time (min) ") ;
ylabel ('Frozen fraction');
ylim ([0 17])

Time = x.';

FF = y3."';

T = table([Time], [FF])

writetable (T, '"FF.csv')
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Appendix B-13. Source code for Python script KStest.ipynb

Y. Kamijo, Droplet HT, (2019), GitHub repository,

https://github.com/YukiK1201/Droplet HT/blob/master/KStest.ipynb

from scipy import stats
import numpy as np
from matplotlib import pyplot as plt

import pandas as pd
from pandas import DataFrame

# read input data file
df = pd.read_excel('KStest.xlIsx")
df

list(df.columns.values)

#select the comparison data
asy ='A 1077
gen ="'A 107-8'

titte =asy +'vs ' + gen
asyFF = asy +'FF'
genFF =gen +'FF'
print(title)

a = dffasy]
b = a.dropna()
c=b * -1

d = dffasyFF]
e = d.dropna()
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o = df[gen]
p = o.dropna()
q=p*-1

r = df[genFF]
s = r.dropna()

stats.ks_2samp(c, q)

plt.figure(figsize=(8.5, 6.5), dpi=100)
plt.suptitle(title,fontsize=12)

plt.subplot(2,2,1)

bins = np.arange(np.floor(c.min()),np.ceil(c.max()))

plt.hist(c, bins=bins, density=True, histtype="step", color="red')
plt.xlabel('Temperature (-°C)")

# plt.ylabel('ylabel’)

plt.subplot(2,2,2)

plt.step(c,e, color="red")
plt.xlabel('Temperature (-°C)")
plt.ylim((0,1.1))
#plt.ylabel('ylabel')

plt.subplot(2,2,3)

bins = np.arange(np.floor(g.min()),np.ceil(q.max()))

plt.hist(q, bins=bins, density=True, histtype="step", color='blue’)
plt.xlabel('Temperature (-°C)")

#plt.ylabel('ylabel')

plt.subplot(2,2,4)

plt.step(q,s, color="blue')
plt.xlabel('Temperature (-°C)")
plt.ylim((0,1.1))
#plt.ylabel('ylabel")
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plt.tight_layout()
plt.subplots_adjust(top=0.94)

plt.savefig('result1.eps', format="eps', dpi=1000)
plt.show()

fig = plt.figure()
fig = plt.figure(figsize=(8.5, 3.5), dpi=100)

ax = fig.add_subplot(1,2,1)

bins = np.arange(np.floor(c.min()),np.ceil(c.max()))
ax.hist(c, bins=bins, density=True, alpha=0.5, color="red')
ax.set_xlabel('Temperature (-°C)")

# plt.ylabel('ylabel’)

bins = np.arange(np.floor(g.min()),np.ceil(q.max()))
ax.hist(q, bins=bins, density=True, alpha=0.5, color="blue')
ax.set_xlabel('Temperature (-°C)")

#plt.ylabel('ylabel")

ax2 = fig.add_subplot(1,2,2)

ax2.step(c,e, color="red")
ax2.set_xlabel('Temperature (-°C)")
ax2.set_ylim(0,1.1)
#plt.ylabel('ylabel")

ax2.step(q,s, color="blue’)
ax2.set_xlabel('Temperature (-°C)")
ax2.set_ylim(0,1.1)
#plt.ylabel('ylabel')

fig.savefig('result2.jpg’, dpi=1000)
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fig.show()
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Appendix C: Supporting information for Chapter 4

Appendix C-1. Source code for Python script Illuminaanalysis.ipynb
Y. Kamijo, LiGA analysis, (2019), GitHub repository,

https://github.com/YukiK1201/LiGA/blob/master/Illuminaanalysis.ipynb

import numpy as np
import pandas as pd
import pathlib
import os

# read input data file
dfO = pd.read_excel('normalized_input.xIsx')

dfO.rename(columns={'Unnamed: 0":'Glycan'}
, inplace=True)

dfO.set_index('Glycan', inplace=True)

dfo

# Read test data file
dfT = pd.read_excel('normalized_test.xlIsx")

# Sort columns in order
dfT1 = dfT.iloc[:,[0, 8, 7, 5, 6, 1, 2, 3, 4]]

dfT1.rename(columns={'Unnamed: 0":'Glycan'}, inplace=True)
dfT1.set_index('Glycan', inplace=True)
dfT1

df1 = dfO.merge(dfT1, on='Glycan', how="outer")
df1

# Drop "???" row
df1 = df1.drop(['???'])

# Drop rows that have "NaN"

df1 = df1.dropna()
df1
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from scipy import stats as st

