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Preface

Most of the prokaryotic and eukaryotic proteins are constituted of multi-domains.
Although domains are considered independent folded unit, the inter-domain linker (IDLs)
plays an important role in maintaining structural stability and conformational flexibility
of entire protein. One such multidomain protein is Cadherin-23, which constitutes the tip-
link in inner ear and acts as gating spring in relaying sound induced mechanical signal to
ion channel. The IDLs of Cadherin-23 binds to calcium ions, which provide rigidity and
structural stability to the protein. Depending on the extent of Ca?* binding, the linkers are
divided into two types: Canonical linker (CL) and Non-canonical linker (NCL). In this
study, we have designed a NCL and compared it to the CL. Ca?" binding affinity;
thermodynamic stability and force mediated unfolding pattern for both the proteins have
been investigated. Differential effect of NCL and CL on the force propagation through
tip-link is the focus of this study. Information from this investigation will influence the
subject area of studying the mechanism of inner ear mechanotransduction along with the

mystery behind hearing diseases and deafness.
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CHAPTER 1

1.1. Introduction

Hearing is a mechano-electrical response. Sound wave enters and creates mechanical
signal in the inner ear. This mechanical response deflects stereocillia of inner ear hair-
cells and generates tension in tip-links. Tip links is formed by hetero-tetramer of two non-
classical cadherin family proteins®, Cadherin-23' (CDH23) and Protocadherin-152
(PCDH15). The tension in tip-links is conveyed to the mechano-sensitive ion channels
present at the bottom of stereocilia and is transduced into electrical signal®. Overall,
CDH23 and PCDH15 are, therefore, essential for maintaining normal hearing activity.
Studies have shown that mutations in these protein coding genes can cause balance

disorder and deafness® & 78,

Cadherin proteins are calcium binding proteins which are mainly cell adhesion molecule.
They are broadly divided into two types: classical and non-classical cadherin. Both
CDH23 and PCDH15 are non-classical cadherin family proteins. CDH23 has 27 and
PCDH15 has 11 extracellular (EC) domain repeats. EC1 and EC2 from these two proteins
are involved to form the tip-link®. The tip-link is about 150-200 nm long in low calcium

concentration (~50 pM) of endolymph®®.

The domains of all cadherin family proteins are connected with inter-domain linkers,
which consist of 6-10 amino acids. These linkers bind to Ca?" ions and maintain the
structural rigidity. Based on the affinity to Ca®" and evolutionary conservations, these
linkers are divided into two types: CLs and NCLs. NCLs have less affinity towards
calcium ion or it has lesser number of Ca?* bound to it than the CLs. Being fully, or
partially calcium free, a NCL is expected to be more flexible and induces more entropic
conformations. Overall, NCLs do carry different properties than CLs and thus expected to

fulfil very different purpose in the protein than the CLs.



1.2. Objective

1. Elucidating the conformational differences between CLs and NCLs and correlate the

differential binding ability of calcium-ion (Ca?*) with these linkers.

2. Observing the effect of linker in the thermodynamic stability of domains for both NCL
and CL.

1.3. Evolution of Hypothesis

The length of the tip-links varies with the change in calcium concentration in
endolymph®®. The change in length is also manifested with the spring-like properties of
tip-links, indicating that the Ca* ions, by controlling the conformations of the tip-link
proteins, maintain the rigidity of tip-links. CDH23 is the longest protein in tip-links. It has
27 EC domains that mediate the tip-links. In between the EC-domains, there are 26 inter-
domain linker (IDLs) regions for CDH23. These IDLs are the primary calcium binding
motifs in CDH23 that are formed mostly by negatively charged and polar residues. The
number of Ca?* ion that binding to the CDH23 varies with the concentration of calcium
present in the cellular or extracellular environment. Generally, when there are three Ca?*
bound to the residues of linker and ECs; with very high affinity, it is called CL. And any
deviation in number of Ca?* ions or a significant decrease in the Ca?* binding affinity, due
to changes only in these motif residues; is called as NCLs.

It is not fully understood how changing the residues in canonical calcium binding motif
will affect the integrity of CDH23 protein or the tip-link. However, not all mutations,
which are causing changes from canonical to non-canonical ones, overlap with the
disease causing residues. In this study, we have inspected the role of NCL in structural
change and tried to correlate this change with the differential binding ability as a
functional component. However, before starting experimental design the reason behind
investigating this unique problem lies in the structural information and the evolutionary
conserved sequences in cadherin family proteins. Cadherin family proteins are conserved

through evolutionary timescale in terms of both sequence and structure across all species.



