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Abstract

Phage display lsattracted a great deal of interest in the identification of peptides specific
to nanomaterials revealing distinctive binding behaviour. Though significant progress has
been made in selecting and screening of biomolecule binding peptides, the accuracy o
molecular recognition for inorganic materials is still challenging due to the limitations of
phage display libraries and biopanning process. The study presented in this thesis is aime
at isolating mineral binding peptd by phage display an@nfying them experimentally

and/ or bioinformatically; exploring the role of electrostatic/-4edectrostatic interactions in

the aqueous phase and the factors responsible for the adsorption or desorption of peptide
phage fom the mineral surface.

Firstly, silicabinding peptides PVRLDWNDLMNRAGQSEKHIandGASESYLhave been
identified using the phage display technique by varying experimental conditions including
pH, detergent, washing and elution buffers to remove uniguer7peptide binding phages
from amorphas hydrophilic silica nanoparticles via disruption of the molecular interactions
between the phage attached peptides and the nanopa®igiegsanningmethod reported

here, has experimentally reprodudéd majority of the initially discovered silica bireds;
alongside identifying/ recovering additioragptide sequencdsYIDFRW KIAVIST and
YSLKQYQhatmayhavebeen overlooketh the routine approach to biopanning. Secondly,

an alternative three step elution method reported heselii@d and recoveredost target

silica binders includindDIRHIK in the early panning roundsd removedthe phage clones

that are bound to silica by hydrophobic, hydrogen bonding and electrostatic attractions or
repulsions; as oppogdo one specific bifier being used for all panning rounds including
elution steps in traditional biopanning experiments. Also, the phage clones that resist
detection to single elution step have been eluted in the other successive elution steps, therel
recovering and improwpg the elution procedure for silica surfacesaddition, these three
different elution buffers have eluted phage clones that are interaction or charge specific
subject to change in the elution buffer pH conditibhe experimental results demonstrate

tha this sequentiathreestep elutiorprocesswvas able tdsolatetightly bound target silica
binders in one or tavbiopanning rounds than the more typical fouiie; thereby reducing
biopanning rounds, cost and effort. Moreover, the bioinformatic apatysross check the
authenticity/ quality of tayet binders has been reported.

Furthermore, selected silica binding peptides isolated from phage display experiments were
synthesized by a solid phase peptide synthesis approach and 4sdji#dénteractions
exploredin vitro, using quantitative and qualitative techniques. The fluetoimanalysis of

these peptides revealdthtthe peptide adsorption to silica surfaces would have more than
one type of interactions (i.e. electrostatic/ hydrophobitordding and Van der Waals) and
could be influenced by the experimental conditioMgre significantly,an increase in
binding activity to negatively charged silica nanoparticles was noticed for the peptides
(HYIDFRWKIAVIST andYSLKQY@®modified withanamide (NH) group as opposed to

a carboxyl group at the @rminal end; driving an imease in overall charge or pl of the
peptidesinsights from the studies presentadyprovide valuable information for designing

and engineering of silica directed constructs for a range of biomedical and nanotechnologica
applications.
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Chapter 1: Introduction

Chapter 1. Introduction

Over the past two decades, the popularity of using combinatorial phage display techniques
for selecting and recognising matefimhding peptides with a unique attraction for any
target, and specifically inorganic materials has achieved considerablestinter¢he
development of advanced bior nanematerials. However, the accuracy of molecular
recognition for inorganic materials is stilhallengingdue to the limitations of phage display
librariesandbiopanning proces#t is still unclear whether (e are eluting all of the strong
binders from the available phage library, (i) what the limits of detergent and elution
conditions are, (i) the issue of binding to repecific targets or fast groweér% (iv) under
representation of the desired sequences and their properties due to havitoyvaras
peptide positiongomposition, and expressihiiv) pH and interaction specific intrinsic bias

and (vi) are their differences between aliquot to aliquot behaviour of same library.
Additionally, another impognt factor to consider is the limited fundamental understanding
of peptide inorganic material interactions which is a major bottle neck for generating
peptide based inorganic nanomaterials with improved biocompatibility, solubility,
functionality and inaeased physicehemical properti€st? This thesis presents the
isolation and identification of silica binding peptides using the standard and optimised phage
display approaches by exploring the elutioratggies. Although, the optimised elution
approach developed is specifically from silica, it could be applied to other inorganic material
surfaces. Experimental and bioinformatics methods are used to check the reproducibility anc
authenticate the targetnioiers. Further, selected peptides identified by phage display were
chosen to study the effect of overall or individual charge, piter@inal groups (acid or

amine) of peptides and changes occurring at peptia interfacen vitro in solution.

Chapte 1 introduces the literature review and discuss the status of combinatorial phage
display techniques with inorganic materials, specifically silica, and their applications
including patents relevant to this study. It also includes statements as to thiaimoep

motivation, and objectives of this research project.
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Chapter 1: Introduction

1.1 Overview of Combinatorial Phage DisplayTechnologies

In the last century, a combinatorial approach originallgpgetl by the microbiology
community has attracted considerable interest lamodight an innovative dimension in
synthesising and engineering new advanced materials by mimicking the naturally occurring
biomolecules that direct biomineralization process. Molecular recognition is the central
phenomenon of all biological systems andognises molecules with high specificity and
diversity. Using this molecular recognition principle, several systems have been studied to
examine the binding events happening at the molecular level. Some of thetudedd
systems include antigeantibody, peptideprotein, proteirDNA, and more recently

biomoleculeinorganic surfaced4

Various techniques have been established for acquiring peptide sequences with specifi
affinity to inorganicmaterial. The theoretical molecular approach is one of these techniques
used to design inorgantmnding peptides. This approach is similar to that used in the
pharmacetical industry for target drugs However, this technique is currently both time
consuming and expensive, thus making it not a suitable option. The other technique is tc
extract biomineralizing proteins; this is done by isolation, purification, andhgjar protein

from hard tissu& '8 Proteins extractedia this method have previously been used as
nucleators, growth modifiers, or for enzymes in the synthesis of specific inorganics. The key
limitation of this technique is the complexity of extracting the required proteins, given that
hard tissue contains several types of proteins that are differentially active in
biomineraliation and spatially distributét?®. Proteins that are tissigxtractedarelimited

to be used in the regeneration of inorganics of their original association. Thus, an alternative

route to the techniques mgoned would be @mbinatorial display techniqu&&®*.

Currently existing combinatorial display technologies include phage disghaycell

surface display! 24, ribosome and mRNA displ&¥*! and rational desid# 4 technologies.

Ever since the edblishment ofin vitro combinational biology protocols, such as phage
display (PD¥>*°and celsurface display (CSH), they havebeen used for the idéfication

of biological ligands and for the mapping of epitopes of antibodies. Libraries have also been
screened for different biological activities: catalyst properties, altered affinity and specificity
to target molecules. This has applications in tesighing of drugs, enzymes, antibodies,
DNA-binding, proteins and diagnostic agéfitS. Combinatorial display technology has
advantages as it does not require the prior knowledge of the required amino acid sequence

sequencesan randomly be selected and enriched. In comparison i \&@mo system’,
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Chapter 1: Introduction

which has a developed library size of4%)in vitro methods have a much larger developed
library size of 16°.

Cell surface display and phage display are appraachieh are based on their link between

the genotype and phenotype of different organisms. On one hand, phage display utilises
bacterophages as a vector, whereas cell surface display usesadacyerst®. Through the
genetic engineering of bacteriophage genomes or balgi&asmids, randomised segments

of a gene can be produced to gain a libfarhis random librargequencés then expressed

on the surface of a phage coat protein or a bacterial flagella protein. Irsthefaathein

vitro selection techniques, such as Ribosome display and mRNA display, both commence
with the transcription of the DNA library to generate the mRNA and do not require a
transformation or cell growtbtep Both methods are considered to bemising display
technologies for antibodies as they consist of larger librarie's)(I@IHree ystemwith

fewer expression bias The key difference between these two approaches is that mRNA
display invohes DNA spacer linkerswvith puromycin which is responsible for forming
covalent bads between RNA and polypeptideThe ribosome within Ribosome display
contains a random peptide fold with is produced by fusing the DNA library ttean@nal

region absent of a stop codon. The absence of the stop codon helpating a protein
ribosomemRNA complex. The mRNA dissociates as the complex binds with the
immobilized target, thus allowing the determination of the peptide segulermrgh reverse

transcriptiof?®.

1.1.1 Phage displayand biopanning process
Phage display/Biopanning is an affinity selection technique commonly used for identifying
novel peptides bound to a specific target through a repetitive process. This includes binding
of phage displayed peptides to target mater@ahoval of weakly bound phages through
detergent washing; removal of strongly bound phages through elution and multiplying the
eluted phage in a host bacten E. coliER2738 strain. Phage display library is created by
fusing DNA fragments into the genométhe phage or phagemid and displaying the random

peptides on the sface of the phage coat proteins

G.P Smith, for the first time used the phage display technology as a powerful tool to identify
ligands for numerousrgets in 198%. The phage display approach was originally employed

to recognise and particularly to study protpmotein, peptidgrotein o antigenantibody
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interaction$*10:2547.55 |n the recent years, the phage display technique has esgtétsd
applications to engineering antibodies, targeting organs, studying networks and sites of
proteinpeptide interactions, studying their use in waes, therapeuticgiagnostics and

drug discovers?>8 €3 More recently, phage or cell surface displayed libraries have become
ubiquitous in selecting and screening peptides having strong affinity towards a range of
inorganic material surfac®s Due to these advances, it is now possible to produce novel
materials usingpiological linkers on more than one type of material to create hyimittis

unique mechanical, electronic, photonic or magnetic prop&tties

The techniques applied in combinational biology protocols are often also used in the field of
molecular biomimetics, o the selection of peptide sequences with specific physical
properties, that selectively bind to surfaces of inorganic compound in- remch
biotechnolog$??* The libraries are constructed by incorporating randomised
oligonucleotides with a specific gene encoded on phage genomes on bacterial pt&dmids
(see step 1 of Figure 1.1)hiB then leads to the combining of a random peptide sequence
with a protein existing on the surface of the organism (as shown in step 2). This leads to eacl
phage or cell displaying a dissimilar and random peptide sequence (step 3). This step i
followed with the heterogenous mixture of cells or phages encountering the inorganic
substrate (step 4). Any unbound or weakly bound phages, or cells are eliminated with severe
washing cycles, whereas the bound phage or cell are separately eluted from thestagface (

5 to 6). With phage display protocol, the strong binding eluted phage are intensified by
infecting the host again (step 7), and as for cell surface display, the cell is permitted to grow
(step 7 to 8). This step represents one complete round of biogalt is common practice

to repeat at least three to five complete biopanning cycles to ensure enrichment of binders
The final step (step 9) involves sequencing the individual clones to attain the amino acid

sequence of the peptide binders to the tasgbstrate materf3l
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Figure 1.1. Typical phage/ cell surface display and biopanning process used for
selecting polypeptide sequences that have binding affinity to given inorganic
substrates. Image reprinted .

An important advantage of phage display compared to other commercial technologies is the
possibility of screening many clones. When compared to other standard screening method
of cDNA libraries, they are restricted to the numbemlaiques or colonies that can be
screened by hybridization (~%8". Peptides from libraries which are synthetically
manufactured are generally screened on grids or pins, with the binding peptides being
identified by sequencing a tag associated to the selected bead in susp&hsion.
disadvantage of the technology is thmeiting number of random peptide sequences which
can be screenedhich isbetween 1810, Synthetic peptides that are screened for libraries

in solution may have up to different sequences, but the requirement of low stringency
during binding resultsn a selection of peptides with highly differing affinities. Phage
display allows for the easy screening of more thaht diflerent sequences, and the
amplification of the selected phage by propagating thek icoli over multiple round of

screening tomsure the selection of the most strongly binding peptide sequences.
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Other advantages of using a phage display technique for selecting binding peptides include
1) Large number of amino acid sequences can be screened easily. 2) Allows for a direc
connectim between thegptideand DNA sequence. This creates a physical link between the
protein that is displayed and the DNA encoding, allowing feast number of proteins

be screened by dn vitro selection procedure known as "biopannir®)'Phage dispiged
peptides or proteins can easily be exposed to solvents; hence the peptide/protein can hold i
functions and affinities during the phage display procés# the target is a biomolecule,

the molecular recognition is highly specific and the resukesraostly reproducible and
reliable unlike inorganic material targets where molecular recognition is not highly specific
and results appear to be dependent on a variety of physical (e.g. morphology, size, cryste
phase, orientation) and chemical (hydrogeonding, polarity and charge effects)
propertie$>©

1.1.2  M13 Phage structure andlife cycle
The filamentous bacteriophagee agroup of viruses that belong to a genus known as
Inovirus. The virus contains a circular DNA genome whiclensased in a long protein
capsid cylinder and the genome may consist of SSDNA, dsDNA, ssRNA or d8RNFhe
bacteriophage is known to mainly infeé@tamnegative bacteria by binding to the pili and
infecting the bacteria, while not killing the host bactétid The filamenbus phage is
separated into three classes which are closely related, both geneticallyeaotypbally:
M13, fland fd. M13 phage is one of the most commonly stlfd@anentous phage for phage
display technology as their small genome makes thasyto manipulate. Assembly of a
longer phage patrticles is possible by inserting DNA into-@ssential parts of the phage.
These phages have the possibility to be produced in higher amourdeeatable in hard
environment&:’>. In general, filamentous phageenot Iytic and so strains of phaggfected
E. coli can release new phage particles without badté/sis. Other types of virubke
systems used in phage display are the phagemid, which are plasmids containing an f1 origi
of replication from a phage to enable their sirgfianded replication and packaging into
phage particles, as well as an armigif replication (ori) for doublstranded replication.
Phagemid can be considered as cloning vectors but need helper phage for completing their
infection process by providing the structural and functional proteins necessary for packaging
phagemid into vion particles The biofilm life cycle and virulence of Pseudomonas

aeruginosa are dependent on a filamentous profhage
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The M13 phage has roughly a diameter of 10 nm and a length of ~1 um, consisting of a
singlestranded DNA genome of 6407 nucleotides. The genome is made up of 11 genes (a
shown in Figure 1.2) which are groupactording to their individual functioréble 1.):

(i) Different types of capsid coat proteins present in the M13 bacteriophage includes, plil,
pVI, pVII, pVIII and pIX, (i) All DNA replication proteins consist of pll, pV amX, and

(iii) the assembly proteins pl, plV and pXI. plll functions in cell recognition, stability and
infection’7782, The plage is surrounded by a coat protein which is composed of two fusion
proteins: one is plll (minor coat protein), and the second is pVIIl (major coat protein). pVIlI
contain ~2,700 proteins and covers the length of the particle, while at one end are plll anc
pVI and at the other end are pVII and plX, each coitgiroughly five proteinsThe phage

plll has two main domains know astérminal (N1 and N2) and-@rminal domain. The

N1 domain is responsible for the translocation of the viral DNAEhtcoli. The domain N2

is responsible for increasing the recognition of the host cell by binding to the F pilus on the
bacterium, while the @erminal domain integrates the plll into phage €&t3

fra Fj.ﬁ.‘-l;‘?'lll;.hr?{}?i

= promofers E -
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Figure 1.2: Diagrammatic representation of M13 bacteriophage genome and the
location of genes. Image adapted from ref 84,
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The infection process starts when the cpdgein Il N-terminus attaoksto the tip of F

pilus on the bacterium. This binding leads to the injection-&f¥4 (+) strand of the phage

into the bacterial cell. This is followed by the creation of a double stranded (or known as a
replicative) form ofphage, which forms when the host polymerase uses thergnfisis a
template to generate a complementajystand. The {) strand of RF DNAareresponsible

for generating the mRNA, whicareused in the synthesis of phage proteins. To produce
new phage, the genome neéal replicate by using newly generated pll to cut the RF DNA
to begin the replication of the (+yanhd, which results in a collection of RF DNA molecules

to be produced by theost enzym& 82 pll is also responsible for forming the-BHA by
ligating the molecular ends of the newly synthesised ¢(apdt The newly formed €3NA

binds to the pV dimer to avoid the conversion back to RF DNA. The ratio af Rff stand

DNA synthesis is dependent on the amount of pV present. The pX is mostly involved in
replication but is also believed to participate in the inhibition of pll function and regulate
RF/ (+) strand synthesis. pl, pXI and plV are all involvedsseanbly, which occurs in the
inner membrane. The-términi of pl and pXI interacts with plV to create a channel to aid
the secretion of phage. The pVII and pIX also required as it interacts with tee[PNA
complex for the secretion step. During the esion step, the pV which is bound teBSA

is substituted with pVIIl followed with the addition of pVI and pll near the central end of
the releasing particle. During this firgeneration post infection, which is then followed by

bacterial cells, roughlg00-200 phages are produced per gener&tighi2.
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Figure 1.3: Schematic representation of the structure of filamentous phage (wild
versus engineered) and their coat prot eins (right). Image adapted 84.

Table 1.1: Types of genes and their functions in filamentous bacteriophadge

. Number of amino Molecular weight
Genes Function

acids (Da/mol)
pl Assembly 348 39,502
pll DNA replication 410 46,137
plll Minor capsid protein 406 45,522
plv Assembly 405 43,476
pVv Binding ssDNA 87 9682
pVi Coat protein (minor) 112 12,342
pVii Coat protein (minor) 33 3599
pVIIl  Coat protein (major) 50 5235
pIX Coat protein (minor) 32 3650
pX DNA Replication 111 12,672
pXI Assembly 108 12,424
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The princil difference between the wild type and genetically engineered phage is that the
addition of an oligo inserts at gene lll and protein at plll as shown iné=ig3. In the phage
display process, the phage particle utilizes the copies of coat protein.|@¢t#seof coat
proteins in the phage library depends on the type of display being looked for. For example,
plll phage capsid protein allows for monovalent displlayds to one targethaking the
selection of high affinity bodies. However, the polyvalentlso an option. \Wle pViIii

allows for polyvalent displaybinds to many targetsjisplaying multiple copies allowing

avid binding making the selction lower affinits shown inTable 1.2 flamentous phage
display system isnostly constructed on the fusion oftBrminal to the coat protein. There

are 5 copis of plll present per virion which all can be fused to short peptides without
interfering with phage infectivity. The main pVIIl copies are present ~2700 per viridn, wit
~10% reliably being fused to peptide or protein. Thus, peptides expressed as plll fusions
exist at low valency (b copies per virion) compared to pVIlI fusions which are present at
high valency (~200 copies per virion). The low valency of plll dispiayt$ selection to
higher affinity ligands, whereas the increased avidity and high valency of pVIIl display

allows selection of very low affinity ligats'>’7:78.8082,

Table 1.2. M13 phage coat proteins, composition and their display fusions.

Protein Number  Molecular weight Copies per phage Type of display
of amino (Da)
acids

plll 406 45,522 5 Nor C

pVI 112 12,342 5 C

pVII 33 3599 5 N

pVIII 50 5235 2700 Nor C

pIX 32 3650 5 N

All the Ph.D. libraries are plll fusions (5 copies of the peptide per virion). Monovalent
display on plll has been enabled through the developmemtcdled phagemid systems
which have become the most commonledisype of phage display syste&fy:’°82
Normally, the foreign sequence gets fused with the amino terminus of plll (5 copies) or

pVIII (2700 copies) coat proteif’s® Coat protein Il contains three domains D1, D2 and
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D3. These domains are connected by gl yci
strandsand 1 e r mi n &7 Injphalgeedisplay technology, the peptidesdisplayed
ontheNt er mi nal U helix on dom&i®H%bH1 by fusi

Displayed peptide Tag e i x

XXXXXXXXXXXX GCCHEINCOIARSEENE: ¢ ¢ ¢ ¢ .

Vectors are used in phage display and are classified according to three parameters: 1) Type
of coat protein used for display (plll or pVIIl). 2) Whether the displayed peptide or protein
has fused to all clones of plll or pVIlI or just a portion of them. 3) Whetihe insert is
encoded by phage genome or other genomes (e.g. phatfefitid) classification of vectors
commonly used for phagtisplay are shown ifable 1.3% As an example, type 3 vect

insert is encoded by plll gene, which leads to the display of foreign protein or peptide in all
plll copied. As for type 33, the phage genome allows two types of pll molecule; first is a
recombinant while the other is wild type. This outcome only allsawse of the expressed

plll protein to be fused with the foreign protein or peptide. One must be aware that type 33
is different from type 3+3, in that two copies of the plll gene do exist in both but are on
different systems: one is a wild type which msahelper phage, while the recombinant form

is found on the phagemid genome. Like the relation between 33 and 3+3, type 88 and 8+¢

are the same respectively, exceptwiW/1ll being using for displadf-#283:8°
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Table 1.3. Classification of vectors and display fusions most commonly employed
in phage display 7.

Type of Displayed Display on all Number of Fusiontype Example
display coat protein or few copies coat protein (phage or Vectors
of coat genes involved phagemid
proteins in fusion genome)
3 pVIII Al 1 Phage M13KE
33 plll Few 2 Phage M13KE
88 pVIII Few 2 Phage F8g4
3+3 plll Few 2 Phagemid pComb 3
8+8 pVII| Few 2 Phagemid pComb 3

Compared to other phage used in phage display technology, M13 and filamentous
bacteriophages fd and f1 are more useful due to moaitytic naturé®. This allows for the
simplification of the intermediate phage purification steps during the panning féunds
Other phage that use in phage display research preciously (T4, T7 and lambda) are all lytic
thus requires morglow purification steps between panning round to avoid amplifying phage
in presence on cellular protein or protease which may deghedtatget during panning

round<282

1.1.3 Phage display libraries
The mostfrequently used and commercially available phage display libraries are the
filamentous phage M13 such as Ph.D. 7, Ph. 12, Ph.D. C7C (New England Biolabs) and
sphercal T7 phage (T7 select, Merék) Among the Ph.D libraries available in the market
(Tablel1.4), Ph.D. 7 is the best characterised and most reliable. Though Ph.D. 12 library is
not sufficient enough to cover the entire sequence space but the library was the oype mostl
used in the recefiteraturé>*, Ph.D. C7C library is not a particular choice for phagelajsp

experiments deito conformational constraint.
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Table 1.4: Types of M13 phage peptide libraries and their advantages.

Ph.D. library Numberof Likely sequences Comments

type clones

Ph.D. 7 2.8x10 20'=1.28 x18  Best characterized

Ph.D. 12 1.9x 106 20"=4.1x 16> Insufficient to cover the whole

sequence space

Ph.D. C7C 3.7x 16 200=1.28 x 18 Conformational constraint

PhD-7 library contains randomisednier peptides, which is fused tacaated protein plll

of M13 via flexible linker, GlyGly-Gly-Ser. The PhDB7 library consists of 2.8 x 20
independent clones. This library is useful for targets requiring binding elements concentratec
in a short stretch of amino acids. This is the beatattterised library so flt The PhD-12

library contains randomised 4fler peptides. Like PhEX. library, PhD-12 are also fused to

plll via Gly-Gly-Gly-Ser. PhD-12 library contain 1.9 x fOndependent clones, or only a
small fraction of the 26= 4.1 x 18° possible sequences. This library is useful for targets
requiring 7 or fewer defined residues for binding, but this which is not codtaiitkin the
7-residues of the PhD.7 library. For example, the motif ADTXXAPXY has only six defined
positions, but cannot be present in the Pillbrary. In addition, 1aner is long enough to

fold into short structural elements, which may be useful wp&mning against targets
requiring structured ligands. The limitation of this library is that the increased length of
randomised segment may allow for the selection of sequences with multiple weak binding

interactions, instead of a few strong interactions.

In contrat to the above two mentioned libraries, PhD.C7C library consists of randormised 7
mer peptides; each of these peptides are flanked by a peysteine residueLysteine
residues can spontaneouslyrfodisulphide bonds, in absence of a redu@ggnt. Similar

to the other two libraries, this library is fused to plll via the-Gly-Gly-Ser spacer and
contains 3.7 x 10independent clones. This library is useful for targets whose native ligands
are in a surface loop (e.g. antibodies with striattepitopes). A major disadvantage of the
PhD. C7C library is that the disulfide <co
for target binding. Tis results in outcomes thateimpossible to predict in advanse one

cannot predict whichbrary is suitable for a given target. Thus, it is the recommendation of
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research labs (e.g. New England Biolabs) for PhD.7 library to be tried first regardless of
target. An alternative to this would be for all the libraries to be tried simultaneously, due to

theease of carrying out panning experiments in parallel using multiwall plates.

Phagedisplay and cell surface display are batlvivotechniques which rely of the genetic
modification of the vector to produce a library. The process by which phages aptake

DNA is at a disadvantage as the resulting library only contains up‘twdietied®4°, An
additional disadvantagd phage display and cell surface display are that it is more sensitive
to biases. For example, during the amplification step the phages are required to infect the
host bacteria, however this introduces the possibility of poor infectivity or loss of clones,
regardless of them being strong target binders. Additionally, some phages are inclined ta
produce a larger progeny compared to other phages, leading to certain clones to repeated
be identified. Despite these disadvantagemtuivo display technology,he technique is
relatively simple and does not require high level of expertise compared to ribosome display
and mRNA display. For these reasons, phage display and cell surface display have
commercialized kits are most commonly used in display technofégigs the purpose of
screening inorganic materials, the structure of the of the target material must be taken intc
consideration to select a suitable display techniquearAsxample, during biopanning on
materials which are in powder form, a prior centrifugation step will be required to separate
the eluted phage from the powder. With this particular example, phage display would be a
more suitable technique as flagella midig sheared off from the cell by centrifugal

force®?%3
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1.2 Overview of Slica (SiO»)

In nature, silica also known as silicon dioxide (i@ the most commonly available and
abundant miner al p¥% Bauealytit exitsimainipie amerahous brans ¢
crystalline states that include quartz, cristobalite and tridymite férifise crystalline silica,

al s o k naquarz is thes majdr and primary constituent present in sand, soil and even
rocks. While, the amorphousilica is commonly precipitated ordeposited in bacteria,
diatoms, sponges, plants and aniffal§he process by which silica fosmin living
organisms with the help of biomolecules involving complex polymerisation reactions is
termed as biosilicification. These orgamaolecules such as proteins, polyamines and
proteoglycans are reported to be the key biomolecules that are responsible for controlling
the structure of silica during the biomineralization prote¥s® To date, silica has been

one of the most widely studied and used milsavith applications ranging from biocatalysis
through to nanotechnology and biomedical fields due to its low toxicity and biocompatible

propertied®1%

1.2.1 Silica synthesis and chemistry
Naturally, silica synthesis occurBrough a process of biosilicificatighwith the help of
biomolecules that are presenithin the organisms A lot of studies have been reported
showing the formation of silican vivo with the help of proteins including silicatein in
sponge¥?192and silaffins in diatont§°71%%06 | nspired by natur eds
biosilica, research groups have startediarstanding the role of biomimetic peptides in
synthesising silica particles in the laboratoryrovitro under controlled conditiofis®5%:107
Silica is mainly synthesised from orthosilicic acid, Si(@tt)der the influence of aqueous
solution by solgel processThe solgel process refers to the solid dispersion of nanoparticles
in liquid (sol) which later agglomerate to form a continuous talieensional network
throughout the liquid (gel). The method involves initial hydrolysis of silicon alkoxide (e.g.
tetraethoxysilane, HOS or tetramethoxysilane, TMOS) to from an orthosilicic acid,
Si(OH). This is then followed by subsequent condensation as shown in the following

equation, specifically for the formation of TS which contain silanol groufyé

1. Hydrolysis; Si(QEls)4 + HO A Si(OGHs)3s0H + GHsOH
2. Wat er condeRGHHHOSIAI -65ill ®i+ H
3. Al cohol Conda&is+aHO-Soi A ;Si-O-Ji 5GHsOH

39



Chapter 1: Introduction

Polymerisation between adjacent silanol groups or ethoxyl groups leads to siloxane bridges
Si-O-Si, thus forming the silica strugie (example shown fRigure 1.4°41% The size of the

silica particle is largely dependent on the rate of nucleation of hydrolysis and the rate of
growth of condensation procé®s The addition of acid (i.e. HCI) or base (i.e. §jli$ known

to increase the rate of hydrolysis, either due to the increase of hydronium or hydroxide grour
in the system. The synthesis of silica particles in basic conditions with a size ranging 10 nm
to 2 um, is show to be possible by changing the concentration of the reac¢tdng&tudies
carried out on the growth of silica microparticles in low pH (i.e. aceti¢dcidrtaric acid?

or nitric acid®® have in general shown low porosity and thus are more dense particles
compared to silica synthesised in alkali condition. However a more recent method for

making silica nanoparticles is through microwassisted acid catalysis usikigI**.

Monosilicic acid
hydrolysis
Precursor -TEOS

Si(OH), or Monomer
4 . :
Di Biomolecules can interact at
1mets any stage of the process
RS | (Eg. Silicatein, sponge silica
ycles or biomimetic peptides)
l' eI
Particles 2 s
- l < e/
@ 1 nm s
°
Y 5 nm
.. o Sy,
Hollow silica L3 Y N 10mm %)
particles /o\

(200 nm to 3 um)

3D gel networks

Figure 1.4. Schematic representation of silica formation pathways from Si(OH) 4

or orthosilicic acid through to dimers, oligomers, particles and sols. Also,
biomolecules are shown to act at any stage of the sdidormation. Image adptedo4.
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At concentrations higher than the solubility of amorphous silica (~100, ppmhosilicic

acid undergoes autopolymerisation between two orthosilicic acid molecules, forming a
cyclic species with optimum numbef SFO-Si bonds. These cyclic structures later form the
threedimensional structure which makes the particle. This form @btigome's aids the
nucleation for stable particles to aggregate amth$oa network or gelFRigure 1.4°
Particles can continue to grow in circumneutral pH until the amount of soluble silica reaches
the solubility of amorphous silica particle. In the presence of salt of other chargéesspe

the repulsion between individual silica particle is reduced (or cancels out), leading to particle
aggregation, forming a thredmensional network. As the amount of orthosilicic acid
decreases, smaller and more soluble particles of silica (< 5 sso)vB releasing silicic acid
which gets deposited on bigger s%HHdmhees
process via which silica is synthesised in aqueous sgsgelependent on the pH, the
presene of salts, temperature and pressure in the system. In a natural environment silica
formation occurs in the presence of various ions, and biomolecules, polyamines and protein:
associating with silica from sponges which all will affect the condensatioregsdor of

silica®.

