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Mutations in polycystin-1 (PC1) can cause Autosomal Dominant Polycystic
Kidney Disease (ADPKD), which is a leading cause of renal failure. The available
evidence suggests that PC1 acts as a mechanosensor, receiving signals from the primary
cilia, neighboring cells, and extracellular matrix. PC1 is a large membrane protein that
has a long N-terminal extracellular region (about 3000 aa) with a multimodular structure
including sixteen Ig-like PKD domains, which are targeted by many naturally occurring
missense mutations. Nothing is known about the effects of these mutations on the
biophysical properties of PKD domains. In addition, PC1 is expressed along the renal
tubule, where it is exposed to a wide range of concentration of urea. Urea is known to
destabilize proteins. Other osmolytes found in the kidney such as sorbitol, betaine and
TMAO are known to counteract urea’s negative effects on proteins. Nothing is known
about how the mechanical properties of PC1 are affected by these osmolytes. Here I use
nano-mechanical techniques to study the effects of missense mutations and effects of
denaturants and various osmolytes on the mechanical properties of PKD domains.
Several missense mutations were found to alter the mechanical stability of PKD domains

resulting in distinct mechanical phenotypes. Based on these findings, I hypothesize that
vii



missense mutations may cause ADPKD by altering the stability of the PC1 ectodomain,
thereby perturbing its ability to sense mechanical signals. I also found that urea has a
significant impact on both the mechanical stability and refolding rate of PKD domains. It
not only lowers their mechanical stability, but also slows down their refolding rate.
Moreover, several osmolytes were found to effectively counteract the effects of urea. Our
data provide the evidence that naturally occurring osmolytes can help to maintain
Polycystin-1 mechanical stability and folding kinetics. This study has the potential to
provide new therapeutic approaches (e.g. through the use of osmolytes or chemical

chaperones) for rescuing destabilized and misfolded PKD domains.
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Chapter 1
General Introduction

1.1 AUTOSOMAL DOMINANT POLYCYSTIC KIDNEY DISEASE (ADPKD)

ADPKD is one of the most common life-threatening genetic diseases affecting
~600,000 Americans and 12.5 million people, worldwide. Usually, around one million
nephrons are in the cortex of each kidney, and each one contains the glomerulus-tubule
structure which carries out the function of purification and filtration of the blood. In
ADPKD patients, abnormal fluid-filled cysts develop progressively from renal tubules,
resulting in the massive enlargement of the kidneys and ultimately renal failure in more
than 50% of the affected individuals (Gabow 1990; Pirson et al. 1998). This disease may
also damage the liver, pancreas and rarely in heart and brain. ADPKD affects 1 in 400 to
500 newborns, children and adults regardless of sex, age, race or ethnic origin. Parents
with ADPKD have a 50 percent chance of passing the disease on to each of their
children. It is phenotypically and genetically heterogeneous that 85% of the cases are
caused by mutations in the PKDI gene (the international polycystic kidney disease
consortium, 1995), while the remainder result from PKD2 mutations (Mochizuki, et al.
1996). The two proteins polycystin 1 and polycystin 2 (PC1 and PC2), encoded by PKD1
and PKD2 genes respectively, may function together as a heterodimeric complex through
the C-terminal coil-coiled connection (Boletta er al. 2003; Sutters 2006) (Figure 1). The
available evidence shows that the polycystin complex PC1-PC2 is a shear-stress-activated
Ca”" channel involved in regulating many biological processes, such as cation transport,
proliferation, apoptosis, cell adhesion and tubulogenesis. In ADPKD patients, the sensing
mechanism for tubule size seems lost; thereby cysts develop and enlarge progressively, in

a process that ultimately causes renal failure. However, the function of PC1 as well as the



mechanisms whereby mutations in this protein lead to changes in signaling pathways that

control cell proliferation, apoptosis, cell adhesion and tubulogenesis remain unknown.
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Figure 1: PC-1 and PC-2 are both transmembrane proteins that interact to form
a functional complex

1.2 PC1 AND ITS FUNCTION

Immunolocalization studies in normal and ADPKD tissues have shown that PC1
is a cell surface protein in kidney epithelia cells and it localizes to the cell-cell contacts
such as adhesions junctions and focal densities at the basal membrane in contact with the
extracellular matrix (ECM) and also in the central apical cilia of kidney epithelial cells

(Nauli et al. 2003). They locate on proximal ducts at young age and mostly locate on



distal and collecting duct at adult age (Geng et al. 1996; Palsson et al. 1996; Geng et al.
1997; Ibraghimov-Beskrovnaya et al. 1997). PC1 is a 4302 amino acid (aa) protein with a
large multi-modular N-terminal extracellular region of ~3100 aa, 11 transmembrane
domains and a shorter 200 aa intracellular C-terminal domain (Hughes ef al. 1995). The
N-terminal ectodomain contains a novel combination of modular domains (Figure 1):
two leucine-rich repeats (LRR) with flanking cysteine-rich sequences (CRS) (a total of
250 aa long), a C-type lectin Domain (130 aa long), a low-density-lipoprotein-like
domain (LDL-A domain), 16 (15 in tandem) Ig-like domains (PKD domains, 90 aa each)
and a ~1000 aa segment that is homologous to receptor for egg jelly (REJ) in sea urchin
(Moy et al. 1996; Sandford et al. 1997). PC2 is a 968 aa six transmembrane-spanning
protein, with homology to voltage-gated Ca*" and Na* channels, and transient receptor
potential (TRP) channels (lkeda et al. 2002). It has been reported that the
heterodimerization between PC1 and PC2 is required in order to produce the cation-
permeable channel activity (Qian ef al. 1997; Hanaoka et al. 2000; Tsiokas et al. 2007).

Based on its structure, PC1 has been suggested to function in three locations of
epithelial cells, acting as a cell adhesion protein with mechano-sensing properties (Figure
2). These include: 1) in the primary cilium where it senses and transduces mechanical
forces (shear flow) into intracellular signals (such as calcium influx and transcription
factors), 2) in cell-matrix interfaces where interacts with components of the ECM, and 3)
at cell-cell junctions where interacts with neighboring PC1 from adjacent cells.

The group of Zhou (Harvard Medical School) carried out experiments to test
primary cilia’s function (Nauli ef al. 2003). The Ca*" influx, which happens in response
to mechanical flow stimulation, requires fully developed cilia. The authors found that
partially differentiated and non-differentiated cells, where cilia were absent, did not

respond to mechanical flow stimuli. In addition, primary cilia were found to mediate the
3



mechanical flow—induced extracellular Ca®" influx (Praetorius et al. 2001; Nauli et al.
2003; Praetorius ef al. 2003). These experiments support the idea that the primary cilium

works as mechanosensor in kidney cells.

Figure 2:  Subcellular locations of Polycystin-1. PC1 exists in close association with
PC2 at points of points of cell-matrix contact, cell-cell contacts and in the
primary cilia of kidney cells. All these locations are subjected to mechanical

forces F (presented by arrows).

Immunolocalization studies revealed that PC1 and PC2 are localized in the cilia of
kidney epithelia cells. Kidney tubular epithelial cells isolated from knock-out mice that
lack the PC1 ectodomain, do not respond to mechanical flow. In addition, specific

antibodies against PC1 ectodomain were found to block the PC2 (Ca®" channel)’s

4



opening activity and Ca-influx (Nauli ef al. 2003). The current hypothesis is that shear
stress bends the cilia and so activates PC1, which transduces the mechanical signals
through PC2 into chemical signals (Ca*" influx), and other signals that control cell
growth and tissue development. These events are important in the maintenance of the

shape and dimensions of the renal tubule epithelium (Figure 3).

|G¢nu Tramscription |

Figure 3: Model for polycystin complexes and mechanical-transduction in renal
epithelia. Diagram shows that the PC1-PC2 complex in the primary cilium.
The mechanical shear forces stretch PC1’s ectodomain triggering the
opening of the PC2 channel by a direct coupling via the C-terminus coil-
coiled (CC) regions. In this model, PC1 is firmly anchored to the
microtubules (presented as MT) via tethering molecules (presented as T).

1.3 MISSENSE MUTATIONS

1.3.1 Mutations in PC1.

To date, about 860 mutations have been identified in the PKDI gene. Among
them, about 100 mutations are considered highly likely pathogenic, 30 are considered to
be likely pathogenic, 357 of them are thought to be likely polymorphisms and 67
mutations are indeterminate (Autosomal Dominant Polycystic Kidney Disease (ADPKD)

Database (PKDB), http.//pkdb.mayo.edu/). Many are either point mutations or
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deletions/insertions mutations that introduce frame shifts and stop codons leading to
premature termination. The most likely effect of these types of mutations is a complete
loss of normal PC1 function. However, there are also ~260 missense mutations that result
in non-conservative amino acid substitutions involving residues that form part of the
LRR, PKD repeats or the REJ domain. Missense mutations are point mutations where
one nucleotide is changed generating a different codon for a different amino acid. In
ADPKD, many missense mutations are found in conserved residues where they are
critical to maintain protein’s secondary structure or function (to be discussed in Chapter
3). Hence, this kind of substitution might render the mutated protein nonfunctional, and
leading to a pathogenic form. According to the ADPKD database, 93 missense mutations
are found in PKD domains and 81 missense mutations target the REJ region. However,
not all missense mutations are considered to be disease causing. Some are neutral
polymorphic mutations when an amino acid is replaced by one of very similar chemical
properties or the replacement occurs in a non-conservative region of the protein.

1.3.2 Effects of missense mutations on the mechanical and functional properties of
PC1.

Mutations may cause changes in conformation, disrupt the structure of the
domains (and cause unfolding or misfolding), or affect their surface properties, as has
been suggested for other Ig-like proteins (Bateman et al. 1996; Randles et al. 2006).
PC1’e ectodomain is mainly composed of rigid Ig-like domains, such as PKD domains.
Thus, mutations in the ectodomain may cause conformational changes resulting from the

disrupted domains, therefore impacting PC1’s normal mechanosensing function.



1.4 OSMOLYTES

PC1 is found expressed in different segments of the nephron depending on
different age, such as in the proximal tubule at the young age, in distal tubule and
collecting duct at adult age. The urea concentration in mammalian kidneys can vary
between ~5SmM to ~1000 mM from proximal tubule to collecting duct (Goyton 1997;
Bedford et al. 2007). Also in response to pathological conditions the level of urea is
altered (Goyton 1997). Urea is a common chemical denaturant of proteins. PC1 was
recently identified as a mechanosensor that senses mechanical cues such as shear flow in
the kidney tubule and converts them into various signaling events (Nauli et al. 2003;
Nauli et al. 2004). Hence it is possible that PC1 domains, such as PKD and REJ, may
unfold and refold in vivo in response to both mechanical and chemical forces. Its unique
function makes it an exciting model to understand how a protein maintains its mechanical
function under the harsh conditions found in the kidney.

The native conformation of proteins can be stabilized by naturally occurring
osmolytes (such as TMAO, betaine, sucrose, trehalose, sarcosine, sorbitol,
glycerophosphorylcholine (GPC), proline and glycerol (Street et al. 2006). These
‘protecting’ osmolytes are small organic molecules which are found in the kidneys from
elasmobranches to humans (Yancey ef al. 1982; Garcia-Perez et al. 1991; Schmolke et al.
1996b; Venkatesu et al. 2009). It was found that the distribution of osmolytes in
mammalian kidneys shows an increasing pattern along their corticomedullary axes.
Sorbitol, GPC and betaine usually reach to a maximum level at the tip of the papilla
where collecting ducts are found (Garcia-Perez et al. 1991).