Table 1: Sequence similarity matrix for Cadherin-23 gene amongst different species.

Table 1 represents similarity in Cadherin-23 amongst different species. The percentage
value is of similar number of data points (one letter code of amino acid) in an array
(Genbank sequence of CDH 23) among the categories (species). Using BioEdit Sequence
Alignment Editor Software, multiple sequence alignment was performed®. CDH-23

amino acid sequences were collected from NCBI database.

It is not just amongst species but for different types of cadherin family proteins, the
sequence similarity is significant. Due to the chain-bead-chain model like structure, it was
possible to collect single domain wise structure and elucidating the sequence using
PyMol.

A typical topology of seven-p strand structure in the form of Greek key motif is common
for all cadherin domains. There are flexible linker regions, which are mostly a helical in
nature. In case of CDH23, it is 310 a helix. The representative structure of CDH23 is

given below in Figure 1.
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Figure 1: The model representation of a single EC domain unit of cadherin family

proteins. A, B, C, D, E, F and G are the 7 different B-strands connected with o and 310

helix linker.

This common Greek key motif like structure is common in both classical and non-
classical cadherin and it is conserved in cadherin family proteins across all species.
Although the structure is conserved, the similarity amongst the domain is not very
significant. Observation was made for inter domain sequence similarity for CDH-23 and
multiple sequence alignment was done for highly conserved sequence in the inter-domain

linker region along with flexible calcium binding region from domains in PCDH-15.
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Figure 2: Cartoon representation of structure of Cadherin-23 and Protocadherin-15.
Out of 27 domains in Cadherin-23, crystal structure is solved for 18 domains (dotted in

blue sphere).

Amino acid sequence similarity was calculated wusing the SIAS tool

(http://imed.med.ucm.es/Tools/sias.html).
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Figure 3: Sequence similarity matrix showing 15-35% sequence similarity derived

from multiple sequence alignment using BioEdit and SIAS server.

Although the domain sequence similarity is less, but sequence and nature of the linker
region are much conserved across all cadherin family proteins in all species. Those are

mostly negatively charged and polar amino acid and known as calcium-ion binding motif.

1st EC linker 2™ EC
XEX DXE DXNDN DXD XDX
PCDH15 EC1-2 26-DEE-28 82-LDRDP-86 117-RDRNDNS-123  156-TDIDD-160 214-NDR-216
PCDH15 EC2-3 135-NEL-137  199-LNYED-203  235-LDGDDLG-241 288-QDRNI-292  347-EQD-349
PCDH15 EC3-4 266-PEL-268  332-VNRDF-336  365-LDENNQS-371  408-LDKDI-412  463-FDG-465
PCDH15 EC4-5 384-LES-386  448-VDREE-452  479-MDANDNT-485  513- E-517 565-ADN-567
PCDH15 EC5-6 498-YTD-500  550-VEMIV-554  585-LPPNNQS-591 620-TDREG-624 670-SDG-672
PCDH15 EC6-7 605-SEA-607  655-LDRES-659 687-TDVNDNA-693  721-TDPDA-725  771-TDG-773
PCDH15 EC7-8 707-VEE-709  756-LNREV-760 789 LDIDDNS-795 823-KDVDL-827 878-FDI-880
PCDH15 EC8-9 808-EEN-810 859-LDYEA-863 896-KDMNDYP-902  932-ADPPG-936  988-FDD-990
PCDH15 EC9-10 915-APD-917 973-LNEEP-977 1006-LHPGE-I-1011 1040-AAINQ-1044 1089-DSL-1091

EC10-11 1025-SEL-1027 1075-LDYET-1078 1114-QDENNHP-1120 1148-TDKDT-1152 1204-TDD-1206

Figure 4: A list of conserved amino acid in the inter-domain linker region and

PCDH15

flexible loops from neighbouring domains. These regions act as a calcium binding
motif in Protocadherin-15. This sequence alignment is done from human Protocadherinl5
(NCBI: NP_001136243.1)". Yellow and magenta is the NCL and CL, respectively.

This high sequence similarity of linkers, conserved Ca?* binding motif position and
structural similarity among domains imposes a conformational dependence of whole

protein on linkers.