The structure of silica consists of a combination of oxygen and silicon forming silicates. The
properties of a silica pacle, regardless of its size, is largely dependent the chemistry of the

silica surfaceSilica is known to be sensitive to undergo hydrolysis is the presence of water.
The process of hydrolysis converts siloxane bond€X{Si) of silica to silanol group&Si

OH). The general mechanism via which silica gets hydrolysed with water is:
[ SOR+HROA [ SOH +OH

Literature studiekave shown that organic molecules with polar bonds and water molecules
areadsorbed ontailica surface via hydrogen bonding at silanol sites. These sites have the
ability to both donate and accept a proton, resulting in a negative or positive charge
resgectively. These silanol groups can give silica either hydrophilic (silanol) or hydrophobic
(siloxane) character by either accepting proton or by donating proton under the influence of
agueous solution. The pH plays an important role in deciding the tygrewbs present on

the surface of silica’. For example, with increase in pH the silanols groups undergoes
deprotonation giving more negative charge to the silanol gtbufbe ioelectric point of

pH was determined to be present atpH. Different forms of silanol groups found on the
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silica surface include internal (8 H ) , Il sol ated ([ Si @dvicinala e mi
bridged forms whicltan be seen in tHéigure 1.5'8,
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Figure 1.5. Silica surface consisting of different types of silanol groups and their
chemistry. Image reprinted 119,

Also, depending on the type of chemical solutions used during the Stdber silica process, the
surface functionalisation of silica can be changed to either hydrophilic or hydrophobic
surface. The hydrophobic silica surfacensisting of methyl or phenyl groups can be
achieved by using MTES (methyltriethoxysilane) and PTES (phenyltriethoxysilane). In the
same way, by using TEOS (tetraethyl orthosilicate) and APTESAr{(@opropyl)
triethoxysilane) the silica surface can badtionalised with pristine (amine) and amino
propyl groups respectively. Therefore, these functionalised silica surfaces have been used t
study the formation of cancer by monitoring the cell aggregation or disaggrég¢atiénAn
example of this is the production of silica upon tissue culture polystyrene (TCP) and its
application for further functionalization using fluorinated alkoxysilane. Thisbasshown

to produce a material derived from cell culture media, which has differential adoption profile

of serum, thence allowing for the better controlinfvitro cancer cell agregation
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disaggregation everté. Studies have also shown that with the right silica surface chemistry
(i.e. hydrophilic or superhydrophobic film) may aid the adhesion and proliferationf.cell

1.2.2  Silica biomolecule interactions and their applications
The growing applications of silica with chemically attached peptides or biomolecules in
nanomedicine hadriven researchers to focus on increasing their understanding of how
peptides or biomolecules bind to silica, the type of interactions and tkbamsms
involved"19122.123 |n Figure 1.6are shown a range of proposed interaction mechanisms
involved at the silicdbiomolecule interface. For example, Zheual, (1999) proposed a
mechanism by which silicateld ( 7 0 % silcatein fildment obtained from sponges)
catalyses the hydrolysis of alkoxysilanes at neutral pH via an acid/base reaction through the
activity of the serine and histidine side chains, specifically, between the hydroxyl group of
serine26 and the imidae side goup of histidinel65 Figure 1.6,A)!?3 Because of high
structual homology of silicatet) t o t he hydrolytic enzyme,
based on the mechanism of peptide bond hydrolysis by the analwgtkmown protease
CathepsinL1?3 Nicklin and ceworkers studied the absorption of s@rproteins to specific
surface®&? In this study, it was demonstrated that fluorinated silica surfaces (FS) provide
the necessary environment to selectively adsorb serum proteins from the medium, which,
were able to disrupt cellular adhesion and premeellular aggregatiofFigure 1.6, B).
Moreover, the capacity of the FS surface to support cellular adherence was seen to increas
with culture time. The properties of the functionalised surface facilitate the study of cancer
cell aggregation and disaggregation as a single dynamic protesso, as the cells

biological response towards the material changes in tandem with the surface properties.

43



Chagpter 1: Introduction

OEt _
TE‘ f\( l'ﬁs/ \\ ""5/) OFt
54 S EtO—Si—OEt |
Eto——si—ogt (His-165) £toH ' '
< | 3 );\ s == H,0 - + EtO—Sll—OEt
OFt = _/ N O—H----N
= 5 NH NH OEt
- u e A o
0 \/ Silicatein
N—IE -
Ser26 His165
Increase cell-cell binding affinity E
< Key:
b S
o) 3> Albumin
2 « v e X | ¢
th ' A o V) ), " Cell adhesion protein
o g
5 O.G“““G G'G“““ 4 ! : . Other non-specific serum protein
¥ <2 hmediatreatment <24 h mediatreatment >24 h media treatment Y Cell adhesion receptor
Increase cell-surface binding affinity
8 LDHSLHS | pH KLPGWSG  pH7 AFILPTG | pH7
o
OI Moo i Electrostaticion
o= interactions
) Hydrogen j(’@ L’ g g; pamng
= bonding % N@"‘\' o N gg 'S
— Net a :
a_ _Nat \.I"(q \'L“’\
= NN
: Ry e E e
a0 e ol :
E si si i
o [pepli<[peply, [pep]> [pen]

Figure 1.6. Proposed interaction mechanisms involved at the silica -biomolecule

interface A) Mechanism proposed for alkoxysilane catalytic hydrolysis by silicatein active sites
(serine and histidine) reprinted with permissioni23, B) competitive protein exchange occurring
upon the fluoro-silica during cell culture in serum supplemented medium reprinted with
permissioni22, C) type of interactions occurring at the silicgpeptide interface of phage displayed
peptides reprinted with permission4.10,

In an alternative approach, phage displayed peptides of different charge at neutral pH have
also been studied at theyueous silica interfaceFigure 1.6, C)*!% These peptides:
KLPGWS@ositively charged)AFILPTG (neutral) and_.DHSLHS(negativdy charged);
showed the role of electrostatic/hydrophobic interactions and hydrogen bonding at the
agueous silica interface. The study was also able to show that at low concentrations o
peptide, peptide seissembly is more likely favoured than siligeptide interactions, thus,
aggregates stay in solution until a certain concentration is reéa¢h@uir research group

have shown and giveexamples concerning silid@iomolecule adsorption mechanisms.

few examples includetudy of the particular properties of timaterial itself (e.gsilica®* 19124

and ZnO? 129 we have shown that the size of partitf@$*and charge/ functionality on
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particle$'1°” have clear effects on the binding of small peptides to minexatsthe route

by which a material is formééP 12’ by moderating peptide mineral interaction.

As yet, many other studies regarding sHimamolecule adsorption mechanisms have been
reported, and have been summarized in highly recommended reviews such as peptid
binding mechanisms on nanoparticle surficesolecular biomimetics using genetically
engineered peptid®s proteins and peptidedirected inorganic material synthesiamino

acid adsorption on mineral surfa®#e computational modelling of siliehiomolecule
interaction$?®, simulations studies and recognition mechanisms of biomolé&lkw

fundamental theoretical and experimental approaches to understand biomolecule

biomaterial interactiortg™.
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Figure 1.7: Schematic representation of Silica -biomolecule interactions and their
applications. Figure adapted from 132,

Continued research efforts by researchers has led to silica being a key material in the desig
of novel bienanostructures, further broadening its applicatiormfreanotechnology to
biomedical and further industrial fields ahown schematically iRigure 1.7. Further, a
review published by Thota and Peéfghowedthe recent advancements of solid material

binding peptides including their applications and pattdrashave been reported.
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Four examples specific to the applications of sibg@moleculeattachment are shown in
Figuresl.8 and1.9. The therapeutic use of mesoporous SiNPs as a potential drug delivering
agent involving a variety of pharmaceutical drugs including ibuprofen, doxorubicin,
docetaxel, therapeutic genes (plasmid DNA, antisense oligartigids, and siRNA), and
therapetit protein cytochrome CFigure 1.8, A)**3. A controlled silica biomineralization
process involes selective exposure of lysine amino groups on genetically engineered
tobacco mosaic virus templates, chemically conjugating the synthetic peptides and the
subsequenttial coating with silicaKigure 1.8, B).

. ﬁbuprofen Doxorubi;h

Plasmid DNA Docetaxel
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§ 2,
3 Y
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Antisense
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Cytochrome C
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Figure 1.8: Specific applications of silica -biomolecule attachment reported: (A)
mesoporous silica nanoparticles acting as delivery vehicles carrying potential drugs, peptides and
proteins reprinted with permission from 133, (B) controlled silica biomineralization process using

peptide equipped TMV (tobacco mosaic virus) as templategprinted with permission from 134,
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Altintoprak et al, (2015). Jin and cevorkers Figure 1.9,A) synthesized a DN#Ailica
complex able to (i) condense DNA through the positively chacgedernary ammonium
group of NtrimethoxysilylpropyiN,N,N-trimethylammonium chloride (TMAPS) and (i)
stabilize silica mineralization by econdensing with the silica source, in this case TEOS.
Further, the formation of various DNA liquid crystals wasieebdd by varying DNA
concentration and the TMAPS/DNA molar ratio, which allowed control of the DNA

interaxial separatidi®.
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Figure 1.9: Specific applications of silica -biomolecule attachment reported: (A)
Silica mineralisation induced by DNA liquid crystals reprinted with permission fromt3s and (B)
enzyme immobilization in silica nanospheres via attaching to cobalt coated resin by affinity binding
where agarose beads’/), C&*coated agarose beads®)), his-tagged peptide ¢~<), enzyme &)
and silica nanospheres ') reprinted with permission from 136,
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Luckarift and ceworkers Figurel.9,B) reported a method for preparation of a solid support
for immobilization of the enzymbutyrylcholinesterase. For this, a gyacked column with
agarose beads was charged with cobalt (1) ions for the attachment of-tiagy IRS peptide.
Afterwards, the tetramethyl orthosilicate (TMOS) solution together with the enzyme were
added to the sgem and silica nanospheres precipitated onto the peptide bound to the
column, subsequently, immobilising the enzyme. These sificaobilised enzyme reactor
columns were used as a model liquid chromatography system to effectorelyns

cholinesterase inbitors!=.

1.3 Combinatorial Display Process on Nanomaterial Surfaces

The connection between inorganic materials and biomolecules is not new in nature and exist
naturlly through the process of biomineralization. Through this, complex inorganic
nanostructures including metal oxides and minerals are synthesized by certain species lik
magnetite, an iron oxide (Mms Proteins) in bactéfi&, silica (silaffins) in diaton?§-°7+103

108 silica (silicatein) in spongé8:'%2 aragonite and calcite (chitin, proteins and
polysaccharides) in molluskS. Though artificial processes have been used to reproduce the
biominerals or materials, their quality challenging. In order to meet the quality and
demand, several research groups started a quest for better alternate routes to produce mc

efficient, reliable and bulk bionanomaterials using inspiration from nature.

This lead to the discovery of novel bionetic approaches where peptides having affinity
towards any target inorganic material can be isolated and practically reproduced using &
range of combinatiaal display technique&igure1.10 such as phage dispf&y°, bacterial/

yeast displadl'34, ribosome, mMRA or cDNA display® ****and rational desidgd 4.
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Figure 1.10: Schematic representation of different types of combinatorial display
approaches such as phage display, bacterial surface display, yeast surface
display, ribosome display, mRNA or cDNA display and rational design used for
selecting and screening of inorganic material 12.

So far, a range of biomimetic peptides showing specific affinity and molecular recognition
for metals (Ag*?% Au™® Pf Pd*), metal oxides (Sigh102465145 znQlae.147
TiO859148 FeO3!4950 [rO15% AlLOs01%2 CwO'9), minerals (calcite, hydroxyapatite,
graphite, mica, sapphiréf 15 semiconductors (CdS, GaN, GaAs and Z4%)'*¢ carbon
materials (graphene, carbon nanotubé4y®and polymer material®’**°have been isolated

as shown irFigure 1.10

1.4 Applications of Inorganic Material Binding Peptides

Material binding peptidediave attracted considerable interest in the development of
innovative nanostructured materials in particular because of their promising and growing
applications in nanobiotechnology. Thesaterial binding peptidesre also called inorganic
binding peptié@s (IOBPs) or substrate binding peptides (SUBPS) or solid binding peptides
(SBPs) or genetically engineered peptides for inorganics (GEPIs). Material binding peptides
are short amino acid peptide sequences that are genetically constructed and show specif
affinity to a target material using combinatorial display approach. Although nanomaterials
have been designed and produced decades ago, their utilization iron&iwtechnology

is limited due to poor solubility, stability and biocompatibility issuése surface properties

of nanomaterials including solubility, structure, charge and stability are all factors that
determine its ability to interact safely in a syst&mHowever, several strategies have been

developed to overcome the toxicity concerns and eventuaditerial binding peptiescame
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into existence by managing greater control over the nanomaterials without compromising
their physical, chemical and functional properties. Theagerial binding peptideact &
molecularlinkers Figure 1.1} by mediatig immobilization between inorganic materials

and biomolecules thereby replacing traditional chemical conjugation methods (e.g. coupling
reactions) which required harsh chemical reagents and high temperatures, leading to th

reduced stability and biocomphility of the biomolecule to the nanomaterial surface.
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. ! " Bifunctional
Bioactive peptide + solid-binding
o N peptides
SA )
Biotin/Streptavidin (SA)
Solid-binding peptide (SBP) = \/\\

Figure 1.11. Schematic representation of solid binding peptides as molecular
linkers to link solid materials like nanoparticles and to a wide range of
biomolecules such as antigens, antibodies, peptides, proteins, enzymes and
functional peptide motifs. Image reproduce d1.

Inorganic material binding peptides have been shown to have many applications,
including nanomaterial synthesis, seHassembly, coatings, biomolecule immobilization

as shown inFigure 1.12 Specific examples of thesapplications are discussed in the
following secton. The material binding peptides have been used to produce a biocompatible
coating which bind to the nanomaterial in higklyecific manner, which under biological
condition are usually unable to initiate a cytotoxic or immunogenic response. An example

of this is the lanthanide oxide binding short peptide sequence, known-aswRtch was
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found to form a coating on the surface on the nanocrystal. The stable immobilization of RE
1 on the lanthanide oxide nanocrystal eliminated the cytotoxicity by pragenti
sedimentation and reducing nepecific interaction with cellin vivo (mice) andin vitro

(HeLa cells}®?1%3The immobilization of biomolecules onto nanomaterial is believed to
ocaur via weak interactions (such as hydrogen, electrostatic and hydrophobic bonding),
direct coupling or coupling reaction on sasembled monolayers (SAMs). However, under
these conditions the biomolecule can attach to surfaces with changing positions and

orientation, thus causing a loss in functional prog&tty®.

Nanomaterial  Nanofabrication/ Biomineral /material
synthesis Self-assembly production

:c @ QUU ] o
NN M oven GETR §§§§§§

v o WO

Applications

Multi-functional  Nano hybrids Biomolecule
materials Immohilisation

Figure 1.12: Schematic representation of inorganic material binding peptides
and applications.

Discrimination of different materials in proximity is a critical requirement in nanofabrication
technologies (e.g. labn-chip, migofluidics and microarray). Material bindingeptides is
ideal for this type of technology as it binds to nammd macre materials with high
selectivity. Such example ofaterial binding peptidability has been demonstrated for the

highly selective simultaneous -@ssembly of varying fluoresceinaterial on gold/silica
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surfacé®’1e8 |In contract, SAMs lack the capacity to differentiate materials with similar
surface such as gold and sitf8r

The functionalization of nanomaterial with biomolecules such as enzymes and antibodies
has been of interest for diagnostics and therapeutic technologies to improve enzyme activity
loading and staility as well as sensing, imaging and targetifgrhe appliation of enzyme
coupled nanomaterials is of specific interest for industrial processes such as bioremediatiot
and biofuel productioi. Earlier immobilization methods developed (adsorption,
entrapment and covalent attachment) are not ideal as it can involve the use of functiona
groups that alter the active site oftenzyme, thus @mging its catalytic properti&s.
Material binding peptideas r e useful for this purpose as
during the immobilization of enzyme onto nanomaterials. An example of this is the use of
gold-binding peptide (GB1) for the selassembly or organophosphorus hydrolase (OPH)
onto gold nanoparticleoated senséf. Results showed that the coupled GBPRH had
retained its native conformation post immobilization and showed comparatively faster and
more sensitive detection of organophosphorus pesticide than unmodifiesheen3ych
reaction can also be economically friendly through the attachment of enzymes to magnetic
nonmaterial, allowing easy recovery and reusabifityfSomematerial inding peptidesan

to bind to their respective materials even under extreme industrial conditions (pH and
temperature). In specific, a silica-binding peptide (GGGGES has shown aid the
immobilization of thermostable enzymes on silica containing matenaretd pH range 5

9 pH) and high temperature (8074

For immobilization of antibodies with nanomaterial, a novel method has been established to
tackle the low immunogenicity of antibodies to produce maltbinding antibodies using
material binding peptidesonventional methods also often lead to udjatable changes in

the orientation on the antibody which decreased the density and availability of antigen
binding sites. For this new method, genetically engineargibodies are grafted onto
material binding peptide® form a fused protein, which then undergoes phage display and
selection. Recent study have use to facilitate antibodies for thasselnbly of hybrid
nanomateriaf®°. However, the wsofantibodies as scaffolds for material binding peptides
complex and lacks versatility as it requires the initial modification of the antibodies. Using
antibodybinding proteins (ABPs) that binds easily to the Fc region of an antibody can ensure
the night orientation, thus avoids the prior modification of the antibody for increased

versatility while retaining their biological activit{?*’” Recent study has alsokn the
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ability of specific material binding peptidéanc oxidebinding peptide, ZBP) to be used for
the delivery of tumouspecific antigens into dendritic cells (DC3he ZBP enables the
assembly carcinoembryonic antigen (CEA) or@eZnO nanoparticle. Results from the
study on mice immunized with modified DCs showed rapid recognition of the GB®
functionalized particle by the DCs, leading to suppressed tumour lg@awad prolonged
survival wren compared to the control mié¢é’@

An alternative to using antibodies is bioactive peptide motifs, whiclstasg amino acid
sequences that can serve as biorecognition elements. Compared to antibodies, bioactiv
peptide motifs can easily be engineered and are stable in a range of conditions bu
unfortunately, contain several reactive sites which encouragespeaific coupling and
orientation during bioconjugation process. The orientation of bioactive sensors during
immobilization can be controlled using material binding peptides by forming bifunctional
peptides. Synthesis of these peptides generally involvesmglsich spacers between both
functional regions which provided flexibility and prevents spatial constrains. However, it
cannot be certain if a bifunctional peptide will retain the properties of both the bioactive
peptide and the material binding peptidisis further changes will be necessary for specific

functionality*’9 182,

Studies by Brown(1992), pioneered the utilization and isolation ofaterial binding
peptidesinitially exploring iron oxidebinding peptides from cell surface librari€sto later
isolating @ld binding peptides from bacterial cell surface display lidfafhe gold binding
peptides isolated has had significant applicatiomarious human studies from becoming
material synthesiseis peptidic linkers for immobilization of nanomaterigfs protein

fusion partners for oriented protein immobilizatittn Whaleyet al, (2000),reported the

first instance of positivelgharged gold binding peptides selected with phage display using
gold powder as target matefialThe same group of researchers, also isolated gold binding
peptides carried out in thin gold film. In this study, the peptide was displayed on the pVIlii
phage coat protein = and was used to assemble gold nanoparticles while additional peptide
expressed on the same coat protein were used to create 2D opticalliasseiittb CdSe
nanocrystaf$3 Naik et al, (2002, also reported the isolation of another gold binding
peptide (AG3), which originally was targeted for silver surfacgschn also be used for the
synthesis of gold nanoparticlé$'®> Recent study by Kimet al, (2009 hasused PD
approach and gold powder as target material for the isolation of gold binding peptides; one

peptide called Mida2 was specifically used for the synthesis of gold nanoparticle, which
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yielded polydisperse nanoparticles. Various mutatimased angbis was also carried out

by replacing amino acid groups with glycine, to investigate the relationship between primary
structure of the binding peptide and the shsige of the nanoparticle synthesized. Midas

11 (a mutant of Mida®) exhibited to productarge gold platelets with a width of 24 um

and thickness of 3050 nm, in bat hexagonal and trigonal plaf2t The work presented

by Kim et al.and Brownet al. are both good examples of specifaterial binding peptide

properties used in controlling size and shape of nanostructures.

Similar to gold, silver binding peptides were also screened@edted for binehg with acid

etched nanosized silver particles. The isolateem&? peptides, AG3 and AG4, were
identified using localized surface plasmon resonance band, according to the ability to bind
to silver and the capability to form silver namoticle$®®. Immobilized AG4 has also
demonstrated the ability to grow a range of silver narimtes in a microfluidic system
made of elastomers. The silver binding particles in solution were studies using nuclear
magnetic resonance (NMR), and the data showed that residues Leru5, Phe6 and Arg7 wer
suggested to be the point of contact for the ipleltAG4 peptides bound during the syesis

of the silver nanoparticté®,

Titanium is also abionanamaterial that has widely studied and usec ¢ its good
biocompatibility and its application for implant material. For this reasonet.al, (2010,
screened peptides from-h2er and mer PD libraries for a commercially used titanium
material (cpTi). The researchers were able to detect surface bound clones, and characterize
the binding of the phages on-&pusing confocal microscop$/. The metal oxides form of
titanium is titanium oxide, also known as titania (7)iCand has also been used in various
applications fobiomedical sysgms and optoelectronic devices. Material binding peptides
have also beerused in conjunction with titania for the fabrication of conductive
nanostructure (e.g., nanofibers and nanowires), for their application in nanoelectronics (i.e.
power cells, computer processor and optical fibres). The purpose ahaberial binding
peptidein this case is to mediate the synthesis of an inorgaarganic nanocomposite (see
Figure 1.12. In a paper by Inouet al, (2014, agenetically modified selassembling case
shaped protein (CDT1) was used to-display a 12 singlsvalled carbomanotubes
(SWNT)-binding and Ti@-mineralising peptide. This bifunctional protein was used to
mediate the formation of thin layers of titania &8 WNTs. After further processing to
eliminate protein using high temperature, a higddynductive nanocomposite was prodiice

for its application in dyesensitised solar cell (DSSC) photoelectrdtfes
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Silica is another metal oxide material which has similar applications to titania. Silica binding
peptides was first isated from a phage library by Nagk al, which contained high amounts

of arginine anchistidine amino acid groups and displayed the ability to precipitate silica
from silicilic acicf®. Another group of researchers were able to identify silica binding
peptides, which is highniproline amino acid groups, that has affinity towards single
crystalline quartz surface. The analysis of these strongly binding peptides was carried ou

using a surface plasmon resonance spectroscopy {8PR)

Another metal oxide thatas application in optoelectronic application is Zinc oxide
(ZnO)*0. Certain zinc oxide binding ier peptides haverahdy been identified using
micrometre sized ZnO particles as the target material; the identified peptidesiseeable

to distinguish between ZnO and ZAS Another study has proposed a novel method to
synthege fluorescent ZnO particle with uniqgue morphology, not previoaslyieved with

low temperature approach which required complex chemiéaBhough the research on
using phage display technology to discover material binding peptides for the metal oxides
mentioned here (titanium oxide, silica, zinc oxide) is vast, there isrgtik to be explored

for the remaining oxide materials. A possiliteason for this may be because other metal
oxides are not as widely used and/or that peptides may not be suitable for functionalizatior

of other metal oxide surfacesder their specific processing.
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1.5 Motivation of Project and Objectives

Nature is always an inspiration and mystery when it either comes to synthesizing materials
either on its own or by using biomolecules thereby providing greater control of physical,
chamical and biological paramet&?$+183.18> One way to find solutions is to mimic nature.
However, to mimic natureds method of syn
functionally active biomolecules as well as the capacity to direct the synthesisiiro
conditions.Molecular recognition is the central principle of all biological systems. Using
this molecular binding feature, several systems have been well studied including-peptide
protein, antigerantibody, enzymprotein and nucleic acigrotein interactions. With
increasing use of biopanning to display material specific peptides and then use those
identified pepti@s to reproduce same materialgitro orin vivounder controlled conditions

that have potential applications in biomedical andr@ootechnology hawgrown rapidly,

it is very important to elute, identify and verify the authenticity of genuine target binders
without falling into the net of nespecific binders. Though, significant progress has been
made in selecting and screening of biomolecule bingeywtides but when the target is a
mineral/ inorganic material surface it is challenging due to their complex surface chemistry.
It is still unclear whether we are eluting and recovering all of the strong binders from the
available phage library andhethe there are differences between library batch to batch
behaviour. Amorphous silica nanoparticles have been selected as a target material becau:
of its importance as 30century materialand fortheir growing potential applications due

to low toxicity ard biocompatible properties. The M13 Ph.Dlibrary system was selected
because this is one of the bebkiracterised and most reliable recommended libraries.
Compared to 12ner peptides, shortermer peptides are das to work with as they can be
easily exposed to solvent environments during the process of phage ,distlilkey 12mer
peptides which are known to degde are harder to purify and are unstable in harsh
conditiors (at high temperature and changes in pld)addition, the increased Igth of the
sequence in kner peptide library may result in identifying sequences with multiple weak
interactions, rather than selecting few strong interactions. However,-tier peptide
sequences are useful targets that require binding elements catestimira short stretch of
aminoacids. Furthermore, not many studies on heptapetides which have affinity toward silica
have been reported using the PiMibrary. Thus, keeping in mind the limitations of using

12-mer peptides, -mer peptides were chosem bbe studied as they easy to work with and
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have various applications in nanomaterial syntk&%id%2and for understanding mechanism

via which silicabiomolecules interatp®107.124.132

The main goal of the project was to develop alternate approaches to elute and identify
material binding peptides using phage display éepke. Then, to explore and understand
the influence of electrostatitdn electrostatic interactions on the molecular scale in

governing biomolecule selection.
Specific objectives of the project were:

1 Isolate and identify silica binding peptides (7metkyough biopanning against
hydrophilic silica by exploring different elution strategies.

1 Investigate and predict the behaviour of biomolecules (sequence diversity, functionality
and promiscuity) such as the identified peptides by looking at their phizeicocal
properties and related bioinformatics.

1 Study and understand vitro interactions between selected peptides isolated by phage
display and silica surfaces in solution.

1 Explore conditions such as pH, detergent, washing and elution buffers nedietido
detach the peptide from silica surfaces via electrostaticefentrostatic interactions in

solution.
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Chapter 2. Instrumentation and Experimental Section

In brief, this chapter introduces the instrumental principles and experimental methods
including the materials that have been used to identify mineral binding peptides with
reference to silica, to synthesize and characterize peptides and/ or silica tieleszard to

study their interactiondhe phage display of biopanning technique has been used to select
NEB Ph.D-7 mer library against silica nanoparticles which were amplified in bacteria by a
repetitive process. The amplified phages from the biopgmomnd of interest were isolated

and phage clones collected by carrying out a -blb#e screening process. Using
polyethylene glycol (PEG) solution, singd&randed phage DNA has been precipitated and
the purity of the DNA analysed using a NanoDrop sjpgttotometer. Further, these DNA
samples have been sequenced with a modified Sanger sequencing method by Eurofin
Genomics UK and the authenticity of sequences determined using bioinformatics tools suct
as insilico sequence convertor; multiple sequendggnatent programs (Clustal Wand
Clustal Omega),npeptide property calculators (Innovagen and Bachem) and peptide
database search engine (MimoDB tools) respectively. Selected peptides identified by the
phage display process have been synthesized usimgpdase peptide synthesis (SPPS)
protocol while the quality and purity of these synthesized peptides have been analysed by
matrix-assisted laser desorption ionization tiofeflight (MALDI -TOF) mass spectrometry

and highperformance liquid chromatographiyRLC) respectively. The silica nanoparticles
used for phage display and binding studies were already available in the Perry laborator
and had been synthesized by the Stdober process and characterized using dynamic ligl
scattering (DLS), zeta potential atrdnsmission electron microscopy (TEM). A range of
guantitative and qualitative techniques including fluorescamine assay, Raman spectroscop
and transmission electron microscopy has been used to study the binding of peptides ont

the surface of silica naparticles.
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2.1 Materials and Methods

2.1.1 Materials

2111 Hept apeptide phage di spTay peptide |
In this study, Ph.D7 phage display peptide library kit (#£8100S) purchased from New
England Biolabs (NEB) has been used for panning against already characterized amorphou
silica nanoparticles of size 82 + 4 nm. This library is based on M13 phage &rgioeered

for pentavalent display of peptides on plll minor coat protein. The Phighage display
peptide library kit was supplied with 100 pl of Ph-Dlibrary (enough for 10 biopanning
experiments) containing 1 x ¥Jpfu/ml (2.8 x 16 independent oines supplied in TBS with

50% glycerol). Also, this library contains roughly®Hectroporated sequences amplified
once to give approximately 100 copies of each sequence in 10 pl of the provided phage
peptide library.

For the entire phage display worlyd separate aliquots of NEB Ph:IDphage library kits

(Lot: 0211212 and Lot: 0221501) were used at different times of this project. The first library
(Lot: 0211212)batch was used for initial biopanning and repanning experiments via
following traditional biopanning process as described in chapter 3. As, the first batch of
library was finished for more panning experiments, a second batch (Lot: 0221501) was
ordered and used to test the optimised biopanning approach (alternative threlatgtep

process) adefined inChapter 4.

2.1.1.2 E. colihost strain (K12 ER2738)

FproA+B+ | aclqg o(lacz) M15 z-pardAB):ttFIn 1 @(-M & d &
mcrB). TheE. colihost strain ER2738 was supplied with 50% glycerol and included within
the NEB Ph.D-7 phage display peptide library kit (#£8100S). THhigoli F+ strain has been

used for the entire phage display work for propagating and screening the M13 phage clones

2.1.1.3 Silica nanoparticles

The same batch of amorphous hydrophilic silica nanoparticles of size 82 £ 4 nm was usec
as target for biopanning and subsequent binding studies that were already available in th
Perry laboratory and had been synthesized by the Spiibeess and characterized using
varied techniqués®’. More information about the propertiesdameasurements of silica

particles is described ifable 2.6under thesection 2.1.2.@ this chapter.
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2.1.1.4 Phage display reagents

All the phage display work was performed undsegic conditions using a Bunsen burner,
disinfectants and by sterilizing the chemicals and materials used in the process for 15
minutes under 1.5 atm at 12C in an autoclave. All other chemicals and reagents used for
phage display obiopanning were purchased from Sigma Aldrich and Fisher scientific.
These include LB broth and LB agar from Fisher scientific; and the remaining chemicals
I ncl udi n g-D-iL thiogalacmgpynanoside (IPTG);Bomo4-chloro-3-i ndo | y | l
galactopyranade (X-gal), trisHCI, sodium chloride (NaCl), polyethylene glycol (PEG
8000), TBS tablets, Tween 20 detergent, sodium iodide (Nal), sodium azide)(NaN
ethylenediamine tetra aceticacid (EDTA), tetracycline, gly¢i@, magnesium chloride
(MgClz) and trethylamine (TEA) were brought from Sigma Aldrich.

The following stock solutions were prepared prior to starting the biopanning procedure and
kept for use as required.