The mechanisms by which osmolytes promote protein folding, increase protein
stability and induce conformational changes has been the focus of intense investigation

(Baskakov ef al. 1998; Kumar et al. 1999; Bolen 2001; Ratnaparkhi ez al. 2001; Zou et
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al. 2002; Auton et al. 2005; Ignatova et al. 2006; Street et al. 2006; Beck et al. 2007; Loo
et al. 2007; Street et al. 2009; Venkatesu et al. 2009).

1.5 AToMIC FORCE MICROSCOPY (AFM)

To understand how PC1 senses and mediates mechanical forces requires detailed
knowledge of its mechanical properties at the molecular level. One technique that has
been widely employed to investigate the mechanical properties of single proteins is
atomic force microscopy (AFM) (Oberhauser et al. 2008). AFM in its single-molecule
force spectroscopy mode is one of the most common nanomanipulation techniques used
for the study of the mechanical properties of proteins. For AFM studies, a cantilever is
used to pick up and stretch a pre-immobilized protein molecule on a substrate, either
from its N-terminal or C-terminal end (Figure 4A). To facilitate the AFM experiments,
especially the refolding experiments, one of the best strategies is to construct a

polyprotein with tandem repeats of desired domains (Figure 4B).

200 pN

20 nm

Figure 4: AFM and Sawtooth pattern. A) It shows a cantilever picks up a protein
molecule and stretches it. The force used to unfold a protein domain will be
recorded by the movement of cantilever (Hook’s Law). B) Stretching a
protein molecule with three tandem repeat domains results in a sawtooth
pattern presenting the sequential unfolding of the domains.

8



Stretching such a polyprotein, a typical saw-tooth pattern can be obtained
resulting from the sequential and abrupt unfolding of each individual domain. From the
data, not only the elastic properties (in extension, 4x) of the protein, but also mechanical

stability (in force, pN) and unfolding kinetics could be investigated.

1.6 AIMS AND OBJECTIVES

PC1 is suggested to be involved regulating many biological processes associated
with mechanical forces in the kidney and in other tissues and organs. For example, PC1
plays a role in regulating pressure-sensing in arterial myocytes (Sharif-Naeini et al.
2009). Based on the structural similarities between PC1 ectodomain and other modular
proteins that have elastic properties it has been hypothesized that PC1 functions
mechanically in the primary cilium, cell-cell junctions and the cell-matrix where is
subjected to mechanical forces (Qian et al. 2005). My hypothesis is that PC1 ectodomain
possesses novel mechanical properties, making it an ideal mechanosensor in the kidney
tubule. I propose that the sheer force in tubule directly act on PC1 via stretching its
ectodomain and activate the associated polycystin-2 (PC2) Ca®" ion channel.

Very little is known about how mutations might alter PC1’s structure and
mechanical properties. Also, it is not known how its mechanical properties are affected
by the chemical microenvironment in the renal tubule, for example, a wide range of
concentrations of urea and pH (ca.4-8) levels. Urea and pH may modify the mechanical
properties of normal PC1 which may lead to changes in the mechanical function
mediated by PC1 along the renal tubule. I propose that naturally occurring osmolytes can
counteract the destabilizing effects of urea on PC1 in vivo.

The main goal of the project discussed in the present dissertation is to

quantitatively examine the mechanical and biophysical properties of the extracellular



region of wild type and mutant forms of PC1 in different environments that mimic in vivo
conditions.

The Specific Aims are:

1) To determine the effects of naturally occurring missense mutations on the
stability of individual PKD domains. The results are described in Chapter 3.

2) To test the hypothesis that naturally occurring osmolytes in kidney affect
the mechanical properties of individual PKD domains. The results are described in

Chapter 4.

1.7 SIGNIFICANCE OF THIS PROJECT

My long term goals are to elucidate the structure and biophysical properties of the
PC1, to understand i) the effects of missense mutations and ii) the interplay between
denaturant and protecting osmolytes on PC1’s mechanical function. This study should
thus provide a solid basis to investigate the molecular mechanisms of the signaling events
that link PC1 mutations with the ADPKD phenotype. Furthermore, these studies have the
potential to provide new therapeutic approaches (e.g. through the use of osmolytes) for

rescuing destabilized PKD domains.
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Chapter 2

Materials and Methods

2.1 INTRODUCTION

AFM has been widely employed to investigate the mechanical properties of single
proteins (Fisher et al. 1999a; Fisher, et al. 1999b; Mehta et al. 1999; Carrion-Vazquez et
al. 2000; Fisher et al. 2000; Samori 2000; Best et al. 2002a; Rief ef al. 2002; Rounsevell
et al. 2005; Linke et al. 2008; Oberhauser et al. 2008; Muller et al. 2009). AFM in its
single-molecule force spectroscopy mode is one of the nanomanipulation techniques used

for the study of the mechanical properties of proteins (Figure 5).

A) B)
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e F1uid chamb er “ Mirrors
———— (holds the cantilever) “""“l“: fseranriden)
. Sample Photodetector == Laser
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f

Figure 5: AFM setup and its components. A) A picture of our home-built AFM. It
contains two main components: a piezoelectric positioner (in bottom metal
frame) and an optical head (top silver metal box). The nanopositioner is a
piezoelectric device, which is allowed to move in the X, Y, Z dimensions.
B) Schematic diagram of our AFM. A laser diode in the optical head emits
a red beam laser that is reflected from the back of the cantilever into a split
photodiode detector, where the output is calibrated in Force units
(Newtons). The quartz chamber is used to hold the cantilever and immerse

the sample in saline. The sample is moved by controlling the piezoelectric
positioner.

Coarsemanipulators
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2.2 MATERIALS AND METHODS

2.2.1 Surfaces for AFM experiments

Usually, different kinds of surfaces, such as glass, Ni-NTA, Silanized glass and
gold coated glass, have been used to adsorb different polymers and proteins in AFM
experiments. Here, several methods are described for preparing the functionalizing glass
coverslips.
2.2.1.1. Glass coverslips
Reagents:

1. MilliQ H,O (18.2 MQ)
2. 70% (v/v) Ethanol

3. 10% (v/v) Hellmanex (for cleaning glass)

4. Parafilm

5. Transferring pipettes

Equipment:

1. Glass Substrates (Round Glass Coverslips, 15 mm diameter, 1oz, Ted Pella, Inc.)

2. 50 ml glass beakers

3. Sonicator

4. Compressed N, gas

2.2.1.2. Silanized coverslips

Reagents:

1. MilliQ H,O (18.2 MQ)

2. 0.1 M H,SOy4

3. Trimethylchlorosilane (TMS-CI)

4, Dry Methanol, acetone, chloroform

Equipment:
12



1. Glass Substrates (Round Glass Coverslips, 15 mm diameter, 10z, Ted Pella, Inc.)
2. 50 ml glass beakers
3. Nitrogen gas (filtered, compressed)
2.2.1.3. Ni-NTA Coverslips
To allow tight binding of the proteins to Ni-NTA, a polyhistidine tag is typically
added to the N-terminus of the protein. The glass coverslips (Glass Coverslips, 15mm
diameter, loz, Ted Pella, Inc.) must be silanized with a derivative of NTA that
coordinates nickel. The detailed protocol is described in section 2.2.5.
Reagents:
1. Distilled H,O
2. MilliQ H,O (18 MQ)
3. ~20 ml 20 N KOH
4. Acetic acid
5. 3-mercaptopropyltrimethoxysilane (TSL8380, Toshiba GE Silicone, Tokyo)
6. 50 ml 10 mM MOPS-KOH, pH 7
7. N-[5-(3'-maleimidopropylamido)-1-carboxypentyl] iminodiacetic acid
(maleimide-C3-NTA (Dojindo); 20 mg/ml in 10 mM MOPS-KOH
8. 10 ml 100 mM DTT in MilliQ H20
9. 50 ml 10 mM NiCl; in MilliQ H20
10.  Parafilm
Equipment:
1. Rocker
2. 50 ml centrifuge tube
3. 50 ml Beakers

4. 2 L Beaker
13



5. Sand bath
6. Thermometers (110 °C range)

7. Pipette and pipette tips (1 ml)

2.2.2 AFM cantilevers

Two key parameters are used to characterize AFM cantilevers in force
spectroscopy measurements: the spring constant, k¢ (pN/nm); and the resonant frequency,
fo (Hz). The spring constant of a typical cantilever, k¢, is in the range of 10-100 pN/nm
(for MLCT or MSNL silicon nitride, Veeco). For a cantilever with a k¢ of 60 pN/nm, the
thermal noise of the force measurements is calculated to be approximately 15 pN rms (the
root-mean-square force fluctuation) (Bustamante et al. 2000). Most of the AFM
cantilevers are available with metal coatings, which are intended to improve the
reflectivity of the back side of the cantilevers, such as Aluminum, gold and Platinum. The
cantilever that I typically used was silicon nitride gold-coated (MLCT-AUHW, Veeco
Metrology Group, Santa Barbara, CA). Another two types of cantilevers MSNL and
OBL-105 (Veeco Metrology Group, Santa Barbara, CA) were used for special

experiments, such as refolding, etc.

2.2.3 Reagents for expression and purification of PKD polyproteins

1. Vectors: T-A cloning vector pGEM-T vector from Promega; Expression vectors
include pEQS8OL and pAFM, a modified from pRSET vector (Steward et al.
2002).

2. Host cell: E. coli Topl0 and JM109 are used for plasmid cloning. E. coli BL21
and C41 strains are used for protein expression.

3. Media: LB medium (10 g Bacto-Tryptone, 5 g Bacto-yeast extract, 10 g NaCl, in
total volume 1 L ddH,O, adjust pH to 7.0), and YT medium (16 g Bacto-
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Tryptone, 10 g Bacto-yeast extract, 5 g NaCl, in total volume 1 L ddH,0O, adjusted
to pH 7.2) are used for growing E. coli. Before use, antibiotics such as Ampicillin
or Kanamicin are supplied into medium at a working concentration of about 100
g/ml.

Enzymes: Platinum® Taq DNA Polymerase High Fidelity (Invitrogen) is used in
polymerase chain reaction (PCR) to amplify the DNA fragments. Restriction
endonucleases such as BamHI/ Nhel/ EcoR I/ Not I/ Kpnl/ Sacl/ Xbal/ Spel/ Ndel
(NEB Inc.) are used for enzyme digestion to obtain DNA fragments and prepare
the expression vectors. T4 DNA Ligase from Promega is used in ligation reaction.
Kits and others: QIAprep Spin Miniprep Kit is used for plasmid extraction.
QIAquick Gel Extraction Kit (Qiagen) is used to purify DNA fragments and
vectors from gels after DNA gel electrophoresis. Homemade competent cells are
prepared with Z-Competent™ E. Coli transformation Kit (Zymo Research Corp.).
Protease Inhibitor Cocktail Tablets, Ni-NTA (nickel-nitrilotriacetic acid) resins,
Ni-NTA spin columns and Poly-Prep Chromatography Columns are used during
protein purification. PD-10 Columns (GE), Vivaspin series (GE) or Amicon Ultra
Centrifugal Filter Devices (Millipore) are used for further protein purification.
Protein purification buffers. Cell lysis buffer/column equilibration buffer 1x PBS
with 10 mM imidazole, pH 7.4; the wash buffer is 1x PBS with 25 mM imidazole;
the elution buffer is 1x PBS with 250 mM imidazole.