#set P and R value cut-off
p=0.1
r=12

Rt = st.ttest_ind(df1.iloc[:,[3,5,7,9]], df1.iloc[:,[4,6,8,10]], axis=1)
pd.options.mode.chained_assignment = None # default='warn'

df1["pde1"] = Rt.pvalue
df1["rde1"] = (df1.iloc[;,[3,5,7,9]].mean(axis = 1)/
df1.iloc[;,[4,6,8,10]].mean(axis = 1))

df1

df1.to_csv(‘analyzed.csv')
# Filter by p-value cut-off
dfP = df1[df1['pde1'] <= p]

# Filter by Ratio cut-off
dfPR = dfP[dfP["rde1"] >=1]

# Sort by ratios and save the data
dfPR_hits = dfPR.sort_values(by= ["rde1"], ascending= False)

dfPR_hits
dfPR_hits.to_csv(‘analyzed_hits.csv')
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Appendix C-2. Source code for Matlab script plotONEmaldi.m

J. Maghera, LiGA analysis, (2018), GitHub repository,

https://github.com/YukiK1201/LiGA/blob/master/plotONEmaldi.m

99000000900000000000000000000000000000000000000000000000000000009000
OO0OO0OO0OO0OO0OOODODOOODODODODODOODODODODODODOODODODODODODOODODODODODODODODODODODODODOODODODODODODOODODOOODOOOODOOO
999000000000

O O0OO0OOO0OO0OOOD©0O™O

addpath (fullfile('/Volumes/Data/!! OUTLINES/Jasmine -
LiGA/MALDI/ ")) ;
9900000000000000000000000000000000000000000000000000000000000000
OO0OO0OO0OO0OO0OOODOOOODOOODODOOODOODODODOODODODOODODOODODODOODODODODODODODODODOODODODODODODOODODOODODOOOO©OOO
999000000000

O O0OO0OOO0OO0OOOD©0O™O

manual = 0;

filename = '383.txt';

names = 'Tr36';

full temp = 'NeubAca2-6Galbl-4GlcNAcb-Sp';
MW DBCO = 287; %Use from 315 for "old DBCO" and 287 for new DBCO

XLIM1 4000;
XLIM2 = 8000;

$range around the peak for gaussian fitting and baseline fit

)

% first range is for a larger p8 peak
RANGEO = 300;

% second range is for the glycan peak
RANGE = 125;

fid = fopen(filename, 'r');

disp([names ' glycan is in ' filename ' ' fgetl (fid)...
char (10) fgetl (fid)1);

FORM = '$f %f %$*[“\n\r]';

AllVar = textscan (fid, FORM) ;
mass = AllVar{l};
intensity = AllVar{2};

disp(['Read ' num2str( size(mass, 1)) ' lines' ]);
fclose (fid) ;

IX = find(mass>XLIM1l & mass<XLIM2);

plot mass = mass (IX);

plot intensity = intensity (IX);
YMIN = min(plot intensity);
YMAX = max(plot intensity);

YH = YMAX-YMIN;
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SCALE = 1000/YH;
plot intensity = plot intensity*SCALE;
YH = YH*SCALE;

YMIN = min(plot intensity);
YMAX max (plot intensity);

margin = 0.1;

h = figure(l);
set(h, 'Units', 'normalized', 'position', [0.2 0.6 0.45 0.25]

% find the full name based on abbreviated name

PRETTY %%%%%%%%%%%%%%%%%%%%%%%%%
figure (1) ;

hold off;

plot(1l,1);

hold on;

plot (plot mass, plot intensity, '-k');