2.1.1.4.1 Washing buffers

1 TBS buffer stock solution

One table{purchased fronsigma Aldrid) dissolved in 15 ml of deionized water yields 50
mM Tris and 150 mM sodium chloride, pH 7.5, at room temperature (25 °C). Thirty TBS
tablets were dissolved in 300 ml of deionized distilled water and the solution was sterilized
by autoclaving for 15 mines under 1.5 atm at 121 °C. After autoclaving for 15 minutes the

pH was adjusted to 7.5 using 1 M HCI concentration and stored at room temperature.

1 TBST buffer solution (TBS with 0.1%-0.9% [v/v] Tween 20)

An appropriate amount diween 2Qdetergent (volume fractioriigma Aldrich) wasdded

to the sterilized TBS solution of pH 7.5 to reach the desired detergent concentrations as
below.

20 pl of Tween 20 was added to 20 ml TBS to get 0.1% TBST (TBS +0.1% [v/v] Tween 20)
60 pl of Tween 2@vas added to 20 ml TBS to get 0.3% TBST (TBS +0.3% [v/v] Tween 20)
100 pl of Tween 20 added to 20 ml TBS to get 0.5% TBST (TBS +0.5% [v/v] Tween 20)
140 pl of Tween 20 added to 20 ml TBS to get 0.7% TBST (TBS +0.7% [v/v] Tween 20)
180 pl of Tween 20 added 20 ml TBS to get 0.9% TBST (TBS +0.9% [v/v] Tween 20)
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2.1.1.4.2 Elution buffers
1 0.2 M GlycineHCI, pH-2.2, pKa = 2.35
446.12 mg of GlycingHCl was dissolved with 50 ml of autoclaved nuclease free water
and pH was adjusted to 2.2 by adding drop by drop of OFX\ Stored at 4 °C.
T 4 M MgCh, pH-6.1
40 g of magnesium chloride hexahydrate was dissolved withl &0 distilled water
and pH was noted as 6.1. Stored at 4 °C.
1 100 mM Triethylamine, pH.1
1.75 ml of concentrated triethylamine solution vd#ssolved in water and made up to
the final volume to 50 ml with distilled water. The pH was noted as 11. Stored at 4 °C.
1 0.2 M GlycineHCI, pH-7
446.12 mg of GlycingHCl was dissolved with 50 ml of autoclaved nuclease free water
and pH was adjusted to ¥ adding drop by drop of 1 M NaOH. Stored at 4 °C.
1 0.2 M GlycineHCI, pH-11 pKa =9.78
446.12 mg of GlycingHCl was dissolved with 50 ml of autoclaved nuclease free water
and pH was adjusted to 11 by adding drop by drop of 1 M NaOH. Stored at 4 °C.

2.1.1.4.3 Culture media

The culture mediaand reagents used foculturing the phage or bacteriavere
purchased from Sigma Aldrich and Fisher scientific. The LB broth and LB agar
media were obtained from Fisher scientific; while the chemicals tetracycline

I s 0pr eply lthiogdlactopyranoside(IPTG) and 5-bromo4-chloro-3-i ndol y |
D galactopyranoside (gal) were boughtrom Sigma Aldrich

9 Luria -Bertani (LB) agar medium

17.5 g of LB agar Lennox powder (tryptone: yeast extract: sodium chloride: selgovagar
dissolved in 500 ml of distilled water and was sterilized by autoclaving for 15 minutes under
1.5 atm at 121 °C. In order not to solidify, the agar media was stored at 45 °C to 55 °C until
the media was used for preparing LB agar ar@at/ IPTG plags.

9 Luria -Bertani (LB) broth medium

2g of LB broth Lennox powder (tryptone: yeast extract: sodium chloride) was dissolved in
100 ml of distilled water. Stored at room temperature after autoclaving at 121 °C for 15 min.

1 Tetracycline stock solution
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200 mgof tetracycline(20 mg/ ml)was taken and made to the final volume of 10 ml by
adding 70% ethanol. To protect the light sensitive tetracycline stock, the tube was wrappec
with aluminium foil and stored in the dark-&0 °C.

1 X-Gal/ IPTG stock solution

0.31 gof IPTG and 0.25 g of-l6al were dissolved and made up to a volume of 6.25 ml with
dimethyl formide (DMF). To protect the light sensitiveGal/ IPTG stock solution, the tube

was wrapped with aluminium foil and stored in dark24t °C.

2.1.1.4.4 Other sto solutions

All other chemicals and reagents used fpreparing stock solutionsincluding
sodium chloride (NaCl), polyethylene glycol (PEBB00), sodium iodide (Nal),
sodium azide (Nap, ethylenediamine tetra aceticacid (EDTAJris base, Tris-
HCIl and 1M HClwere brought from Sigma Aldrich.

1 PEG/ NaCl stock solution(20% (w/v) PEG 8000 and2 M NacCl)
4 g of PEG 8000 and 2.92 g of NaCl were taken and total volume was made up to 20 ml with
sterilized nuclease free water. Stored at room temperature after autoclaving for 15 minute:
under 1.5 atm at 121 °C.
1 Sodium lodide (Nal) buffer stock soluton (10 mM TrisHCI of pH-8.0, 1 mM EDTA,

4 M Nal)
24.2 mg of TrisHCI, 5.8 mg of EDTA and 11.99 g of Nal were taken and the volume was
made up to 50 ml with autoclaved nuclease free water. To protect the light sensitive iodide
buffer stock, the tube was apped with aluminium foil and stored in the dark at room
temperature.
1 Sodium azide (NaN)-TBS stock solution
1 mg of NaN was taken and dissolved in 50 ml of TBS solution to get 0.02% (w/v).
9 Tris HCI solution
6 g of ultrapure Tris base wdsssolved with 50 ml of autoclaved nuclease free water to get
1M concentration and pH was adjusted to 9.1 by adding 1M HCI. Stored at 4 °C.

2.1.1.4.5 Peptide synthesis reagents
Selected silica binding peptides identified by phage display were synthesised by using the

following reagents in an automated single channel microwave assisted solid phase peptids

62



Chapter 2 Instrumentation and Experimental Section

synthesizer (CEM Corporation Libertyl) by following the standard peptidéheyis
procedure via Fmoc chemistry as described in the following chapter under the section
2.1.2.6.1 These reagents include piperazine, trifluoroacetic acid (TFA), DODI(@®&
1,8-octanedithiol) DIEA (N, N-diisopropylethylamine) and thianisole (TIS) were purchased
from Sigma Aldrich. Other chemicals like N, -ddmethylformamide (DMF),
dichloromathane (DCM), Nnethyl2-pyrrolidone (NMP) and diethyl ether were bought
from Fisher Scientific. All Fmoc protected amiacids and resins used for peptide synthesis
were purchased from Novabiochem®. The resins used for synthesisangni@al with acid

and amide groups include dXICP Pro Tide and FmeRink Amide ProTide Resins
respectively. Further details about the sgsih process, reagents used, and the peptides
synthesized is described in the following chapter undesebdon 2.1.2.6.1

2.1.1.4.6 Peptide characterization reagents

The high purity solvents including HPLC graded acetonitl e ( ©9 9. 9 3 %) , \
(098. 0%) used for preparing samples for F
Sigma Aldrich.

2.1.1.4.7 Reagents used for binding studies

The chemicals used for binding studies including phosphate buffered saline (PBS) tablets
fluorescamine dye were purchased from Sigma Aldrich. The EM Stain 336 (Uranyl Acetate
Alternative) used for staining phage samples on TEM grids of QUANTIFOIL 100 Holey

carbon films +2 nm (Cu 300 mesh) were obtained from Agar Scientific.

1 Phosphate bufferel saline (PBS) stock solution

One table{Sigma Aldrich) dissolved in 200 ml of deionized water yields 137 mM NacCl, 2.7
mM KCl and 10 mM phosphate buffer solution of approximately pH 7.4 at room temperature
(25 °C). Five PBS tablets were dissolved in teliof deionized distilled water and the
solution was sterilized by autoclaving for 15 minutes under 1.5 atm at 121 °C. After
autoclaving for 15 minutes the pH was adjusted to 7.5 using 1 M HCI concentration and
stored at £4C.

1 Peptides stock solutions
Peptide stock solutions ranging-8 mM of selected peptides were prepared by dissolving
calculated amount of peptide with desired autoclaved PBS buffer solution.

1 Fluorescamine dye stock solution
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5 mg of fluorescamine dye dwithlhmlqf WPLC gragedO9 8
acetonitrile. To protect the light sensitive fluorescamine stock solution, the tube was
wrapped with aluminium foil and stored in the dark at room temperature.

1 EM Stain 336 (Uranyl Acetate Alternative) solution

EM Stain 336 (Urayl Acetate Alternative) used for staining phage samples on TEM grids
was brought from Agar Scientific. This stain is a mixture of lanthanum salts, samarium
triacetate (Sm(CECOO)) and gadolinium triacetate Gd(GEIOO)X. The supplied EM stain

336 wadlissolved 4x times with distilled water and stored at 4 °C.

1 TEM Grids

TEM grids of QUANTIFOIL 100 Holey carbon films +2 nm (Cu 300 mesh) were purchased
from Agar Scientific.

2.1.2 Methods

2.1.2.1 Phage Display Process
Chapter 1 provides a geneiiatroduction to the phage display process and more details
including step by step protocol followed to isolate silica binders is described in the

Ssubsequent sub sections under this APhag:

2.1.2.1.1 Biopanning technique and protocol

Biopanning, is gpowerful affinity-based technique used to screen genetically engineered
phage library with a proposed target through a series of repetitive pFeaessro or in

vivo. The typical biopanning procesEigure 2.} involving coninuous repetitive steps
include binding of peptide library with target material, incubation, washing with detergents
to remove unbound phages; eluting strong target binders by elution buffers, amplification in
bacteria, extraction and purification of siagitranded phage DNA; selection of genetically
inserted target binders by bluehite screening process and analysis of phage DNAie

to its growing importanc basic to applied sciences for identifying peptides or antibodies
having specific molecular affinity for protein (e.g. cell or organic specdittjgens,
receptors etcty®and norprotein targets (e.g. nanoparticfs)t has been widely employed

for epitope mapping, monoclonal antibody production and in the development of advanced

vaccines, diagnostics and therapes'%4 1%,
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Unbound phage
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Next screening
round

Amplification

Figure 2.1. Typical working principle of biopanning affinity process, selection

and screening of material binding peptides using peptide phage libraries. Image
reproduced with permission from Springer 200657.

Also, antibody phage display technique permityitro selection or inE.coli to produce
monoclmal antibog fragmentswith specificityto a given targéf. This technology is a
suitable source for reagents as it overcomes some of the limitations associated with
conventional animaproduced antibodies, such as variations for batdbatch production

200 Antigen binding fragments (Fab) are one of the fragments most commonlyiruse
research. Using the phage display vectors (eg. pComb3X) the antibody fragments are fuse
to the coat protein plll of bacteriophageEncoli to generate library of phag@$ More

details about the phage display technique has been discusssdiam 1.1Chapter 1.

Experimental protocol:

For this phage display study, the typigabtocol applied for the initial (traditional) and
optimised biopanning methods are clearly discussed in the following sub steps. While, the
details of phage display experiments and elution conditions used to elute silica binding
peptides via traditionalra optimized elution biopanning methods were shown T dide

2.1
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Target cleaning step

To remove any impurities, present in the target silica nanoparticles, 1 mg of target silica was
weighed in a 1.5 ml micro centrifuge tybgashed with 1 ml 0.1% TBST concentration
(0.1% Tween 2(Qv/v] in 1ml of TBS), vortex rotated for 3 min and centrifugégbgendorf
MiniSpin® GL010) at 10,000 x g for 4 min. The pellet was collected by removing the
supernatant. The same process was regpé&atienes to make sure all the contaminants were
washed off from silica surface.

Binding step

In this target binding step, 10 pl of Ph-D(Lot: 0211212) library containing 1 x £@fu/ml

was exposed to 1 mg/ ml of silica nanoparticles in TB8er. This phage librargilica
precipitate was incubated for 1 hour by gently rotating with Eppendorf disk rotator (Eins
Sci ERDM-A) giving enough time for phagglica interaction.

Washing step

After 60 min incubation step, washing asminning cycles were repeated 10 times for each
biopanning round with desired TBST concentration inorder to remove weakly bound or non
specific phages from silica surface. The concentration of the detergent Tween 20 mixed with
TBS (TBST) was increased irneg additional panning rounds improve the washing
condition stringency. For example, the washing buffer (TBST) concentrations used for
rounds 15 panning were 0.1%, 0.3%, 0.5%, 0.7% and 0.9% (Tween 20, volume fraction)
respectively. After each washingaly, the phagsilica suspension was vortexed for 3 min
followed by centrifugation at 10,000 x g for 4 min. After each spinning cycle, the supernatant
was transferred to a fresh 1.5 ml Eppendorf microcentrifuge tube and the remaining pellet
consisting of pagesilica precipitate washed with fresh TBST buffer solution for each wash.
Elution step

After the washing and spinning steps, the strongly bound phages were recovered from the
silica surface by disrupting the strongest possible interactions presemtebephage and

silica through elutionTo the final phagssilica precipitate from the last washing step, added

1 ml of elution buffer of interest (0.2 M GlycindCl of pH-2.2, 4 M MgC#, pH-6.1 and 100

mM Triethylamine, pH11) to remove the strongly boupthages from mineral silica. This
solution containing phagsilica precipitate in elution buffer was then vortex rotated for 5
min and centrifuged at 10,000 x g for 4 min. Here, the supernatant eluted containing tightly

bound silica phage was recovered #naghsferred to a fresh micro centrifuge tube.
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Table 2.1. Experimental conditions used to elute silica binding peptides via
traditional and optimised biopanning methods.  Two different biopanning methods are
presented in this table: traditional or standard (used inChapter 3 and optimised (used inChapter
4) methods. Both were performed at different tines using two separate batches of same library
(#E8100S). For the standard biopanning process, three different elution buffers were used but only
one specific elution for entire respective biopanning experiment and rounds. In contrast, the
optimised elution biopanning process presents 2 approaches (each differ from the former):
Approach 1 differs from the standard biopanning method as each mentioned buffers were used
successively at every single biopanning round of elution step, as appdst® one specific bdfer
being used for all rounds in individual traditional panning experiments; Approach 2 only used the

GlycineHCIAT OOET 1T AOAZEAO AOO AO OAOUEIT C DP(608
Times eluate Total
. . . (target bound screened
Experimental  Library Elution buffers Molarity  pH phage) obtained  panning

method type lots used used separately at ———

each elution step

GlycineHCI 0.2M 2.2 1
-tl)-irc?p?zlat;%?r?gl:] I(_g;111212) MgCl: 4M 6.1 1 1A 5
Triethylamine 100mM 11 1
Approach 1
GlycineHCI 0.2M 2.2
MgCls 4 M 6.1 3 1A 2

(18, 2"9and 3
Triethylamine 100 mM 11

Optimized Lot 2
biopanning (0221501) Approach 2
2.2
. 3
Glycine-HCl 0.2M 7

(18, 2"9and 3% A2
11

Neutralization step

During this neutralization step, the supernatant recovered from the last low pH (i.e. 0.2 M
Glycine-HCI of pH-2.2) elution step was immediately neutralized with 150 pl of 1 M Tris
HCI of pH-9.1 by nullifying the final solution pH to approximatehamd stoed at 4° C. This

is called B1E (Biopanning round one unamplified eluastyhown irfFigure 2.2 While the
neutralization step in case of elution buffers 4 M Mg@H-6.1 andL00 mM Triethylamine

was carried out by adding %0 of 1 M Tris HCI of pH9.1 and 150 pl of 1 M Tris HCI of

pH-5 respectively
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Phage amplification step

900 pl of the unamplified eluate (i.e.Bl&eeFigure 2.2 obtained after the neutralization

step was added to 20 ml of LB broth inoculated in a 250 ml autoclaved conical flask with
200 pl of 1:100 overnight growia.coliER2738 strain and incubation carried out by vigorous
shaking at 37 °C, preferably 250 x gesf for 45 hours until the optical density at 600 nm
reached between 0.4 and 0.6 using a UV visible spectrophotometer. After reaching the
desired optical density at 600 nm, the entire culture was transferred to an autoclaved 30 m
capacity NALGENEM Oak Rdge centrifuge tube and centrifuged at 10,000 x g for 4 min

at 4 °C. The supernatant was transferred to a fresh autoclaved centrifuge tube and respun
10,000 x g for 4 min at 4 °C. Now, the upper 80% of the supernatant was transferred to &
fresh autoclaed centrifuge tube and 1/6 volume (i.e. 3.3 ml) of 20% PEG/ 2.5 M NaCl stock
solution was added. This PEG solution was allowed to precipitate the phage by leaving the

tube overnight at 4 °C.

.. Round1 Round 2 Round 3-5
AN
WO e odmesse
M13 PhD-7 Library ¥
W0 00md s e s see Bise SO0 00 [ Y \ \ WZIN
Target material ©° Target material - Target material -
lWash lWash lWash
o“”‘.o.- oo il | ¥ wes i ...."
| messs wdase wdise Wooguiooe  wdimdsmossaace Wpne  Wdeemsessuwessn
Target material - ‘Target material Target material =
lElution lElution lEIution
B1E
N ' BZE ! B3E
o s ..“l 5 “'.’..'....N'.‘..‘".. wesoo .'........ .‘;0.
Target material ; Target material - Target material =
lAmpIification lAmpIification lAmpIification
y R1A L i
¥ ...‘.. D de) | * peow ® »08 R2A POYYE | (18 R3A
...l'. @00t ?..‘... Woo( d We0 st WwoooO We00 We0s® poood
.““-o;:::‘. woo0e 05000 -.;o-...."
@o0000
Amplified Phage Amplified Phage Amplified Phage
(ER2738) (ER2738) (ER2738)

Figure 2.2. Diagrammatic representation of biopanning process and steps
involved .
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The next day, the PEG containing precipitate was centrifuged at 10,000 x g for 15 min at 4
°C. The supernatant was transferred to fresh 1&emtrifuge tubes without disturbing the
pellet. Centrifugation was performed for the pellet containing centrifuge tube and the
supernatant containing centrifuge tubes to remove any residual supernatant present leavin
only the pellet. The pellet presenttire centrifuge tubes was suspended carefully with 1 ml

of TBS buffer (pH7.5) and all the material moved to a single autoclaved 1.5 ml micro
centrifuge tube. The suspension was quickly centrifuged at 12,000 x g for 5 min at 4 °C to
pellet any remaining sdual cells. The supernatant was transferred to a fresh autoclaved
centrifuge tube and 1/6 volume (i.e. 160 pl) of 20% PEG/ 2.5 M NaCl stock solution was
added and then incubated on ice for 1 hour. After incubation, the suspension was agai
centrifuged afLl2,000 x g for 10 min at 4 °C and the supernatant discarded. At this stage, the
pellet was not clearly visible but none the less the centrifuge tube was respun to remove an
remaining supernatant cells. The pellet which was then slightly visible when nmaheal

tube light was resuspended carefully in 200 ul of 0.02% N&RS stock buffer (pH?.5).

To remove any insoluble material, it was then spun at 11330 x g for 1 min, transferred to a
fresh autoclaved microcentrifuge tube and stored at 4 °C. Thigrsisp is called the
biopanning round one amplified eluate (Rk&eFigure 2.2 product and would be used for

phage titering.

The whole biopanning process described above is termed biopanning round 1 and the
amplified phage prduct obtained here called the amplified elug@&A, seeFigure 2.2.

From here on, the above biopanning process was repeated {phio@anning roundsy

taking R1A to get R2A, R2A to get R3A and so on until getting to a marimiiRPA

(Figure 2.2 but by changing the washing buffer conditions. With increasing the number of
biopanning rounds the washing detergent (Tween 20) concentration was also increased. Fc
example, the washing buffer TBST (0.1% Tween 20 in TBS) concentrations useé for 1
pannirg rounds were 0.1, 0.3%, 0.5%, 0.7% and 0.9% (Tween 20, volume fraction)
respectively. A clear picture of biopanning experimental conditions used for initial
biopanning experiments is detailedTiable 2.2 Also, to start theexond round of panning,

150 ul of round 1 amplified eluate (i.e amplified phage library obtained from round 1) was
added to a fresh 1mg of silica followed by series of steps involving incubation, washing,
elution followed by amplification (as described abpto get to round 2 amplified eluate

R2A. The same process (i.e adding 150 ul of round 2 amplified eluate (R2A) to a fresh 1mg
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of silica to get R3A and so omas repeated until reaching the biopanning rour84@&

every biopanning experiment.

Table 2.2. Experimental conditions used for initial and repanning experiments

via traditional biopanning process. The experimental conditions include the washing of
weakly bound phages with TBST detergent (0-:0.5% Tween 20 [v/v] in TBS); the removal of

strongly bound binders from silica surface that isolated the silica binders using three different
elution buffers; the dates and the order of experiments performed for normal biopanning were
shown in the below table.

Exp. Dates (month/ Wash times (cycles) anc Elution buffer Biopanning
Order year) of Tween 20 detergent and Conditions round screene(
experiments concentration
performed (v/v) in TBS.

Initial biopanning experiments

1 07/13 GlycineHCI 3
0.5%, 10 washes 0.2 M,
07/13 oH-2.2
3 09/13
4 02/14
5 07/13 MgCly,
4 M,
pH-6.1
6 08/13 Triethylamine
100 mM,
pH-11

Repanning experiments

7 07/15 0.50.9% GlycineHCI 35
(10 washes with each 0.2 M,
detergent concentration pH-2.2

successive rounds)

8 11/15 0.7%, 10 washes Triethylamine 4
100 mM,
pH-11

The amplified phage obtained from the biopanning round of interéstf(Bther underwent
phage titering, plaque amplification, DNA extraction, purification and sequencing followed
by the interpretation and identification of target binding peptides adatkin the following
sections. Overallhree different elution buffers (0.2 M GlycidCl, pH-2.2; MgCh, pH-

6.1; TEA, pH11) with varied pH conditions (low or high pH and neutral pH) have been used
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separately and the biopanning process peaformed for each experiment to identify silica
binding peptides.

2.1.2.1.2 Phage titering and bluewhite screening

The bluewhite screening method is fast, efficient and the most commonly followed protocol
in molecular biology to detect bacteria carrying recorabt vector®?20* The simple
procedure includes Iligation, transfo+r mat
complementation of the lacZ gene that carriesrinfoa t i egalactosidas®enzyme. This
technique entirely degalactosidase enzyme tiat is present irv i
E.colithereby cleaving lactose into the products of glucose and galactose.

When the plasmid vector carrying the lac Z gisraated on specific antibiotic resistant agar
medium containinge.coli (carrying lac Z deletion sequence) in the presence -galX
(chromogenic substrate) and | Rcofiplethemtation n d
process occurs resulting in the fona t | @alactosidasé®enzyme, thus hydrolysinga{

and producing blue coloured colonies. However, if the foreign DNA is taken up by the
pl asmi d v e ccomplmentatioreprocesshl@es ot occur resulting in no formation

o f tghlactodae enzyme producing whitelouredplaques

M13 phage libraries which are made using a plasmid vector carrying the lac Z gene will
di splay bl ue pl aqguecomplementengnKl?2 ER2A3 baaterial strgn w
resistant tdetracycline, in a LBXgal/IPTG plate. However, the host strain in M13 PHD.
phage libraryE. coliER2738, lacks the lacZ gene in its DNA and thus will not be able to

p r o d bgalactosfase, resulting in a phage clones that look like blue plagues-on LB
Xgal/IPTG plate. The mechanism of bludite screen is connected to the lac operda.in
col(host <cell) with a complementing subuni
galactosidase to be secreted when it is present when the reconthicailDNA with the
target vector keeps -gdlabtesiddseasectetiog wilhget. blodked if n o

lacZ gene is disturbed due to foreign DNA, or repressors interact with operator.

The i nt er c e-bdactdsidase israsponsible ébeéving the disaccharide lactose
i nto galactose and gdalactosidase,the hdicator Xdaldmodifeet! e c
galactose) is generally used. The solution changes & colourless to blue as the Xgal

cat al y-gaastosiddases formintdpe product Boromo-4-chloroindole. Simultaneously,
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t he mo {Deldhiogakctopyranoside (IPTG) also interacts with receptors to prevent
t h ealdetosidase secretion. The blue colmiplaquess due to the library cloning vector
(M13KE), which is peparedrom the cloning vector M13mpl&nsising othelacz Ugene

and become easier to observe when using a strain (such as ER®BRg8)dexgal/ IPTG
plates. Additionally, the bacterial strain for the planting in the Xgal/ IPTG plates, must be
capabé  o-fomplémentation (lacZDM15 or equivalent), such as the strain ER2738
supplied for the blusvhite screening to work well.

This experiment is done to estimate the number of phage titers at the completion of eact
biopanning round. There are three stapsociates to the blwéhite screen experiment: first
is preparation of Xgal/IPTG plates, next is the serial dilution of eluted phage samples, and

final step involving the estimation of phage titers for each biopanning round.

Preparation of LB-Xgal/IPTG plates: 1ml of Xgal/ IPTG stock solution was added to the

1 litre of freshly autoclaved liquid warm LB agar bottle and mixed gently by slowly moving
the bottle up and down until all the added Xgal/ IPTG solution dissolved. Then, the solution
of LB agar Xgal/ IPTG mixture was poured onto a 60 nm sterile plastic petri dish plates and
allowed to solidify at room temperature. These plates were with parafilm and aluminum foil

and stored at 4 in the dark for a maxi mi

Serial dilution of phage sampes: 10 ml of LB broth was inoculated in a 250 ml autoclaved
conical flask with 200 pl (1:100 dilutions) of overnight growtrcoli ER2738 strain and
incubation was carried out by vigorous shaking at 37 °C, preferably 250 x g spe€fl for 4
hours until the ptical density at 600 nm observed between 0.4 and 0.6. The shaking speed
was turned down from 250 to 100 in the last 10 minutes after reaching the desired O.D to
make sure that none of thepti was lost. Now, ten 1.5 ml autoclaved microcentrifuge tubes
were taken with 1 ml LB broth in each of the tubes and 10 ul of amplified phage eluate from
biopanning round of interest was added to the first tubédilition) followed by successive
serial dilutions by transferring 100 ul from each dilution until e microcentrifuge tube

(1010 dilution). While the bacteria were growing, ten 15 ml autoclaved red top tubes were
taken with 3 ml of LB broth and LB agar (2:1 dilution) and were stored at 453°€C. To
increase the binding between phage clones andEtheli cultures, ten 1.5 ml ésh
autoclaved microcentrifuge tubes were taken with 10 ul of the above phage dilutions and

200 pl of midlog phasede.coli culture (ORoo~ 0.5) ; this was then allowed to incubate at
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37 °C for 5 min. Then, the bouttcoli phage dilution was transferred the red top tubes
which were stored, vortexed for at least 10 seconds before pouring onto the freshly prepare:
X-gallIPTG plates. These plates were kept upside down and incubated overnight preferably
for 12-14 hours at 37 °C.

Calculation of Phage Titers The next day, the plates with few colonies preferably last
dilution plates containing 25~50 plagues from each eluted page solution were chosen tc
calculate the amount of phage with the equation as follow: For instance, 10 pl of diluted
phage (from 9 dilution) was introduces to a 3 ml top agar and vortexed. The solution was
then transferred onto L-Bgal/IPTG plate and was kept under incubation overnight. As 10
phage plagues were accounted for on theXdal/IPTG plate, there calculation for phage

amountis as follows:

p TIH@ QARG dnR 6 Qi
T8t i 0 Q'Qa 6LOEHH &
p&t Tt p T N G O

YO € ooodice 6 & "HAo "QQ

R QQa O OEDE £ i

pfu: plaque forming unit

In accordance with the phage titers éaich round, the phage amount is calculated to create

a phage pool for the following experiments.

2.1.2.1.3 Plague amplification

Plagque amplification is a very crucial step to obtain proper single stranded phage DNA
sequences. Selecting improper or pooled plagiieiead to the overlapping of phage DNA
sequences. It is always good to pick an isolated blue plaque from the last two plaque plates
By using 1.5 ml blue centrifuge tube tips, each single plaque was picked carefully and
inoculated with 2 ml of LB brothontaining 20 pl (1:100 dilution) of overnight growncoli

culture and incubation was carried out by vigorous shaking at 37 °C, preferably 250 x g
speed for 46 hours until the optical density at 600 nm observed between 0.4 and 0.6 reached
It is importart to turn down the shaking speed from 250 to 100 for the last 10 minutes after
reaching the desired wavelength to make sure that none oftilievias lost. After reaching

the desired optical density at 600 nm, the entire culture was transferred taitbatheed

centrifuge tubes and centrifuged at 12,000 x g for 30 sec. The supernatant was transferred
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a fresh autoclaved centrifuge tube and the spinning process repeated. Then, the upper 80
of the supernatant was transferred to a fresh autoclavedfugattube. This is called the
amplified phage stock and can be stored for several weeks (for long term storage the sampl

was mixed with an equal volume of glycerol and kapP0 °C to-40 °Q at 4° C.

2.1.2.1.4 Phage DNA purification (Modified procedure)

The purity of the DNA samples to be sent for sequencing largely depends on how well the
purification step is carried out. Autoclaved nuclease free water was used for preparing all
the solutions for this purification step. 1000 pl of each amplified phage stdaton was
transferred to a fresh autoclaved centrifuge tube and 400 pl of 20% PEG/ 2.5 M NaCl stock
solution stored at 4 °C was added to each centrifuge tube and allowed to stand for 15 min &
room temperature. This suspension was then centrifuged@GQLR g for 10 min at 4 °C.

After discarding the supernatant, the remaining material in the microcentrifuge tubes were
respun at 12,000 x g for 10 min at 4 °C. Then, the phage precipitate was collected by carefully
removing (slowly without disturbing thgellet) any remaining supernatant. At this stage, the
pellet was not clearly visible, but the phage precipitate was first suspended with 100 ul of
iodide buffer stock by vigorously tapping the tube and then with 250 pl of 70% ethanol. It
was then allowedot incubate at room temperature for 15 min. This incubation step was to
preferentially precipitate phage ssDNA leaving all the phage protein in solution. Then the
suspension was centrifuged at 12,000 x g for exactly 10 min at 4 °C. Longer incubation times
or centrifugation of precipitate resulted in-peecipitation of phage proteins and salt. The
precipitate collected was washed with 0.5 ml of 70% ice cold ethanol and respun at 12,00C
x g for exactly 10 min at 4 °C. The precipitate which contained pureepdsl@NA was
resuspended with 17 ul of Tris buffer of {84

2.1.2.1.5 Purity testing of phage DNA using a NanoDrop spectrophotometer

A Nano Dr86Q0 Bsample spectrometer was used for testing the purity of all the
phage DNA samples. The principle behthé NanoDrop spectrophotometer is that nucleic
acids especially nitrogenous bases absorb UV light maximally at a wavelength of 260 nm
while proteins absorb UV light maximally at a wavelength of 28&°nff After the sample
loading surface was cleaned with nuclease free water and double distilled water, a drog
containing 1.5 pl of phage DNA was loaded and measured. The minimum concentration

needed for the page DNA sample was 15ng/ pl. The purity of the DN#plea was
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evaluated by calculating the A260/A280 ratio. Ideal DNA samples have an A260/A280 ratio
of 1.8, but samples having a value between 0.6 and 2.0 were sent for phage DNA sequencin

2.1.2.1.6 DNA sequencing and analysis

The DNA sequencing methapplied to sequence all the phage DNA samples in this work
used a modified cycle sequencing technolc
apparatu®’?® Thecycke sequencing is a modified Sal
method which contains an additional thermo stable DNA polymerase and fluorescently
tagged dideoxy nucleotide triphosphates (ddNTPs) unlike theidrzali Sanger sequencing
method®®.