SDS-PAGE gel analysis: we use phastgel System (GE) for protein analysis.
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2.2.4 Cloning, expression and purification of proteins

2.2.4.1 Preparation of PKD DNA fragments

Proper primers were designed to amplify the first PKD domain from human PCl1
(HuPKDd1, residues Val-268 - Glu-354) and introduce different pairs of restriction
enzyme sequences on both ends by using PCR. Then HuPKDd1 is purified using
QIAquick Gel Extraction Kit (QIAGEN) and cloned into pGEM-T vector by ligation
reaction. After that, the plasmids were transformed into competent cells and the positive
colonies were screened using the blue/white screening method. The plasmids were
extracted from the cells with QIAprep Spin Miniprep Kit (QIAGEN). The purified
plasmids were digested with restriction enzyme and identified by agarose gel
electrophoresis. The positive clones were further confirmed by DNA sequencing.
2.2.4.2 Cloning and expression of a (127-HuPKDd1)3-127 hetero-polyprotein

This polyprotein based on HuPKDdland the titin immunoglobulin domain #27
(I27). The 127 domain has been extensively studied by force spectroscopy hence it can
serve as an internal fingerprint (Li et al. 2000; Oberhauser et al. 2002). We assembled an
127-HuPKDdI hetero-polyprotein containing three multiples of the 127-HuPKDd1 dimer,
by applying a multiple-step cloning technique that makes use of four restriction
sequences (BamHI, Bgl II, BstY and Kpn I) (Carrion-Vazquez et al. 2000; Qian et al.
2005). This construct was cloned in an E. coli recombination-defective strain, Sure-2
(Stratagene), and expressed in the BL21 strain.
2.2.4.3 Preparation of expression vectors

Vectors pQE80L, pAFM (modified from pRSET A vector (Steward et al. 2002;
Rounsevell et al. 2005) and p202 (vector with MBP), were used to express PKD

polyproteins in E. coli. All the vectors were digested with proper pairs of restriction
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enzymes in order to match the insert HuPKDd1 fragment. The digested vectors were

recovered by QIAquick Gel Extraction Kit (QIAGEN).

2.2.4.4 Ligation and transformation
The insert DNA fragment and vector were mixed in the range of 3:1 (molar ratios)

to carry out a regular ligation reaction with a final volume of 10 ul and incubate overnight

at 16 °C. The E. coli Topl0 and JM109 cells were used for cloning and the BL21 and

C41 cells are used for protein expression.

2.2.4.5 Expression of the polyproteins
E.coli expression protocol is modified from the manual of pRSET A for high-

level expression of recombinant proteins (Invitrogen, Catalog no. V351-20). The cells

were incubated with vigorous shaking in LB or YT media supplied with antibiotics at 37

°C. When OD600 reached ~0.6, the protein expression was induced by adding IPTG to a

final concentration of ImM to SmM. The cells were incubated over night at 16 °C with

shaking.

2.2.4.6 Purification of the polyproteins

1. Cell lysis: Dissolve the cell pellets in the lysis buffer (with protease inhibitors) in
an ice bath. The cells were lysed by sonication or by using a fluidizer or
emulsifier. During the procedure, always keep the samples in ice bath. Centrifuge
the lysate to collect the supernatant for purification.

2. Purification: Ni-NTA resins were used to purify PKD polyproteins. Before use,
the resins were equilibrated with lysis buffer. Then, the supernatant of cell lysate
was mixed with the resins and kept rocking for 30—60 minutes at 4 °C in order to
achieve the thorough binding between His tagged protein and Ni-NTA resin. The
supernatant was collected when being driven though the settled resins by gravity.

The wash buffer (containing 40 mM imidazole) was used to wash off the
17



unwanted proteins through non-specific binding. The proteins were eluted by

adding 1 ml elution buffer (containing ~250 mM imidazole) and stored at 4 °C.

The proteins were identified and analyzed by running a SDS-PAGE gel with

proper size range markers.

3. Desalting and concentrating: PD-10 Columns were used to remove the high
concentration salt (e.g. imidazole). Vivaspin series or Amicon Ultra Centrifugal

Filter Devices were used to concentrate the proteins.
2.2.4.7 Cloning, expression and purification of an archaea PKD domains (ArPKD)

The ArPKD monomer gene was cloned from a construct kindly supplied by S.
Qamar and R. Sandford (University of Cambridge, UK) and ligated into a modified
pRSETA vector (Invitrogen). Standard site-directed mutagenesis reactions were used to
introduce mutations into individual domains. Two ArPKD polyproteins were prepared to
facilitate the AFM experiments. One containing seven repeats of ArPKD domains,
polyArPKD was constructed using a multiple-step cloning technique as described in
(Steward et al. 2002; Forman et al. 2009). The other construct was a homopolyprotein
containing many (>10) ArPKD domains made using a cysteine-based polymerization
strategy, as described in (Dietz et al. 2006). This consists of adding cysteines residues to
both N- and C- termini by mutagenesis reaction. The proteins were expressed and
purified as described previously (Forman et al. 2005; Dietz et al. 2006). The two-step

purification procedure involved nickel affinity chromatography followed by gel filtration.

2.2.5 Preparation of surfaces

2.2.5.1 Glass coverslips
1. Take around 20 coverslips (Round Glass Coverslips, 15mm diameter, 1oz, Ted

Pella, Inc.) and put them into a 50 ml beaker.
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10.

11.

Spray 70% (v/v) EtOH on the coverslips and pipette to get rid of the dust on the
surface of the glass coverslips.

Rinse with MilliQ H,O until the solution is clear.

Add 30 ml 10% (v/v) Hellmanex (3 ml Hellmanex into 30 ml MilliQ H,O) and
wash the coverlips thoroughly.

Cover the beaker with Parafilm and sonicate for 20 mins.

Discard the Hellmanex solution and rinse the coverslips with MilliQ H,O.

Rinse the coverslips with 70% (v/v) EtOH.

Rinse the coverslips with MilliQ H,O to remove the alcohol.

Add 30 ml MilliQ H,O and sonicate for 20 mins.

Discard the MilliQ H,O and add 20 ml fresh MilliQ H,O, covered by parafilm
and store at room temperature until further use.

Before use, the coverslips should be dried in a stream of N, gas.

2.2.5.2 Silanized glass coverlips (Sundberg et al. 2003)

1.
2.

Dip the glass coverslips in 0.1 M H,SOj4 for 20 s and rinse with MilliQ H»O.

Dip the glass coverslips for 20 s in each of the following solutions: methanol, dry
acetone, and dry chloroform.

Dry with nitrogen gas.

Dip the glass coverslips in freshly prepared solution of 5% (v/v)
trimethylchlorosilane (TMS-CI) in chloroform for 20 s.

Rinse twice in chloroform.

Dry with nitrogen gas and store them at room temperature prior to use.
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2.2.5.3 Ni-NTA coated glass coverslips (modified from (Sakaki et al. 2005))

1.

10.
11.

Put ~20 glass coverslips (15 mm diameter, 1oz, Ted Pella, Inc.) into a 50 ml
centrifuge tube and immerse them in ~20 ml 20 N KOH, rocking for ~13 h.

Rinse with distilled water to completely wash off the KOH by using a 2 L glass
beaker.

Transfer all the coverslips in to a 50 ml glass beaker and immerse the coverslips
in a solution containing 0.02% (v/v) acetic acid and 2% (v/v) 3-
mercaptopropyltrimethoxysilane, incubate the beaker on sand bath at 90°C for 1h.
Rinse thoroughly with distilled water using the 2 L glass beaker for ~1 hr.

Collect all the coverslips and bake them in an oven at 120°C for 10 min.

After cooling to room temperature, the SH groups of the saline on the glass
surface are reduced by 100 mM DTT for 10 min, then rinse the coverslips with
distilled water in a 2 L beaker.

React with 20 mg/ml N-[5-(3'-maleimidopropylamido)-1-carboxypentyl]
iminodiacetic acid (Dojindo) in 10 mM MOPS-KOH for 30 min by pipetting a
drop of the solution on the top of each coverslip.

Gently rinse the coverslips with MilliQ water.

Air-dry the coverslips and add a drop of 10 mM NiCl, on the top side of coverslip
and allow the reaction for 10 min.

Repeat step 8 to rinse off the free NiCl,.

Air-dry the Ni-NTA coated coverslips and store them in air at room temperature

until use.

2.2.6 Calibration of the AFM cantilevers

The spring constant values of AFM cantilevers that originate even from the same

batch (wafer) can differ quite significantly (up to + 30%). Therefore, each individual
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cantilever must be calibrated before measurement. In the experiments, I use the so-called

thermal method which is based on the energy equipartition theorem (Florin ef al. 1995).

When a cantilever system is modeled as a simple harmonic oscillator, the average

potential energy of the cantilever, 1/2kcZ°, is equal to the “thermal energy”, 1/2ksT,

where k¢ is the cantilever spring constant, Z is the amplitude of its random oscillations in
thermal equilibrium, kz is the Boltzmann constant, and 7 is the absolute temperature.

Thus, calibrating the cantilever involves the determination of Z°.

1. 7’ is not measured directly but is determined from the measurement of ¥, where
V' is the voltage of the split photodiode generated by the laser beam that traces the
movement of the cantilever. To convert V7 to Z7, it is necessary to determine the
optical lever sensitivity, S, of the photodiode voltage, V, to the amount of the
cantilever bending, Z, using the equation S = V/Z.

2. To Determine S the cantilever is pushed vertically — and therefore bent — by the
piezoelectric actuator of the AFM. Z (in nm) and V (in volts), corresponding to the
bending, are directly measured.

3. V2 is typically not evaluated in the time domain but is converted to the frequency
domain by performing the Fourier transform on the time signal, V. This
approach permits the evaluation and rejection of low-frequency mechanical (non-

thermal) noise that contributes to the motion of the cantilever.