% add full name of glycan to the title
title([names ' - ' full temp]);

set (gca, 'yscale','lin', "xscale', '1lin', ...
'TickDir', 'out');

ylabel ("intentisy');

xlabel ('M/z") ;

x1im ([4000 80001) ;

ylim ([YMIN - margin*YH YMAX + margin*YH]);
drawnow;

hold on;

IX2 = find ( plot intensity == ...
max (plot intensity(plot mass>5000 & plot mass<5500)) );
PVIII = plot mass (IX2(1));

% define the RANGE and make sure it doesn't exceed the
boundaries

1f IX2+RANGEO > size(plot intensity,1)
H = size(plot intensity,1);

else

H = IX2+RANGEO;

end

if IX2-RANGEO < 1
L =1;

else

L = IX2-RANGEO;

)
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end

initial mass = pVIII;
initial int = max( plot intensity(L:H) );

Q

% set the initial width wide enough to prevent fitting to noise.
init width = RANGEO / 2;

% fitting starting point and lower bounds

fo = fitoptions ('Method', 'NonlinearLeastSquares', ...
'StartPoint', [initial int initial mass init width 1 1],...
'Lower', [initial int/3 initial mass-2*RANGEO init width/3 -100
-10001) ;

ft = fittype('al*exp (- ((x-bl)/cl)"2)+el*x+fl', 'options', fo);

£0

fit(plot mass(L:H),plot intensity(L:H),ft);

X = plot mass(L:H);
MASS P8 = £0.bl;
MASS P8 DBCO = MASS P8 + MW DBCO;

HEIGHT P8 = f0.al;
MAX P8 = max (f0(X));

plot (X, f0(X), '-r'");
plot (X, f0.el*X + f0.f1, '-b');

% this is where thin vertical red line is drawn and the height
f

this line is exactly the estimated height of the gaussian peak
% after the slanted baseline correction

o

o

line (MASS P8*[1 1], [MAX P8, MAX P8-HEIGHT P8], 'color',6 'r');

text (MASS P8*1.01, MAX P8, ...

['M(pVIII)=" num2str (round(MASS P8)) char(10)...
'"H(pVIII)=" num2str (round (HEIGHT P8))], ...
'VerticalAlignment', 'bottom', ...
'HorizontalAlignment', 'left');

text (pVIII, YMIN, 'pVIII',
'FontWeight', 'bold',...
'VerticalAlignment', 'top',...
'HorizontalAlignment', 'center');

line (MASS P8 DBCO*[1 1], YMIN + [0 0.3*f0.al], 'color'
text (MASS P8 DBCO, YMIN, ['pVIII' char(10) '+DBCO'],
'FontWeight', 'bold',...

'VerticalAlignment', 'top',...

'HorizontalAlignment', 'center');
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THE FULL NAME AND MAKE GLYCAN

sugar = GlycanLeaf.createObj (full temp);
hold on; plot(1,1);

drawGlycan ('input', sugar.String, 'XY', [7500 YMAX], ...
'spacing', 150, 'angle', pi);

TEXT = ['MW=' num2str (round(sugar.MW)) char (10)];
DEBUG = 0;

[MW (char (10)),b,c] = sugar.MW;

if DEBUG

for j = l:numel (sugar.glycans)

TEXT = [TEXT sugar.glycans{j}

' " num2str (round(c(j) )) char(10)];

end

end

text (7500, 0.90*YMAX, TEXT, 'HorizontalAlignment',6 'left'
'VerticalAlignment', 'top');

MASS P8 DBCO GLY = MASS P8 DBCO + MW (char (10));

line (MASS_P8 DBCO GLY*[1 1], YMIN + [0 0.1*HEIGHT P8], 'color',

'o');

text (MASS_P8 DBCO GLY, YMIN, '*', ...
'FontWeight', 'bold', ...
'VerticalAlignment', 'bottom', ...
'HorizontalAlignment', 'center');

text (MASS P8 DBCO GLY, YMIN, 'P+glycan',...
'FontWeight', 'bold',...
'VerticalAlignment', 'top',...
'HorizontalAlignment', 'center');

drawnow;

repeating = 1;
j=0;

while repeating>0

if manual

choice = questdlg('define a peak?', ...

'define a peak?', ...