Dideoxy nucleotides are similar to regular deoxy nucleotides, but with one key difference:
they lack a hydroxyy r oup on t he 306 cRigurded.3 a maregulare s
nucleotide, the 306 hydroxyl group acts a
to an existing chain. Once a dideoxy nucleotide has been added thain, there is no
hydroxyl available and no further nucleotides can be added resulting the chain to terminate
the growing DNA strandRigure 2.3, b The chain ends with the dideoxy nucleotide, which

is marked with a partical color of dye depending on the base (A, T, C or G) that it carries.

a) 5° 3 s Extension product Template b)
H
/ =) (l)
H H | | ¢ anT N \')"R'n ~/
H H = _O_N < \=N b
) — | T )
ddC=—=G o H ?
. X | 0—b=0 /(/) N AL 0=p-0
Dideoxynucleotide (ddNTP) 5 : / 7 L Y X
N—{_ NH NN {\/
07/ N= /\ CT) b
3’ hydroxyl group on deoxynucletide H/ 1
OCHz (o) Base (dNTP) allows for phosphodiester bridge —_nd Q
formation extending DNA strand Ne Omp=0"
H H - NH, \ r\‘J [e]
\ ; HN — ~
" " SR S S AR O
ofl N 0—p—0—F—0—F=0- o M- HoN
0 o] 0 \( \// Y S
Deoxynucleotide (ANTP) 3" hydroxyl group on dideoxynucleotide — 0=P—0
(ddNTPs) terminates DNA synthesis. o
5

Figure 2.3. lllustration depicting the normal dNTPs and fluorescently tagged

ddNTPs and their mechanism in DNA synthesis. Panel A showshe structures of normal

deoxy nucleotide with hydroxyl (OH) group and dideoxy nucleotide without hydroxyl group (H) at

cd8 AAOAT1T OOCAO OET Cc8 O0AT A1l " OEi x EIx OEA Ag
addition of deoxy nucleotides (dATP, dCTP, dB&Tand dTTP) while the growing chain terminates
xEOE OEA AOOAAEI AT O 1T &£ AEAAT gU 1 OAlI 1T OEA Anagej AA!
adapted from Applied Biosystems manua#10,
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This method involves the random incorporation of ddNTPs in the place of dNTPs (deoxy
nucleotide triphosphate) causing the growing chain to terminate during the process of DNA
synthesis, thereby separating all the fragments by size on capillary elecaésiphdhich can

then be visualised on a chromatogram. The cycle of events that occur during the sequencin
process include denaturatiomnnealing, extension and separation by capillary
electrophoresisHigure 2.4. The cycle segencing process starts with the addition of a
reaction mixture consisting of thermostable DNA polymerase, sequencing primers, dNTPs,
ddNTPs and buffer comprising of Mgand K to the original temple thereby activating the
annealing process. During the DNnthesis process, the fluorescently labelled ddNTPs
(ddATP, ddTTP, ddGTP, ddCTP) terminates the reaction.

Mixture Enzyme, dNTPs,
ACGT dye-labelled
Annealing Extension terminators
Enzyme, dNTPs ==
—— ‘. ql :;O . .
~) : . [Cl®
- - . O
5 Me
PRODUCTS
h Denaturation ()
- AlCl®@
Oriainad v AC[Cl®@
Terrrl%llreli?e 57 ” g e A C CO
s A C CG .
—— A CCGT[A®
e ACCGT A.

HTTCCHCHE’HHE‘HTHC GHGCCGGHHGCHTHHH
180 200

o b Vi iy

Figure 2.4. Schematic representation of cycle of events that occur in cycle
sequencing technology. A) Process of denaturation, annealing, extension and termination
forming DNA fragments in thermal cycler B) Electrophoresis separation of fluorescently tagged
DNA fragments based on molecular weight. Image agted from Applied Biosystems manuaf1o.

In this work, all the phage DNA samplegere sent to Eurofins Genomics, UK for

sequencing. They used a modified cycle sequencing technology and sequenced DN/
samples via their Applied Bi os gesctibedhabdze. 3 7 :
After obtaining the sequenced data from Eurofins, further analysis was carried out to identify

the target binding peptides.
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2.1.2.2 Bioinformatics

A range of bioinformatics tools have been used to identify and analyse the authenticity of
sequence These include isilico sequence convertor, peptide property calcudagach as
Innovagen and Bachéf-?*?and peptide database search engine HLAB BDB (Biopanning
data bank) or formerly called as MimoDBloreover, to find any sequence similarities in

the identified silica binders, the sequence alignmest performedising MSA Viewef*3.

Interpretation of phage DNA sequence:

The interpretation of sequenced data obtained from Eurofins has been done by primarily
checking and selecting the good quality chromatogram peaks using Finch TV software
(http://www.geospiza.com/Products/finchtv.shtml'hen, a series of steps that includes
interpreting the sequenced data by identifying the anticodon, building the complementary
strand and translating those codons to amino acid codes was done to retegpegtide

that bound to target material as shown below. An example of data processing and analysi
performed to identify the peptide/NFKLYwas showras an example in tHegure 2.5

Eag |
Sequence Complimentary Sequence Amino Acid Sequence Peptide
e Sequence
Peptide ATA-CAG-CTT-AAA-ATT- TAT-GTC-GAA-TTT-TAA- Thr-Val-Asn-Phe-Lys-
TVNFKLY
B Genome AAC-AGT TTG-TCA Leu-Tyr

Figure 2.5. An example of the sequencing data obtained from Eurofins (top) and
how the peptide TVNFKLYhas been interpreted (bottom) and identified.

The insilico sequence convertét has been used to build complementary strand for
identified DNA sequencand translate to amino acidsinovagen and Bachem peptide
calculators have been used to investigate the selected peptide pihesicical properties

such as charge, pl, amiagid groups, hydrophobicity &t¢?12

Peptide database search engines:

Biopanning data bank (BDB) or formerly called as MimoDB, an online available database

having a collection of 29,333 peptide sequences that were shown to have an affinity to
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compounds ranging from small substances to the whole organisms isolated agggnh
surface display methotlS. Besides the peptide sequences, supplementary information that
relates to the peptide sequences including the target material, template and type of librarie
collected from public sources including Uniport, GenBank, published works and from
PDBsum can be found free of codittp://immunet.cn/bdb/index.php All the phage
displayed mineral binding peptides in this project have been checked against MitidDB

and BLAST*8to find the whole or exact part of phage display or surface display peptide
sequences that were identical or similar to identified binders. As an example, a screensha
of MimoDB Search, Blast, Scan and TUPredegults were shown iRigure 2.6

MimoSearch

Your Query Sequence BiopanningDataSet ID Target Name
:::' 1 Sera of peanut-tolerant subject 2
GQSEKHL -~
2087 -
7088 Fe304 nanoparticles

MimoBlast
Your Query Peptide | Similar Peptide in BDB | Blast Report 4
GQSEKHL mn BiopanningDataSet: 3153
. GQSEKHL in BiopanningDataSet: 3152 §
GQSERHL GQSEKHL in BiopanningDataSet: 2988 Report1 &
GQSEKHL in BiopanningDataSet: 2087
MimoScan
Your Query | Matched Peptide BiopanningDataSet ID
GQSEKHL ‘ 2087
KHI GQSEKHL 2088
GQSE GQSEKHL ‘ 3152
GQSEKHL 3153
TUPredict - PhD7Faster
Number I Query Sequence [ Length I Voting l Probability I Yes/No
1 GQSEKHL 7 3 042 No

Figure 2.6. A screen shot showing the result obtained for peptide GQSEKHIusing
MimoDB search, Blast, Scan and TUPredict tools.

Another example includethe phage displayed peptide sequeh¢dlFKLYidentified as a

silica binder in this project was found to have affinity fos@enanoparticles indicating that

this peptide might be having promiscuous binding nature to -maiterials. MimoDB
database consists of few tools which include Mimo SeardéimoMscan, Mimo Blast and
Target unrelated peptides (TUPs). The default search parameters were used by entering o
pasting the sequence (either in FASTA format or raw sequence) in the query to obtain the
data. The MimoSearch will search to find the simdaguence gained by other groups with

for various targetswhile the MimoScan and MimoBlast tools will check for any matched

pattens or similar query sequences. In addition to BDB search or Blast, the acceptability of
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the silica binding peptides from thisoject were checked with TUPrdecit tool from BDB
databank. This tool was developed using machine learning algorithms and currently three
predictors are available including PhD7Faster, SABinder and PSBind&r example, the
PhD7Faster tool can be used to predict if phages bearing randomly displayed peptides fron
the Ph.D-7 library might grow faster duto propagation advant&ge?!® The predictor was

built using Support Vector Machine, trained with peptides from the unselectedPh.D.
library after one round of amplificatiétf. Moreover, the list of peptides reported to bind to
polystyrenebased components (i.e. TUPSs) such as well plates, beads, petri dishes and films
during biopanning the processsisown inTable 2.3

Table 2.3. List of polystyrene or plastic binding peptides identified by phage
display process

No | Peptide Sequence Target Name Phage library Reference
1 PWWWVSWVBAG | Polystyrene and TSAR-12 220
GGSLALPTQPSD polyvinyl chloride | phage display
2 VDWVGWGASW Polystyrene/ fUSES5-based
3 | SAWWRWGRVW polyurethane X10 phage 221
4 PWNAWGRTWV (magnetic beads) | display library
5 WHRWPWLVSG Polystyrene X10 phage 222
6 WHWWYWALDR (petri dish) display library
7 FHENWPS Polystyrene Ph.D-7 223
8 | FHWTWYW (96-well plate) -
9 | CRAKSKVAC Dysplastic skin CX7C T7 224
Polystyrene FIiTrx :
10 | KGLRGWREMISL bacterial 225
(96-well plate) di :
isplay library
APFYYSWFPSYM
11 | AEGLPSPSPLDPy | Polystyrene Not known 226
QDNLY (96-well plate)
12 | FFPSSWYSHLGVL | Polystyrene X6PX6 and 227
13 | FFSFFFPASAWGS | (96-well plate) X6YX6
14 | RAFIASRRIKRP Polystyrene Egtr:ri N 228
15 | AGLRLKKAAIHR (petri dish) di :
isplay library
16 | GETRAPL Syndiotactic Ph.D-7 229
17 | FPGRPSP polystyrene film e
18 | FKFWLYEHVIRG | Polystyrene Ph.D:12 230
(96-well plate)
%g \TVVIEI/\(/;V'\IQ\IZ\I/DSSY Polystyrene Ph.D-7 231
21 | TLHPAAD Polystyrene 6 well PNh.D-7 232
plate
Polystyrene 9avell
22 | VHWDFRQWWQPS Ph.D-12 233
microtiter plate
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2.1.2.3 Optimised Biopanning Method and Elution Strategies

In the optimised biopanning method, a separate batch of M13-PipbBage display library
(#E8B100S, Lot: 0221501) has been used for panning against same batch of alread
characterized amorphous silica nanoparticles. Two alternativerehased approaches
(Figure 2.7 were tested. In the first approach, three different elution buffers consecutively
one after other (GWHCI, pH-2.2; MgCh, pH-6.1; TEA, pH11) were used during each
elution step of panning round; while, in the secapgroach, we used single elution buffer

(for example, GKHCI) but by varying the pH one after other 2, pH7, pH11) to

eluate all the phages including the ones that might have been left attached to the silica durin
the traditional biopanning aneépanning experiments. The typigadotocol used for the
optimised biopanning methods are discussed in the following sub Siie, the details

of phage display experiments and elution conditions used to elute silica binding peptides via

traditional andbptimized elution biopanning methods were shown inTidigle 2.4

Approach 1
' | —
: N . A e, e
| Mgdl2, FOER" £ e . Amplification, ”~
i | L Purification, ™ ‘w“ W
| ‘.\ TEA, p'l 11 . i Sequen(ing !‘“ “l:
—_— 7 \ N /
— =4
\ —_— ] \ /
\%j —_ i‘PPL"?.‘E?. —_ . / Sequence Mo
: ' [\
) . | N \ recovew, Silica binding peptides
Fresh library or amplified : : Analysis
ibrary from previous |+ 20 P72 1 separate Al 3eluents &, High affinity binders
experiments + material | | eluents mixed ~, Moderate affinity binders
(5i0;) C— 7 Missed (resist detection) binders

Figure 2.7. Diagrammatic representation of optimised biopanning method by

exploring elution strategies. A separate second batch (Lot0221501) of M13 Ph.D-.7 phage
display library (#£8100S) has been used for performing the optimised biopanning method. The
optimised biopanning process presents 2 elution approaches (each differ from the traditional
biopanning method of Chapter 3) used for Chapter 4: Approach 1 differs from the traditonal
biopanning method as each mentioned buffers (GIfICI, pH2.2; MgCi, pH6.1; TEA, pHll) are
used consecutively one after other for each screening (biopanning) round, as appose to one specific
buffer being used for all rounds in traditional biopanning andrepanning experiments (chapter 3);
Approach 2 only used the same Glycine # 1 Al OOET 1T AOAEAAO ADofpHd OAC
2.2; pH7; pH-11). However, for verifying this optimised elution based biopanning experiments,
further panning was done by aking the mixture of amplified library attained by mixing together
the already amplified phage libraries that were obtained from the biopanning round 1 of previous
separate experiments Table 2.9 via using Lot 1(Lot: 0211212) d Ph.D-7 phage display library.

80



Chapter 2 Instrumentation and Experimentaé&ion

Target cleaning step

1 mg of target silica was washed with 1 ml 0.3% TBST concentration (0.1% 0.3% Tween
20 in 1ml of TBS, v/v), vortex rotated for 3 min and centrifuged (eppendorf MiniSpin®
GLO010) at 10,000 x g for 4 min. The pellet was collected by removing the superiiéiant.
same process was repeated 3 times to makevethe contaminants from silica surface.
Binding step

10 pl of Ph.D:7 library (Lot: 0221501) containing 1 x ¥@fu/ml was exposed to 1 mg/ ml

of silica nanoparticles in TBS buffer at pH5. Thisphage librarysilica precipitate was
incubated for 1 hour by gently rotating with Eppendorf disk rotator {Esis=RDM-A)

giving sufficient time for phagsilica interaction.

Washing step

After 60 min incubation step, washing and spinning cycles weesateg 10 times for each
biopanning round with 0.196.5% TBST (v/v) concentration used for round2 panning
rounds respectively. After each washing cycle, the plséigpa suspension was vortexed for

3 min followed by centrifugation at 10,000 x g for 4nmAfter each spinning cycle, the
supernatant was transferred to a fresh 1.5 ml Eppendorf tube and the remaining pelle
consisting of phagsilica precipitate washed with fresh TBST buffer solution for each wash.
Elution step

Here, instead of using sirglelution buffer throughout out biopanning experiment as in
traditional biopanning, athe same three elution buffers were used consecutively one after
other in a single panning round (three step elution), to elute and recover the strongly bounc
silica binders In the first elution step, 1ml of OM Glycine-HCI, pH-2.2 was added to the
final phagesilica precipitate from the last washing step to elute, followed by second and
third elution steps with 1ml of 4 M Mgg&lpH-6.1 and 100 mM Triethylamine, pHL
respectively to remove the strongly bound phages from mineral silica. The solution
containing phagsilica precipitate in elution buffer was vortexed for 5 min, centrifuged at
10,000 x g for 4 min and transferred to a fresh micro centrifuge tube.

Neutrali zation step

The supernatant recovered from the last low pH (i.e. 0.2 M Ghd@leof pH-2.2) elution

step was immediately neutralized with 150 pl of 1 M Tris HCI of$H# by nullifying the

final solution pH to approximately&nd stored at 4° @Vhile the neutralization step in case

of elution buffers 4 M MgCl pH-6.1 andLO0 mM Triethylaminavas carried out by adding

50 pl of 1 M Tris HCI of pH9.1 and 150 pl of 1 M Tris HCI of pi3 respectively
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The above steps were repeated by adding 199 dund 1 amplified eluate (i.e amplified
phage library obtained from each elution step separately) to a fresh 1mg of silica followed
by doing a series of steps involving washing, elution followed by amplification to get to
round 2 amplified eluate R2A dnhen silica binders from round 1 and 2 underwent titration,

plague amplification, purification and sequemmalysis as described section 2.1.2.1

Table 2.4. Experimental conditions (washing and elution) used for optimised

biopanning process. The experimental conditions include the number of times and washings
performed with different concentrations of TBST detergent (0.1%05% Tween 20 in TBS, v/v) to

remove weakly bound or nonspecific phage binders from target silica surface; the elution of
strongly bound phage clones from the silica surface that isolated the silica binders using alternative
elution methods via three different eltion buffers and conditions; the number of biopanning

o1l 601 A0 AT A OEA xAU OOAAAOOEOA A1 OOET 180 AAOOE/
below table.

Biopannin Wash times and Elution step and conditien
roug d 9 TBST detergent _
concentration (v/v) Elution buffer pH Eluent
0.2 M GlycineHCI 2.2 1%
0.1-0.3%
1 5 each 4 M MgCl, 6.1 2nd
Total 10 washes
100 mM TEA 11 3¢
0.2 M GlycineHCI 2.2 1%
0.30.5%
5 each nd
2 Total 10 washes ~ + M MICE 6.1 2
100 mM TEA 11 3¢

In this optimised biopanning process, only two biopanning rounds were carried. The
biopanning rounds were reduced to two to check the effectiveness of the optimised
biopanning approach. The amplified phages from the biopanning rounds 1 and 2 underwen
phage titering, plague amplification, DNA extraction, purification and sequencing as
described briefly under phage display prosesgion 2.1.2.1n order to verify the optimised
elution process, furthgranning experiments were carried out by exposing fresh silica to 10
ul of the mix of amplified phage which is prepared by mixing the amplified elute (i.e phage
populations obtained from initial biopanning tests via using Lot 1 library) stored from each

biopanning round 1 of traditional biopanning experimeiiabie 2.2.
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2.1.2.4 Repanning Experiments

To cross check the reproducibility of the above phage displayed sequences, further repannin
experimentsTabke 2.5 were performed by mixing the amplified phage pool obtained from
the panning round of interest and by taking from each different biopanning experiments. In
this process, 50 ul from each round 2 amplified eluate (R2A) obtained from separate normal
biopanning experiments (Exp2, 4, 5 and 6) varying different elution buffefBaple 2.2

were mixed together in a clean 1.5 ml microcentrifuge tube and sto2@P&t This mixture

was named as 0 mi x The fwhde biopdnning iprecgss s hhangagain.
performed starting with incubation step by exposing 50 ul of mix of amplified phages with
fresh silica followed by repeated multiple steps involving washings (with detergent TSBT
of 0.5%, 0.7% and 0.9% concentrationsriounds 3, 4 and 5), elution, phage amplification,
phage titering, plaque amplification, DNA extraction/ purification and sequencing as
described irsection 2.1.2.1

Table 2.5. Schematic representation of experimental conditions used for

repanning experiments. The amplified phages obtained from different biopanning
experiments where a small number of sequences screened were mixed together to verife
reproducibility of previously identified peptide sequences.

Experiments  Amplified phage stocks taken Re Experiment Elution pH
checked by and mixed together from panned al numbers buffers  condition
repanning _ _ tilwhat performed  used

Library Experiment Round ound order

lot numbers

number

Repanning experiments to check traditional biopanning method

Initial Lot 1 1,2,4,5 and 2 3-5 7 Glycine  Low pH,
biopanning 0211212 6 -HCI 2.2
(Chapter 3) _ .

8 Triethyl  High pH,
amine 11

Repanningexperiments to check optimised biopanning method (Chapter 4) and as
comparator for traditional biopanning method (Chapter 3)

Optimised Lot 1 1,2,4,5 and 2 3 n/a Glycine  Low pH,
biopanning 0211212 6 -HCI 2.2
(Chapter 4) .
MgCl. High salt
pH-6.1
Triethyl  High pH,
amine 11
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400 ogeem VI

Mix of amplified Phages *

(obtained from initial or traditional biopanning
experimental rounds) —Exp 1, 2, 4, 5, &6)

Phage display Biopanning
Process

Figure 2.8. Schematic representation of repanning method. The amplified phages
obtained from different biopanning experiments where a small number of sequences screened
were mixed together to verify the reproducibility of previously identified peptide sequences.

In this study, 2 different repanning experiments were carried out with each experiment using
one of the elution buffers (0.2M GlycirtdCl, pH-2.2 or 100 mM Triethylamine, pH1).

The detailed step by step phage display process was explained in secidnEntouraged

by the optimised elution biopanning approach results, we tried both elution strategies on
M13 Ph.D-7 phage display library (#£8100S, Lot: 0211212) by taking the previously stored
amplified stocks from round 1 of different experiments (expent 1,2, 4, 5and 6 as
described inFigure 2.8 to check the reproducibility and to verify the optimised elution

biopanning process.

2.1.2.5 Selection of Single Phage Clones for Binding Studies

The individual phage clones displaying peptide of interest have been selected from the abov
phage titering (blusvhite screening method) and plaque amplification steps. As mentioned
in section 2.1.2.1,3under plage amplification step, each single plaque from the last titering
plates were carefully picked using 1.5 ml blue centrifuge tube tips and inoculated to an
individual 10 ml red top tubes with 2 ml of LB broth containing 20 ul (1:100 dilution) of
overnight gownE.coliER2738 culture. Incubation was then carried out by vigorous shaking
at 37 °C, preferably 250 x g speed feb #ours until the optical densiat wavelength 600

nm observedwas between 0.4 and 0.6. After reaching the desired optical deasity
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wavelength 600 nm, the entire culture was transferred to 2 ml autoclaved Eppendorf tubes
and centrifuged at 12,000 x g for 30 sec. The supernatant was transferred to a fresl
autoclaved Eppendorf tubes and the spinning process repeated. Later, the uppketh@0%
supernatant was transferred to a fresh individual autoclaved Eppendorf tube. This is callec
the amplified phage stock and was stored few weeks at 4 °C. The amplified phage stoc}
samples containing individual clones were divided into two lots. Gineds initially stored

for few weeks at 40C to perform titering experiments and later move&Dt®C. While the

other lot were mixed with equivalent amounts (1:1 ratio) of sterile glycerol and ste/H at

°C. However, the amplified phage stock solusican be stored for several years (long term)

by mixing the samples with an equal volume of glycerol and by storirtD&C to-80 °C.

At this step, we have sent 1 ml for sequencing and the remaining 1 ml was marked and store
at 4 °C. This amplified plgg stock solution containing 1 ml of same type of single phage
plague underwent phage amplification, DNA extraction and sequencing as defined in
section2.1.2.1.12.1.2.14and2.1.2.1.6 Each single plaque will have single silica binding
phage DNA sequence which was identified after performing the DNA extraction and
purification (refersecton 2.1.2.1.% and sequence analysis. After identifying the peptide
from the sequence analysis results, the selected phage clone samples of known sequenc
were further amplified irk.coli followed by purification step as mentioned earlier. The
known pepti@ sequence displaying individual phage clones were further used for relative

binding experiments and for TEM studies.

2.1.2.6 Synthesis and Characterization of Silica Binding Peptides and Nanoparticles

To avoid any inconsistent results, the same batch of amasiliaa nanoparticles of size

82 * 4 has been used for phage display and binding studies that were already available in tt
Perry laboratory and had been synthesized by the Stdber process and characterized usir
varied techniqués®’ 34 The physical properties including surface chemistry of silica

nanoparticlesTable 26) had been reported in our previous pab¥s
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Table 2.6. Structural properties of silica nanoparticles including surface
chemistry. 23 DAAEZAEA OOOZAAA AOAA xAO AAOAOI ET AA OC
method in the range of 0.05<P/P0<0.35" AOOAOOM* T UT AOM( AT AT AA | "* (C
and size were calculated between 2 an800 nm.cDetermined from TGA measurements. The table

was reprinted from AC$1%

sample size SSA pore volume  pore size  #OH/nm2Z 6, p H pzc
(nm) (m? /g)? (cm?/g)° (nmy (mV)
Si0282 82+4 65.0+0.3 0.334 32 4.5 138+t5 24

Selected peptide@ PVRLDWNDLMNRAGQSEKHLGASESYI. KIAVIST , YSLKQY®

OH YSLKQY®NH;, ADIRHIK - OH ADIRHIK - NH, HYIDFRW OHandHYIDFRW NH)
identified by phage display were synthesized and chemically modified astognated
single channel microwave assisted solid phase peptide synthéSEdt Corporation
Libertyl) by following the standard peptide 8yasis procedure via Fmoc chemistry as
stated irsection 2.1.2.6.IThese synthesized peptides were characterized by HPLC and mass
spectrometry. The list of peptides synthesised including their molecular weightantber

of times peptides were synthesised, HPLC and Mass spectrometry measurements and tf

type of binding study they were used for can be seen frofable 27.

Table 2.7. List of silica binding peptides synthesized and their characterisation
measurements using HPLC and Mass spectrometry.

Pentide Mol.Wt MALDI-TOF  HPLC of Times  Type of binding
o FL)Jence of pep mass analysis pep purity peptie  Studies peptides
9 (g/mol) (g/mol) (%) synthesized used for
KIAVIST 730.89 731.41 93.8 1
LPVRLDW 898.07 898.3 898.5 92 94 2 Verification
(Fluorescamine
NDLMNRA 832.94 833.3 833.3 72 80 2 assay and Rame
GQSEKHL 797.87 798.3 798.4 92 95 2 spectroscopy)
GASEYL 725.75 726.06 726.2 93 94 2
YSLKQY®Acid 929.03 N/A 94 1
YSLKQY®Amide 928.04 N/A 93 1
ADIRHIK - Acid 852 N/A 94 1 Verification
: (Fluorescamine
ADIRHIK - Amide 851.01 N/A 98 1 assay and TEM:
HYIDFRW Acid 1036.14 N/A 78 1
HYIDFRW Amide 1035.16 N/A 73 1
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2.1.2.6.1 Solid phase peptide synthesis (SPPS)

Solid phase peptide synthesis (SPPS) has become an essential day to day laboratory tool f
constructing synthetic peptides under controlled chemical conditions due to theisagst

in academia and industry. In 1963, Merrifield revolutionised peptide science by synthesizing
a tetra peptide using a cross linked polystyrswl@l support that allowed the anchoring of

N Bamino acids resulting C to N terminus peptidematiorf®. The principle Figure 2.9

of SPPS is based on the acid liable attachment-t&ri@inal amino acid to an insoluble
polymeric solid support (resin) and subsequently extending the length of tidepemin

by a series of repeated chemical steps including deprotection, activation and é8ti3fing
Once the desired peptide synthesis is completed, the unwanted resin and side chai
protecting groups are removed by simultaneous deprotection and cleavage steps. Furthe
these cleaved and depeoted free peptides are filtered and washed before freeze drying. To
c | e av e-protdcting grops, either mild or harsh chemicals are used. Usually, free
peptides are precipitated and washed in chilled suitable organic solvents (eg. diethyl ether).

This SPPS method is suitable to synthesize small proteins and in particular peptides due t
convenience of using excess reagents, easy removal of any unreacted products or by produc
and no need of purification and characterization steps each time afetdiien of new

amino acid and most importantly minimal loss of peptide due to peptide being anchored to
solid support during the entire synthesis pro&24°. The most commonly used chemistries

t o pr o-amno wcid NAB) side chain groups includefl@orenylmethoxycarbonyl
(Fmoc¥*! and tbutyloxycarbonyl (Boc¥*2. Here, Nterminus Fmoc amino acid groups are
acid stable but base liable while the temporary side chaiegiing groups are acid liable

and base stable.
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Figure 2.9. General principle and scheme of solid phase peptide synthesis via
Fmoc chemistry. & E O O O h pr@detdd Gteyminal amino acid is anchored to the insoluble
solid supported resin with the help of linker. Subsequently, the desired peptide will be assembled
by elongating the length of the peptide chain by a cycle of repetitive chemical steps involving 1)
deblocking of the temporary Fmoaorotecting amino acid group 2) activation of carboxy group of
new incoming amino acid 3) coupling. Once the chosen peptide length is achieved, the unwanted
resin and side chain protecting groups will be removed by performing final deprotection and
cleavage steps. Later, these cleaved and deprotected free peptides will be washed and purified.
Image reproduced from Sigma Aldrich website

However, the success of SPPS depends upon the choice of selecting the right resins, linker
and protected groups andings suitable chemical reagents at appropriate times either to
activate or remove specific side chain amino acids during the activation, deprotection,

coupling, cleavage and purification st&f3€*3 Harsh acids like trifluoroacetic acid (TFA)
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and hydrofluoric (HF) are used to release foatet¢ed groups and completed peptide from
the solid suppoff2 While, Fmoc protected groups can easily be removed under mild
conditions using a combination of piperidine and NgdiNethylformamide (DMFL
Solvents such as DMF,-Methyt2-pyrrolidone (NMP), are usddr coupling and removing
Fmoc protected groups under microwave eréfgyVhile N,N-dicyclohexytcarbodimide
(DCC) or diisopropylcarbodiimide (DIC), N Miisopropytethylamine (DIEA) along with

a combination of DMF, HBTU or Hydroxybenzotriazole (HOBt) helps in swelling resins
and activating incoming acid by reacting with carboxylic aaidug thereby improving
coupling reactioff®.

Protocol:

In this study, selected peptides identified by phage display have been synthesized using a
automated single channel microwave dsslissolid phase peptide synthesizer (CEM
CorporationLibertyl) by following the standard peptide synthesis procedure via Fmoc
chemistry as described above. These peptides have been programmed in such a way that
terminal end group ended up with eitherda@H) or amide (Nk) groups. Preloaded Wang
resins protected with Fmoc chemistry have been used as a solid support and for initiating the
peptide synthesis reaction in a vessel. For exampteerfpeptideADIRHIK was preloaded

with Fmoc protected lysinekj Wang resin as a starting point to initiate peptide synthesis
reaction and ended up recovering final peptiddBfRHIK - OHor ADIRHIK - NH. The

other chemicals that were used in this process include DMF for swelling resin and as a
system solvent for rinsg, piperazine mixed with DMF for removing-tdrminal protected
groups, HBTU mixed with DMF for coupling reactions, DIEA mixed with DMF for
activating the new incoming amino acid, TFA mixed with thianisole (TIS}D&&a-1,8
octanedithiol (DODT) and ddi® for cleaving and removing unwanted protected side

groups of final peptide and diethyl ether for precipitating and filtering pure peptide.