2.2.7 AFM experiments

2.2.7.1 Single-molecule atomic force microscopy
The mechanical properties of single proteins were studied using a home-built
single molecule AFM as described previously (Oberhauser et al. 1998; Carrion-Vazquez

et al. 1999; Bullard et al. 2002; Oberhauser et al. 2002; Miller et al. 2006). The spring
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constant of each individual cantilever was calculated as described in section 2.2.7 using
the equipartition theorem (Florin ef al. 1995). The cantilever spring constant varied
between 30 and 50 pN/nm, and root mean square force noise (1-kHz bandwidth) was ~15
pN. Unless noted, the pulling speed of the different force-extension curves was in the
range of 0.5 - 0.7 nm/m:s.
2.2.7.2 Single protein mechanics

In a typical experiment, a small aliquot of the purified proteins (~1 - 50 ul, 10 -
100 pg/ml) was allowed to adsorb to a suitable substrate (for ~10 min) and then rinsed
with phosphate-buffered saline (PBS), pH 7.4. We found that PKD protein constructs
adsorbed well to glass, gold-coated glass, or nickel-nitrilotriacetic acid-coated coverslips.
Proteins were picked up randomly by adsorption to the cantilever tip, which was pressed
down onto the sample for 1 - 2 s at forces of several nanonewtons and then stretched for
several hundred nanometers. The probability of picking up a protein was typically kept
low (less than 1 in 50 attempts) by controlling the amount of protein used to prepare the
coverslips.
2.2.7.3 Analysis of the speed dependence data

The unfolding force distribution and speed dependence of the unfolding forces
were fit using Monte Carlo simulation to calculate the unfolding rate constants, a,, and
the position of the transition state, x,, as described previously (Rief et al 1997;
Oberhauser et al. 1998; Li et al. 2000; Oberhauser et al. 2001). The errors in the
determination of these parameters were estimated by running the Monte Carlo

simulations about 10 times.
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Chapter 3: Naturally Occurring Mutations Alter the Stability of
Polycystin-1 Polycystic Kidney Disease (PKD) Domains

3.1 INTRODUCTION

Mutations in mechanosensitive proteins typically lead to defects in
mechanotransduction and subsequent disturbance of diverse signaling pathways, which
has been implicated in developing various diseases from muscular dystrophies to kidney
disease (Jaalouk et al. 2009). To date, about 860 mutations have been identified in the
PKD1 gene (available through the Autosomal Dominant Polycystic Kidney Disease:
Mutation Database web site). Most are either point mutations or deletion/insertion
mutations that introduce frame shifts and stop codons leading to premature termination.
The most likely effect of these types of mutations is a complete loss of normal PCI
function. However, there are also about 260 missense mutations that result in non-
conservative amino acid substitutions involving residues that form part of the ectodomain
of PC1. Mutations may cause changes in conformation, disrupt the structure of the
domains (and cause unfolding or misfolding), or affect their surface properties, as has
been suggested for other Ig-like proteins (Bateman et al. 1996; Randles et al. 2006).
However, very little is known about how missense mutations might alter the structure of
PC1 and mechanical properties. In this study, we used single-molecule AFM and
equilibrium thermodynamics to understand the effect of missense mutations on the
mechanical properties of PC1. Six missense mutations (FH26L, T36C, G43S, W38R,
R57L, and V59H) were tested on the first PKD domain of PC1, HuPKDd1. We found
that these mutations alter the mechanical stability of the domain, resulting in distinct
mechanical PKD phenotypes. We find that point mutations can affect the free energy of
mechanical unfolding and the position of the transition state. We also found that

equivalent mutations in the homologous PKD domain found in Methanosarcina
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archaebacteria (Jing et al. 2002) affect thermodynamic stability. This indicates that
pathogenic mutations can affect the normal response of the PKD domain to external
mechanical forces and may help understand the molecular mechanisms underlying the

physiological effects of mutations in PC1.
3.2 MATERIALS AND METHODS

3.2.1 Cloning and expression of HuPKDd1 constructs for AFM experiments

We cloned and expressed in bacteria a heteropolyprotein based on the first PKD
domain from human PCl (HuPKDdIl, residues Val-268 - Glu-354) and the titin
immunoglobulin domain 27 (I27). The 127 domain has been extensively studied by force
spectroscopy and hence serves as an internal fingerprint (Best et al. 2001; Best et al.
2002b; Qian et al. 2005). We assembled an 127-HuPKDd!1 heteropolyprotein using a
multiple step cloning technique that makes use of four restriction sequences (BamHI,
Bglll, BstY, and Kpnl) to three multiples of the 127-HuPKDd1 dimer hexamer (Forman
et al. 2005; Qian et al. 2005). The R57L mutant heteropolyprotein was obtained by
mutagenesis PCR on the 127-HuPKDd]1 construct.

The single-point mutations, T36C, G43S, and V59H, were produced by PCR
synthesis using the QuikChange II mutagenesis kit (Stratagene). The cDNAs were
subcloned into vector pAFM1 - 8 using the restriction sequences Sacl and Kpnl (Steward
et al. 2002). The proteins were expressed and purified as described previously (Forman et
al. 2005; Qian et al. 2005). Figure 6 shows a typical SDS-PAGE of some of the
recombinant HuPKDd1 polyproteins used for AFM. All these proteins expressed well in

E. coli and were purified from the soluble fraction.
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Figure 6: SDS-PAGE (15%) stained with Coomassie brilliant blue of the different
HuPKDd1 recombinant proteins used for AFM experiments. Lane 1:
low molecular weight-SDS Marker (GE lifescience), lane 2: wild type (127-
HuPKDd1)3 protein, lane 3: (127-HuPKDd1R57L)3 mutant protein, lane 4:
127- HUPKDd1V59H-(127)5 mutant protein, lane 5: 127- HuPKDd1G43S-
(I27)5 mutant protein, lane 6: 127- HuPKDd1T36C-(I127)5 mutant protein,
lane 7: control 127 octamer polyprotein, (127)8.

3.2.2 Cloning, expression, and purification of archaea PKD domains (ArPKD)

The ArPKD monomer gene was cloned from a construct kindly supplied by S.
Qamar and R. Sandford (University of Cambridge, UK) and ligated into a modified
pRSETA vector (Invitrogen). Standard site-directed mutagenesis reactions were used to
introduce mutations into individual domains. The proteins were expressed and purified as
described previously (Forman et al. 2005). The two-step purification procedure involved

nickel affinity chromatography followed by gel filtration.
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3.2.3 Single-molecule atomic force microscopy

The mechanical properties of single proteins were studied using a home-built
single molecule AFM as described previously (Oberhauser et al. 1998; Carrion-Vazquez
et al. 1999; Bullard et al. 2002; Oberhauser et al. 2002; Miller et al. 2006).

3.2.4 Equilibrium denaturation of ArPKD domains

All experiments were carried out in phosphate-buffered saline (pH 7.4) at 25°C.
The stability of the individual ArPKD wild-type and mutant domains was determined by
urea denaturation, using standard techniques (Pace 1986). The protein was incubated for
3h in varying concentrations of denaturant, and unfolding was monitored by change in
intrinsic fluorescence using an Aminco Bowman fluorescence spectrometer with an
excitation of 280 nm and emission monitored at the wavelength of maximum emission
(320nm for W36C and 350 - 360nm for wild type and all other mutants). The raw data
were fitted to a standard two state equation, which allows [urea]see, (the concentration of
denaturant where 50% of the protein is denatured) and the m-value (the dependence of
AGp. on the concentration of urea) to be determined. Figure 7 shows a representative
recording of the change in fluorescence vs. concentration of urea: where [urea]sy, is the
concentration of denaturant where 50% of the protein is denatured, and m is the dependence of
AGp.N on the concentration of urea. The PCPMer software package was used to analyze protein
sequence alignments of related proteins to detect conserved physical-chemical properties

(Mathura et al. 2003; Garcia et al. 2009).
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Figure 7:  Change in fluorescence of wild-type ArPKD vs. denaturant concentration. The
free energy for unfolding in OM denaturant (AG.% ) can be calculated from

AGHS = m[ureal,,, [equation 1]

3.2.5 Determining equivalent mutations in an archaea PKD domain

The solved structures of the HuPKDd1 (Protein Data Bank (PDB) code 1B4R)
and the ArPKD (PDB code 1L0Q) domain were visualized using Insight II, a
commercially available program that allows structures to be manipulated and visually
superimposed, and the structures were compared to determine which residues were
spatially best aligned. From this alignment, it was possible to determine where to make
the mutations in ArPKD that would be most nearly equivalent to those in the PC1 PKD

domains.
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3.3 RESULTS

3.3.1 Multiple sequence alignment of the PC1 PKD domains and location of
naturally occurring missense mutations

The NMR structure of the first PKD domain (HuPKDd1) shows that it has a beta-
sandwich structure with two sheets that pack together with a well defined hydrophobic
core, centered around a conserved tryptophan located in the C strand (Bycroft et al.
1999). PC1 contains 16 homologous PKD domains. Figure 8A shows a sequence
alignment of the 16 domains, together with an analysis of conserved motifs. The
alignment and motif detection was done by using the PCPMer program (Garcia et al.
2009). This program automatically detects sequence motifs defined in terms of the
conserved physical-chemical properties of residues in protein families. There are six
conserved motifs in PC1 PKD domains (highlighted in gray). There are about 40
missense mutations that result in non-conservative amino acid substitutions involving
residues that form part of PKD domains (highlighted in cyan). Interestingly, most of

these mutations (30 out of 40) are found in conserved regions.

3.3.2 Selections of the missense mutations on PKD domains

Of these missense mutations, we selected six (Figure 8A) because these have
been assigned as likely to be pathogenic. These are listed in Table 1. The first mutation
targets PKD domain 1 where a charged amino acid (Arg) is changed to a hydrophobic
amino acid (Leu); the same position in the Fugu rubripes PKD domain 1 is occupied by a
basic residue (Sandford et al. 1997; Thomas ef al. 1999). The second mutation targets the
conserved Trp in PKD domain 3 (changed to an Arg), which results in a pathogenic
phenotype (Rossetti et al. 2007). The third mutation also occurs in PKD domain 3 and
changes a polar amino acid (GIn) to His. Interestingly, the mutated glutamine is

conserved in PKD domain 3 from F. rubripes to human (Sandford ef al. 1997; Burtey et
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al. 2002). The fourth mutation is found in PKD domain 5 within the CC’ loop region.
The mutation occurs within the most conserved sequence of the PKD domains,
WDFGDGS (Bycroft ef al. 1999). This sequence is conserved from archaea to humans
(Figure 8B). The glycine that is replaced (in bold) is in the C - C’ turn. Its replacement
by the bulkier serine is very likely to disrupt this structure (Phakdeekitcharoen et al.
2000). The fifth mutation is a replacement of two amino acids (Phe and Thr) to Leu. This
is a large change that is likely to be pathogenic (Rossetti ef al. 2001). The last mutation is
found in PKD domain 16 where a Tyr is replaced by a Cys. This mutation was found to

be pathogenic (Rossetti et al. 2003).
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Figure 8: Sequence alignment of PKD domains. A) multiple sequence alignment of
the 16 human PKD domains with structural motifs highlighted. The
alignment and motif detection was done by using PCPMer program
(Mathura et al. 2003). This program automatically detects sequence motifs
defined in terms of the conserved physical-chemical properties of residues
in protein families. The missense mutations are highlighted in cyan, and the
selected for this work are circled in red. PKD4 has additional residues in the
CC_ loop. *, EQALHQFQPPYNESFPVPD. B) structure-based sequence
alignment of the first human PC1 PKD domain (HuPKDdI) and archaeal
PKD domain (ArPKD) and location of pathogenic mutation positions. The
best aligned residues are underlined. The equivalent positions of missense
mutations in both domains are highlighted (in cyan).
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Table 1: List of pathogenic missense mutations in human PC1 PKD domains and
equivalent residues in HuPKDd1 and ArPKD

PKD Mutation | Mutation .