CHAPTER 2
Experimental design, Cloning, Expression and
Purification

2.1. Experimental design

The common calcium binding residue model in wild-type cadherin is given below in
Table 2. This is also known as canonical model.

Table 2: The canonical model of Calcium ion binding motif. (X is any amino acid)

- X-E-X  D-(RIY)-E  D-X-N-D-N D-X-D

Any different amino acid residue in this model is called as NCL model. Mutation in non-
CL is also responsible for causing hearing diseases. The focus of my study is in CDH23
EC1-2 due to its direct involvement in tip link formation. These are some disease mutants
that are found in the calcium binding motif of EC1 and EC2 of CDH23. The D101G

mutation has shown to have a 6 fold decrease!’ in Ca?* binding affinity and cooperativity.

Table 3: A list of disease mutations in Ca?* binding motif of Cadherin-23 EC1-2.

D-R-E Non-syndromic
D-X-N-D-N Non-syndromic
X-E-X Unknown

D-X-D Non-syndromic




2.2. Cloning

The target construct was EC1-2 of Cadherin23. The mutated amino acids are the residues
that were in the CDH23 EC1-2 construct, which help binding the three Calcium ions.
Taking into account the composition of the natural NCL linker in PCDH-15 EC3-4 and
amino acids that are involved in calcium binding in EC1-2, construct was designed for
CDH23 EC1-2. DRE and DXNDN calcium binding motif in CL were mutated to
NRD and DXNNQ making the linker non-canonical.

Table 4: Ca?* binding residues of CL and NCL model.

EC number EC1 EC1 LINKER EC2 EC2
CL Model SED DRE DVNDN DPD TDQ
NCL Model SED NRD DVNNQ DPD TDQ

To design the construct, four primers with inserted mutation and two universal forward
and reverse primers with the respective tag, were designed. The list of the primers is

given below in Table 5.

Table 5: The primer sequences for cloning.
Primer name Primer sequence
CDH-linkerl-FP CAGCCGCTGAATCGCGATACC
CDH-linkerl-RP  TATAGGTATCGCGATTCAGCGGC
CDH-linker2-FP GGTGACGTTAACAATCAGGCG
CDH-linker2-RP TATACGTCGGCGCCTGATTGTTAACG
CDH-EC1-FP CTCGAGGGATCCCGCATTATCGTTAACGTCACC
CDH-EC2-RP CAATAATCTCGAGTCATTAGCTGCTACCCGTTTCCGGCAG

The mutant construct was cloned using principle of site-directed mutagenesis polymerase
chain reaction. To make a tetra-mutant construct, a double mutant construct was made
and from that after three PCR reactions later, final product was constructed. This was site
directed mutagenesis followed by overlap extension PCR. The schematics of this PCR for

cloning is given below in Figure 5.



39:> 59 3) E‘.')_—> 5)
55 <::)—_| 35 59 <:| 3’
15t PCR REACTION 2" PCR REACTION
3’ .. 5’
5 o3
3’ - 5’
5% 3’
3 pCR REACTION <
3 Y 5
5 ) 3

Figure 5: Schematics of overlap extension PCR for the cloning.
For cloning the PCR master-mix composition and reaction stepwise protocol is given
below in Table 6 and Table 7, respectively.

Table 6: The PCR Reaction Mixture composition for cloning.

IR
(S NS IS

Volume according to concentration

SIS
S

Make up total volume to 25 pl

—
QD
=
@D
>
—
0
@D
o
@)
Py
=
@D
QD
(@}
=
o
=]
©
=
o
—
o
Q
=3
—
o
=
Q
o
=
-]
Q@




For constructing NCL CDH23 EC1-2 construct, three sets of PCR were done for the first
two mutations and then another three reactions for the remaining two of four mutations.
Tag polymerase was used for site-specific mutation causing PCR and the overlap

extension PCR.

A)

C)

E)

Figure 6: PCR amplification for NCL construct.

All images shown are of agarose gel, post electrophoresis. Before electrophoresis, EtBr
was added to the gel. DNA fragments were separated at 90 V for 40 minutes. The agarose
gel was exposed at UV light and the gel image was captured using Gel documentation
system™®.