The first list of peptides synthesised was selected mainly based on experimental phage
display results that includePVRLDWNDLMNRAGQSEKHLGASESYLandKIAVIST .

The second list of peptides suchv&& KQYQADIRHIK , HYIDFRWvere selected by taking
various parameters into consideration including phage experimental resultschbysical
properties and bioinformatics analysis. Additionally, these peptides were synthesized by
chemically modifying the @erminal end groups withamide (i.e YSLKQYQNH,
ADIRHIK - NH, HYIDFRW NH).
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2.1.2.6.2 High performance liquid chromatography (HPLC)

Chromatography is the process of separating or isolating a compound from a mixture. This
is a powerful and versatile singitep process for modern analysikere are many forms

of chromatography depending on the phase of the sample (gas, liquid or solid) and the typ
of analyte (enantiomer, ionic and etc.) required for isoldtfohe Russian botanist M.S.
Tswett was among the first scientist to recognise the separation method, as he used
rudimentary form of liquigsolid chromatography to separate the plant pigrd&fts Also,
this seems to be the origin for the pref
color has little to do with separation, the word has persféfétf. High-performance liquid
chromatography (HPLC) is a leading technique for chemical analysis to separate, analyse
and/or purify almost any sample. HPLC begins by placing the sample in a tray for automatic
injection into a packed column (usually sd). A solvent is pumped constantly into the
column resulting in compounds to separate according to thiityato the packingKigure

2.10. The separated compounds are then sensed by the detector as they lealariine

The coupling of HPLC with MS allows for the further separation and detection as the
fragmented analytes are detected according to their m/z?P#id A significant
development has been made in the types HPLC, yet repkase chromatography (RPC)

is the most widely used for the sample preparation or separation. This techniques has
significant impactof proteomics whereenriched, trapped, pifeactionated or desalted

peptides can be eluted and separated on céfimn

Pump Chromatogram and mass
spectrum analysis

HPLC column |
® o 0 o o ——m) ‘ﬁ‘
Lighter molecules exit first \A A
/_ Analyte/solvent Multiply charged ‘Rayleigh” limit

Spray capillary droplets droplets reached
—— . ‘Coulombic’ [+]

® @ A Solvent it o .
@ +/® ® [+]
@ @@2{9@ 4 ﬂ * q ++ —D o &
+ 14 . +
M—@ ¥+  Evaporation * Explosion
Analyte Aﬁalyte
molecule long

Cone
(counter-electrode)

Figure 2.10. lllustration depicting the instrumentation principle and working
mechanism of HPLC.
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Protocol:

In this peptide study, RAIPLC (Dionex) equipped with a UV detector fixed at 214 nm and
Phenomenex made rege phase porous column (Jupiter® 4 um Proteo 90 A C12) has been
used to detect the purity of lyophilized (VirTis® 110 freeze dryer) peptides. The stationary
phase in the column is tightly packed with porous silica particles that are functionalized with
hydrophobic groups which can help in binding to an analyte. While, for eluting the analyte,
a mixture of solvents has been used to construct two different mobile phase gradients
comprising of HPLC graded acetonitrile and water. First mobile phase (highly pohsists

of a mixture of 95% acetonitrile, 5% water and 0.01% TFA, whereas for second mobile
phase, the nature of polarity decreased by changing the acetonitrile and water percentages
5% and 95% respectively. Priming and degassing was performdzbtiormobile phase
solvent mixtures to adjust the column by clearing the impurities present earlier. The Peptide
sequence along with a multitude of other factors will influence the retention time of the
analyte on the column, this may result in a higheweloaffinity for a norsilica binding
sequence but then this is silica with C12 groups and capped silanols on the surface so n
significant amounts of free S¥@roups are present for binding to silica binding sequences.
Also, the electrostatic interactisrwith the silica surface is reduced by running in TFA
(0.01% TFA pH ~ 1.8 2.0) which would provide slightly protonated silica by allowing only
hydrogen bonding and van der waals interactions with the peptides. In addition to this, the
column used has ba end capped with TMS (trimethyl silane) which effectively blocks
access to the silica surface to the peptides by replacing any resididl\Bith Simethyl
groups. As a result, the silica binding peptides were eluted out without binding to the column

that is packed with silica.

For comparison, a blank sample consisting of 50% HPLC graded water, acetonitrile and
0.01% TFA was run before and after each peptide sample run. Furthermore, ChromeleonG
software has been used for processing the data peaks theraying the purity of the
peptide samples. The purity of first list of peptideBVRLDWNDLMNRAGQSEKHL
GASESYLandKIAVIST was measured as 94%, 80%, 94%, 95% and 94% respectively
(Appendix 2.). On the other side, the purity of second list of synthesized peptides
YSLKQYQOH YSLKQY®NH, ADIRHIK-OH ADIRHIK-NH, HYIDFRWOH and
HYIDFRWNH was measured as 93.8%, 92.9%, 94.1%, 97.7%, 77.3% and 72.9%
respectively Appendk 2.2).
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2.1.2.6.3 Matrix -assisted laser desorption ionization timef-flight (MALDI -TOF)

mass spectrometry
Mass spectrometry (MS) is an analytical technique for studying masses of atoms, molecule:
or fragment of molecules such as proteins andigept The instrume (Figure 2.1}
consists of an ion source to produce ions from the sample, a mass analyser for the separati
of the various ions according to their m/z ratio and the detector. Mass spectrum is obtainec
when gagphase ions of copounds are produced by ionising the condensed phase. The
molecular ions undergo fragmentatie The ions are accelerated by an electric field, then
through a magnetic field where ions aeparated according to their magscharge ratio,
m/z. The area of peak in each mass spectrum is proportional to the abundance of eac
isotope. The magnet within the mass spectrometer, deflects the ions towards the detecto
where the trajectory of eaclon varies with their respective mass and magnetic field
strengtR>¥2%°, Mass spectrometry has been used to classify amino acid sequences in
proteins, nucleic acids in DNA and structure of complex carbohydt&fés MALDI
requires less sgoie preparation and is popular for the analysis of biomolecules such as

oligonucleotides, proteins and glycoproténige,

4 Enters TOF Mass Analyser
lon Detector e 4
— $
, . ® Electrostatic
lonised Proteins — e+ ) .
&) & & e
(+) =
Mass Analyser —_—
@ @ @ @ Vaporized, Positively
© ® & &% (® Charged Cloud of
(+) i (®) Sample Protein and
@ @ @ @ Matrix
|
(9 Sample and Matrix
Laser Beam
Sample —
lonisation

Chamber
Target Plate

Figure 2.11. lllustration describing the principle and mechanism of  MALDI-TOF
mass spectrometry.
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The techniApsd sd Mat rLiasser Desor ptiond was

et al 198%%. MALDI-MS samples are prepared by embedding the analyte in a matrix
(crystalline structure of small organic compounds) and deposited on a conductive sample
support. This forms a eorystal which is then irradiated with a high energynfoanly UV)

laser pulse with a wavenumber of 266 or 337 nm. The bombardment of the laser causes
structural decomposition of the cocrystal and generates a plume of particles from which ions
are extracted travelling by the electiield. The mechanisnHgure 2.1} for the process of
desorption is best described as the conversion of the laser energy into vibrational oscillatior
of the crystal molecules. After acceleration of the ions through the electric field, the ion drifts
through a fieldfree path and reaches the deteét®?®* The pulse generation of ions in the
MALDI technique lent itself to be used irombination with timeof-flight (TOF) mass

analyserg®®,
Protocol:

For this peptide study, an automated maassisted laser desorption ionization tiofe

flight (Bruker Ultrflex Il TOF/TOF) mass spectrometer has been used to characterize the
quality of lyophilized (VirTis® 110 freeze dryer) peptides based on the matemass of

the peptides. The fragments separated based on mass to charge ratio (m/z) with MALDI
TOF/TOF and MS/MS spectrums have been considered for identifying the peptides. The
data for these peptides was performed and collected at Van Geest CanaeclREsatre,

NTU by Dr. Graham Hickman (postdoc within the Perry group) with a resolution mass in
between 700 and 6000 Da as well as using Bruker Daltonicflex analysis software. A mixture
of mass spectrometry and HPLC graded solvents comprising of a enigtfu50%
acetonitrile, 50% water and 0.1% formic acid has been used to run peptide samples (1mg
ml). A blank sample consisting of the same mixture (prepared for peptides) was run before
running each peptide sample. The Bruker Ultraflex MS system is atadbrwith
ProteoMassE Peptide Calibration Kit ( Si
standards across the range of 756.3997 to 3,494.6513 Da. The molecular weight of the
peptidesLPVRLDWNDLMNRAGQSEKHLGASESYLand KIAVIST was measured as
898.5 g/mol, 833.3 g/mol, 798.4 g/mol, 726.2 g/mol and 731.41 g/mol respectively
(Appendix 2.3.
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2.1.2.7 Silica-Peptide Binding studies

2.1.2.7.1 Fluorescence spectroscopy

Fluorescence spectroscopy is a special type of electromagnetic spectroflupromet
commonly used to measure the emitted fluorescence from a $&mplee principle of
fluorescence can easily be explained using Jablonski diggiigaore 2.128). When a light

hits the molecule, the electrons get excited by reaching a higher energy level. An excited
state of any molecule is shdrted, the electrons from higher energy state can undergo non
radiative transition or vibration relaxati. Furthermore, the electrons from excited
vibrational level state slowly reaches to the lower vibration state and making it possible for
the electron to return to the ground state. This flow of emission is termed as fluorescence
On the other hand, fluescamine, a nefluorescent dye reacts rapidly with primary amine
groups of proteins or peptides that are found attached to terminal amino acids or positively
c h ar emido gtdup of lysine, thereby forming a fluorescent compound that can be

measured usg fluorescence spectroscofygure 2.12b).

3 -
5 1 Non-radiative
S1 transition
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Energy
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Figure 2.12. lllustration depicting the working principle of absorption and
fluorescence spectroscopies and fluorescamine binding mechanism to proteins.

a) Jablonski diagram depicting the mechanism of absorption and fluorescence emissions including
their electronic and vibrational transitions of a molecule and the transition between then3é?. b)
Reaction mechanism of fluorescamine and primary amine groups of terminal amino acies.
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Several assays based on fluorescence have been established for quantifying the proteins
peptides in an effort to improve thbsorbancdased assays such as Bradford and LéiRry
Fluorescamine is a neftuorescent compound upon interaction with peptides rapidly reacts
with primary amines that are present attached to the terminal end of biomolecule @r with
amino side chain residue of lysine, hence forming a fluorescent product which can be
measured by Ebrescence Spectroscéffy This assay measures the fluorescence intensity

of total protein content present in the samples using fluorescamine assay protocol. Thus
provided that calibration data is available for the particular protein/ peptide and can be usec
in our peptidesilica bindng studies. Note, the amount of peptide remaining in solution at
specific time points is measured and the amount of peptide adsorbed to silica surface
calculated by difference to the amount present at the start of the reaction.

The limitations or issuesitih method include i) The reagent is unstable (i.e}fhaorescent
compound fluorescamine reacts readily with the primary amino groups in milliseconds,
thereby forming a fluorescent compound. However, the unreacted compound gets
hydrolysed in seconds angmoving the fluorescamine from the reaction. Hence, the
measurements were taken immediately after adding fluorescamine to samples. ii) The assa
is not weltsuited with aminecontaining buffers. Hence, phosphate buffer salas used

not TBS which can irrfere with the experiment. iii) Sensitivity depends on the number of

amines present and is limited to solutiogsed studies.
Protocol:

For studying the peptidsilica binding, samples prepared orwéll plate (Corning® black
polystyrene) using fluoroneéc quantification assay meth®d?’? were stained with
fluorescamine dye which effectively binds to primary amine groups of pefffidEisis non
fluorescent upon interaction with peptides rapidly becomes fluorescentne tgtforming
fluorophoré’®. The procedure used for preparing sample whsrsatically shown iffigure

2.13 A calibration line was initially plotted by preparing a series of dilutions of the peptide
of interest with the known concentrations of peptide ranfyjong 0.21.6 mM in phosphate
buffered saline buffer of pH.5.
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Figure 2.13. Schematic representation of fluorescamine assay protocol used for
preparing samples.

On the other hand, a series of samplese prepareth individual 2 ml Eppendorf tubes by
adding suspension of silica nanoparticles (1 mg/ ml) in phosiihditered saline buffer and
sonicated for 1 hour to uniformly disperse the particles. To the sedisaspension, suitable
amounts of peptide (concentration ranging fromD2mM)wasadded to all the Eppendorf
tubes containing PBS dispersed silica nanoparticles to achieve the desired initial peptide
concentration. These mixtures were then shakerreigdy and left them for incubation for

1 hour at room temperature. At this point centrifugation was performed at 11330 x g for 5
min. Then the supernatant was transferred to a new clean Eppendorf tube followed by
guantifying the amount of peptide lefttinhe s ol ut i on. Ther eafter
solution along with 20 ¢l of fluor es-cami
wellplate(Corning® black polystyrengnd the fluorescent intensity of the samples was then
measured using fluoresace multiplate reader (TECAN Infinite® M200 PRO) by setting
excitation and emission wavelengths at 360 nm and 465 nm respecfielyThe
concentration of each peptide was measured using a peptide calibration curve, and th
amount of peptide adsorbed was calculated by the difference from the initial peptide
concentration. To attain the best signaise ratio, the gain was set at 60 a.u. All assays were

repeated for B times to get reliable and best fitting data.
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2.1.2.7.2 Raman spectroscopy

Raman spectroscopy is a scattering technique, commonly used to detect vibrational,
rotational and lowirequency movement of molecules in the system. Over the past decades,
it has become a versatile research or analytical tool for applications ranging from biomedical
to pharmaceutical and even for analysing nanomat&figlé. The principle is based on
inelastic scattering of light Figure 2.14. When a monochromatic incident light hits the
molecule or crystal, the photons of light get scattered in all directions. Most of the scattered
light has a frquency (wavelength) equal to that of the incident light and is called Rayleigh
scattering. A tiny fraction of the scattered light has a frequency different from that of the
incident laser light and is called Raman Scattering. The difference in the eresyggricy

of the incident and the scattered light represents the characteristics of the molecule vibration
or bonds and is used to construct a Raman speckitine scattered light has a frequency
lower or higher than the incident light, Aftokes and t8kes Raman appear respectively.

: _,f \—f\f < )’Iaser
molecule = anti-Stokes Raman
_\j or crystal C
molecular _,‘L‘ _
LJW vibration M = Mg
Excitation ? Rayleigh Diffusion
Incident laser light .
Raman Scattering
- -
frequency v=1/ A Agitt Laser

v scattered

Stokes Raman
=V laser i v vibration

Figure 2.14. Working principle of Raman spectroscopy. Raman scattering is based on
the frequency of incident and scattered radiations upon laser hitting the sample forcing the sample
to vibrate forming Rayleigh, antistokes and stokes Raman spectrum. Image adapted from HORIBA

Scientific webinar 278,

Raman spectroscopy is well suited for solid and liquids due to its advantages. i) Minimum
reliquidd. )

suitable for both solids and liquids iii) has much weaker signal for water than any other

sample preparation is needed, for example 1mg for solids aid(60

materials, hence the analysis of solids or particles becomes easy with no interference o
water. iv) nordestructive and quick. However, using an isetaser power can destroy the

samples and is not suitable for studying of metals or metal compésites
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Protocol:

In this work, Raman spectroscopy has been used for the identification of depué.DW

and to probe its interaction with silica particularly to see the changes in the amino acid
residues. For analysing the sample, the Nicolet iS50 spectrometer equigped/85 nm

near infrared laser with power 2.5 Watt has been used. While, Thermo Scientific ®MNIC
software was used for fitting the mixture spectra. The samples prepared for Raman analysi
include solid samples of silica alone (1 mg), peptiB¥ RLDWlone (1 mg), and the mixture

of peptide LPVRLDWsilica samples including liquid adried (1mg of peptidsilica
suspension in 1ml in water w/v), solid powdered (1 mg of peptide with 1 mg of silica w/w)
and the samples from fluorescamine assay (1mg ofdeegitica suspension in 1ml in PBS
w/v). The precipitated peptide samples (adsorbed to silica nanoparticles) obtained from the
fluorescamine assay (after the centrifugation step) were washed twice with wadeiedir

and investigated using Raman speao@y to see if change in the peptide structure on
binding could be identified.

2.1.2.7.3 Transmission electron microscopy (TEM)

Transmission electron microscope (TEM) is one type of electron microscope. It operates in
the same manner as a light microscope but elsesron as opposed to light. The electron
within the TEM is generated by the source. The source contains an anode and a cathods
which when heated, emits electrons which are then accelerated toward the spEigoren

2.15 a). Electrons at the rim of the beam will plunge onto the anode while the others will
pass through the centre small hole of the anode. Electrons become scattered as the beam
electrons pass through the thin section of the specimen. A series of electromkzmses

focus the scattered electrons into an image or diffraction pgdfeure 2.15hb), or a nane
analytical spectrum, depending on the operating mode. TEM has application in various
diagnostic fields such as cancer reseasdology, pathology andnaterial science and

pollution?”9 281,
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Figure 2.15. Diagrammatic representation of TEM working principle and

mechanism a) The schematic outline of a TEM b) A ray diagram from the diffraction mechanism
in TEM. Image adapted fron379.282,

For studying the peptidsilica interactions, TEM JEOL JEM2010) equipped with LaB
emitter (filament) and with 8€200 kV operating voltage range was used. TEM grids used
for sample analysis were coated with PbNysine and/ or paraformaldehyde. A Ron
radioactive dye EM Stain 336 (Urgl Acetate Alternative) purchased from agar scientific,
diluted 4x times in double distilled water (dgfB) was used to stain the peptisiéca
complex affixed on TEM grid. The uranyl type acetate ions present in the dye binds to
peptides which can be valized under TEM. Furthermore, the stained samples were washed
with ddHO and air dried at room temperature before analyzing with TEM. For comparison,
silica alone, s i | -7 phage displayhpeptide dibrary (Neéw Ehgland . ¢
Biolabs) with dyewvas observed under TEM.

Protocol:

The JEOL 2010 TEM has been used to examine the phage bound to silica and observe tt
surface morphology of the silica particles. The amplified phage clones displaying the
selected peptide6SLKQYQADIRHIK andHYIDFRWwveremixed with silica nanoparticles
(Img/ ml) and incubated on either Palysine and/ or paraformaldehyde coated TEM

grids. The TEM grid containing siligghage suspension was washed thrice with distilled
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water to remove weakly bound phages followedbyaddy a drop (roughly
336 diluted in water (purchased from Agar Scientific) and left for 30 min at room
temperature for the dye to stain phage peptides. Then the grids were air dried before washin
three times with distilled water by addicigop by drop leaving 10 sec intervals between
each drop (r ouged sampes wele)isualiSed endee TEM byrsetting the
voltage as 2000 volts and using LaB6 filament to confirm the phiiga binding.The

known peptide sequence displayiYSLKQYQ ADIRHIK and HYIDFRWsingle phage
clones were selected for probing phagiea binding studies using TEM. The process by
which these phage clones were prepared has already been descsibeithm2.1.2.5
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Chapter 3: Selection and Screening of Silica Binding Peptides
by Phage Display Process

3.1 Introduction

Over the last two decades, silica has attracted considerable interest because of its developir
use in bie and nanetechnology. Silica is commonly found in naturegasrtz, which is in
crystalline form but with metal impurities thereby limiting its usage in scientific and
industrial applicatiorf§3. Thus, to meet the rising demand of pure silica nanoparticles with
controlled size and shape, synthetic routes are being used to synthesize silica nanoparticle
with improved physical, ceical and functional properti€§:133.284

In recent years, amorphous silica nanoparticle® lgmined tremendous attention for their
growing applications in biomedic&P and nanomedical applicatidd® mainly due to its
distorted structure, comparatively higher surface area, decent permeability with cell or
plasma membrage very low to no toxicity compared with crystalline silica nanoparticles.
The unique characteristics of amorphous SINPs including biocompatibility and
biodegradation with biological or cellular systems combined with functionalisation makes
themunique candidats for nanomedical applicatidf$ The toxicity of amorphous SiNPs

in biological systems is directly depeant on various physical, chemical and environmental
factors such as the particle size, shape, crystallinity, surface functionalisation, chemical
composition, dosage, time and type of organism or cell lines exposgtio or in vivo
condition§*2872%1, For instance, studies have shown that with decrease in the size or surface
area of the SINPs (< 20 nm) the toxicity was increased causing cytotoxic damage to cells

thereby affedhg the cellular uptake procé&d2%4

To date, a wide range of synthetic SINPs have been generated by tuning their chemical an
functional properties either by directing silica nanoparticles themselves or by modifying
them with inorganic or organic molecules. For examie abundant number of hydroiyl
groups on the silica surface allows them to be used for further functionaljzatuding
moieties such as carbox3d, amin&®-2%" methy?°6-2°"phenyt®® or thioP°® groups leading

to functionalized silicas. Furthermore, SINPs have also been functionalized with dye
molecules to generate fluorescesiica NPs in order to study biological processesl

conduct cell imaging assa$$3° A study carried out by Ha et al. showed that fluorescent
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SiNPs can increase thermal, photochemical, and pH stabilities as w&basompatibility
for in vivo assay¥2

The organic molecules reported to bind to silica NPs include proteins (bihcing
peptides antibodies or antibody fragments, enzymes and streptavidin or avidit’88s

308 cells (bacterial or viral§*2°73% nycleic acids (DNA or RNA§>3and other targeting
molecuks (ligands and peptide moti&)3!t Although nanomaterials have been designed
and poduced decades ago, their utilization in nasrdbio-technology is limited due to poor
solubility, stability and biocompatibility issues. Several strategies have been developed to
overcome the potential safety concerns including poor solubility, syabdid
biocompatibility issues; and eventually, phage display technology was able to provide

greater control over the nanomaterials.

Phage display technique, initially developed for screehiatpgical targetsgs mentioned

in section 1.1.1Chapter } has now become ubiquitous in selecting and screening peptides
having high affinity towards a range of inorganic material surfddasl now, a range of
biomimetic peptides displaying specific affinity and molecularogaition for metals
(Agl42|' 144’ Au7'19, pﬁe’ Pd42), metal oxides (Si@,10,24,65l,45’ Zn0146,147' Ti028,59,14$f
FeO349150 1rO,1%1 AlL,Os10152 CL049), minerals (calcite, hydroxyatiee, graphite, mica,
sapphire}y®¥ 155 semicondctors (CdS, GaN, GaAs and ZAB¥'°¢ carbon materials

(graphene, carbon nantis}®”**%and polymer material®1%°have been isolated.

Further, these material specific peptides have been used as creatdosildacs for
synthesizing simple to complex bioor nanematerials, mediating the contled
biomineralization proce$ 312313 directing sekfassembly and nandfeication of ordered
structure®3125:153.186,189.31816 fa¢ilitating the immobilization of functional biomolecules and

for constructing inorganimorganic or organignorganic nano hybrid$:151:181.317 More
details of inorganic material binding peptides and their applications were discussed in

section 1.4

In the recent years, several groups have identified silica binding peptide$tdbhwy and
Ph.D-12 random peptide display libraries as showd able 3.1 Further, these peptides
were utilised in various applications incladi nanomaterial synthe&$°%2 and to

understandthe mechanisms involved at silitéomolecule interface®107:124.132 pyrther
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details of silicabiomolecule interactions and their applications have been discussed in
section 1.2.2

Table 3.1. List of silica binding peptides reported in literature that were
identified by phage display technique.

No Peptide Sequence Target Biopanning Phage peptid Reference
info round library type
screened
1 APPGHHHWHIHH Silica 3 Ph.D-12 24
MSASSYASFSWS
KPSHHHHHTGAN
2 MSPHPHPRHHHT Silica 4 Ph.D-12
MSPHHMHHSHGH
LPHHHHLHTKLP
APHHHHPHHLSR
RGRRRRLSCRLL
3 HPPMNASHPHMH Sio, 3 Ph.D-12 65
HTKHSHTSPPPL films
(200 nm)
4 CHKKPSKSC Sic1 6 Ph.D-7 145
5 CTSPHTRAC GeonSi 3 Ph.D-C7C 318
CSYHRMATC
6 RLNPPSQMDPPF Quartz 3-5 Ph.D-12 319
QTWPPPLWFSTS  binder
7 YITPYAHLRGGN  Silica Ph.D-12 10
(5nm) 5
KSLSRHDHIHHH (82nm) 5 Ph.D-12
LDHSLHS 5 Ph.D-7
MHRSDLMSAAVR (450 nm) 5 Ph.D-12
8 KLPGWSG (82nm) 3-5 Ph.D-7 4
AFILPTG
9 LSNNNLR SiOz Ph.D-7 320
10 AAPSHEHRHSRQ  Siliceous 3 Ph.D-12 321

ALAHNPKTTHHR  spicules
ERPLHIHYHKGQ
TTHSKHHFPSSA

However, very few studies were reported identifying heptapeptides displaying affinity to
silica using Ph.B7 library. As mentioned in chapter 1, tRéD.-12 library contain 1.9 x 0
independent clones, or only a small fraction of th&=2@.1 x 10° possible sequences and
useful for targets requiring 7 or fewer defined residues for binding but cannot be present in

the PhD.7 library. Although, X&er is long enough to fold into short structural elements,
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which may be useful when panning against targetgim@g structured ligands. The
limitation of this library is that the increased length of randomised segment may allow for
the selection of sequences with multiple weak binding interactions, instead of a few strong
interactions. However, the Phi3. library which contain 2.8 x T0independent clones,
enough to encode most of the’20..28 x 108 possible 7residue sequences are useful for
targets requiring binding elements concentrated in a short stretch of amino acids. Also, thes
short heptapeptides pegtis are easy to work with and can simply be exposed to solvents
during the phage display process unlilkkeger peptides which are easily degradable,
problematic to purify and are unstable at higher temperature and pH changes.

In this study, we used a tlitional biopanning process using three different chemical elution
buffers (low pH, high pH and high salt) with specific elution conditions that removed unique
heptapeptide binding phages from amorphous silica nanoparticles via disrupting the
electrostati@nd norelectrostatic interactions. Moreover, a repanning method to biopanning
reported here has reproduced more or less the same silica binders alongside identifying
recovering additional sequences that may have missed in the previous biopanning
experinents. Furthermore, selected silica binding peptides isolated from both biopanning
and repanning processes have been artificially synthesized and their binding to silica verifiec

using fluorometric quantitative assay and Raman spectroscopy.
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3.2 Materials and Methods

3.2.1 Materials
Chapter 2section 2.1.Jrovides details of materials used for adsorption studies.

3.2.2 Methods

3.2.2.1 Phage display protocol

For this phage display study, the typical protocol applied for the initial (traditional) and
repanning biopanning experiments are discussed in methods seéfichdand?2.1.2.4

While, the details of phage display experiments and elution conditions used to elute silica
binding peptides via initial and repanning methods can found imahkes 2.12.2and2.5.

3.2.2.2 Relative binding affinity method

To assess the binding of phage clones to silica, the individual phage clones were amplifiec
and selected as described in methemigion 2.1.2.5A total of 15different individual phage
clones identified from both initial and repanning experiments were chosen. The silica
nanoparticles (1mg) were washed 10 times with TBST (0.3% Tween 20 [v/v] in 1ml of TBS)
at pH7.5, incubated with equivalent selected phagesX2d° pfu/ml) separately and then
washed 10 times with TBST. Bound phages were eluted by three step elution process
neutralised gection2.1.2.3, mixed together and determined by phage titer assay and
blue/white screening methodsection 2.1.2.1)2 Out of the 15 individual phage clones
selectedsix individual clones which were identified less freque (M TNWSIQLAVAPSaNd
VGSYLG) or only once GTGSQASETALIAA and SQTFTSD in either of the initial and
repanning experimentgere randomly picked as controls along Witli 3KE (wild type).

The M13KEphage with no random peptides displayed on plll coat protein was chosen as a
main control. By caluclating thatio of bound or output to input amounts of phage clones
the binding ratio for phage clones were estimated. The phage titer calculations including the
number of input to output phages and the binding ratios from two separate experiments

(repeats) can be se inAppendix 3.1

3.2.2.3 Bioinformatics searching

Chapter 2section 2.1.2.provides details of materials used for bioinformatics analysis.

3.2.2.4 Silica-peptide interaction studies
Two techniques, including fluorescamine assay and Raman spectroscopy has been used
verify silica-peptide binding. Five peptide sequentddVRLDWNDLMNRAGQSEKHL
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GASESYLand KIAVIST synthesized dection 2.1.2.6)1 and characterized (sections
2.1.2.6.2and2.1.2.63) were selected for fluorometric fluorescamine based quantification
assay. The protocol and materials used for this assay are described in chapttiog,
2.1.2.7.1 While for Raman spectroscopy analysie peptiddLPVRLDWvas chosen. The

protocol and materials used for this assay are described in chapter 2 under2se@i@r

3.3 Results and Discussion

For the entire phage display study, the same batch of amorptioashanoparticles of size

82 nm prepared in the Perry laboratory and previously charactefiéétthas been used as

a target to avoid any inconsistencies that might occur due to differences in the surface
properties of inorganic materid¥lore information about the properties and measurements
of silica particles is described Table 2.6under thesection 2.1.2.6Similarly, the results
presented in thishapter, used the same batch of M13 Pi7.phage display peptide library

kit (#£8100S,Lot: 0211212) for all phage displagxperimentations including initial
biopanning and repanning methods described irlChapter 2 under materialsection
2.1.1.2. Three different elution buffers (0.2 M Glycit¢Cl, pH-2.2; MgCh, pH-6.1; TEA,

pH-11) with varying pH 211 were randomly chosen for this chapter, to elute and collect the
phages that bound to the target matefile list of phage display experimental conditions
including experimental numbers, three different elutiorfdsafand conditions (i.e pH and
number of times elution and screening rounds performed) used in the initial biopanning and
repanning experiments are showrnables 2.12.2and2.5. More details including step by

step biopanning protocol used to isolate silica binders was described in chapter 2, unde

methodssection 2.1.2.1

3.3.1 Silica binders identified from initial (traditional) bi opanning
Here, a total of six separate biopanning experiments, and for each biopanning experiment
three panning rounds were performed. In each panning round, phage binding, washing
elution and amplification steps were carried out. At the end of thudd,oblue/white
screening method was used to select phage plaques. A total of 79 individual phage plaque
were selected randomly from third round of different panning experim€abdg 32, 1-6)
and analysed by DNA sequencing. Out of 79 individual phage plaques picked for sequence

analysis, 52 plaques (eluted via GlyciHEI, pH-2.2) were selected from four separate
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panning experimentslable 32, 1-4). While, 14 andlL3 phage plaques (eluted via MgCI2,
pH-6.1 and TEA, pHL1) were picked from panning experiments 5 and 6 respectivabte
3.2, 56).