Residue Number domain | position in | position in Location Surface

number | HuPKDd1 | ArpKD | Strend feore
Arg-324 — Leu 1 R57L T54L E surface
Trp-967 — Arg 3 W38R W38R C core
GIn-987 — His 3 V59H S56H E-F loop surface
Gly-1166 — Ser 5 G43S G43S C-C’ loop short loop
Leu-1992, Thr-1993 FT—Leu 15 FH26L FT26L B Surface, core
Tyr-2092 — Cys 16 T36C W36C C core

3.3.3 Effect of mutations on thermodynamic stability of PKD domains

We wanted to compare the effects of the selected point mutations on the
thermodynamic stability of HuPKDd1. However, this domain is only marginally stable
(~1 - 2 keal mol™ (12)), so it is difficult to get accurate stability data. However, it has
been previously shown that it is possible to use homologous domains to model the effects
of pathogenic mutations in Ig-like domains (Randles et al. 2006). The PKD domain from
Methanosarcina archaebacteria (termed ArPKD) (Jing ef al. 2002) has a very similar
structure to HuPKDd1 (the two structures superimpose with an root mean square
deviation of 2.2 A (Jing et al. 2002)) but is thermodynamically more stable (4.4 kcal mol
Y. ArPKD therefore presents itself as a good model system to study pathogenic mutations
in PC1 PKD domains. To make equivalent mutations in the human PKD and ArPKD
domains, the best approach was to examine the published structures (Bycroft et al. 1999;
Jing et al. 2002) and create an alignment of the two sequences. The results of this
analysis are shown in Figure 8B, a structure-based alignment of the ArPKD and
HuPKDd1 amino acid sequences. The underlined sections of the sequence are the best
aligned structurally. From this alignment, it was possible to determine where to make the

mutations in ArPKD that would be most nearly equivalent to those in the PC1 PKD
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domains. The sites of the mutations in the aligned sequence are highlighted in cyan in
Figure 8B and are listed in Table 1. In equilibrium denaturation experiments, unfolding
was monitored by following changes in intrinsic tryptophan fluorescence. The results are
shown in Figure 9, and the results are summarized in Table 2. The mutants FT26L and
W38R were unfolded in buffer. All point mutations destabilize the ArPKD domain to

some extent.
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Figure 9: Equilibrium denaturation curves for ArPKD mutants. The effects of
missense mutations T54L, S56H, G43S, and W36C on ArPKD domain
stability are shown. All four mutants are made to model pathogenic
mutations in HuPKDdl domains. It is clear from the changes in the
midpoint that both W36C and G43S destabilize the domain significantly,
whereas the mutations T54L and S56H have little effect on the stability of
the PKD domain.
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Table 2: Thermodynamic stabilities of ArPKD mutants

Mutation Position in ArPKD m-value [urea]sor, ArPKD | AG 120 ArPKD
(kcal mol'" M) (M) (kcal mol™"

Wild type 1.0+0.1 4.4+0.1 4.4+0.1
T54L 1.0+0.1 41+0.1 4.1+0.1
W38R Unfolded n/a n/a

S56H 0.9+0.1 4.5+0.1 4.1+0.1
G43S 1.0+0.1 2.6+0.1 2.6+0.1
FT26L Unfolded n/a n/a

W36C 1.0" 1.9+0.1 1.9+0.1

“ Because W36C was so destabilized that there was no true folded baseline, the data
were fitted with m fixed to the wild-type value of 1.0.

3.3.4 Effects of missense mutations on the mechanical stability of HuPKDd1

To study the effect of missense mutations on the mechanical stability of PKD
domains, we used HuPKDdI as a template because its structure is known (Bycroft et al.
1999) and its thermodynamic and mechanical stabilities have been characterized (Forman
et al. 2005; Qian et al. 2005). To make equivalent mutations in the HuPKDd1 domain,
we used the sequence alignment shown in Figure 8 and mutated the equivalent residues
using site-directed mutagenesis. The locations of the different residues mutated in
HuPKDd]1 are shown in Figure 10.

For example, the change of Val-59 to His in HuPKDd1 corresponds to the natural
mutation GIn-987 to His in PKD domain 3. We used a heteropolyprotein approach to
study the mechanical properties of mutant HuPKDd1 domains using single-molecule
AFM techniques. In these constructs, we used the titin domain 127 as an internal
mechanical fingerprint that has been extensively studied with AFM techniques (Carrion-
Vazquez et al. 1999; Li et al. 2002). Also, 127-based protein chimeras have been found to
express well in bacteria; this strategy has proven to be useful in the analysis of several
protein domains with single molecule AFM (Best et al. 2001; Oberhauser et al. 2002;

Steward et al. 2002; Li et al. 2005; Brucale et al. 2009).
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Figure 10: NMR structure of HuPKDd1 showing the positions of mutated residues.
The figure was prepared using the program PyMOL.

Figure 11 shows typical examples of force-extension curves obtained for 127
heteropolyproteins harboring the wild-type and mutant HuPKDd1. As shown before, the
wild-type HuPKDd1 has a mechanical stability very similar to 127 domains and unfolds
at forces of about 180 pN (Figure 11F) (Forman et al. 2005; Qian et al. 2005) . Figure
11, B - E, shows that missense mutations R57L, V59H, G43S, and T36C all result in a
significant decrease in the mechanical stability. For example, the RS7L mutant domain
unfolds at forces of ~140 pN (Figure 11G), which is seen as the force peaks (marked in
Figure 11B by the dashed line) preceding the unfolding of the 127 domains (they unfold
at ~180 pN). The G43S mutation has a strong destabilizing effect on HuPKDd1. This
mutant domain unfolds at ~55 pN, which is seen as a small force peak (marked by the
arrow) preceding the unfolding of the 127 domains (Figure 11D).We found that the
W38R and FT26L mutations severely destabilize the PKD domain because we were not

able to express these constructs as soluble proteins.
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Figure 11:

Force-extension relationships for wild type and mutant HuPKDd1
measured with AFM techniques. Stretching single molecule of each
construct gave force-extension curves that followed a saw-tooth pattern with
equally spaced force peaks. The cartoon above each recording shows the
construction of each recombinant protein chimera. The wild type
HuPKDdland the R57L mutant were constructed by repeating the 127-
HuPKDdI1 three times. The T36C, G43S and V59H HuPKDd1 mutants were
flanked by several 127 domains (to increase the solubility of expressed
protein). The dashed lines in A) and B) present the average force used to
unfold either wild type or R57L mutant HuPKDd1. The force peaks pointed
by solid arrow represent the unfolding of mutant domains of V59H (C),
G43S (D) and T36C (E). The forces used to unfold the wild type and
mutated HUPKDd1 are shown as a force histogram. The force peaks of wild
type PKD had an average force of 176+32pN (n=189). The average forces
for unfolding the HuPKDdl mutants are: 1434+34pN (n=50) for R57L,
127£33pN (n=59) for V59H, 54£15pN (n=46) for G43S and 79+20pN
(n=129) for T36C. All the experiments were carried out at the pulling speed
of 0.4-0.6nm/ms.

3.3.5 Kinetics of unfolding of HuPKD1 mutants

To quantify the effect of the missense mutations on the kinetics of unfolding, we

analyzed the effect of pulling speed on the unfolding forces. Figure 12 shows a plot of

the average unfolding force versus the pulling rate for wild type and different mutants.

The parameters used for the Monte Carlo simulation are shown in Table 3. The unfolding

rate constants, a,, of the four mutants are higher than that of the wild type (9.8 x 10™*s™),

indicating that the activation energy of unfolding was decreased by the mutations. The

unfolding distances to the transition state, x,, of the G43S and T36C mutants are also

larger than the wild type, indicating that there is a significant change in the unfolding

pathway.
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Figure 12:

Pulling Speed, nm/ms

Kinetics of unfolding of HuPKDd1 mutants. A plot of the average
unfolding force versus the pulling rate for wild-type (wt, black squares),
R57L (cyan circles), V59H (green triangles), T36C (red squares), and
G43S (blue circles) HiPKDd1 domains is shown. The solid lines are fits of
the Monte Carlo simulation to the experimental data (see “Experimental
Procedures”). The parameters used for the Monte Carlo simulation are

shown in Table 3.

Table 3: Estimated mechanical kinetic parameters of HuPKDd1 mutants
Fy ¢ Qo Xy
pN s’ nm
Wild type 176 + 32 9.8 +8.1x10™ 0.25 + 0.02
R57L 143 + 34 2.6+ 1.8x10™ 0.24 +0.01
V59H 127 + 33 6.9 +5.3x10™ 0.22 +0.01
G43S 54+ 15 2.3+ 1.8x10" 0.31+0.02
T36C 79 + 20 0.7 £0.5x10"" 0.32 +0.02

“ At pulling speed of 0.4-0.6 nm ms’

I
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3.4 DISCUSSION

We used HuPKDdI as a model system for assessing the effects of mutation on the
mechanical stability of PKD domains in general. In general, we found that all the
mutations resulted in a loss in mechanical stability. A number of studies have
demonstrated that homologous proteins have the same unfolding pathways on application
of force, i.e. the same mechanisms for resisting forced unfolding. Using a combination of
simulations and experiments, we have recently shown that the same is true of HuPKDd1
and ArPKD. 5 Hence, mutations that promote mechanical unfolding in HuPKDd1 are
likely to have the same effect in other PKD domains.

3.4.1 All the mutations destabilize HuPKD and ArPKD domains to some extent

Table 4 shows a summary of the effects of missense mutations on HuPKDd1 and

ArPKD.

Table4: Effects of missense mutations on HuPKDd1 and ArPKD

Mutation Mutation H,0

Position in Position in ArPKD AAGLY ArPKD AF, HuPKDd1

HuPKDd1

keal mol” pN

wild type n/a -- --
R57L T54L 0.3+0.1 33
W38R W38R >4 .4 n/a
V59H S56H 0.3+0.1 49
G43S G43S 1.8+0.1 122
FH26L FT26L >4.4 n/a
T36C W36C 2.5+0.1 97

“Because W36C was so destabilized that there was no true folded baseline, the data
were fitted with m fixed to the wild-type value of 1.0.

3.4.2 Unfolded mutants
The FH26L (or FT26L in ArPKD) and W38R mutations result in an unfolded

protein domain. This is not unexpected because these target large buried residues. In
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particular, the Trp to Arg mutation, introducing a charged group into a buried position,
causes a drastic reduction in stability. Furthermore, the tryptophan in that position is very
highly conserved across the PKD domains, suggesting that it may have an importance for
folding. Hence, for the W38R and FH26L, it seems very likely that the presence of the
unfolded domain causes the observed disease phenotype. Perhaps the destabilized
ectodomain of PC1 cannot perform its mechanosensing function, or perhaps the presence
of the unfolded domain causes the protein to aggregate, to fail to be trafficked correctly,

or to be degraded by the normal cell degradation machinery.

3.4.3 Destabilizing mutations

Mutation T36C (or W36C in ArPKD) to cysteine replaces a large surface
aromatic with a small polar side chain. This is a position with a high degree of
conservation in the PKD domains. Of the other 16 PKD domains, eight have a tyrosine
and four have a phenylalanine at the equivalent position, all large aromatic side chains.
Rossetti et al. (Rossetti et al. 2002) note that this residue is conserved in the C strand of
many PKD domains, including in the mouse gene, but interestingly, in F. rubripes, there
is a cysteine at the equivalent position. The G43S replaces a glycine with a serine in a
loop region of the protein structure. This results in a significant destabilization. This
destabilization might be expected, given the conservation in this region of the structure in
PKD domains of polycystin. Interestingly, this glycine residue occupies a region @/
space of the Ramachandran plot (Ramachandran et al. 1963), which is disallowed for
residues other than glycine (positive @, negative ) in the structures of both ArPKD and
HuPKDd1. The T36C and G43S mutants had a very significant effect on the ability of
HuPKDd1 to resist forced unfolding. The unfolding force is significantly lower in these

mutants, and furthermore, the distance to the transition state (x,) is significantly larger for
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each of these mutants, suggesting that the unfolding pathway changes significantly. Such
a change in x,, associated with a change in folding mechanism, has been observed for
mutants of 127 domain from human titin (Li et al. 2000). We conclude that mutations in
these positions might potentially have a significant effect on the mechanical function of

PCI.