(A). PCR reaction with CDH EC1 FP and CDH linkerl RP resulting 270 bp fragments.
(B). PCR reaction with CDH EC2 RP and CDH linkerl FP resulting 460 bp fragments.
(C). PCR reaction with CDH EC1 FP and CDH linker2 RP resulting 380 bp fragments.
(D). PCR reaction with CDH EC2 RP and CDH linker2 FP resulting 350 bp fragments.
(E). Final product of Cadherin-23 EC1-2 tetra-mutant of 730 bp.



2.3. Expression and purification

For future experipent, both the CL WT and tetra-mutant NCL gene of mouse CDH23
EC1-2 (Q24 to D228 in NP_075859.2) were recombinantly modified with 6xHis-tag at
N-terminal for affinity-purification, V2C mutation and sort-tag (LPETG) at C-terminus
for poly-protein construct formation and surface attachment respectively?.

This was cloned into Ndel and Xhol sites of PET21a vector (Novagen, Merck) and
expressed in BL21 (DE3) (Stratagene) as soluble proteins with 1 mM of L-Rhamnose
(MP Biomedicals) induction at an optical density of 0.4 and with 1000 mM of IPTG at an
optical density of 0.6 in the culture media®. Then the media was kept at 37°C for 4 hours.
Buffer composition was 25 mM HEPES, 50 mM KCI, 100 mM NacCl, and 2 mM CacCl..
This composition was maintained throughout our experiments except the Ca®* content in
the buffer and CD buffer. All the proteins were obtained in cell inclusion bodies and
subsequently purified using Ni-NTA (Qiagen) affinity-columns and superdex 200
increase 10/300 GL (GE Lifesciences) size-exclusion columns. The refolding was done
by gradually lowering Urea concentration from 8M to OM over 72 hours at 4°C?%. 1mM
of Dithiothreitol (DTT) was used to restrict di-sulfide bond formation and oligomer
formation based precipitation?. The purity of the proteins was monitored from SDS-
PAGE gel electrophoresis?.

A)

SO NN
é% & Q§§&Q§ Q§ S QQ&
O > F S IR

pET22b plasmid  pET21 plasmid Canonical EC12
Non-canonical EC12

Figure 7: SDS-PAGE analysis showing expression of both CL and NCL CDH23
EC1-2 in Escherichia Coli with different IPTG induction concentration. (A). NCL
protein IPTG standardization was done using both pET21a and pET22b plasmid, whereas
(B). CL protein was expressed using pET21a plasmid.
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Monomer population after
Canonical EC12 Non-canonical EC12 SEC purification

Figure 8: SDS-PAGE analysis showing purification of both CL and NCL CDH23
EC1-2. (A). Both NCL and CL were purified using Ni-NTA affinity columns and (B).
Purification of CL CDH23 EC1-2 using Superdex 200 increase 10/300 GL (GE

Lifesciences) size-exclusion columns respectively.
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CHAPTER 3
Spectroscopic comparison of calcium binding
affinity between CL and NCL linker model
CDH23 EC1-2 protein

3.1. Aim

Compare the calcium binding affinity of CL and NCL between CDH23 EC1-2.

3.2. Introduction

Cadherin family proteins are calcium adhesion protein, which means calcium has a huge
role in maintaining the structure and function of these proteins. One of such protein is
Cadherin-23, which is a non-classical cadherin and present in inner ear. CDH23 is
directly related to diseases of hearing loss and many disease mutations has been found in
calcium binding residues present in the CDH23. Although, the endolymph calcium
concentration is near 50 uM but there is continuous influx of Ca®*, K* ions near the ion
channels. It is obvious that the structure and function of CDH23 are dependent on the
calcium concentration of inner ear. To understand the role of calcium in inner ear
mechanotransduction, it is highly important to quantify the calcium binding affinity of

this protein.

There are various optical spectroscopic techniques, which can be used to measure Ca?*
binding constants. This is mostly used for the proteins which display a difference in the

Ca?* bound and free forms, for example, CD or steady-state fluorescence spectrum.

Calcium binding affinity is calculated by various methods such as differential scanning
calorimetry (DSC), isothermal calorimetric titration (ITC) and using MD simulations. If
the protein shows change upon induction of quantifiable Ca?", it is possible to start from a
Ca?" free form and then stepwise titrate the Ca2*. In each step a measurement is taken of
spectra or intensity and from that binding constant can be measured. But mostly the
protein is not able to show those changes with different calcium concentration in the

environment or the instrument is not sensitive enough to record the changes.