In the very initial biopanning test§ gble 32, 1-2), a smallnumber of individual phage
plagues (i.e 3 and 4 plaques for the panning experiments performed in the years 2013 an
2014; three being the lowest number) obtained from third round of biopanning were selectec
for sequencing, which resulted in variable peptsgquences showing no or single similar
binderSAAWNK®&wo out of three fronexperiment 2Table 32) being repeated. Research
groups differ in their selection of phage plaques for identifying inorganic material binding
peptideg©2469:322323|t was reported in the literature that28 phage plaques selected from
biopanning rounsl 35, displayed peptide sequences with high affinity for sitesilica*°

and metallic borid&2 nanoparticles. According to NEB manual;20 clones dected from

third round are recommended to detect a consensus binding sequence. However, Donatze
and ceworkers, at the end of each panning rounds five individual phage plaques were
chosen out of a large amplified pool of binders and were able &tasoica binding peptide
sequencéd. This variation in selection of clones in terms of numbers can be due to the
limitations of experimental process (blue/white screening) used for selecting plaques (i.e
only a few clearly vible individual plaques can be picked at a time from plague plates for
sequencing) and the expemdfesequenciny. Although it is not clear how many clonare
needed to isolate the high affinity target binders; from previous stdeiés it is
appreciated that the larger the number of phage clones selectestiéhé¢hie results in terms

of identifying reliable target binders. To further improve the selection process, we gradually
increased the number of phage plaque selection to 13 (experiment 6, 2013), 14 (experimer
5, 2013), 20 (experiment 4, 2014) and 30r @l other panning experiments including

repanning and three step elution biopanning methods) in the subsequent phage display test

In the biopanning experiments, after performing three rounds of selection, the phage clone:
obtained fronthird rounddisplayed a range of silica binding peptide sequentaisi¢ 32)

due to thegrogressive enrichment of phadere populationBiopanning rounds should not

be repeated more than five times because too many rounds of selection tends to collect phag
that elute or amplify bettethan the strong target bind&r$*® A summary of pptide
sequences (repeated, identical and dissimilar) identified from third round of biopanning to

amorphous silica using three different elution buffers is showhalle 32. Overall, 21
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peptide sequences were isolated cofmnd identical repeats and 14 different silica binding

sequences.

Table 3.2. Schematic representation of experimental conditions (washing and
elution) used for routine biopanning that isolated the silica binders from third

panning round using three different elution buffers.  Experimental conditions include
the order of experiments performed and their dates (month/ year); washing detergent TBST (TBS
with 0.5 % (v/v) Tween 20) concentrations for removing nonspecific binders from silica surface;
elution buffers and conditions (low pH, high salt and high pH) to elute tightly bound @ge clones
from silica nanoparticles; selected rounds at which sequences were screened and the most
frequently identified silica binders. Identical sequences repeated in one or more panning
experiments are presented in a unigue colour for clarity.

Exp. Wash Elution buffer Round Displayed sequence and FREGIE
Date " observed
order TBST and condition screened frequency of appearance :
peptides
1 07/13 SSFRLDW1/4 WSLSELH1/4
SSNQFHQ 1/4 ETTLITA 1/4
07/13 1/3 SAAWNKS2/3
09/13 LPVRLDW25/25
Glycine HCI,

3 GASESYL6/20 QLAVAPS 1/20 LPVRLDV
3/20 ETALIAA 1/20 GQSEKH
QQTNWSI2/20 GTGSQASL/20 GASESY!
WQWPARZ/20 ALQPQKH1/20
1/20 VASHSKP 1/20

0.5% 0.2 M, pH2.2

4 02/14

GQSEKHL1/20
' 'LPVRLDWS5/14 OOTNWSI1/14.
5 07/13 0.5% Mgﬂfé“lM’ 3 4114 1/14
pR-o. GQSEKHL2/14 QLAVAPS 1/14
'Triethylamine, 'GOSEKHL7/13 113
6 0813 0.5% 100 mM, 3 ELTPLPL 2/13 KIAVIST 1/13
pH-11 1/13 QHMPQPRL/13

From the above findings, it was found that five phage clones displaying peptide sequence:

LPVRLDW?25/25, 100%),GQSEKHL(10/47, 21%),GASESYL(6/20, 30%),NDLMNRA
(6/47, 13%) and/SRDTPQ4/33, 12%)appeared as the most frequently occurring silica

binders (i.e more abundantly observed sequences from a randomly selected few phage clon

after third panning round) within the small sequenced population from separate panning

experiments Table 32, 1-6). While, some sequencegere displayed more than once

(highlighted in a unique color) in separate experiments within the biopanning process. The

list of repeated silica binders identified from three different elution buffers (0.2 M Glycine
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HCI, pH-2.2; MgCh, pH-6.1; TEA, pH11) include LPVRLDW GQSEKHLNDLMNRA
VSRDTPQQQTNWSIQLAVAPSandVGSYLGL The peptide sequenc&QSEKHI(1/20,

2/14 and 7/13) anbliDLMNRA1/20, 4/14 and 1/13) were displayed in all the three elution
buffers used; whereas thd?VRLDW?25/25, 5/14 and 0/33 QQTNWSI2/20, 1/14 and
0/13), QLAVAPY1/20, 1/14 and 0/13) andGSYLGI (1/3, 1/14 and 0/13) peptides were
identified from two elution buffers (GlycirEICI, pH-2.2 and MgGJ, pH-6.1). In contrast,

the peptideVSRDTPQ3/20, 0/14/ and 1/13) was elutebrih low and high pH buffers
(Glycine-HCI, pH-2.2 and TEA, pHL1) respectively. It must be noted thall,the above
mentioned peptide sequences were found at least once in the Giinbuffered
biopanning experiment3 éble3.2, 2-4). However, no apparent sequence similarity peptides
were observed from the very initial biopanning experiment 1, using elution buffer 1 (0.2 M
GlycineHCI, pH2 . 2) . Note that, the term oO0tight/
thesis referso the sequences that appeared most frequently from the small number of phage
clones that were randomly selected for sequencing out of a large amplified population

obtained during multiple rounds of phage display experiments.

The most frequently obsemeindividual silica binding peptide sequenceBVRLDW
GQSEKHLGASESY|. NDLMNRAand VSRDTPQshows the total number of functional
amino acid groups involved in binding to silica and the percentage of eluted amino acid
residue distribution. The peptid®VR_.DWvhich appeared as the main silica binders in the
experiments 3 (25/25), and 4 (5/14) consisté28% hydrophobicl(PVLW, 14% each acidic

(D) and basic (R) amino acid composition. Whereas@QSEKHIandNDLMNRAeptide
sequences identified in experiments 4 (1/20), 5 (2/14, 4/14) and 6 (7/13, 1/13) distributed
33% and 43% hydrophobic and 57% each hydrophilic amino acid residues. However, the
peptidesGASESYL(found only in experiment 4, 6/20) alEDRTP@found n experiments

4 (3/20) and 6 (1/13)) displayed 57% and 43% hydrophilic residues.

The distribution of the total number of amino acid groups present in the isolated silica
binders from all 6 panning experiments and eluted by three different elution buéers
shown in theFigure 3.1 The low pH elution buffer (0.2 M GlycireHCI, pH-2.2) from
experiments ¥4 eluted clones consisting of 42% hydrophobic and 41% polar uncharged

groups in addition to the acidic (8%) and basic (9%idwes. Thus, indicating the low pH
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elution buffer might have eluted phages bound to silica mostly by interactions involving
electrostatic alongside hydrophobic forces.

Elution buffer 1 (Gly-HCl, pH-2.2) Elution buffer 2 (MgCl,, pH-6.1) Elution buffer 3 (Triethylamine, pH-11)

Acidic (-) gasic (+) Acidic (-) Acidic (-)

Basic (+)

Basic (+)

Experiments 1-4 Experiments5 Experiments 6

Figure 3.1. Comparison of functional amino acid groups distributed specific to
elution buffer. All the phage clones identified from panning experiments-# (GlycineHCI, pH
2.2), 5 (MgC}, pH6.1) and 6 (Triethylamine, pH11) are considered while plotting the pie diagams.

Interestingly, the high salt magnesium chloride elution buffer (4 M Mqg&H6.1) from
experiment 5 eluted the phage clones displaying peptide sequences containing 49% o
hydrophobic amino acids, in contrast to 34% and 42% using high pH triethgldh®0nM
Triethylamine, pH11) and low pH (0.2 M GlycineHCI, pH-2.2) respectively. However,

the total number of functional amino acid groups present in the isolated peptide sequence
eluted by high pH triethylamine showed both hydrophobic (34%) arar §80%) side
chained groups alongside removing more acidic (13%) and basic (23%) residue compositior
than the other two elution buffers. Also, an increase in the acidic and basic charged aminc
acid residue composition was noticed with increase in the fptHeoelution buffers. For
instance, the phage clones eluted from elution buffer 1 (low pH) exhibited 8% acidic and 9%
basic amino acid groups. While, the same acidic and basic charged residue compositiot
gradually increased to 11% and 15% for the clodestified from elution buffer 2 (high

salt, near neutral pH) and 13% and 23% with elution buffer 3 (high pH) respectively.
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3.3.2 Repanning to check the reproducibility of silica binders identified in 3.3.1
Repanning experiments were carried out to check the reproducibility of the identified
sequences, as describadChapter 2 under methodection 2.1.2.4y exposing the mixture
of amplified phage pool from the iraf tests with fresh silica. This amplified phage mixture
was prepared by mixing the round 2 amplified phage samples stored from initial biopanning
experiments 12, 4, 5 and 6. Experiment 3 is not taken into account (or excluded) for
repanning, as it wakought that the sequence may represent a fast grower (due to panning
advantage), as the same peptide sequence was identified repeatedly in rounds 2 (4/4) and
(25/25). However, the experiment 5 is included for repanning exercise, where the same
peptide vas also observed as one of the main silica binders (5/14). More detailed description
about the fast growers and their ability to get selected in the further bioapanning rounds due
to bias in the amplification process was explained in the following discus3ihe
experimental conditions used for repanning experiments including which amplified phage
stocks were taken and then how far carried forward in subsequent biopanning rounds can b
found inTable 2.5

The results of theepanning experiment reproduced similar silica bindeable 33) as were
identified previously in the above initial biopanning experimenhtb(e 32) along with few

new peptide sequences. Out of 120 phage clones sequenced from two separate repannil
experiments (7 and 8) and rounds5)3 102 phage clones were reproduced indicating 85%
reproducibility. However, 18 new phage clones (15%) were alsatézbT he silica binders
reproduced which were alsmolated previouslyncludeLPVRLDWKIAVIST , GQSEKHL
NDLMNRA VSRDTPQ ELTPLPL, QLAVAPS QQTNWSLETALIAA, WSLSELHand
GTGSQAS Also, four peptide sequences that had displayed as tight silica binders
(LPVRLDW GQSEKHL NDLMNRA VSRDTPQ)in the initial bioapanning experiments
(Table 32) are reproduced and repeated with in two separate experiments that are eluted b
two different elution buffersTable 33, 7-8). While, the peptide sequenGASESY Lthat

had identified only in experiment 4 (six times out of twenty sequenced clones), has not
appeared in the repanning method. However, the same sedl&NdST that had found

only once in previous routine biopanning experiment @pgeared as the main abundant
silica binder in both repanning experiments 7 and 8 in all the rounds sequence8)(i.e 3

Therefore, this repanning process may be used as an obvious way to check the
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reproducibility of target binders as well as to recover or identify new binders; and thus,

representing a larger fraction of the population.

Table 3.3. Results of repanning experiments showing both silica binders that

were found previously identified and further new silica binders. The silica binders

found previously in the initial biopanning procedure and reproduced in this repanning method can

be found under the susE AAAET C OB OA OE inéObinders Tagpdatng ®ly indtheA
OAPATTET ¢ A@PAOEI AT OA1T DOI AAOGO AOA OEI x1 AO OA
experiments as different round only in this series of repanning experiments are highlighted colour.

Exp. Wash Elution Rou

order Date TBST condition nd Displayed peptidsequencand frequency
Previous binders Entirely new
KIAVIST 7/30 1/30 HYIDFRW2/30
QLAVAPS3/30 LPVRLDW1/30 1/30
0,
077151 0-5% 3 ETALIAA 2/30 1/30
Glycine GQSEKHL2/30
7 HCI KIAVIST 10/30 1/30 4/30
07/15 0.7% 0.2 M, 4 7130 1/30 HYIDFRW1/30
70 pH-2.2 LPVRLDW2/30 WSLSELH1/30 SQTFTSD1/30
GQSEKHL1/30 GTGSQASL/30
07/15 0.9% 5 KIAVIST 22/30 HYIDFRW 1/30
8/30
" Triethyl  KIAVIST 12/30 1/30 HYIDFRW 3/30
o amine GQSEKHL4/30 1/30 SFPLSKY 3/30
8 15 0% y50mm, # 3/30 1/30 TVNFKLY 1/30
pH-11 HGGVRLYL/30

Interestingly,a few sequencddYIDFRW HVPRAMASQTFTSD SFPLSKY, TVNFKLY

and HGGVRLYappeared only in this repanning process. The isolation of new peptide
sequences only in this repanning process could perhaps be due to two possible reasons. ;
they were not identified before in the initial biopanning experiments suggests that thes
entirely new peptide sequences are the ones that might have been missed probably due
too few phage clones being picked randomly from the large pool for sequencing. In the
repanning experimentsepresenting a larger proportion of the initial populativas
recovered. In other terms, only a subset of sequences within the small proportion of clones
sequenced were identified via the initial biopanning process. In performing repanning
experiments, some clones have been further selected due to the conditidii$e other
possible reason might be that these phage clones are the ones that perhaps have selecte

the repanning experiments due to their amplification advantage (encouraged by propagatiot
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preferences of phage in bacteria) or binding to otherpoments of the screening process
including the blocking agents, contaminants and other reatygtfts

However, the recurrence of the phage clone displaying the p&fRLDWh this series

of repaming experiments, also proves the sequences that appeatgttasica binders

have not undergone any propagation advantage in the biopanning rounds which is a commo
problem in phage displ&y®. For instance, the reappearancé&®YRLDVpeptide sequence

in the repanning experiments suggests this phage clone does not have any propagatio
advantage which implies this peptide sequence is not a fast grower but a genuine targe
binder. The sequences holding proliferation advantage have fiheityato select as main
target binders even after the first round of biopanning during the amplification step which
can be very notorious and ruin the entire phage display work by hiding the actual binders,
thus giving false resuft®. Several databases have been designed to identify fast growers
and/or target unrelated peptide binders (TUPs). The PepBank and MimoDB was designec
based on published perimental results and as well as theoretical predications knowing that
the Zmer phage library having 2x%¥0phages should theoretically contain 2% pe@ptide
sequenceés?16:217:326 Other webbased tools like SAROTUP have been built to aid in the
identification of peptides thatird to unrelated target materials that were used during the
biopanning proced¥. For exanple, a list of phage displayed peptide sequences identified
to have affinity for plastic or polystyrene based components such as well plates, beads, pett
dishes and films during biopanning process are showalite 2.3 section 2.1.2.2Chapter

2. Although, the results of these databases are mainly constructed based on already publishe
sequences and theoretical predictions, the repanning method may experimentally verify you
own targetbinding results giving information about any possible-spacific binding due

to panning limitation or amplification bias and thereby checking the direction of the ongoing
phage display workThus, the repanning method reported for the first time faasilinders
appeared to be a straight forward approach to verify all phage display experimental results

simply by mixing phage clones from different biopanning experiments and rounds.
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3.3.3 Relative binding affinity experiment to evaluate phage binding to sita
The phage clones that appearedwackidentified as main silica binders in all phage display
experiments (i.e. initial and repanning tests) were fudhalysedy performing the relative
binding affinity assa3r®322323 It is important to note that the phage clones isolated as main
binders (i.e most abundantly occurred) in the bioapnning experimental rounds do not
necessarily have to be a strong binder to the target material. It could also be due tc
propagation advantage or binding to other components of the screening 1$yétem
Althoughtherepanning method was carried to check the reproducibility of the phage clones,
this method is limited to testing the overall experimental process, thereby examining the
direction of the ongoing phage display work. Thus, the relative binding affinity assay
used to assess the binding capability of each of the 15 different phage clones to silice
nanoparticles by phage titer assays at7#bi(Figure 3.2. In addition to the nine phage
clones selected as main silica binders (hidtiég in asterisk), six individual clones which
were identified less frequentfQQTNWSLQLAVAPSand VGSYLG) or only once
(GTGSQASETALIAA andSQTFTSD in either of the initial and repanning experiments
were randomly picked as controls along WM 3KE (wild type). TheM13KEphage with
no random peptides displayed on plll coat protein was chosen as a main control. Calculating
the ratio of bound or output to input amounts of phage clones has been known as &
comparatively simple and quick method to evedutle target binding ability of the displayed
sequence. Consequently, a higher binding ratio signifies the higher binding ability of phage

or recovery rate of phage to substrate silica nanoparticles.
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Figure 3.2. Binding ratio (bound/input) of each of the 15 different phage clones

to silica nanoparticles. The relative binding affinity of the phage clones isolated from both
initial and repanning experiments was determined by titer assay at pH.5. The asterisk (*)
indicates the phage clones displayed most frequently (abundantly observed) and repeated in the
screening rounds 35. The sequenceQQTNWSIQLAVAPSand VGSYLGIwere identified in more
than one experiment but not repeated so often. Th&113KE(wild type) phage with no random
peptides displayed on plll coat protein was chosen as a main control. In addition, the phage clones
GTGSQAZETALIAA and SQTFTSDwere randomly picked as they found only once in either of the
initial and repanning experiments. The assay was repeated twice for each phage clone and the
explained phage amounts were arithmetically averaged. The errors bars indicate the standamdor
obtained from the two separate experimental repeats

As presented in th&igure 3.2 all the 15 phage clones showed higher binding than the
controlM13KE which did not show any plaques at*dilution but observed binding ratio

at 10° dilution as 0.00725ee Appendix 3)1 Thus, verifying the binding of the phage clones
displaying the peptides to the silica was a result of the randomly displayed peptide sequenc
and not due to nespecific coat proteins interactian#/hile, the nine phage clones picked

as tight silica binders (highlighted in asterisk) from initial and repanning results showed
dissimilar binding to silica but greater binding than the other six phage clones that were
selected randomly as secondary colstexcept folGASESYLandVSRDTPQThe phage
clones GQSEKHLVSRDTPQand GASESYLthat had appeared more frequently in the
biopanning experiments (initial and repanning) displayed less binding to silica in relative
binding studies. Howevethe phage clones displaying peptidésvVRLDWHYIDFRWand
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KIAVIST have emerged as the top theteng binders for amorphous silica nanopatrticles
followed byNDLMNRANAELTPLPL out of the nine phage clones that had displayed most
frequently and repeatedly observed in the screening roubdso®n initial and repanning
results. Interestingly, thELTPLPL sequence that was isolated a few times in both initial
(2/79) and repanning (5/120) experiments 6, 7 and 8 has exhibited a higher binding ability

to silica nanoparticles.

3.3.4 Prediction and bioinformatics analysis of silica binders: Comparison studies
It has been an accepted way to predict the likely type of interactions through which the
peptides bind to silica nanoparticles by analysing the phygiemical properties such as
the charge, pl and functional amino acid groups of the isolpggdides from phage
display?43?8 These interactions include electrostatic (ion pairing ambidgen bonding),
hydrophobic and other weak binding forcd%$ie selected silica binding peptides that
displayed binding to silica nanoparticles in biopanning (initial and repanning) and relative

binding experiments exhibit a range of physicochemical ptiesgTable 34).

The peptidKIAVIST which appeared as the main silica binder in all biopanning rounds of
repanning and relative binding affinity experiments exhibited high pl (10.1) with net positive
charge 1. At the same time, the pepti@&SSEKHLLPVRLDWNDLMNRAVSRDTPQ
QLAVAPSNdQQ@ NWSlIshowed a close range of neutral pl/j6salues with overall neutral
charge, while th&ASESYLandELTPLPL showed acidic pB-4 with net negative charge

1. However, th&QSEKHLVSRDTP@NdGASESYLthat appeared more frequently in the
biopanning expeéments (initial and repanning) displayed less binding to silica in relative

binding studies.
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Table 3.4. Physico-chemical properties of selected silica binding peptides
displayed from routine biopanning process and repanning method. aPhysico
chemical properties of all the sequences were obtained from Innovagen and Bam peptide
property calculator2i1.212. Highlighted in bold are the sequences that appeared as the most
frequently occurring silica binders repeated in one or more panning experiments (both initisghnd
repanning). An asterisk (*) indicates the peptides sequences that exhibited higher binding
capability to silica in relative binding affinity assay. The amino acids that contain amine side chain
(N, Q, P, W) and hydroxyl side chain (S, T, Y) containiggoups in a peptide, which can help in
forming hydrogen bonding between silicapeptide or among themselves are shown.

Functional amino acid residue composition

Peptide o Netcharge Polar

sequence p @pH 7 ('Ve, +ve and UnCharge( Amine Hydroxy|
L . Hydrop side chain side chain
Acidic Basic Uncharget _nopic  (N,Q,P,W)  (S,T.Y)

KIAVIST* 10.1 1 0 1 2 4 0 2
GQSEKHL  7.82 0.1 1 2 2 1 1 1
HYIDFRW* 7.8 0.1 1 2 1 3 1 1
LPVRLDW* 6.78 0 1 1 0 5 2 0
NDLMNRA* 6.78 0 1 1 2 3 2 0
VSRDTPQ 6.78 0 1 1 3 2 2 2
QLAVAPS  6.01 0 0 0 2 5 2 1
QQTNWSL 6.01 0 0 0 5 2 3 2
ELTPLPL* 3.3 -1 1 0 1 5 2 1
GASESYL 3.3 -1 1 0 3 3 0 3

From the results, the physiahemical properties (i.e charge, pl and functional groups) of
the isolated silica binders suggest that the three different elution b(@f@rs1 Glycine

HCI, pH-2.2, 100 mM Triethylamine, p1 and 4 M MgGJ, pH-6.1) used hag extracted
phage clones displaying peptides of both electrostatic anélrotrostatic interactions. It is

not surprising that the isolated silica binders differ in their charge (i.e positive, neutral and
negatively charged) and amino acid compositibable 34). From the previous studies, it

was evidenced that the groups have isolated peptide sequences with dissimilar- physico
chemical properties including both positive, neutral and negatively charged sequences by
panning agaist same inorganic nanoparticles such siser’* ard metallic boride
nanoparticle¥? In particular, a range of peptide sequences varying in charge and functional
amino acid groups have been identified by phage display againstrsiticgarticled of

same siz¥ andsame batct“ In a recent contribution, Patwardhan and colleagues, have
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shown that synthetically synthesized (Stober process) amorghlizasnanoparticles with

even comparable size reported minimal binding to highly dissimilar peptide sequences,
mainly due to changes in the degree of surface ionization on nanoparticles of slightly
different size¥. Thus, this variation in peptide selection to the same inorganic nanoparticles
is thought to be due to the coraplamorphous structures, degree of surface ionization and
minor differences in size of the nanopartici/nthesized by Stober proce$§s4197

Moreover, to find any sequence similarities in the identified silica binders, the multiple
sequence alignmentas performed using MSA View&?. A total of 77 different silica
binding peptide sequences were taken for this sequence alignment. All these silica binder:
were isolated from three different sets of biopag experiments but using the same aliquot

of NEB Ph.D-7 phage library (Lot: 0211212). The thvseparate series of biopanning tests
include the initial or traditional biopanningsection 3.3.], repanning xperiments
performed to check the reproducibility of traditional biopannisgction 3.3.2 and the
optimised biopanning methodse(ction 42.2, discussed ifChapter 4. From the multiple
sequence analysiBigure 3.3, it was found that the sequen®STPLLA) has been emerged

as a consensus silica binder.
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Figure 3.3. Multiple sequence alignment of silica binders. All the silica binding
peptides used for generating this figure were isolated from three sets of biopanning experiments.
A total of 77 dissimilar sequences were chosen and awyakd. An identified consensus peptide
sequence YSTPLLA from the multiple sequence alignment was also highlighted and shown. The
sequence alignment was generated by using the freely available MSA viewer
(https://toolkit.tuebingen.mpg.de/#/tools/alnviz ) from the Max Planck Institute website. Label
indicate the position and number of the peptide sequence$he small logo (figure) that is present
iT O 1T &£ OEA Ol AA Atimés the aniing AckidHave Gipdared iDthah dhérificl /&
position. The larger the size of the amino acid the higher the times the amino acid have appeared in
that specific position of the peptide sequences. For example, the amino acid V (valine) was the most
frequently observed residue (14 times), followed by S (serine, 12 times) as second, Q (glutamine, 8
times) and so on in the first position of all the 77 silica binders. Thus, V (valine) has appeared larger
in the first column followed by second bigger S €&ine) and so on.
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This consensus sequence was then compared with all the silica binders identified in this ant
previous studies to find any similarities. Interestingly, the motif LP was commonly found in
most of the peptide sequences that wepsrted to be the strong silica binders. Also, these
peptides were identified in bioapanning experiments against silica and reported in the
literature Table 35).

Table 3.5. Identification of amino acid motif ( LP) by comparing the silica binders

of this study with the peptide sequences published in literature. An asterisk (*)
indicates the sequence displayed as one of the most abundant silica binders in bioapanning
experiments orin silicodesigned and was shown to exhibit strong binding to substrate in binding
studies. All the silica binders isolated from three sets of biopanning experiments (77 dissimilar
sequences) are checked and the sequences having motiPj were shown in the first row of the
table. While, the other sequences were displayed only once in different panning experiments in this
study. The amino acid motif (P) was shown highlighted in bold and underlined.

Peptide Target binder Library Panning Reference
sequence type round
LPVRLDW Silica nanoparticles Ph.D-7 3-5 Identified in this
ELTPLPL* (82 nm) study
GISDLPS
QLAPLMQ
SFNPLAY
SFNPLAY
SFPLSKY
VKMESL
VPLTEVR
KLPGWSE Silica nanoparticles Ph.D-7 35 444
AFILPTG (82 nm)
LPHHHHLHTKP*  Silica Ph.D-12 4 24
HTKHSHTSPPL*  SiO,films 3 05
(100 nm)
QTWPPLWFSTS  Quartz only 35 319
VPHPPFPHPPH" Quartz and
Hydroxyapatite
LPPPPLPLQRLP*  Quartz (100) in silico n/a 42,43
PPPWPYMPPWS designed
SPPRILPWLRMP
LPDWWPPPQLYH

In a recent contribution, Oren et al. reported a bioinformatics approach and generated quart
binding peptides with predictable binding affinity for silica using the experimental results

of combinatorial selection and characterization studies of quartz binding péptities
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achieve this, the total similarity scores were calculated using BLOSUM 62, PAM 250 and
QUARTZ | scoring matrices and generated 1000000 peptides having the highest similarity
scores fom PhDB7 and 12 librari¢€“3 The sequences with the highest similarity scores
representing the strongest four quaitza binders were identified and reportd@aifle 3.9.

The amino acid proline (P) has been reported as a major constituent responsible for specifi
binding of peptide to silicd”. Proline (P) followed by hydrophobic amino acid residues like
Leucine (L) and Tryptophan (W) were shown to have the strongest affinity to quartZ.silica
Using this knowledge, an amino acid motiP) that may be responsible for higher binding

to silica has been idé&fied.

Furthermoreall peptides displayed against Si®ere initially checked against MimoDB

and BLAST database to find the whole or exact part of phage display or surface display
peptide sequences that are similar to the identified $ilivders The analysis of MimoDB

and BLAST results showed no hits for all the silica binders with the exception to the peptides
shownin Table 3.6 The sequences that appeared as tight binders to silica SQEAYAP S
GQSEKHHYIDFRW VSRDTPQ@ndGASESYlwere found to have affinity for one or more

than one different target$¢ble 3.9 including FeO4 nanoparticles, Human prostate cancer
cell line PC3, Sera of peantglerant subject 2, Sera of peaallergic patient 1, 3, 4, Plasma

of peanut allergic patient 4 and AfftiM polyclonal antibody?3329331 while other peptide
sequences appeared to have some affinity for silica in one of the biopanning rounds were
found to have attraction for other targét@ble 3.§. This suggests that peptides isolated
mostly were targetelated sequences and rather true silica binders without any human or
pathogen or sample contamination, whereas the peptide sequences that were found to ha
exact or part of motif similarity for other targets indicate the possibility of promiscuous

binding behaviour to multitude of materials.

From the previous studies, it is important to note that certain sequences having affinity to
more than one material habeen identified and explored for their ability to bind to different
inorganic molecules. For example, the sequek& SRHDHIHHHas been identified
against FePt nanopartictés titania>* and82nm silica nanoparticl&s In addition, the same
sequenceearched against MimoDB database appeared to bind to organic molecules such a
lipopolysaccharid®* and AntiPRRSV monoclonal antiboéf? and would appear to be

0t arget unrelated peptideb.
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Table 3.6. MimoDB search/ scan/ Blast analysis results of phage displayed silica
binders found to have affinity for other materials indicating that they might be

promiscuous binders.