3.4.4 Slightly destabilizing mutations

The mutations that are only slightly destabilizing, RS7L and V59H (T54L and
S56H in ArPKD), are surface mutations. This suggests that these mutations are in regions
of the protein that are not important for the mechanical stability of the PKD domains.
Thomas et al. (Thomas et al. 1999) reported the R57L mutation. They note the change
from a basic to neutral hydrophobic residue and report that this is the only PKD domain
with a basic residue in this position. Furthermore, a basic residue is found in the
equivalent position in F. rubripes. Due to this conservation, they suggest that this residue
may be functionally important, for example, in ligand binding or protein- protein
interactions (Thomas et al. 1999). Our results do not suggest that this is a position that is

critical for the mechanical stability of PKD domains.

3.4.5 Conclusions

These data suggest that the effect of the mutations G43S, T36C, and in particular,
W38R and FH26L are likely to be mainly due to the large destabilization these mutations
confer on the parent PKD domain (i.e. G1166S, Y2092C, W967R, and F1992L, T1993L,
respectively). They will also, therefore, compromise the ability of PC1 to act as a
mechanosensor. In time, it may be possible to analyze naturally occurring variations in
the genome sequence, predict the biophysical effect of the mutation, and estimate the

likelihood of a given variation to be deleterious or benign. As seen here, such studies
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could also suggest further research into protein function, and possibly, mutation-specific
therapies. There is increasing interest in human protein mutations, particularly naturally
occurring mutations that may be disease-related. Although many of these proteins are
experimentally intractable, the strategy presented here could make mutation studies in

many human proteins possible for the first time.
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Chapter 4

Naturally Occurring Osmolytes Modulate the Mechanical Properties of
PKD Domains

4.1 INTRODUCTION

Many proteins are found in harsh environments such as in the kidney. Polycystin-
1 (PC1) is a large membrane protein that has a long N-terminal extracellular region with
a multi-modular structure including sixteen Ig-like polycystic kidney disease (PKD)
domains which are exposed to urea and other osmolytes. Urea is known as a common
denaturant that affects proteins function by destabilizing their structure (Pace 1975). On
the other hand, it is know that the native conformation of proteins can be stabilized by
naturally occurring osmolytes (such as TMAO, betaine, sucrose, trehalose, sarcosine,
sorbitol, proline and glycerol (Street et al. 2006)), which are found in the kidneys of
elasmobranches to humans (Yancey et al. 1982; Garcia-Perez et al. 1991; Schmolke ef al.
1996; Venkatesu et al. 2009). The distribution of osmolytes in mammalian kidneys shows
a generally increasing pattern along their corticomedullary axes. For example, sorbitol,
glycerophosphorylcholine (GPC) and betaine usually reach to a maximum level at the tip
of the papilla where collecting ducts are found (Garcia-Perez ef al. 1991).

The mechanisms by which osmolytes promote protein folding, increase protein
stability and induce conformational changes have been the focus of intensive
investigation (Baskakov et al. 1998; Kumar et al. 1999; Bolen 2001; Ratnaparkhi et al.
2001; Zou et al. 2002; Auton et al. 2005; Ignatova et al. 2006; Street et al. 2006; Beck et
al. 2007; Loo et al. 2007; Street et al. 2009; Venkatesu et al. 2009); however, most of
these studies have been limited to the study of thermodynamic stability by using

ensemble denaturation experiments or molecular dynamic simulations. Little is known

41



about the influence of osmolytes on the mechanical stability of modular proteins,
especially the ones with mechanosensing functions.

Here single-molecule AFM is used to test the effects of various naturally
occurring osmolytes on the mechanical properties of PKD domains. This experimental
approach more closely mimics the conditions found in vivo. The results demonstrate that
TMAO, sorbitol and sarcosine effectively counteract the destabilizing effects of urea by
restoring the normal mechanical properties of PKD domains. The data suggest that the
mechanosensing properties of PC1 are modulated by interplay of urea and protecting

osmolytes.
4.2 MATERIALS AND METHODS

4.2.1 Reagents and buffers used in osmolyte experiments

1. MilliQ H,0 (18.2 MQ)

2. Phosphate buffered saline (PBS) (Sigma-Aldrich) with 137mM NaCl, 2.7mM
KCl, 10mM sodium phosphate dibasic, 2mM potassium phosphate monobasic and
apH of 7.4

3. Urea (Fisher Scientific); guanidinium chloride (GdmCl) (Fluka, Sigma-Aldrich);

4. TMAO (Fluka, Sigma-Aldrich);

5. Sorbitol (Sigma-Aldrich); sarcosine (Sigma-Aldrich); all of these were 99% pure.

4.2.2 Surfaces for AFM experiments

The preparation of glass, silanized glass and Ni-NTA coverslips followed the

protocols in chapter 2.
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4.2.3 Cantilevers for AFM Experiments

Three types of cantilevers were used in osmolytes experiments: MLCT, MSNL
and OBL-105 (MLCT-AUHW, Veeco Metrology Group, Santa Barbara, CA).

Calibration followed section 2.2.7.

4.2.4 Cloning, expression and purification of PolyPKDd1-127, Polyl27 and
PolyArPKD proteins for AFM experiments

PolyPKDd1-127 ((I27-HuPKDd1);-127) and polyl27 ((I127)g) polyproteins were
cloned and expressed in Escherichia coli cells following the protocols in Chapter 2.
PolyArPKD containing seven identical repeats of ArPKD domain was constructed using
a multiple-step cloning technique (Steward ef al. 2002; Forman et al. 2009), and then the
protein was expressed in Escherichia coli C41 strain. Proteins were purified by Ni-
affinity chromatography as previously described (Carrion-Vazquez ef al. 1999; Forman et
al. 2005; Qian et al. 2005; Ma et al. 2009) and stored in PBS containing 5SmM DTT at 4
°C.
4.2.5 Single-molecule atomic force microscopy

The mechanical properties of the proteins were studied using a home-built single
molecule AFM as previously described in Chapter 1. In order to minimize the variation in
the calibration of cantilever in different aqueous systems, each individual cantilever was
calibrated in PBS buffer. The pulling speed was in the range of 0.5-0.7 nm/ms.
4.2.6 Single protein mechanics in osmolytes

In AFM experiments, a small aliquot of the purified proteins was first adsorbed
onto a substrate, e.g. Ni-NTA coated glass coverslips (Itoh et al. 2004; Sakaki et al.
2005). The unbinding proteins were rinsed off with PBS. The effects of osmolytes on

mechanical stability of proteins were studied by using the combination of AFM and
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buffer substitution. The tested buffers were PBS (control), denaturants at different
concentrations, protecting osmolytes, and different mixtures of denaturants and
protecting osmolytes. Due to the weakening effect of osmolytes on the binding affinity of
protein to both cantilever and substrate, the pick-up efficiency was typically very low,

making these experiments quite challenging.

4.2.7 Measuring the refolding rate of PKD domains

The refolding rate of PKD domains was investigated by using a double-pulse
protocol as previously described (Carrion-Vazquez et al. 1999). When a polyprotein
molecule is extended close to its contour length, the number of unfolded domains is
counted as a total of available domains (V). Then the molecule is allowed to relax for
a variable time intervals (¢) before it is stretched again. The number of unfolding events
observed in the second stretch is counted as the refolded domains (NV,efideq). By stretching
and relaxing one polyprotein molecule repeatedly, the fraction of refolded modules
(Nrefoidea ! Nioar) 1s measured with variable relaxation time (¢). Polyprotein refolding is
typically well described by a single exponential function Pf, = I - e’ where Pfy
represents the probability of the refolding (Nyefoided / Nioia), t T€presents time and f is the

refolding rate (Carrion-Vazquez et al. 1999).
4.3 RESULTS

4.3.1 The mechanical stability of PKD domains is remarkably sensitive to the urea
concentration

To study the effect of osmolytes on the mechanical stability of PKD domains, the
first PKD domain from human PC1, i.e., PKDd1, was chosen since its structure is known
(Bycroft et al. 1999) and its thermodynamic and mechanical stabilities have been

characterized (Forman et al. 2005; Qian et al. 2005; Ma et al. 2009). A hetero-
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polyprotein approach was used to study the mechanical properties of PKDd1, with titin
127 domain as an internal mechanical fingerprint.

Figure 13A shows the effects of the increase of urea concentrations on the
stability of PKDd1 and 127 in polyPKDd1-127 protein. At 0 M urea both domains
unfolded at similar forces of ~190 pN (Forman et al. 2005; Qian et al. 2005; Ma et al.
2009). Increasing the urea concentration had a striking effect on the unfolding forces of
PKDd1 but a relatively small effect on those of 127. For example, the unfolding pattern in
0.5 M urea showed a total of six force peaks (four at ~190 pN and two at ~100 pN), with
the four high force peaks interpreted as the unfolding of 127 domains, given the structural
design of polyPKDd1-127 and external control of polyl27 (Figure 13B). This recording
also shows that one of three unfolding events of PKD domains is ‘missing’. By fitting the
trace with the worm-like-chain equation (Bustamante et al. 1994; Marko et al. 1995)
using an increase in contour length of 29 nm (red lines in Figure 13A), the spacer before
the sawtooth pattern was measured as the contour length of a PKD domain, indicating it
was already unfolded before stretching or unfolded at force that was below our detection
limit (~20 pN). At 3 M urea all PKD domains were greatly destabilized or unfolded as
evidenced by the long spacer before the unfolding of the 127 domains. As a control,
polyl27 protein was used to study the effect of urea on 127 mechanical stability (Figure
13B). The data showed that urea had a very small effect on the mechanical stability of
127 domains; at 3 M urea the unfolding forces decreased by only 13% (from 190 pN to
180 pN).

We also observed other unfolding patterns when stretching the polyPKDd1-127
protein in urea. For instance, Figure 13C shows that in 1 M urea the contour length of
each PKD domain is 22 nm instead of 29 nm. This type of events accounts for about 15%

of the total recordings. An increase in contour length of 22 nm corresponds to the
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Figure 13: Urea has a strong destabilizing effect on human PKD domains. A)

Force-extension curves of polyPKDdI1-I27 proteins under increasing
concentrations of urea (from 0 to 3 M) show the unfolding patterns of PKD
and 127 domains. At 0 M urea both domains unfold at similar forces of
about 190 pN (188 = 25pN, n=67) whereas at 3 M urea PKD domains are all
denatured with little effect on 127 domains. The red lines correspond to fits
to the worm-like-chain equation. As shown in A) some PKD domains are
“missing” from the unfolding pattern obtained under urea. B) Force-
extension curves of polyl27 proteins under the same range of urea
concentrations. C) Unfolding force histograms for the polyPKDd1-127
protein at 0.0 M, 0.5 M, 1.0 M and 3.0 M urea. The missing unfolding
events are counted as points below the noise level (~20 pN) in the
histograms. The unfolding events for 127 and PKD domains in the
polyPKDd1-127 protein are shown as grey and red bars, respectively. The
average unfolding forces for 127 and PKD domains are: 195 + 19 pN (n=82)
and 103 £+ 28 pN (n=63) in 0.5 M, 187 £+ 22 pN (n=27) and 78 + 36 pN
(n=31)in 1 M, 178 £ 18 pN (n=24) and <20 pN (n=19) in 3 M. D) Example
of a force-extension curve of a polyPKDd1-I127 protein in 1 M urea showing
partially folded PKD domains. The increase in contour length upon PKD
domain unfolding is 22 nm instead of 29 nm.
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unfolding of about 70 amino acids, suggesting that these PKD domains were partially
unfolded in 1 M urea.