12



One of the popular indirect approaches is to take a chelator which shows quantifiable
spectroscopic change with binding to calcium ions. To elaborate this, if a chelator is
present in a buffer solution, free of Ca?* and by stepwise addition of Ca?*, it shows
changes in the intensity or spectra. The same chelator if mixed with protein in same
concentration, which provides same probability to bind to Ca?*, while Ca®" stepwise
addition, will show lesser rate of changes due to the fact that the protein is also chelating
the Ca?" ions. Because the protein sites have threshold-binding affinity, at some point or
several points of titration the changes in measured spectroscopic unit for the chelator will

decrease or stop.

3.3. Experimental Procedure

3.3.1 Chemicals and materials needed

(1) UV-Visible spectrophotometer.

(2) Quartz cuvette.

(3) Chromophoric calcium chelator: Quin-2

(4) Ca?* free buffer (25 mM HEPES, 50 mM KCI, 100 mM NacCl).
(5) 1mM CaCl;

(6) 5mM EDTA

(7) CL and NCL CDH23 EC1-2 protein.

3.3.2 Procedure

(1) A Ca?* free solution of 20 uM quin-2 is prepared in calcium free buffer (25
mM HEPES, 50 mM KCI, 100 mM NaCl).

(2) The cuvette is filled with 5mM EDTA and let sit for 1 hour. After this step
cuvette is rinsed with ddH20 several times.

(3) The protein solution was made in Ca?* free buffer and kept in rotor with
chelex for 2 hours.

4 99 ul of 20 uM protein was mixed with 1 pl of 2mM quin2, so that both have
equal concentration.

(5) After the mixing with pipette is done, the absorbance at 263nm was measured.

13



(6)

Again absorbance at 263 nm is measured and 0.5 pl of 1mM CaCl, stock
aliquot solution also made in same buffer is added and mixed along with the

solution step by step still absorbance shows the saturation.

3.3.3. Precaution

1)

()

3)

(4)

(5)

A)

Normalized Absorbance

The concentration of chelator and the protein should be exactly same so that
the probability of binding to calcium ions is equal for both.

To get the exact absorbance of the chelator, absorbance should be measured at
a wavelength where protein shows no absorption or very poor absorbance with
change in Ca®" ion concentration.

The calcium ion concentration in the buffer should be below 1uM otherwise
the buffer can be passed through chelex column to get it free from calcium
ions.

The addition of Ca?* ion solution should be accurate and exactly same for each
step to get a precise value of calcium binding constant.

After each step of CaCl, solution addition, the mixture needs to have a
incubation period to reach equilibrium. It can be measured by taking spectra
after a period of 30 second starting from 0™ min to 10" min after CaCl.
addition.

. B
1 * Canonical Cdh23 Ef1-2 ) 19 ®  Non-canonical Cch23 EC1-2
= Fitted curve with R°=0.976 = Fitted curve with R%= 0.977

0.9 09
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Figure 9: Representation of quin2-protein mixture solution absorbance at 262nm

wavelength with varying calcium concentration. (A). CL CDH23 EC1-2 fitted with 4
Ca?* model with Calcium Binding affinity of 79.432 uM*, 1.2516 nM?, 45.008 uM?,
40.218 uM* (B). NCL CDH23 EC1-2 fitted with 3 Ca?* model with Calcium Binding
affinity of 6 uM?, 46 uM?, 116 pM™.
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CHAPTER 4
Quantitative estimation of thermodynamic
stability between CL CDH23 EC1-2 and NCL
CDH23 EC1-2

4.1. Aim

To study conformation changes with temperature melting and chemical denaturation
using CD and Tryptophan fluorescence change with temperature melting using Steady-
state Fluorescence.

4.2. Introduction

Various proteins including cadherin family have multiple domains in their strcture joined
via inter-domain linker. Unlike globular protein due to the linker, domain boundary is
very precise in this sort of structured protein. Whether these linkers provide
conformational stability or increase the flexibility depends on the composition and nature
of the amino acid in the linkers®*. Also in the absence of linker, it has been reported to

alter thermodynamic stability in case of a cadherin family protein 2°.