Peptide sequences highlighted in bold are the phagdooes that

appeared as highly abundant or tight binders to silica in initial biopanning and/ or repanning

methods.
Peptide Target Found Matched Library Biopan- Reference
Sequence type ning
round
QLAVAPS  FeO,Nanoparticles  Fulll Ph.D:7 4,5 323
TVNFKLY sequence
HYIDFRW  FeO,Nanoparticles, fi Ph.D:7 25 323,329,330
Plasma of peanut
allergic patient 4 and
Human prostate cance
cell line PC3
GQSEKHL  Fe3Q Nanoparticles, i Ph.D-:7 25 323,330
Sera of peanttlerant
subject 2
HGGVRLY  Agrobacterium vitis i Ph.D-7 2,3 330,336
polygalacturonase,
Plasma of peanut
allergic patient 4
VSRDTPQ  Sera of peanut allergic fi Ph.D:7 1-3 330
patient 14, and
tolerant subject 2
ETALIAA Plasma of peanut fi Ph.D-:7 2,3 330
tolerant subject 3
WSLSELH  Sera of peanutllergic i Ph.D-:7 1-3 330
SSNQFHQ  patient 1, 3, 4
SAAWNKS
GTGSQAS
GASESYL  Sera of peanut allergic fi Ph.D-7 2,3 330,331
patient 1 Anti-TIM
polyclonal antibody
IDNSHTH  Agrobacterium vitis  #i Ph.D:7 3 336
polygalacturonase,
SWTALGP  E3 ubiquitinprotein ~~ TWLDNWT Ph.D- 3 337
ligase Mdm TLGP 12
TTQVLEA  Mouse brain CTGRNMXQ CX10C 5 338

microvasculature

XXXA

However, the same sequence has been well studied both experimentatlysdiod and

have shown to be a better binder to the above mentioned inorganic mdfet 335339
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Some more examples include the peptide sequeDBESVMFPPHW&6Id, quartz and
hydroxyapatite) andVPHPPFPHLPPHQuU ar t zHy d n ¢ x y adpnaified froen)
biopanning against one of the above mentioned inorganic materials but displayed binding
towards multitude of materigfs'8°-34°

Also, the binding of short peptides to different targets depends on the number of defined
binding sites wailable on substrate surface for binding, thus proving information about the
diversity being eluted*. For instance, If the target molecule has a single-sedflhed
binding site for binding (eg. monoclonal antibodies) then one can expect low number of
sequences. Whereas the targets holding multiple binding sites (polyclonal antiboldiss) or
defined sites (proteins with greater binding interfaces or inorganic particles) to thousands of
sites (organs or cells) available for binding will result in identifying relatively higher number
of sequence$’.

Recently, the artificial binding protesrhave become popular due their ability to bind
specifically to different target molelas like peptides, proteins or small molecules, leading

to different applications by engineering or modifying these small molé¢tifés$ In a recent
contribution, a small protein (Addon) displaying variable binding loops was developed and
designed Adhiron libradf®. Using this this adhiron technology, few groups have designed
Adhiron library and identified binders to more than 100 target molecules including a receptor
(CD31), 12 mer peptide, yeast SUMO proteins, fibroblast growth factor (F@Ri¢let
molecule (PECAML) and the SH2 domain Grif2 34,

The most commonly reported problems for identifying the peptide sequences that show
affinity to other targets (unrelated targets) likely arise due to amplification bias such as the
binding of phage td.coli pili, rare mutations in the regulatory regionpgfage genes and
interference with infectioit?>34° However, these effects are generally lesser for the plll or
smaller display systems compared with the pVIIl systems.ntioilecommon to observe a

loss in the sequence diversity for the peptide libraries displayed on pVIil than plll coat
proteing®®3%1 To minimise this unspecific binding, few saduts have been reported. These
include i) use of buffers with detergents and by increasing the washing stringency and
number of wash cycles. This process will supress the nonspecific binding. ii) competitive

elution to remove the wanted (target) or unwedr(tenrelated) binders using bindgecific
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proteins (eg.Biotin can act as specific binder to streptavidin) or by excess target
concentration. iii) to eliminate the amplification step to reduce the nonspecific binding.

Even after minimising the nonspécibinding, there is chance that few peptides might show
binding to other materials due to close structural or chemical characteristic similarities
between different inorganic material surfat&d?33%2 Also, it is possible that short peptides
specifically 7 mers could show binding to different molecules exact or part of the similar
sequences could be matched towards different molecules due to the absence of define
tertiary structur®s, However, the working of each method can differ depending on the target
substrate. So, there is a need to design washing or elution buffers and conditions tha

specifically suite the target materials.

Nonetheless, the target unrelated peptides can digified by performing relative and
competitive binding experiments, thus showing that these TUPs do not have true affinity for
the target substrate. In addition, many databases are available to check the authenticity c
the target binderd\everthelesshe BLAST search alignment results might end up finding
random hits due to the short length of the peptide sequences that are being searched with tt
typical large proteins and the entire genome of the orgafifériherefore, using both
experimental binding resuledong with bioinformatics checking will help to identify a true

binder from nonspecific binders.

Therefore, to confirm that most of the sequences identified for silica are not target unrelated
peptides, a number of steps were followed. These includeasingethe washing stringency
and number of wash cycles; repanning and relative binding experiments complemented by

bioinformatics verification.
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3.3.5 Assessment of silicgeptide interactions

3.3.5.1 Fluorometric quantification of peptide adsorbed to silica

A fluorometric method, based on the use of fluorescatirté!2’23*4vas carried out to
check and test the ability of the peptide sequences obtained from the experimental phag
display processes to bind to silica. This quantitative assay was performed in PBS buffer by
maintaining the similar environment (i.e. media conditat pH7.5 and same batch of silica
nanoparticles) employed previously during the biopanning process. The approach usec
enablel quantitation of the amount of peptide adsorbed on the surface of the silica as a
function of peptide concentration by measgrihe amount of peptide left unattached to
silica in the supernatahtThe procedure including the materials used for #éisisay was
already described inl&apter 2section 2.1.2.7.1

The moleculamechanism between peptigeotein or peptidesolid surface has been shown

to be a complex process and is highly dependent on electrostatic, hydrogen bonding
hydrophobic and other weak interaction like van der Waal f6#é&€4:3%557, Five peptides

were selected for experimental binding studies to study their binding behaviour with silica
nanoparticles undeimn vitro conditions. At the solipeptide interface, the complex
adsorption chemistry is not only dependent on the nature gjana@ material surface but

also on other factors like the binding environmegt. (H, buffer and temperatut¥)333:358
peptide sequence and conformatig¢eg. sze, structure and orientatiorf 129234 peptide
kinetics (eg. atomic level movement invalgi binding forces and energiés§}#4355:357
together with their physicohemicalpropertie43? and motif§3. Thus, all the peptides
selectedvere derived using result of the biopanning approach, binding assay, pl values and
net charge at pH (Figure 3.4. For this binding study, five peptides were chosen. Four out
of five peptides such akIAVIST (high pl value and et positive charge).PVRLDW
NDLMNRANdGQSEKHI(neutral pl and charge) selected were identified (most frequently
observed) in both initial (traditional) biopanning and repanning experiments; while peptide
GASESYL(low pl and net negative charge) wasyofdund in one experiment (4) of initial
routine biopanning proceddowever, in relative binding studiethe LPVRLDWKIAVIST

and NDLMNRZAexhibited higher bindingwhile, the GQSEKHLand GASESY Ldisplayed

medium to low bindingo amorphous silica nanoparticlésqure 34).

As it is very difficult to find a peptide that truly does not bind to silica, the pe@#RBESYL
was chosen as a control peptide for the binding studies described in this thesis. Also, from
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our previous studies, it was evident that the peptiold SLHSwvith nearly similar properties
in terms of charge and compositionGASESYLshowed less binding to silica nanoparticles
at pH7.5 compared with other peptide sequefhit¥s In addition, the same peptide
GASESYUdisplayed less binding to silica in relative binding studies

Firstly, all the five peptides selected for this adsorption studies showed distinctive binding
to silica nanoparticles as shownHigure 3.4. Secondly, th&IAVIST peptide which has

been identified as a silica binder (only once out of thirteen peptides sequenced) in experimen
6 of routine biopannindput displayed in all the panning rounds of repanning experiments
(i.e 35 screened rounds in experiments 7 and 8) appeared as the best binder to silic:
nanoparticles at higher peptide concentrations (1.2 and 1.6 mM) compared with the other
four peptides w=d in this study. Thus, confirming the repanning process may be used for
recovering the target binders that might have been missed (due to selecting a small numbe
of clones for sequencing) in the routine biopanning process and by representing a large
population now. Also, with increasing the pl and net charge of peptides, the binding
behaviour towards silica increased at pH Figre 3.4and3.5). For example, the peptide
KIAVIST with high pl (10.1) and net positive charge (+1) showed high binding to silica,
while the peptides PVRLDWAndNDLMNRAaving neutral pl values (6.8) and net charge

(0) showed low binding thakIAVIST peptide. However, the peptidl®VRLDWlisplayed
betterbinding than that oKIAVIST at lower concentrations (i.e up to 1mM). In contrast,
the peptideGQSEKHIwith nearly similar pl (7.8) and net neutral charge (0.1) values to that
of the peptides PYRLDWandNDLMNRAexhibited lower binding to silica nanopakes.

The peptideGASESYLwith low pl (3.3) and net negative chargé&)( which was selected

as a control for this adsorption investigations showed least binding to silica nanoparticles.
Note, the isoelectric point of silica pH was determined to be preggpH2-3 and with
increasing the pH of the solution, the silica attains more negative charge due to the rapic
deprotonation of silanol (SDH) group41°1°%’ Therefore, the silica was negyatly charged

during these binding events at {b.
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Figure 3.4. Adsorption behaviour of peptides on the surface of hydrophilic silica
nanoparticles at pH -7.5. The y-axis represents the amount of peptide adsorbed to silica in mM,
while the x-axis shows the initial peptide concentration or peptide added in mM. The theetical
100% peptide adsorption is shown in black dotted line. The error bars represent the standard
deviation error calculated as a result of the assay being repeated in triplicate. Based on the above
data, the binding order of the peptides was ranked akIAVIST >LPVRLDW NDLMNRAGQSEKHL
and GASESYL
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Figure 3.5. Analysis of the above peptides displayed in Figure 3.4. The graph showing
the peptides and their binding (%) amounts to silica at four different peptide concentrations. The x
and y-axis represent the peptide added and percentage of peptide adsorbed to silica in mM.

The isolation and high binding of peptid®AVIST to silica surface is not surprising due to

the fact that biomolecules including peptides or proteins or even individual amino acids
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comprising of positively charged groups have been found to display high binding behaviour
to negatively charged silica sades at neutral or high pH; mainly due to the likely
involvement of ion pairing mechanism complertshby hydrophobic interactiols The

likely electrostatic mechanism that directed the peptide to bind to deprotonated silanol sites
on the silica surface might have come primarily from the positively charged sites of lysine
(i.edue to the presence of positively charged lysine (K) at both N terminus and the side chair
comprising a basic amino group with pKa=10.4); thus giving the peplid®/IST a
constant net positive charge (+1), resulting in the strongest possible ionictiotesaThis

is supported by the results from our previous stddféswhere it was evident that the
peptideKLPGWS®@ith similar properties (i.e same-fD.1, +1 net charge at pH position

of lysine and composition) t€IAVIST showed identical binding to the same batch of silica
nanoparticles'®”. This study also described that with increase in the pH of the system, the
peptides possessing positive charge tend ¢oe@se the strength of their interaction to
negatively charged silica surface due to an increase in the overall charge of the system

thereby confirming the role of electrostatic interactions in solfition

The peptidd.PVRLDVWwhich appeareds the secontlest binder from the above adsorption
studies, showed high binding urtil2 mM concentration and saturation remained constant
thereafter Figure 3.9. In this case, a neelectrostatic interaction mechanism is likely to
happen. This type of binding behaviour ld?VRLDWpeptide may perhaps be due to the
presence of five nepolar residues (Leu, Pro, Val and Trp) in the sequence resulting in an
increasein the hydrophobic character, leading to hydrophobic interactions at the peptide
silica surfac& Although, hydrophobic interactions are the key forces likely to be responsible
for LPVRLDVpeptide adsorptidt it might be also be due to the presence of a high binding
motif LP (Leucine followed by Proliné}**1®7 Note, although, quartz silica is pure O
amorphous silica nanoparticles synthesised by Stober process display dissimilar chemistries
For instance, aignificant increase in the surface acidity and in the area density of ionic

groups due to little differences in the size of the silica nanoparticles was réported

The peptiddNDLMNRAhowed reasonable binding at lower concentrations (0.4 and 0.8 mM)
but with drastic increase in binding at higher concentrations from 1.8 taM with no sign
of saturation. This sort of binding behaviour of peptidl2LMNRAo silica surface is likely

to be due to the presence of polar and-polar amino acids. The polar uncharged amino

128



Chapter 3 Selection and Screening of Silica Binding Peptides by Phage Display Process

acids Asn (N) present at thetirminus and at'Spostion along with other charged polar
residues including Asp (D) and Arg (R) are likely responsible for initiating hydrogen
bonding due to increased binding at a higher peptide concentration with no sign of saturatior
resulting in multilayers connected bydrgpgen bonds Also, the possibility of hydrophobic
interactions cannot be ruled out due to the presence of hydrophobic grotfppastit®n
(Leucine) and at the carboxyl end (Alanine). In contrastGQSEKHIpeptide with nearly
neutral pl(7.8) and neutral charge (0.1) similar to the pl and charge of pepfi&RLDW

and NDLMNRAexhibited low binding to silica nanoparticles. This might be due to the
presence of weaker interactions such as hydrogen bonding and van der Waals forces
Nonetheless, the peptid@ASESYLwith low pl (3.3) and net negative chargé)( which

was selectedas a control for this adsorption studies showed least binding to silica
nanoparticles. The possible reason that prevented binding of p&ABESYLto silica

might be due to the involvement of electrostatic repulsions between the negatively chargec
peptde and silica under these pH conditibn&s a result, the minimum binding to silica
occurred only due to the participation of weaker hydrogen bonding (serine and tyrosine) anc

hydrophobic interactions.

Based on the above peptidd¢ica adsoption findings, the likely type of interactions that
aided in binding of specific peptides to silica nanopatrticles af JHare shown iffable 37.
Additionally, the probable effect of increasing pH and particle size on bindisifjca was
predicted by comparing the peptide sequences of this adsorption study with previous
studie$**1%7 where peptides of similar properties (eg. peptide length, net charge of peptide
at pH7 and same batch of silica nanoparticles) were investigated and assessed based
adsorption studiég*°7 It must be noted #t the pH range and nanoparticles size considered
for these studies include pBito pH8.5 and 28 nm, 82 nm and 210 nm respectivéif’
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Table 3.7. Physico-chemical properties and adsorption of silica binding peptides:
aPhysicochemical properties of all the sequences were obtained from Innovagen
(https://pepcalc.com/) and Bachem fttp://www.bachem.com/ ) peptide property calculator.
Type of interactions likely be responsible for peptidesilica binding and their effect on increasing
pH and particle size were shown. The asterisk (*) represents the probable effect of increasing pH
and particle size on binding to silica was estimated and predicted byomparing the peptide
sequences of this findings with previous studies, where peptides of similar properties (eg. peptide
length, net charge of peptide at pH¥ and same batch of silica nanopatrticles) were investigated and
assessed based on adsorption studi&“44107

Functional grou Expect e
. Ne t of peptie sLikely k of inc
Pepti« X
seque Plcha _ PolAver i NteractpH and
g @ HACT BasHydrycyyg for bindi size
(ve (+v Obrgephil bi ndi
Electrostatic/
KIAVIST 10.1 +1 0 1 4 2 -0.4 y

Hydrophobic
LPVRLDW 6.8 0 1 1 5 0 -0.4 Hydrophobic =

H-bonding/
NDLMNRA 6.8 0 1 1 3 2 0.4 Hydrophobic/ van =
der Waals

GQSEKHL 7.8 0.1 1 2 ) > 06 H-bonding/ van de _
Waals

Electrostatic
GASESYL 33 -1 1 0 3 3 01 repulsion/ H z
bonding

Therefore, these results indicate that peptide adsorption to silica surfaces may exhibit more
than one type of interaction and can be influenced by the experimental conditions such a:

pH, subject to the peptide charge and pl in soldbiased assays.

3.3.5.2 Raman spectroscopy for probing peptidesilica interactions

In this study, Raman spectroscopy has been used for the identification of peptide structure
and to probe theinteraction with silica particularly to see small conformational changes
(due to their sensitivity to microenvironment) in some amino aciduesith agueous and

solid state¥42’7. These minor shifts has been used as a marker to assess the
microenvironment (i.e hydrophobicityr hydrophilicityf’42752’® The sequencePVRLDW

was chosen for this Raman study due to the peptide composition (i.e the variation in

functional amino acid resideg representing hydrophobic (Leu at N terminus and"at 5
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position), polar basic (Arg), polar acidic (Asp) aromatic (Trp) and motifs (LP) that are crucial
to identify the likely type of binding to silica. In addition, the sequence contains special
amino ad@ (pro) at2" position of the peptide sequence. The peptide samples in different
formats including solid, liquid aidried, solid powdered samples were used. In addition, the
residual pellet (peptide adsorbed to silica) collected from the fluorescassag were
washed twice with water, agiried and investigated using Raman spectroscopy to see if
change in the peptide structure on binding could be identified.crowded Raman shift
region also known as finger print region (50600 cm') was taken tainiquely identify
specific amino acids or any other structural conformations of the p&ftiBler all these
peptides, the Raman spectra was collected from 100ter8600 crrt but only the finger
print region from 500 crhto 1600 crit was used for this analysis, as this area is of focal

interest for both peptide and silica

16

Val 776
Trp 756
Val 542

14

CH, Stretching
Trp 1010
Val 948

12

10

Raman Intensity

1600 1500 1400 1300 1200 1100 1000 900 800 700 600 500

Raman Shift (cm-1)

Figure 3.5. Raman spectrum of amino acids identified in LPVRLDWpeptide. A
strong signal has been noticed for Tryptophan (W) at 756m1 and 1010cm-1.

A few amino acids present lPVRLDWeptide such as Trp (W), Leu (L), Pro (P) and Asp
(D) gave strong to medium signals while the Val (V) gave medium range signals and for the

remaining amino acid Arg (R) did not give any sign of peak or band sidfigle¢3.5).
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Figure 3.6. Raman spectrum showing the LPVRLDVpeptide alone, silica alone and
when peptide adsorbed to silica particularly for the aromatic amino acid

tryptophan. Asterick * represents the silica bands found at around 440, 732 and 1390 e A)
Symmetric benzene/pyrrole in-phase breathing mode of Trpat 756 cm? B) Indole ring vibration
with NH bending mode of Trp 880 cnt C) Symmetric benzene/pyrrole outof-phase breathing
mode of Trp at 1012 cmt D) Pyrrole C2C3 stretching mode of Trp found at 1551 cr.
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Figure 3.7.Raman spectra obtained from different samples of peptide ( LPVRLDW

and silica. Five different samples such as peptide alone, silica alone, peptide adsorbed to silica
(solid powered and dried pellet from solution) and the dred peptide-silica pellet obtained from the

fluorescamine assay showing the variation and shifts in the Raman spectfasterick * represents
the silica bands found at around 440, 732 and 1390 cth
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In silica alone samples, the Raman bands were fouadoand 440, 732 and 1390 é¢m
respectively?®, while strong bands of Trp (W) were observed RVRLDWpeptide alone
samples at 756 chand 1010 cn?’#277(Figure 3.6). These strong signals are due to the
symmetric benzene in and out phase breathing mode of TrypfSph@he LPVRLDW
peptide adsorbed silica samples (mixed solid and dried pellet) showed signals at440 cm
732 cmi, 1390 crit, 756 cm'and 1010 cr respectively but slightly lower signalBi§ure

3.7). This clearly indicates that changes in vibrational shifts or signals for particularly
aromatics occur in solids (strong) and solutions (weak) but showing some signals for peptide
backbone. However, only silica bands wirend in case of dried peptidalica pellet after
fluorescamine assay by masking the peptide bands with sHligaré 3.7). The possible
reasons for masking of peptide signals with silica may be due to not enough peptide requirec
for obtaining Raman signals because of fluorescamine experimental sample limitation. Thus,
verifying the peptideLPVRLDWbinding to silica by Ramaspectroscopy revealing the
differences in the spectrum may be due sensitivity of microenvironment at psiptide
interface in solids and solutions. The binding signal observed was mainly from aromatic Trp
(W) amino acid; indicating this technique hasgntial to be used for identifying the peptides

or specific amino acids and use them as markers to assess the local environment in silice

peptide composites.

3.4 Conclusion

In summary, heptapeptides having affinity for amorphous silica hanoparticle s ghyldr,

82 nm) have been identified. To achieve this, elution buffer conditions (low pH, high pH
and high salt) and the elution buffer itself were changed to remove peptide binding phages
from silica surface during the phage display process. The expéamesults gave
information about the tight peptide silica binders eluted and the functional amino acid groups
may be responsible for electrostatic and-etettrostatic interactions. Also, complementary
bioinformatics results prove that most of the seges checked do not exist in MimoDB
database and are not identified as contaminants. This demonstrates that peptides isolate
were not targetinrelated sequences but rather genuine target binders without any human,

pathogen or sample contamination.
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A repanning method has been reported to recheck the phage display process and verify silic
binders by checking the reproducibility of the proceskhe repanning method may
experimentally verify your own target binding results giving information aboupassible
nonspecific binding due to panning limitation (amplification bias), thereby checking the
direction of the ongoing phage display workwus, the repanning method reported for silica,
appeared to be a straight forward approach to verify phagegiegperimental results by
mixing phage clones from different biopanning experiments and rolihds.esults of the
repanning experiment reproduced mostly similar silica binders that were identified
previously along with additional peptide sequences wiweine hidden in the previous
biopanning experimentsThe tightly bound silica binders reproduced which were also
isolated previouslynclude LPVRLDWGQSEKHLNDLMNRAVSRDTPQELTPLPL and
QLAVAPSgave us indication of reproducibility of material bindingopdes by verifying

the experimental biopanning process. Additionally, this experiment also prove that no
possible human, pathogen and sample contamination was present. While the sequences su
asHYIDFRWHVPRAMASQTFTSD SFPLSKY, TVNFKLYandHGGVRLYappeared only

in this process but were not identified before via traditional biopanning process suggest that
these entirely new peptide sequences are the ones that might have been missed in the fe
phage clones that were selected from a large fooaddequencing. Th&l AVIST peptide
sequence in repanning process appeared as a main silica binder which has been identified
both elution experiments (0.2 M GlycuiCl, pH-2.2 or 100 mM Triethylamine, pH1)

and has displayed in all rounds sequencdilevthe same sequence was found only once in
previous traditional biopanning experiments. Therefore, this verification process may be
used to identify the tight silica bindeKI(AVIST ). The reappearance bPVRLDWpeptide
sequence in repanning experimprave that thiphage cloneloesnot have any propagation
advantage, which means this peptide sequence is not a fast grower but a genuine targ
binder. The results and physichemical properties of isolated silica binders suggest that
the three differentlution bufferqlow pH, high salt and high pHised have isolated peptides

of both electrostatic and neglectrostatic interactions.

The phageclones displayingeptidesLPVRLDWHYIDFRWand KIAVIST that occurred
more frequently in the phage display exments, showed higher binding to amorphous
silica nanoparticledlowever,the phage cloneSQSEKHL VSRDTPQandGASESYlthat

had appeared frequently in the biopanning experiments (initial and repanning) displayed les:
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binding to silica in relative binding studié&/hile, theELTPLPL sequence that was isolated

a few times in both initial and repanning experiments has égHili higher binding ability

to silica nanoparticlesn addition, the multiple sequence analysis was performed for all the
silica binding peptide sequences and a sequeW&KLLA) has been emerged as a
consensus silica binder. This consensus sequenceheascompared with all the silica
binders identified in this and previous studies and the tBtwas commonly found in most

of the peptide sequences that were reported to be the strong silica binders.

Furthermore, selected silica binding peptidd3\(RLDWNDLMNRAGQSEKHLGASESYL

and KIAVIST ) identified from experimental biopanning (traditional and repanning) and
relative binding methods were chemically synthesized and characterized for studying the
peptidesilica interactions using fluorescamine gsaad Raman spectroscol the five
peptides selected for adsorption studies (fluorescamine based quantification assay) showe
distinctive binding to silica nanoparticles. The pepHd&VIST with high pl (10.1) and net
positive charge (+1) showed hiddinding to silica, while the peptiddsPVRLDWand
NDLMNRAaving neutral pl values (6.8) and net charge (0) showedrlbimding than
KIAVIST peptide. However, the peptidé’VRLDWisplayed better binding than that of
KIAVIST at lower concentrations (i.e up to 1mM). In contrast, the pe@@8EKHIwith

nearly similar pl (7.8) and net neutral charge (0.1) values to that of the pdageded.DW
andNDLMNRAexhibited lower bindingat silica nanoparticles. The peptiGASESY Lwith

low pl (3.3) and net negative charg#)( which was selected as a control for this adsorption
investigations showed least binding to silica nanopartiéles®, these results indicated that
peptide adsorpin to silica surfaces may exhibit more than one type of interaction and can
be influenced by the experimental conditions such as pH, subject to the peptide charge an
pl in solutionbased assays. Besides, complementary binding studieBMRLDWUISIng
Raman spectroscopy exposetat there aralifferences in the spectrum after binding of
peptide with silica. The binding signal observed was mainly from aromatic Trp (W) amino
acid; indicating this technique has potential to be used for identifying the peptisjescific

amino acids and use them as markers to assess the local environment -jpeptitdea

composites.
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Chapter 4: Isolation of Silica Binders by Optimised Biopanning

Method and Bioinformatics

4.1 Introduction

With increase in the demand of using biopannmglisplay material specific peptides and
then to synthesize the biobased matenals/itro and in vivo, it is very important to
efficiently elute and recover the strongly bound phage from the inorganic material surfaces
without degenerating thmaterial or the phage peptide.general, to elute strong binders a
single elution buffer is used and to isolate the best consensus binders, the number o
biopanning rounds are increadtduring the successive controlled washing steps, mostly
any binder unrelated to the target should have been removed, leaving only the target selectiv
phage to remafif. Moreover, thenonspecificbinding of peptides tonaterialsis an issue

that can nurture the wrong results. The 13pecific peptidesnay have affinity for the
chemicals or substrates including plastic tubes or plates or films or petri dishes, washing o
elution buffers and their components and blocking or coaijyets that are used during the
biopanning process. This type of Repecific binding behaviour can hide the actual binders
thereby promoting the wrong or untargeted binders or fast growers. A full list of peptides
reported to bind to polystyrene basednpmnents such as well plates, beads, petri dishes
and films during biopanning process was shownhahle 2.3 Chapter 2Considerable effort

has been made to isolate material binding peptides by targeting washing and elution
strategies. Elution for targdiinding phage can be done using various methods, as shown in

Figure 4.1.

Chemical based elution methods are more traditionally used, which can involve eluting the
stronger binders using buffer condits, such as extreme pH, salts (ionic strength) or
reductants such as D*>° During the biopanning procedure, the extreme low pH elution
or high salt buffers tend to cause changes ipktiagetarget interface, or sometimes degrade
or denature either the substrate or phage surface. As a result, they may become inactive
may change the original reaction between the inorganic surface and the phage peptide
Because of these modificationstrong binders may be removed incompetently;
consequently, a large number of strongly bound phages can be left on the material

surfacé!®3 Washing and elution steps in the phage display process are key to know whether
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all the strong binders are eluted completietyn the available phage librarglongside

removing the loosely bound phage clonesg appropriate detergents and elution buffers

s YRS

Target material

1

Target material

alkali/acid/salt
b)

Ultrasonication

Electroelution

Physical

Ultrasound

i
) '9'0

Eluted phage (lost scFvs)

e S0k

Target material

Enzymatic

Target material
Trypsin/protease

Competitive

Target material
Coupled with antigen

Target antigen Eluted phage

Key: Target material . Antigenbinding g Antisen
binding phage phage

Figure 4.1. Schematic representation of different types of elution methods) Chemical
elution: The norspecific or weakly bound phage are first washed away, and the remaining strongly bound
phage areluted by low or high pH or high salt buffer b) Physical elution: The strongly bound ghage
eluted either by using sonication or ultrasound or with a combination a) and b). ¢) Enzymatic elution:
enzymes (such as trypsin or protease) are used to clbage podies at specific sites (capsid or scFv).
Only the immobilized phage bound to the bait (target material or antigen) will be eluted. Asgetific
phages present will be marginalized during several panning rounds. d) Competitive elution: high
concentration target antigen is introduced to elute bound phage, with the material binding phage still
bound to surface.

The phage<cloneswhich are eluted using high or low pH solutions often display just low to
medium affinity to the targ&?’ Suggestions for the improvement of this procegdiarethe
selection of high affinity clones include: gradually decreasing in pH of the elution buffer
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during the last biopanning routf§j using target protein as the elution buiféand eluting
the bound phage with triethylamine over multiple tipAé®3

In another article, the selection of high affinity binders was improved frormar7eptide

phage library, using a strategy know as an alternating elution procedure. In this elution
procedure, solutions of low pH buffer (glycine buffer) and target protainhigher
concentration) were used in turns as eluting reagents for all the panning rounds, and by th
third round were able to select high affinity clones for sequencing. Lysozyme was here usec
as model protein to evaluate the selection strategy. It stablished that the using low pH
buffer alone is not enough to remove the high affinity binders due to propagation effect of
the atoms close to the affinity site. Using alternating elution from the initial round can
prevents the loss of strong phage bisdier the start of biopannifyf. Similady, another

article has also commented on the problem with using conventional pH (acid and alkali)
washing regimes which in previous studies has resuli¢bei losof high affinity binder.

With the intention to maximise recovery of binding sequence, Rawdihgk at end of the
selection rounds would use the eluted phage, and the remaining magnetic nanopatrticle wit|

any attached residual phage, to dingatfect theE. colicells®4,

Cell bound phage in general are etltssing acidic buffers, but recent studies have suggested
that low pH may not be enough as significant amount of phage remains bound with the cell
pellet post centrifugatiof® 3¢’ A possible alternative method for improving phage recovery
maybe to use higher pH (alkali) solution or to infect the-loelind phage directly with
growing E. coli bacteriuni®®3%% Certain studies have suggested that some phages may be
internalized into the cell before binding to the cell surface antigen, thus using a casnbinat

of low pH solution, regardless the presence of adwmaturing detergent (such as Tween

20 or NR40), will enhance the phage recovery dramatié&if/*

Recent research showed some advancement by using ultrasonication based physical elutic
combined with chemical elution and can be used as an alternative to the traditemadal

elution methoff. In this biopanning approach, 100% of selected strong binders to solid
materials have been recovered, by firstly eluting the peptides through chemical elution and
followed by an additional step of 3@=onds physical elution by passing the ufoaic

energy via ultrasonicati6h Whereas, by using only single physical elution step, they
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managed to recover 45% of the selected peptides from solution bgarication andlao

only a few numbers of clones were identifiedLikewise, in another study, inorganic
binding peptides with electroactive properties were eluted by using a tiny electronic device
in the biopanning media®’2373 As a result of electric field application, the reversible electro
activated peptides that have sensor apiitina were desorbed from the material surface
after the chemical elution st&g"2373 However,the high power ultrasonication causes the
production of cavitation bubbles which cause hydrodynamic sheering stress and helps ir

dissociating the phae

Enzymaic elution method involves using an enzyme such as trypsin or protease to cleave
thelink between the phage capsid and the library protein. Trypsin cleaves between the scF\
and plll phage (phage coat protein) thus, any safsching phage (surface bindiagd
antigen binding) will be eluted, except for the phhgadattaching phage which will still

be bound to the surface. For the manipulation of the scFV phage, a helper protein is requirec
Engineered plll has a helper phage known KM13 which also hgpsrt specific cleavage

site, which post trypsin treatment is Amfiective. However in the case of sepill fusion

will lose the scFv protein post trypsin treatment, but still will remain infettivany non
specific binders in the eluted phage is reduced in phage display panning rounds with trypsir
treatment compared to conventioedition methods (such as triethylamine elutiéhy’®

3C protease has shown effective cleavage of phage proteins at 4°C, allowing the specific
elution of phages bound to the bait (target materiamigen). The results showed that 3C
protease treatment at 4°C elutes ~80 times more bound phage compares to traditional elutio
method with 1% SDS T7 phatjé

Within competitive binding elution methods, there are some strategies which use specific
blockers and biological ligands to elute bound phages. As an example, Hagteahdras

used CCL22 and CCL17 (@rotein coupled chemokine receptdCCR4}specific
chemokines) to determine a®#CR4 mAbs that were able oppose receptor specific
ligands”’. Competitive elution methods are certainly useful for experiment that require the
panning of native cell ling as it is capable for expressing many antigens on the surface. A
good example of this property would be the competitive elution of CK 8 and T4 cell line
targeted phage binders, using é®K8 mAbs (RCK 102'83"® However with this elution
method, to achieve the desreutcome, optimisation of the incubation period and

concentration of eluent agents is Vit&lCompetitive &ition is an alternative elution method
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which can be useful in experiments where the ligands of the certain target are known anc

accessibl®.