The effects of urea on polyPKDd1-I127 protein are quantified in Figure 13D and
Figure 14. Figure 13D shows the histograms of unfolding force at 0 M, 0.5 M, 1 M and
3 M urea, respectively. At 0.5 M there is significant shift of the unfolding forces for PKD
domains to about 100 pN (red bars, 96 + 28 pN, n=63) but not for 127 domains (grey
bars, 195 £ 19 pN, n=64). We found that the fraction of missing PKD domains increases
as a function of urea concentration (8% in 0.5 M, 32% in 1 M and 76% in 3 M). Figure

14 shows a plot that compares the effects of urea concentrations on the unfolding forces
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Figure 14: Comparison of the effects of urea on the mechanical stability of 127 and
PKD domains. The unfolding forces for PKD (red circles) and 127 (black
squares) domains in the polyPKDd1-I127 protein are plotted as a function of
the urea concentration. The open squares correspond to the unfolding forces
of 127 in the polyl27 protein. The lines are linear fits to the experimental
data. The slopes are 7 pN/M for 127 and 75 pN/M for PKD domains,
respectively.
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of PKD domains (red circles) with those of 127 domains (black squares). Linear
relationship was found between the mechanical stability and urea concentration for both
domains; however, PKD domain has a steep slope of 75 pN/M, meaning that it is about
ten-times more sensitive to urea than 127 domain (slope of 7 pN/M). These results
indicate that urea at physiological concentrations (<IM) has a strong destabilizing effect

on PKD domains.

4.3.2 Effects of protecting osmolytes on the mechanical stability of urea-weakened
PKD domains

Several naturally occurring osmolytes have been shown to counteract the
destabilizing effects of urea on several types of proteins. Based on these observations we
hypothesized that osmolytes such as sarcosine, TMAO or sorbitol may offset urea
destabilizing effects on PKD domains. Figure 15 shows an experiment where polyl27-
PKD proteins were first exposed to 1 M urea and then switched to a 1:1 mixture of 1 M
urea and sorbitol (Figure 15A). The data show sorbitol has a striking stabilizing effect. In
1 M urea, most PKD domains are significantly destabilized. We found that in the
presence of an equivalent concentration of sorbitol the unfolding forces of PKD domains
were restored to the values in PBS.

Similar effects were observed when sorbitol was substituted with 1 M TMAO
(Figure 15A) or 1 M sarcosine (data not shown), indicating that a 1 M osmolyte to 1 M
urea ratio seems adequate to restore the mechanical stability of PKD domains in the
presence of 1 M urea. In order to quantify the stabilization effect, we carried out
mechanical unfolding experiments of polyPKDd1-127 at different molar ratios of sorbitol
and urea. In Figure 15B, it shows a plot of the mechanical stability, Fu, for PKD domains
as a function of the ratio of sorbitol:urea. There is a linear increase in the mechanical

stability at concentrations below 1 M sorbitol (of about 120 pN/M sorbitol).
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Figure 15: Sorbitol and TMAO counteract the destabilizing effects of urea on PKD
domains. A) Typical force-extension traces of the polyPKDd1-I127 protein
obtained in PBS, 1M urea, 1M urea + 1M sorbitol and 1M urea + 1M
TMAO. B) Plot of the unfolding forces for PKD domains as a function of
the ratio sorbitol:urea. There is a linear increase in the mechanical stability
at concentrations below 1M sorbitol (of about 120 pN/M sorbitol).

4.3.3 Effects of osmolytes on the refolding rate of PKD domains

Another important parameter of mechanical property of a protein is its refolding
rate. In order to estimate the refolding rate of PKD domains in PBS we used a double-
pulse unfolding/refolding protocol (Figure 16). A polyl27-PKDdl molecule was first
picked up and stretched close to its contour length and the total number of unfolded
domains (Ny,) was counted (six in this case) (Figure 16A). Based on the molecular
design of this heteropolyprotein, these six unfolding events should result from the
unfolding of three HuPKDd1 and three 127 domains. Then the unfolded polypeptide
chain was relaxed quickly to zero force before a second stretch. After a five-second

relaxation, only three domains unfolded in the second pull indicating that three out of six
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domains refolded in five seconds (V). These three refolded domains were interpreted as
127 domains based on the fact that they are known to refold within 5 seconds (Carrion-
Vazquez et al., 1999; Figure 16B). No refolded HuPKDd1 domains were detected during
this time interval. We found that we had to wait as long as 20s to observe HuPKDd1
refolding. Interestingly, the mechanical stability was much lower than in the control first
pulse (~ 50 pN; Figure 16A). This indicates that it took ~20 s for the HuPKDd1 domains
to collapse and form a folded domain but with a much lower mechanical stability. This
inefficient and sluggish refolding of the HuPKDd] makes it impractical to study the
effects of osmolytes using AFM techniques. For these reason we used a polyprotein made

of a different PKD domain: an ArPKD domain.
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Figure 16: Measuring the refolding rate of HuPKD and 127 domains using a two-
pulse stretching/relaxation protocol. Three consecutive force-extension
are shown obtained with time delays of 5 s and 20 s for a HUPKD-127 (A)
and 127 polyprotein (B). 127 domains readily refold after mechanical
denaturation whereas HuPKD domains do not.

4.3.4 Effects of chemical denaturants on the mechanical stability of an archaea PKD
domain

The PKD domain from Methanosarcina archaebacteria (termed ArPKD) has a

very similar structure to human PKDdI (the two structures superimpose with an rmsd of
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2.2 A, (Jing et al. 2002)). Interestingly, as recently demonstrated by Forman et al., both
ArPKD and PKDd1 domains have a similar mechanical design and stability (they unfold
at ~200 pN) (Forman et al. 2009). In addition, we found that naturally occurring missense
mutations alter the thermodynamic stability of ArPKD and the mechanical stability of
PKDdI to a similar extent (Ma et al. 2009). Because of these similarities we decided to
study the effects of urea on the mechanical stability of ArPKD For these experiments we
used a polyprotein which has seven identical repeats of the ArPKD domain (1L0Q.pdb).
Surprisingly, we found that urea as high as 3 M had a relatively small effect on the
unfolding forces (a decrease of only ~50 pN). For this reason, we chose the more
powerful denaturant guanidinium chloride (GdmCl). GdmCl is known to denature
proteins at about 2-3 times lower concentrations as compared to urea (Greene ef al. 1974;
Colonna et al. 1978). Figure 17 shows typical force-extension traces for the polyArPKD
protein obtained at different GdmCI concentrations. Upon increasing the concentrations
we observe a systematic decrease in the unfolding forces for ArPKD domains. For
example, in 1 M the unfolding forces drop by 48 pN (from 189 + 23 pN, n=64 to 141 +
22 pN, n=71; Figure 17B). Therefore, in these experiments, GAmCIl is about three times

more effective in destabilizing ArPKD than urea.
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Figure 17:

100 nm Unfolding force (pN)

Effects of a chemical denaturant on the mechanical stability of an
archaea PKD domain. A) Force-extension curves of polyArPKD proteins
under increasing concentrations of GdmCI (from 0 to 3 M). Upon increasing
the concentration there is a decrease in the unfolding forces for ArPKD
domains, as shown in the histograms in B).

4.3.5 Effects of osmolytes on the refolding rate of an archaea PKD domain

Using a double-pulse protocol we found that ArPKD domains readily refold

(Figure 18A). The recovery from the unfolded state follows an exponential time course

with a time constant of about 600 ms (Figure 18B). I then tested the effects of adding

chemical denaturants and protecting osmolytes (Figure 18C, D).
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Figure 18:

Effects of different combinations of denaturants and protecting
osmolytes on the refolding rate of ArPKD domains. A) Measuring the
refolding rate of ArPKD domains using a two-pulse stretching/relaxation
protocol. Three examples obtained with time delays of 0.1, 3, and 10 s. B)
Plot of the fraction of refolded domains as a function of the time between
stretching pulses obtained in PBS. The line corresponds to a fit of the data to
a single exponential with a time constant of 0.6 5. C) Plot of the fraction of
refolded domains vs time interval obtained in 1M GdmCl (red circles), IM
GdmCI + 1M TMAO (blue circles) and PBS (black circles). The respective
time constants are: 0.04 s, 1.2 s and 0.6 s”. D) Plot of the fraction of
refolded domains vs time interval obtained in 1M urea (red circles), 1M urea
+ 1M sorbitol (blue circles) and PBS (black circles). The respective time
constants are: 0.1 s'l, 0.51s" and 0.6 s
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In the presence of denaturants such as 1 M GdmCl and 1 M urea, the refolding
rates were greatly slowed down by about 15 and 5 fold (0.04 s and 0.1 s, respectively;
red curves in Figure 18C, D). I found that this slowdown of the refolding rate can be
counteracted by protecting osmolytes. In the presence of a 1:1 mixture of GdmClI +
TMAO or urea + sorbitol the measured refolding rates were 1.2 s (IM GdmCI + IM
TMAO) and 0.51 s (1M urea + 1M sorbitol), respectively (blue curves in Figure 18C,
D). Our results demonstrate that the refolding rate of PKD domains can be modulated by
interplay of destabilizing and protecting osmolytes. This suggests that naturally occurring
osmolytes may affect the elastic properties of PC1’s ectodomain and thus change its

mechanical function in different regions of the kidney.
4.4 DISCUSSION

4.4.1 Mechanism of action of denaturants and osmolytes

Organic osmolytes are small molecules widely used by cells and organisms to
participate in cell volume regulation. In addition, they have a dramatic effect on protein
function and protein folding (e.g. Street et al. 2006). All known osmolytes are amino
acids and derivatives, polyols and sugars, methylamines, and urea (Yancey 2001). Some
of these osmolytes have been shown to have a destabilizing effect (such as urea); others
are known as protecting osmolytes (such methylamines and polyols) because they
counteract urea’s destabilizing effect. For example, four small organic molecules,
belonging to trimethylamines (betaine and glycerophosphorylcholine (GPC)) and polyols
(sorbitol and inositol), have been shown to stabilize proteins (Yancey 2001).

Urea, a naturally occurring osmolyte denaturant found in the kidney has been
studied extensively (Tanford 1968; Greene et al. 1974; Santoro et al. 1988; Schellman

2002). The available evidence suggests that urea denaturation likely occurs through two
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possible pathways (Caballero-Herrera ef al. 2005). Urea can act ‘indirectly’ by altering
the water structure and orientating the distribution of water molecules and perturbing
hydrophobic interactions (Bennion et al. 2003; Idrissi 2005; Daggett 2006) (Figure 19).
It can also interact ‘directly’ through hydrogen bonding with both the peptide backbone
and exposed side chains. This results in a negative free-energy contribution which forces
protein to unfold (Wu ef al. 1999; Mountain et al. 2003; Auton et al. 2005). More recent
data shows that urea-induced denaturation may occur through a combination of both
‘indirect’ and ‘direct’ actions (Beck et al. 2007).

Protecting osmolytes are known to increase the thermodynamic stability of folded
proteins and provide protection against denaturing by urea. It has been shown that
protecting osmolytes, such as TMAO, sorbitol, sarcosine, and glycerol, can stabilize the
native state (Auton et al. 2005; Street et al. 2006; Garcia-Manyes et al. 2009); however,
the molecular origin of these effects remains elusive.

One of the best studied protecting osmolytes is TMAO, an osmolyte found in
elasmobranches. For example, the mechanism of action has been analyzed using
molecular dynamics simulation (Bennion ef al. 2004) and bulk denaturation experiments
(Baskakov et al. 1998). It has been suggested that it can induce ordering of the hydration
layer of a polypeptide chain (Figure 19), thus stabilizing the native structure. It can also
prevent urea from interacting with backbone and side chain hydrogen bonds thus
promoting protein folding (Bennion et al. 2004). Recent evidence showed that TMAO
tends to act as a simple “surfactant” displacing water and urea, thus eliminating the

hydrophobic perturbation (Paul et al. 2008).
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Figure 19: Model of urea and TMAOQO?’s effects on protein folding (based on
published models (Yancey 2001)). The addition of urea promotes the
protein to unfold, while TMAO promotes the protein to fold.