For NCL cadherin-23 protein model the linker is more flexible than WT as shown in the
molecular dynamics simulation. In addition, calcium chelator experiment has indicted that
there is one less calcium in the inter-domain region. The four mutations and the removed
calcium might change the thermodynamic stability of the protein containing two EC

domain segments.

15



Figure 10: (A) CL CDH23 EC1-2 representative structure with 4 Ca?* (B). NCL
CDH23 EC1-2 representative structure with 3 Ca?*. The 4 mutations in the calcium

binding region for NCL are highlighted with red.

4.3. Lower thermodynamic stability of NCL

protein studied via Circular Dichroism

The far-UV CD spectra were recorded on a J-810 Jasco CD spectrometer?®, Changes were
recorded in the range of 200 to 280 nm and final spectrum was averaged by setting up
three scans for each sample. For CD temperature melting study at higher temperature and
CD chemical denaturation study at higher denaturant concentration, the starting
wavelength of recording was changed continuously to avoid damaging the instrument.
For CD denaturant and CD temperature melting study the concentration was kept 10 uM
so that the HT voltage won’t cross 800. Beyond 700 or 750 the data becomes very
disproportionate to the signal and noise becomes very high. CD experiments were
conducted at a room temperature. The path-length of the quartz cuvette was 1 mm. Buffer

baseline subtraction was done for each set of spectra?®. CD temperature study was done
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from 20°C to 83°C with 3°C interval and 2 minutes incubation heating period after it

reaches the target temperature.
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Figure 11: Representation of secondary structural changes in protein structure
monitored by far-UV CD spectra and change in molar ellipticity as a function of
temperature. (A). CL CDH23 EC1-2 temperature melting study at 215 nm. (B). NCL
CDH23 EC1-2 temperature melting study at 208 nm.

Table 8: Melting temperature of CL and NCL from thermal denaturation CD study.

Protein Melting Temperature (°C)
CL CDH23 EC1-2 70.52 £ 0.53 °C
NCL CDH23 EC1-2 56.97 £ 0.87 °C

For chemical denaturation study, changes were recorded in the range of 212 to 280 nm
and final spectrum was averaged by setting up three scans for each sample. Due to the
nature of the experiment the HT voltage was crossing the safety threshold value of 800
beyond 210 nm at higher denaturant concentration. A stock solution of Urea (10M) was
made in the same buffer just before the experiment. The concentration of NCL protein
and CL protein were 60 uM and 30 puM. The samples were made according to the list in
the figure 12.
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CLPROTEIN (30uM)  Urea(10M)  CONCENTRATION (10M) BUFFER (ul) TotalVolume NCLPROTEIN(60uM)  Urea(10M)  CONCENTRATION (10M) BUFFER (ul) Total Volume

53.33 0 0 106.67 160 26.66 0 0 133.34 160
53.33 4 0.25 102,67 160 26.66 4 0.25 129.34 160
53.33 8 0.5 93.67 160 26.66 8 05 125.34 160
53.33 12 0.75 94.67 160 26.66 12 0.75 12134 160
53.33 16 1 90.67 160 26.66 16 1 117.34 160
53.33 20 1.25 86.67 160 26.66 20 125 113.34 160
53.33 24 15 82.67 160 26.66 2 15 109.34 160
53.33 28 175 78.67 160 26.66 28 175 105.34 160
53.33 32 2 74.67 160 26.66 2 2 10134 160
53.33 36 2.25 70.67 160 26.66 3% 225 97.34 160
53.33 40 2.5 66.67 160 26.66 40 25 93.34 160
53.33 4“4 2.75 62.67 160 26.66 [ 275 89.34 160
53.33 48 3 58.67 160 26.66 8 3 85.34 160
53.33 52 3.25 54.67 160 26.66 52 325 81.34 160
53.33 56 3.5 50,67 160 26.66 56 35 71.34 160
53.33 60 3.75 46.67 160 26.66 60 37 73.34 160
53.33 64 4 42.67 160 26.66 64 4 69.34 160
53.33 68 425 33.67 160 26.66 68 425 65.34 160
53.33 72 45 34.67 160 26.66 7 45 61.34 160
53.33 76 475 30,67 160 26.66 76 475 51,34 160
53.33 80 5 26.67 160 26.66 80 5 53.34 160
53.33 84 5.25 22.67 160 26.66 8 5.25 49.34 160
53.33 88 5.5 13.67 160 26.66 8 55 4534 160
53.33 92 5.75 14,67 160 26.66 /] 575 4134 160
53.33 % 6 10.67 160 26.66 % 6 31.34 160
53.33 100 6.25 6.67 160 26.66 100 6.25 33.34 160
53.33 104 6.5 2.67 160 26,66 104 65 29.34 160