Someliterature suggests that scientists have tried to overcome the elution and recovery
problems by two approaches. The bound phage recovery rigthtslone of the solutions
where the phage still remains bound to the surface of the material which is then amplified
and sequence analysis is perforni@bwing PCR. A second approach is the PCR derived
phage display. In this method, the bound phages were eliminated, amplified and the phage
DNA isolatedthrough lysis buffer, followed by sequence analysis of the birfdéosving

PCR; however, under some harsh chemical conditioagjubstion concerning the materials
stability remains unsolved and also there still remains the laboriousitabosive nature of

the process of biopanning. Taylor andworkers achieved some success by introducing two
new variations to the phage disptkechnology®. Firstly, they introduced 10% wiidype
phages and phage library into the panning mixture which enabled them to identify phage
DNA for both nonspecific and specific binding. Secondly, they used rolling circle
amplification with polymerase phi29 where ph&¥A bound to substrates after a series of

washings for direct amplificatiGf

A study has also developed a phage display strategy for Affimer phage library that uses
comparatively low amounts of target and fitarget homologous antigen, thus making this

a suitable metbd for proteins that are difficult to express or are expensive. The highly
specific selected Affimer clones can distinguish between protein isoforms with similar
structures. The method also allows for negative selection by which a small amount of
homologows protein is premixed with the phage library from the round two of panning
onward. Round two onward of panning involves the phage population to be initially
incubated with homologous proteins to the target protein to eliminate any phage that binds
to the dosely related homologs, after which it is incubates with the planned target. This
process may also be able to block or capture the -cetetive Affimerdisplaying phage,

thus allowing the enrichment and isolation of highly selective Affimers in theessive
panning rounds. The method can potentially be suitable for any phage library for similar
highly selectivity and for developing reagents to study signalling cascade by blocking of

proteinprotein interaction$™.
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Although various alternative elution strategies (eg. physical based such using as sonication
ultrasound etc.) are being tested to improve the elution step in biopanning process, the
popularity of using chemical buffers (eg. low or high pH and salts)ui@ ¢he strongly

bound target binders from material surfaces is still on rise and most preferred means.

pH7.4 pH2.1

- “ HITRTINIT

Figure 4.2. Schematic representation of peptide/ phage adsorption or desorption
onto silica nanopatrticle surface and intrinsic bias during biopanning due to pH
or charge. Image adapted 4.

From our previous biopanning studigi is evident that at pH 7.4, silica binding peptides
identified by the phage display process, exhibit different binding patterns to the silica surface
and are directly dependent on the sequence and charge specific interactions. However, whe
a low pH (21) elution buffer is used, the strong binders are eluted from the silica surface by
disrupting the electrostatic interactions present at pepsitiea interface, thereby
efficiently removing the electrostatically bound peptides from the silica surfackaving

the nonrelectrostatically (hydrogen or hydrophobic or van der Waals) bound consensus
peptides on the material surface resisting detection as showigure 4.2. Due to this
behaviour of peptides during biopanning process, some silica binders that are bound by non
electrostatic interactions are being lost and the information about their diversity is unknown.
This intrinsic bias of the biopamg process is due to the elution step. Also, the peptides
adsorbed to silica nanoparticles in this study were pH dependent and found to be sequenc
dependent subject to the peptide charge. Therefore, any changes in washing and elution ste

will affect theadsorption or desorption of peptide on silica surface.
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Therefore, we have used an alternative elution stydbygusing more than one elution
buffers varying elution conditions to effectively elute and recover most phage clones from
the available libraryln this study,an optimised chemical elution to biopanning method
reported here, has identified and recovered more silica binders from the phage pool in just :
biopanning rounds. Although the approach is tested with silica, it could perhaps be applied
other inorganic materials that resemble silica properties. Moreover, complementary
experimental and bioinformatics methods are used to check and test the authenticity of true

silica binders.

4.2 Materials and Methods

4.2.1 Materials

Chapter 2section 2.1.Jrovides details of materials used for adsorption studies.
4.2.2 Methods

4.2.2.1 Phage display protocol

The typical protocol applied for optimised biopamg and repanning biopanning
experiments are discussed in methsdstions 2.1.2.2nd 2.1.2.4 The details of phage
display experiments and elution conditions used to elute silica binding peptides via

optimised and repanning methozm found in th@ables 2.12.4and2.5.

4.2.2.2 Relative binding affinity method

For this chapter, 14 different individual phage clones isolated from optimised biopanning
processwere chosen for the relative binding assélge protocol used for this assay are
described in Chapter 8ection 3.2.2.2The phage titer calculations including the number of
input to output phages and the diimy ratios from two separate experimental repeats was
added inAppendix 41.

4.2.2.3 Bioinformatics searching

Chapter 2section 2.1.2.provides details of materials used for bioinformatics analysis.
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4.3 Results and Discussion

In this chapter, the same batch of amorphous hydrophilic silica nanoparticles (as for chaptel
3) of size 82 nm prepared in the Perry laboratory and previously charadt&géthas

been used as a targ&urther details about the properties and measurements of silica
nanoparticles is describedTiable 2.6under thesection 2.1.2.6Howeve, as the first batch

of library (Lot: 0211212)was finished for more panning experiments, a second batch (Lot:
0221501)ordered and used for the optimised biopanning process (alterative three step
chemical elution method)t is known that most of the phage clones eluted by either low or
high pH buffers via traditional elution methods often displayed low to medium affonity

the target®®382 Few studies reported improved prdoees by gradually decreasing the
elution buffer pH® and constantly eluting the substrate bound phage igh pH
triethylaminé®in the successiveidpanning rounds for selecting high affinity clones. Also,
from the results o€ hapter 3the physicechemical properties (i.e charge, pl and functional
groups) of the isolated silica binders suggested that the thferedifelution buffer$0.2 M
Glycine-HCI, pH-2.2, 100 mM Triethylamine, pH1 and 4 M MgGJ, pH-6.1) used have
extracted phage clones displaying peptides of both electrostatic ardleatnostatic
interactionsHence, by using the same three elution énsfitonsecutively one after other in

a single panning round (describedniethods section, Chaptey, 2ve expect to elute and
recover elution and /or charge specific silica binders that are bound to silica by both
electrostatic and neelectrostatic interactionghereby improving the elution procedure
previously used ihapter 3The optimised biopanning approach differs from the traditional
biopanning method as each mentiobatfer (Gly-HCI, pH-2.2; MgCI2, pH6.1; TEA, pH

11) are used consecutively one after other in a single screening (biopanning) round, a:
appose to one specific buffer being used for all panning rounds including elution steps in

traditional biopanning and rapning experimenthapter 3.

Despite obtaining a new aliquot of library, we did not repeat traditional biopanning
according taChapter 3s a comparator with the work describe€hmapter 4 because of the
similarity of elution buffers (GRHCI, pH-2.2; MgCI2, pH6.1; TEA, pH11l) and pH
conditions that were used f@hapters 4optimised panning method) ar&(traditional
panning method)Nevertheless, for testing the optimised biopanning method, repanning
experiments were carried out by exposing the mixture of amplified phage pool (prepared by

mixing together the round 1 affed phage pool samples stored from initial panning
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experiments as shown Trable 25) from the initial (traditional) biopanning tests with fresh
silica. The reason for taking all the separate amplified phage stocks fromXasihal i) test

the optimised chemical elution method with the first aliquot of library (Lot: 0211212,
Chapter 3 as a comparator with the work describedGhapter 4(new library, Lot:
0221501). ii) use this repanning test as a repeat for the traditional biopanning method a:
described irChapter 3because of the similarity of elution buffers and pH conditions.

4.3.1 Silica binders isolated from optimisel biopanning method
Details including step by step optimised biopanning procedure used to isolate silica binders
is described in Chapter 2, under methagstion 2.1.2.3 Similarly, the experimental
conditions (washing and elotl) used for optimised biopanning process are showalate
2.4. In the optimised biopanning experiment, a few phage clones selected from the early
panning rounds (2) displayed a range of silica binding peptides including rtfeest
frequently repeated sequences in all three sequentially used elution Gsésvn iMable
4.1.Here, a single biopanning experiment involving two panning rounds were performed. In
each panning round, phage bindingshiag, three step elution and amplification steps were
carried out. At the end of first and second rounds, phage titering and blue/white screening
method was used to select individual phage plaques. A totaBphage clones were
selected randomly fromirét and second rounds (30 clones each from the three elution

buffers separately) and analysed by DNA sequencing.

The phage clones obtained from the first and second bioparmingsdisplayed a range of

silica binding peptide sequences as showraible 41. Overall, 47 peptide sequences were
isolated coding for 15 identical repeats and 32 diffesequiencesl he sequences identified

from the second roundlf panning showed more repeating peptide sequences that appeared
in first round. Also, some phage clones selected in first round were further selected in seconc
panning round due to the progressive enrichment in the phage clones displaying the sam
peptice sequences. The possible reason for an increase in enrichment in the early pannin
rounds itself (second panning round) might be due to i) the stepwise increase in the deterger
concentration (for every 5 washes, out of 10 wash cycles performed forle gamning
round) in the washing step and ii) the additional elution steps (three step elution) covering a
pH range 211 including high salt in a single panning round unlike single elution step in
Chapter 3

144



Chapter 4: Isolation of Silica Binders by Optimised Biopanning Method and Bioinformatic

Table 4.1. Silica binding peptides identified from optimised biopanning process

A total of two screening rounds were performed, the phage clones eluted separately after each
elution step in a threestep elution process using three different elution buffers for each panning
round were shown. To improve the screening stringency, the Tween 20 detergent (6015% Tween

20 [v/v] mixed in TBS) concentration and wash times gradually increased as shown. NIL are the
phageclones which were excluded from results due to the insertless or absence of any sequence,
as the inherent rate of insertless phages in the NEB Ph.Dlibrary was about 5%. Frequently
occurring sequences within the biopanning rounds are presented in a umie colour for clarity.

Biopanning Wash
(screened)

Elution conditions

Frequently

Peptide sequence and frequency observed

TBST .
round Buffer pH Eluent peptides
Glycine 2.2 1% 3/30 ALVSLSQ 1/30
HCI, ADIRHIK 2/30 SVDIWTI 1/30 ADIRHIK
02 M SILPVTR 2/30 AGHVVPR 1/30 SILPVTR
MQEMRQK/30 EVISAAW 1/30 MQEMRQM

LMPGYQL 1/30

LLALPYW 1/30

LTQQLHT 1/30 1/30
1/30  YPWQSDN 1/30

TAVTYKS 1/30 1/30

VITLDTY 1/30  ADARYKS1/30

QMQTGKL 1/30
KSLWTYP 1/30
SLETMSN 1/30

LLAPPYW 1/30
MHEAVLN 1/30
NIL  2/30

0.1-0.3% MgCl 6.1 2 ADARYKS4/30 1/30 ADARYKS
5each 4M 4/30  ASMNQGG 1/30
1 Total 10 HDSPTAA3/30  SFLVTRN 1/30 HDSPTAA
washes 2/30 SPSTNPS 1/30
ANPTFFS 2/30  GPLIWFS 1/30 ANPTFFS
ADIRHIK 1/30 GSTSFSK 1/30
DNDLSLS 1/30  ASSHIHH 1/30
HDVMWQR 1/30 ANLPQLL 1/30
NIL ~ 4/30
TEA 11 3¢ ANEDTGT13/30 LNGNWTR 1/30 ANEDTGT
100 mM FGGPTTR3/30 1/30 FGGPTTR
EGWIQTF2/30 VDGARTH 1/30 EGWIQTF
VWQPELQ 1/30 SPLHSNY 1/30
FVMSDPI 1/30 1/30
TGASQFP 1/30 SSTPANL 1/30
NIL  3/30
Glycine 2.2 1% SILPVTR 18/30 ADARYKS1/30 SILPVTR*
HCI, ADIRHIK 4/30 MVQSPRD 1/30 ADIRHIK*
02050 02M ANPTFFS4/30 NIL 2/30  ANPTFFS*
S5each MgCl 6.1 2 16/30 ANPTFFS 2/30
2 Total 10 4 M SPLHSNY3/30  SILPVTR 2/30 SPLHSNY
washes ADARYKS2/30 NIL 3/30  ADARYKS’
ADIRHIK 2/30
TEA 11 3¢ ANEDTGT22/30 SPLHSNY2/30 ANEDTGT’
100 mM EGWIQTF5/30 FGGPTTRL/30 EGWIQTF*

145



Chapter 4: Isolation of Silica Binders by Optimised Biopanning Method and Bioinformatics

From the results, it was found that ten phage clones displaying peptide sedABEERGT
(22130, 73%)SILPVTR (18/30, 60%)HWNTVV$16/30, 53%)EGWIQTH5/30, 17%),
ADIRHIK (4/30, 13%),ADARYKS4/30, 13%) MPRLPPA4/30, 13%) ANPTFFS(4/20,

13%), FGGPTTR3/20, 10%) andSPLHSNY(3/30, 10%)appeared as the most frequently
occurring silica binders (i.e more abundantly observed sequences from a randomly selecte
few phage clones) eluted from the first aed¢ond panning rounds via three different elution
buffers (Table 4.). While, some identical sequences were displayed more than once but less
frequently within the three different elution steps (highlighted in a unique colibus).
important to note that, no single peptide sequence was present in all the three different elutiol

steps.

More importantly, the sequences isolated in this optimised biopanning process (using secont
batch of same library (Lot: 0221501) showed no tig@h sequences compared with
sequences identified from first batch in Chapter 3 (traditional and repanning experiments via
Lot:0211212). Although, this batel-batch variation has been frequently reported as a
problem in the antibody productith37282 there is no evidence for ld-lot variation for

M13 phage diplay, specifically for Ph.E¥ libraries. However, this could happen possibly
depending on how the outgrowth and amplifications in a larger scale proceed in the bacteric
in the initial preparation of phage librai$*38 The other possible reasons might be due to
performing extended amplifications or many rounds of selections during the biopanning
resulting mutations irkE.coli leading to insert less clones. However, according to NEB
Manual, no mutations were reported Rit.D-7 phage display library so far. Hence, limited
information is known about the full diversity of the phage libraries, more experimental
evidence would be needed to determine if this Phllbrary system leads to lbo-lot
sequence variability. Nevineless, it must be noted that only two panning rounds were
performed in the optimised biopanning process suggesting very low chance of amplification
bias could have happened within the experiment. In addition, a similar trend in the
distribution of aminoacid residue occurrences for all the peptide isolates eluted and
identified from two separate lots of library against silica was obselfvigdre 4.9 after
analysing all the sequences from both batches (described in the fgllegdtion 43.4).
Furthermore, the two consensus sequences identified from both lots of library showed

similar trend towards silica surfacdsiqure 4.8. Thus suggesting, this disslarity in the
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isolated sequences may be due to the selection of few clones from a large phage pool fc

sequencing.

The amino acid distribution of the isolated silica binders from optimised bioapnning process
were shown in th&igure 4.3 A total of 47 peptide sequences identified from both first and
second panning rounds displaying 15 idemtregpeats and 32 different sequences were

analysed and separated specific to the elution step and/ or buffer.

Acidic (-) Acidic (-) Basic (+) Acidic (-)

Basic (+)

Basic (+)

15 elution step (Gly-HCI, pH-2.2) 2" elution step (MgCl,, pH-6.1) 3 elution step (Triethylamine, pH-11)

Figure 4.3. Distribution of functional aminoacids of silica binders eluted from

three step elution (optimised biopanning) process.  All the phage clones identifed from
first and second panning rounds (Table 4.1) using three different elution buffers for each panning
round were considered while plotting the pie diagrams

The high salt magnesium chloride elution buffer (4 M Mg®H-6.1) eluted the phage
clones displaying peptide sequences containing 50% of hydrophobic amino acids, in contras
to 44% and 28%sing low pH (0.2 M GlycineHCI, pH-2.2) and high pH triethylamine

(100 mM Triethylamine, pHL1) respectively. It is noteworthy that the high salt elution
buffer showed similar pattern for the phage clones eluted in the initial biopanning
experiments Chapter 3. Thus, indicating the high salt buffer may be used for eluting the
phage clones mostly bound to silica by hydrophobic interactions. It has been reported tha
the peptide sequences removed from indium zinc oxii®)(surface eluted via high salt
elution buffer (4 M MgC, pH-6.1) showed more blocks of hydrophobic amino atids

the low pH buffered solutidd3"3

Besides, an increase in the acidicdnd polar uncharged amino acid residue composition
was noticed with step wise increase in the pH of the elution buffers. However, a reversed

trend was observed for the for the groups visic (+) charged. For example, the phage
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clones eluted from elution buffer 1 (low pH) exhibited 6% acidic and 33% polar uncharged
amino acid groups. While, the same acidic and polar uncharged residue composition
gradually increased to 7% and 34% for thenes eluted from second elution step (4 M
MgCl, pH-6.1) and 23% and 43% with elution buffer 3 (high pH) respectively. Hence,
indicating the single elution buffer used for eluting the phage cld®iegpter 3 may have
resulted in incomplete removal of all strong binders and resist detection to substréfe silica
By using sequential three step elution process (optimised biopanning) varying elution buffers
and pH condition in a singlganning round, the phage clones that resist detection in single
elution step may have eluted in the other successive elution steps. Also, the increase in th
acidic amino acid composition for the phage clones eluted by high pH triethylamine (100
mM Triethylamine, pH11) may be due the electrostatic repulsions resulting in the removal

of strong silica binders.

Moreover, GlyHCI at low pH has eluted 63% of peptides with net positive charge, while
58% and 79% of peptides eluted in the second elidm MgCk, pH-6.1) and third elution

(100 mM Triethylamine, pHL1) stepslisplayed net neutral and negative charged sequences
respectively Table 4.2andFigure 4.3. The percentage of the peptide sequencesctivas
calculated by counting and averaging the number of sequences and times identified in botl
first and second panning rounds. Also, it was noticed that as the pH condition of the elution
buffers increase in the elution steps, the net charge of thersegs being eluted from silica
surface change from positive to negative. For exantpé&esequenceSILPVTR (20/60),
MPRLPPA(3/60),ADIRHIK (6/60) andADARYKS2/60) having high pl (11.1 to 9.7) and

net positive charge (+1) were eluted mostly in the first elution (high pH) step. While, the
peptideHWNTVVEL8/60),SPLHSNY(3/60) andANPTFFS(4/60) holding near neutral pl

(7.8 to 6) and charge (0); as well axjeencesANEDTGT(35/60) andEGWIQTF(7/60)
possessing low pl (3) and net negative charfjdq -2) were eluted mostly in the second
(high salt) and third (high pH) elution stepgsable 4.2and4.3). However, a few sequences

that were isolated in the first elutioMPRLPPAY/60, ADIRHIK 3/60 andADARYK$%/60)

also appeared in the second elution step. Similarly, the seq88h¢¢SNY(3/60) that was
eluted in the second elution step, reappeared irhiteedlution step, but fewer times. This

may suggest that the residual sequences remaining from the previous elution steps wer

carried forward sequentially.
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Table 4.2: Silica binders identified in  Table 4.1 and their elution, pl and charge
based appearance. The pl and net charge values for all the sequences were obtained from
Innovagen and Bachem peptide property calculator (INNOVAGEN, 201Bachem, 2017). Blue
colour indicates high pl and positive charge values of peptides at pH no colour directs neutral
charge and pl values and red colour indicates low pl amiegative charge values.

1%t elution (Gly-HCL, pH-2.2) 20 elution (MgCly, pH-6) 31 elution (TEA, pH-11)

Round 1 (R1A) Pl Netcharge @7 Pl Net charge @7 PI Net charge @7|

MPRLPPA 3/30 1 MPRLPPA  4/30 1 FeepTTR | 3/30 1
SILPVTR 2/30 1 SFLVTEN ' 1/30 1l venwrr 7 1/30 1
ADIRHIK 230 ADIRHIK ' 1/30 VDGARTH | 1/30 7.8 0.1
AGHVVPR  1/30 GSTSFSK | 1/30 SPLHSNY " 1/30 7.8 0.1
QMQTGKL  1/30 ADARYKS = 4/30 TNLHINE ' 1/30 7.8 0.1
ADARYKS  1/30 ASSHIHH ' 1/30 SSTPANL " 1/30 6 0
TAVTYKS 1/30 HWNTVVS r 2/3[) TCASQFP r 1/30 0
KSLWTYE  1/30 HDVMWQR ' 1/30 EGWIQTF ' 2/30

LTQQLHT 1/30 781 0.1 ANPTFFS ' 2/30 VWQPELQ © 1/30

TNLHINP  1/30 7.8 0.1 ANLPQLL ” 1/30 FVMSDPI ' 1/30

MQEMRQM 230 7 0 ASMNOGE | 1/30 vDTSIEN 7 1/30

ALVSLSQ 1/30 0 SPSTNPS | 1/30 ANEDTGT  13/30

LMPGYQL  1/30 0 GPLIWES ' 1/30

LLAPPYW  1/30 0 HDSPTAA = 3/30

LLALBYW 1/30 0 LETVVSS © 1/30

MHEAVLN 1/30
SLETMSN  1/30
LETVVSS 1/30
EVISARW 1/30
VITLDTY 1/30
VDTSTFN  1/30
YPWQSDN  1/30
TLTEEYF 1/30
SVDIWTI  1/30

DNDLSLS = 1/30

Round 2 (R2A) PI  Net charge @7 PI Netcharge @7 PI Netcharge @7 |
SILPVTR 18/30 1 ADIRHIK  2/30 1188 recertr T oy [ 10
ADIRHIK ' 4/30 1.1 SILPVTR  2/30 1 seumswy T o230 7.8 0.1
ADARYKS ” 1/30 1 ADARYKS  2/30 13 anEpTET  22/30 =
MVQSPRD "1/30 6.4 0 HWANTWS  16/30 7.8 0.1} EGWIQTF = 5/30 [ |
ANPTFFS " 4/30 6 0 SPLHSNY  3/30 7.8 0.1

ANPTFES  2/30 6 0
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(Gly-HCl, pH-2.2) (MgCl2, pH-6.1) (TEA, pH-11)

Figure 4.4. Charge based distribution of peptides eluted in Table 4.2. The
percentage of peptides eluted was calculated by taking the net charge (at{a§values for all the
peptides (Table 4.2 eluted in three elution buffers separately. For example, A total of 56, 53 and
57 peptide sequences were identified from first (GBHCI, pH2.2), second (MgGl pH-6.1) and third
elution steps counting both panning rounds (R1A an&2A). Out of 56 sequences from first elution,
35, 13 and 8 sequences, showed net positive charge, neltand net negative charge values. Then
diving the 35/56*100 will give 63% of peptides eluted in the first elution step using GKHCI, pH
2.2, displayednet positive charge. The same claculation were repeted to get other values.

Table 4.3: Physico-chemical properties of selected silica binding peptides
displayed in Tables 4.1 and 4.2. aPhysicochemical properties of the sequences were
obtained from Innovagen and Bachem peptide property calculator INNOVAGEN, 2014; Bachem,
2017). Highlighted in bold are the sequences that appeared as the most frequently occurring silica
binders repeated in first and second panning rounds. The amino acids that contain amine (N, Q, P,
W) and hydroxyl side chain (S, T, Y) containing groups in a pegé that may help in forming
hydrogen bonding between silicapeptide or among themselves are shown.

Functional amino acid residifes
sZZﬂteI:?lie pr® ngcga;g (-ve, +ve|zl(r)1|§1 runcharg siﬁgﬂcnhZi gggrgﬁg:r
Acidic’ Basic‘Uncharge Hydrophobi((N,Q,P,W]| (S,T,Y)
SILPVTR  11.1 1 0 1 2 4 0 2
MPRLPPA 11.1 0 1 0 6 3 0
ADIRHIK  10.18 1.1 1 3 0 3 0 0
ADARYKS 9.7 1 1 2 2 2 0 2
SPLHSNY 7.8 0.1 0 1 4 2 2 3
HWNTWS 7.8 0.1 0 1 3 3 1 2
ANPTFFS 6 0 0 0 3 4 2 2
ANEDTGT 3 -2 2 0 3 1 1 2
EGWIQTF 3 -1 1 0 2 2 2 1
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Figure 4.5: Percentage of hydrophobic v/s hydrophilic and amine containing side
groups present in selected silica binding peptides mentioned in  Table 4.3. The
percentage of functional amine groups calculated by considering amino acids ¢aiming amine
groups at side chain or Nterminus of the peptide.

The reappearance MPRLPPAN the second elution step (high salt) may also be due to
having six hydrophobidPLPPA86%) and four amine side chaiPRPP 57%) containing
groups representing the phage clone bound to silica by hydrophobic and hydrogen bonding
were fully recovered bigigh salt buffer Figure 4.9. Similarly, the recurrence &LHSNY

in the third elution step (high pH) might be due to the presence of only polar uncharged
(SHSNY 71%) or amine side chaiRiHSN 57%) containing groups representing the phage
clone bound to silica by hydrogen bonding were fully recovered by high pH bWfale

the high pH elution buffer eluted and recovered pep#dEDTGTand EGWIQTHmMostly

with low pl (3) and net negative charge(@nd-1) in final elution step, indicating the peptide
bound to silica by electrostatics may have been removed adtafedectrostatic repulsions
between negatively charged peptides and silica. Similarly, the high salt elution buffer eluted
peptides with close neutral pl and charged peptides that could be responsible for

hydrophobic/ hydrogen bonding or van der Waalsés.

Furthermorethe appearance of peptide sequences in second and third elution steps shov
that we are not eluting and recovering most of the silica binders by traditional elution process
(i.e. only one elution buffer throughout panning experimedtrannds)By using sequential

three step elution process (optimised biopanning) varying elution buffer pH condition in a
single panning round, the phage clones that resist detection in one elution step may hav
eluted in the other successive elution stéfence, suggesting the efficiency of the method

to elute and isolate most of the silica binders in the early rounds of biopanning, removing
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the sequences that resist detection during traditional bioapnning method; thereby by reducin
the number of biopammg rounds, saving time, cost and effdr. addition, these three
different elution buffers could be used to remove interaction or charge specific peptides

subject to change in elution and pH condition.

4.3.2 Experiment to check the optimised biopanning poces 4.3.1
Encouraged by the optimised elutiapproach results, we tried optimised elution (three step
elution) process in two different strategies (as described in mesisation 2.1.21). The
first strategy differs from the traditional biopanning methodah mentioned buffers (Gly
HCI, pH-2.2; MgCI2, pH6.1; TEA, pH11) are used consecutively one after other in a single
screening (biopanning) round, as appose to one specific buffer being used for all panning
rounds including elution steps in tradition&anning and repanning experiments (Chapter
3); Second strategy only used the same Glyeir@l el ut i on buffer bu
Gly-HClI of pH-2.2; pH7; pH-11).

The repanning experiment reproducedre or less the sansdlica binders Table 4.4 as
were identified previously in the above initial biopanning experimérablés 3.3and 3.4,
Chapter 3) along with few new peptide sequen8esne silica binders reproduced which
were alsoisolated previouslyinclude VSRDTPQ GQSEKHL TVNFKLY, LPVRLDW
WSLSELHNDLMNRA QQTNWSLKIAVIST , ELTPLPL and WSLSELHAII the main
silica binders identifid in Chapter 3 using three different elution buffers from separate
biopanning experiments reappeared in this repanning experifent.a few sequences
YSLKQYQYSFKQYQYNGSANGVENVHVRand FASRSDTappeared in this repanning

process.
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Table 4.4: Repanning experimental results to check the optimised biopanning

approach and reproducibility.  Selected tight silica binders were shown here and full list of
sequences can be found iappendix 4.2and 4.3. Note: Black coloured sequences are found in both

initial and repannning methods (Chapter 3. While, the red coloured sequences are the ones
appeared in this repad E1 ¢ A@DPAOEI AT 68 O!'11 o | E@é AOA OE
together from all 3 elution steps and pH within elution strategy 1 and 2.

Table 4.5: Physico-chemical properties of selected silica binding peptides of

identified in Table 4.4. aPhysicochemical properties of all the sequences were obtained from
Innovagen and Bachem peptide property calculato?11.212, Highlighted in bold are the sequences
observed as most frequently repeated peptides. An asterisk (*) represents the sequences that were
present previously from initial and repanning experiments using lot 1 library Chager 3) and
reappeared hereThe amino acids that contain amine side chain (N, Q, P, W) and hydroxyl side chain
(S, T, Y) containing groups in a peptide, which can help in forming hydrogen bonding between silica
peptide or among themselves are shown.

Functional distribution of amino acid residéies

Peptide ol® crl:laer;e Polar _
sequence @pH 7 (-ve, +ve and uncharge siﬁg]l:nhzn gé’grgﬁgilr
Acidic Basic UnchargeHydrophobi((N,Q,P,.W (S,T,Y)

KIAVIST*  10.1 1 0 1 2 4 0 2
TVNFKLY 9.7 1 0 1 2 3 1 2
YSLKQYQ 9.33 1 0 1 3 1 2 3
YSFKQYQ 9.33 1 0 1 3 1 2 3
VSRDTP® 6.78 0 1 1 3 2 1 2
GQSEKHL 7.82 0.1 1 2 2 2 1 1
LPVRLDW 6.8 1 1 0 5 0 0
NDLMNRA' 6.8 1 1 2 3 2 0
ELTPLPL* 3.3 -1 1 0 1 5 0 1
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