A simple model for the action of urea and TMAO was proposed by Wayne
Bolen’s group (Wang et al. 1997; Auton et al. 2005; Street et al. 2006). According to this
model urea interacts favorably with the backbone in the unfolded polypeptide chain. This
explains why urea is such an effective denaturant. On the other hand, backbone-backbone
(hydrogen-bonding) interactions are greatly enhanced in the presence of TMAO,
resulting in the collapse of unfolded protein and the consequent formation of secondary

structure. This is why TMAO is a highly protecting osmolyte.

4.4.2 Effects of protecting osmolytes on the mechanical stability and refolding rates
of PKD domains

Here 1 directly examined the effects of several organic protecting osmolytes on
urea exposed PKD domains. I found that every osmolyte tested can counteract the
destabilizing effects of urea. For example, at a ratio of 1:1, sorbitol can completely off-set
the weakening effect of urea (Figure 15) and restore the mechanical stability of

HuPKDd1 domains. This indicates that these osmolytes may play an important role in
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modulating the mechanical stability of PKD domains in a harsh chemical environment,
such as in kidney (Garcia-Perez ef al. 1991).

Protecting osmolytes were also found to counteract the effect of denaturants on
the refolding rate of ArPKD domains. I favor a ‘direct mechanism’ (Bolen et al. 2001;
Rose et al. 2006) where osmolytes can interact unfavorably with highly exposed peptide
backbone in the denatured state. This osmophobic effect preferentially raises the free
energy of the denatured state, shifting the equilibrium in favor of the native state. A
similar mechanisms has been recently described for the stabilization of the native state of

ubiquitin by glycerol (Garcia-Manyes ef al. 2009).

4.4.3 Physiological implications

Our data show that protecting osmolytes can not only strengthen the urea-
weakened PKD domains, but also accelerate the refolding rate of PKD domains in urea.
This underscores the important biological relevance of protecting osmolytes in
physiological environment. Interestingly, sorbitol is found together with another polyol
(inositol) and two trimethylamines (GPC and betaine) in the tubules of human kidney
(Schmolke et al. 1989; Wirthensohn et al. 1989; Guder et al. 1990, Garcia-Perez et al.
1991; Schmolke et al. 1996a; Schmolke et al. 1996b), at an approximate high
concentration of 400mM. PC1 it is constantly bearing not only mechanical forces but also
denaturing stresses of urea. Other sources of forces are required to counteract urea effect
in order to maintain PC1’s mechanical strength and normal function in vivo. On the other
hand, it has been reported that the distribution of sorbitol increases from the cortex to the
papillary tip in mammalian kidney from rats and also in human (Schmolke et al. 1996;
Schmolke et al. 1996). This is consistent with an increasing pattern of urea from proximal

tubule to the collecting duct. Moreover, similar distribution pattern was observed for the
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other osmolytes such as betaine and glycerophosphorylcholine (GPC) in mammalian
kidney (Garcia-Perez ef al. 1991; Schmolke ef al. 1996b). Thus, it seems like PCI is set
into a perfectly designed well-balanced system so that it can maintain its modular
structure and function as a mechanosensor under normal physiological condition.
Osmolytes such as glycerol, TMAO, GPC, sorbitol, myo-inositol and taurine are
also called “chemical chaperones”. For example, Welch’s group reported that chemical
chaperones can facilitate the maturation and function of AF508 CFTR, one mutant form
of cystic fibrosis transmembrane conductance regulator (CFTR) with a deletion of
phenylalanine at position 508. Similar effect was achieved by replacing the chemical
chaperones with a small substitute molecule, S-nitrosoglutathione (Brown et al. 1996;
Howard et al. 2003). The rationale behind this finding is that the osmolytes and
equivalent substitutes enhance the hydrophobic effect of newly synthesized AF508 CFTR
and help it to collapse an early folding intermediate that usually requires hydrophobic
interactions in and around position 508. Then, this folding intermediate succeeds in going
to the native state, thereby escaping the endoplasmic reticulum, maturing in the Golgi,
and ultimately trafficking to the plasma membrane to become a functional AF508 CFTR
protein. These results demonstrate the feasibility of a novel approach as a therapeutic
treatment in rescuing disease-associated mutations. In ADPKD, to make chemical
chaperone-based therapies clinically relevant, it requires further investigation on the
possible rescuing mechanisms by which osmolytes stabilize disease-associated mutations
and intensive identification of potential therapeutic candidates for the treatment of

ADPKD.
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Chapter 5
Conclusions and Future Experiments

5.1 DISEASE-ASSOCIATED MISSENSE MUTATIONS IN PC1

In this study six missense mutations of interest (FH26L, T36C, G43S, W38R,
R57L, and V59H) were screened, by using the first PKD domain of human PC1 as a
model domain. It is found that these mutants altered the mechanical properties of PKD
domains to different extents. In addition, the free energy of mechanical unfolding and the
position of the transition state can also be affected by point mutations. They will,
therefore, compromise the ability of PC1 to act as a mechanosensor.

Similar effects on thermodynamic stability of equivalent mutations were observed
in the homologous PKD domain of archaebacteria. This indicates that pathogenic
mutations can also affect the normal response of other PKD domains to external
mechanical forces, thus it may help us to understand the molecular mechanisms
underlying the physiological effects of mutations in PC1 in the future. Moreover, it may
be possible to analyze naturally occurring variations in the genome sequence, predict the
biophysical effect of the mutation, and estimate the likelihood of a given variation to be
deleterious or benign. Results from this study also suggest that more work is required on
protein function, and possibly, mutation specific therapies.

In order to obtain the detailed information how mutations alter the
unfolding/refolding kinetics of PKD domains, Chevron plot-type of experiments would
be an ideal approach, which is a way of representing protein folding kinetic data in the
presence of varying concentrations of denaturant that disrupts the native tertiary structure
of protein (e.g. Cao et al. 2008). In these experiments the logarithm of the observed

relaxation rate is plotted as a function of the denaturant concentration.
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Refolding kinetics is another important means to describe a protein’s mechanical
property. Based on the nature of slow refolding rate of human PKD domains (~0.04 s™),
we can conclude that a mutant form would be hard to refold or may even remain
unfolded. I found that the ArPKD polyprotein is suited for AFM refolding experiments. It
is an ideal model protein to study the refolding kinetics of PKD domains (paper under
preparation) under a number of different chemical environments. In addition this protein
is much easier to express in E. coli than the human PKD domains. Hence, we are

planning to carry out extensive mutagenesis analysis using the model protein.

5.2 EFFECTS OF NATURALLY OCCURING OSMOLYTES ON PC1 MECHANICAL FUNCTION

As predicted, the denaturants such as urea and GdmCl can alter the mechanical
properties of modular proteins on two aspects, weakening their mechanical stability and
slowing down their refolding rates. A steady decrease in the mechanical stability of
modular domains was observed upon increasing the concentration of urea. However,
different domains show different sensitivities on the increase of denaturant
concentrations. HuPKDd1 was found as the most urea-sensitive domain among the ones
investigated (127, ArPKD and GBI1). Fig 20A shows a plot of the thermodynamic
stability of different beta-sandwich domains (measured using chemical denaturants) as a
function of their sensitivity to urea concentration (measured using AFM). There is a
linear relationship between the thermodynamic stability and how sensitive they are to the
urea concentration. Fig 20B shows that even though they share a similar structure (beta-
sandwich structure) and mechanical stability (they unfold at a similar force of ~200pN),

they have different thermodynamic stability.
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Figure 20: Comparison of the thermodynamic stability and effect of urea on
mechanical stability of different beta-sandwich domains. A)
Relationship of thermodynamic stability and mechanical sensitivity of
different beta-sandwich fold domains to urea. B) Structures of the different
domains. The key H-bonds that confer mechanical resistance are shown in
green.

The mechanical stability is related to the mechanical topology, i.e. how the beta

strands are arranged with respect the pulling force from the N- and C- terminus. The 127

is mechanically very stable because it has a relatively large number of H-bonds
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connecting the force-bearing beta strands (shown as green lines in Fig. 20B). The
thermodynamic stability is related to how much of the structure is exposed to the solvent
(i.e. accessible surface area, ASA). The HuPKD has a low thermodynamic stability
because it has a relatively large ASA compared to 127. When the domains are exposed to
both chemical and mechanical forces the HuPKD is found the weakest and 127 the
strongest. This is because chemical denaturants affect the global stability of the domain,
whereas mechanical denaturation is vectorial and hence affects only small subset
elements of their structure. The combination of both denaturating forces has synergistic
effect on the overall stability of the domains.

Furthermore, we found that PKD domains unfolding through different unfolding
pathways in the presence of denaturants, indicating that there are many partially folded
states of these domains. This suggests that PKD domains may have several mechanical
‘phenotypes’ under the dynamic combination of the external mechanical force and
chemical denaturation stresses.

It is very likely that osmolytes can change the unfolding kinetics of PKD domains
significantly. In order to obtain more detailed information about the dynamic unfolding
pathways of PKD domains and understand their unfolding kinetics in the presence of
urea, a speed-dependence experiment followed by a Monte-Carlo simulation would be a
helpful approach to accomplish this work (Ma et al. 2009). These experiments are under
way.

The osmolytes in this study fall into two categories, destabilizing osmolytes (urea)
and protecting osmolytes (sorbitol, TMAO and sarcosine). In this work, we were the first
to systematically study how protecting osmolytes counteract the destabilizing effect of
urea at single molecule level. These osmolytes were found to have a strong counteracting

potential to the denaturing effect of urea, either on protein’s mechanical stability or
62



refolding kinetics. The ratio of urea to each of protecting osmolytes that is effective in
protecting PKD domains was quantified in Figure 15. In the physiological environment,
many osmolytes were found co-existing in nephron of mammalians (Garcia-Perez et al.
1991). This suggests that might be more than one osmolyte counteracting the urea’s
denaturation effect. Is the counteracting effect of different osmolytes additive? What is
the best combination in order to achieve the maximum effect? These are the interesting
questions that need to be addressed in the future study in order to understand how the
mechanical properties of PKD domains are modulated by the combination of urea and
different protecting osmolytes.

Most of the pathogenic missense mutations destabilize PKD domains (Ma et al.
2009), making the protein vulnerable and favoring the denatured state. Theoretically, a
small concentration of urea would cause deleterious impact on the PKD mutants. So far,
it is still not clear whether there is a generally robust effect of the protecting osmolytes on
different variations of PKD mutant phenotype. For a certain osmolyte, will its protecting
effect be the same when it interacts with a mutant as to a wild type? Will it strengthen the
PKD mutants in urea as it does to wild type? Is there a variation of stabilizing effect
among different protecting osmolyte candidates on a certain mutant? Which osmolyte
performs the best in terms of restoring the mechanical stability of PKD mutants? What is
the optimal dosage of each osmolyte? Does an osmolyte have an optimal effect on a
specific mutant? These will be interesting questions that need to be addressed in future
investigations. This kind of study has the potential to provide new therapeutic approaches
(e.g. through the use of osmolytes) for rescuing destabilized and misfolded mutant PKD

domains.
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