Figure 12: For CD chemical denaturation study samples were made separately
according to the given chart. Denaturation study was performed from 0 M to 6.5 M

Urea denaturation with 3 min incubation time for chemical denaturation.
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Figure 13: Representation of secondary structural changes in protein structure
monitored by far-UV CD spectra and change in molar ellipticity as a function of
Urea concentration. (A). CL CDH23 EC1-2 Urea denaturation study at 212 nm. (B).
NCL CDH23 EC1-2 Urea denaturation study at 211 nm.
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Table 9: Critical denaturant concentration of CL and NCL from chemical

denaturation CD study.

PROTEIN Critical DenaturantConcentration
CL CDH23 EC1-2 2.33+20.15 M
NCL CDH23 EC1-2 4.89+0.14 M

The CD buffer (1 Mm HEPES, 10 Mm NaCl) has very low salt concentration. NCL
protein was very unstable and forming aggregates at high temperature. CD temperature
melting plot was shifting towards 220 nm at high temperature. Also it is a intensity plot at
single wavelenth and it is possible that due to aggregation the NCL aggregates have
masked some signal for which the signal intensity is lowered. And, thus forming a

different pattern than CL model in temperature melting plot.

Also, the higher critical urea concentration needed to denature the structure in case of
NCL protein does not necessariliy mean it has higher higher thermodynamic stability.
Because it is observed that at higher stress thermal or chemical, NCL model protein is
forming aggregates. It is possible that the accessibility of the polar and charged amino-
acid are being lowered due to formation of structured aggregates and thus more
concentration of Urea is needed to denature the structure. Also, the similar pattern of both
experiment for NCL protein confirms the masking of signal which in term causes lower

intensity at higherer chemical denaturant stress at higher concentration of urea.

4.4. Lower thermodynamic stability of NCL

protein studied via Steady-state Fluorescence

The thermal stability at higher salt concentration where NCL protein does not aggregate,
tryptophan fluorescence with temperature melting was measured using steady state
fluorescence spectrometer. Due to the presence of only one tryptophan in CDH23 EC1, it

was used as intrinsic probe to measure protein conformational change with temperature.

The measurement started from 25 °C to 95 °C with 5 °C temperature difference and 3

minutes incubation heating period after reaching the target temperature. Counts per
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second (CPS) was monitored closely so that it does not cross 10° cps, otherwise the

photodiode would be damaged.
fo=(Y-YN)/(Yp-YN) (equation 1)

Where fp is the unfolded fraction, Yn and Yp are the value for native and denatured state.

1 NCL CDH23 EC1-2
1.04 Boltzmann fitted curve R?=0.978 "

0.8

0.64
T, =54.4+08°

0.4

0.2

Fraction of unfolded protein

0.0

20 30 40 50 60 70 80 90 100
Temperature (°)

Figure 14: Representative study of thermal unfolding curve of NCL CDH23 EC1-2
obtained from the equation 1, mention above.

To elucidate a conclusion from the results of all these experiments would be- NCL
CDH23 EC1-2 has lower thermodynamic stability and is more aggregation prone than CL
CDH23 EC1-2.
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CHAPTER 5

Characterization of mechano-responsive
behaviour of both CL and NCL protein through

single-molecule force spectroscopy using AFM

5.1. Aim

Deciphering the unfolding behaviour of CL and NCL CDH23 EC1-2 using AFM based

single-molecule force spectroscopy.

5.2. Experimental setup

For the single-molecule force-spectroscopy experiment Atomic Force Microscope (AFM)
(Nano wizard 3, JPK Instruments, Germany) was used?!. Sortagging protocol was used to
immobilize the C-termini of the protein molecules on the freshly cleaned (with surface
preparation protocol) glass-coverslips and SisN4 cantilevers (Olympus, OMCL-
TR400PSA-1)?*. 10% bifunctional PEG (NHS-PEG-maleimide) in mono-functional PEG
(NHS-PEG) was used so that a higher density of molecules on the surface can be
achieved. This mixture will allow to create a distance of ~150 nm between two
neighbouring molecule?,

A chimeric construct was made using Maltose Binding Protein (MBP) and CDH23 EC1-
2. MBP was used due to its known signature-unfolding pattern. MBP was modified with
GG and CC in different ends. Cantilever was coated with streptavidin to interact with the
cysteine amino acid in V2C mutation, which was exposed with TEV protease enzyme cut
in the TEV site just before V2C mutation site. CDH23 EC1-2 was modified with sort tag
(LPETG) which would react with the GGG modification in signature MBP. Surface was
coated with NHS-PEG-Maleimide, which would interact with CC modification in MBP.
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Figure 15: Schematics of the Chimeric construct of force-ramp experiment.