'define a peak', 'no mo peaks', 'escape','define a peak');
switch choice

case 'escape', return;

150



case 'no mo peaks', repeating = 0; continue;
case 'define a peak',

[x]=ginput (1) ;

=3+
lineX (3) = x(1);

end
else

Jj =3+
if j==

% find the main peak
lineX(j) = MASS P8 DBCO GLY;

IX = (strcmp('NeubAc',sugar.glycans) |...
strcmp ('Neub5, 9Ac2',sugar.glycans) |...
strcmp ('NeubGe', sugar.glycans) |...
strcmp ('"KDN', sugar.glycans) );

repeating = sum(IX);
elseif j==2 && repeating

IX = ~(strcmp ('NeubAc',sugar.glycans) |...

strcmp ('Neub5, 9Ac2',sugar.glycans) |...

strcmp ('NeubGe', sugar.glycans) |...
(

strcmp ('"KDN', sugar.glycans) );

Nsialo = sum( ~IX );

[~,~,c]= sugar.MwW;

asialoMW = sum(c (IX)) - 18* (sum(IX)-1);

MASS P8 DBCO GLY = MASS P8 DBCO + asialoMW;

lineX (j) = MASS_P8 DBCO_ GLY;

line (MASS_P8 DBCO GLY*[1 1], YMIN + [0 0.1*HEIGHT P8],
'b');

text (MASS P8 DBCO GLY, YMIN, '*',...
'FontWeight', 'bold', ...
'VerticalAlignment', 'bottom', ...
'HorizontalAlignment', 'center');
text (MASS P8 DBCO GLY, YMIN,...

['"-'" num2str (Nsialo) 'xSialo']l , ...
'FontWeight', 'bold', ...
'VerticalAlignment', 'top',...
'HorizontalAlignment', 'center');

repeating = 0;
end

[

% find the index of data nearest to the mouse click

'color',
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IX2 = max ( find( plot mass < lineX(j) ));

% define the RANGE and make sure it doesn't exceed the
boundaries

if IX2+RANGE > size(plot intensity,1)
H = size(plot intensity,1);

else

H = IX2+RANGE;

end

if IX2-RANGE < 1
L =1;

else

L = IX2-RANGE;
end

initial mass = lineX(3J);
initial int = max( plot intensity(L:H) );

o)

% set the initial width wide enough to prevent fitting to noise.
init width = RANGE / 2;

fo = fitoptions ('Method', 'NonlinearLeastSquares', ...
'StartPoint', [initial int initial mass init width 1 1],...
'Lower', [initial int/3 initial mass-2*RANGE init width/3 -100 -
10001) ;

ft = fittype('al*exp (- ((x-bl)/cl)"2)+el*x+£fl', 'options', fo);

f = fit(plot mass(L:H),...
plot intensity(L:H),ft);

X = plot mass(L:H);

MASS () = f.bl;
HEIGHT (j) = f.al;
MAX (§) = max (f(X));

plot (X, £(X), '-r');
plot (X, f.el*X + f.fl, '-b');
line (MASS(§)*[1 1], [MAX(J), MAX(J)-HEIGHT(j)], 'color','r');

Delta(j) = round(abs(MASS(Jj)-MASS P8 DBCO));

Ratio(j) = round(1L00*HEIGHT (j) / (HEIGHT(j) + HEIGHT P8));
if j==1

text (MASS (7)+200, MAX(3)*0.7,...

['"M=' num2str (round (MASS(j))) char(10)...

'dM="' num2str (Delta(j)) char(10)...

'R=" num2str (Ratio(j)) '%' char(10)1, ...

'VerticalAlignment', 'bottom', ...
'HorizontalAlignment', 'left');

elseif j==

text (MASS (), MAX(j) + (MAX(J)-HEIGHT(j))*0.1,...
['"M=' num2str (round (MASS(j))) char(10)...
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'dM="' num2str (Delta(j)) char(10)...

'R=" num2str (Ratio(j)) '%' char(10)1, ...
'VerticalAlignment', 'bottom', ...
'HorizontalAlignment', 'right');

end

end

end
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Appendix C-3. MALDI measurement

SDB phage-DBCO conjugate
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Appendix C-4.

mCherry phage-DBCO conjugate
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