Both CL and NCL model protein was modified with VV2C mutation and sort tag (LPETG)
in N and C terminus respectively. MBP protein is modified with GGG and CC at
different end. Using principle of Maleimide and cysteine reaction, LPETG and GGG

reaction and streptavidin biotin interaction; this experiment was designed.

5.3. Procedure

1. This dynamic force ramp experiment is done to observe the unfolding pattern of a
construct. There is only two quantifiable variable in this experiment Force and height
which corresponds to Unfolding force (pN) and contour length (nm) respectively.

2. The cantilever was brought down to the surface at 2000 nms™!, a incubation time
interval of 0.5s was given for every time the experiment was repeated for the
proteins to interact.

3. The cantilever was retracted at velocities varying from 1000, 2000, 5000, and 10000
nm s!. At each pulling velocity, 4590 force-curves were measured.
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4. After each measurement at a single velocity, the thermal noise was calculated so that
the spring constant of the modified cantilever can be measured. The spring constant of

the modified cantilevers falls in the range of 50-54 pN nm™'.

5.4. Results and Discussion

The saw-tooth pattern was observed due to domain unfolding in force curves. These force

curves were fitted using worm like chain (WLC) model of polymer elasticity (equation 2).

Equation for the WLC model is as follows:

_ kT _x\P_1,x i
F = e [4 (1 LC) 2t (Equation 2)

Here, unfolding force is F, contour length is Lc, and persistence length is Lp, Bolzmann
constant is kB, temperature is T and the extension is represented by x?!. Unfolding

parameters like unfolding force (F) and contour length (Lc) were calulated.

- non-canonical linker contour length
-c.anonica\ linker contour length = Fitled curve g
= Fitted curve 10 — Fitted curve
8 e Cumulative Fitted curve

Counts
S

Contour length (nm) Contour Length (nm)

Figure 16: (A) Contour length histogram for CL depicting a 33 nm peak. (B)
Contour length histogram of NCL depicting 24 and 34 nm peaks.
NCL exhibits smaller force induced extension along with entire domain extension. It is

also prone to smaller extension in the range of 10-16 nm than CLcontaining CDH23 EC1-
2.
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CHAPTER 6

6.1. Conclusion

In this dissertation, we investigated the difference between CL and NCL. In the first
chapter we introduced the significant sequence similarity in the IDLs and classified these
linkers into two types. In next chapter we designed a construct by mutating a CL to a
NCL, based on the natural NCL composition and essential amino acids present in CL to
bind to the Ca?* and we expressed CDH23 EC1-2 protein with both CL and NCL. In the
third chapter, we compared the differential binding of Ca?* using calcium chelator
titration method and found out that unlike CL which binds to 4 Ca?*, the NCL protein
binds to 3 Ca?'. In the 4™ chapter tryptophan fluorescence study in Steady-state
fluorescence; CD with temperature melting study and chemical denaturation study
confirmed that the NCL model protein is thermodynamically less stable than CL model
protein and more prone to aggregation in higher stress. In the subsequent chapter,
procedure and results are shown from single molecule experiments, which were
performed using AFM. NCL linker model showed both smaller and bigger unfolding
contour length distribution unlike CL. This means upon force induction, NCL linker
unfolds in smaller contour length and might play a crucial role in force propagation

through tip-link.

6.2. Future Works

Unfolding and refolding rate using electro-magnetic tweezer at a single molecular level
will give us insight about the kinetic stability of this linker. Simulations are being
performed using NAMD, Gromacs to elucidate the conformational characteristics and the
possible force propagation pathway through NCL and CL model. In addition, hetero-
FRET experiments will be performed to observe the flexibility of the protein to see the
effect of the bent conformation in the linker.
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