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Abstract

Tissue regeneration and remodeling after damage requires enhanced collagen deposition at the
site of damage. In collagen disorders like keratoconus and brittle bone disease this ability is lost
due to collagen misfolding, poor crosslinking and deposition. For this purpose, tools that allow
to control and regulate collagen biosynthesis and folding are required. Ideally, such tools
should be collagen-specific and allow remote control, which available strategies fail to fulfill. In
this context, a collagen-specific molecular chaperone, Hsp47, was chosen as it has multiple roles
in collagen biosynthesis. Recombinant Hsp47 can be delivered in the endoplasmic reticulum of
mammalian cells via KDEL receptor mediated endocytosis. Exogenous delivery of Hsp47
stimulates fibrillar collagen I, Il and V in cells. A photoactivatable derivative of Hsp47 (Hsv<onsy)
was developed containing an un-natural light-responsive tyrosine (o-nitro benzyl tyrosine
(ONBY)), which renders Hsp47 inactive toward collagen binding. On-demand, localized and in
situ activation of this tool, stimulating collagen production in disease-state cells, was tested in
vitro. Also, this tool can be easily delivered precisely in cells of damage corneal tissue from
keratoconus patients. Site-selective exposure after Hgy<onsy treatment, allowing localized
remodeling of the extracellular collagen matrix, was demonstrated ex vivo. This tool has

potential to trigger collagen deposition in collagen deficient disorders.



Zusammenfassung

Eine lokal erhdhte Kollagenablagerung ist fiir die Geweberegeneration und den Gewebe-
aufbau nach einer Schadigung notwendig. Bei Kollagenstérungen wie Keratokonus und
Brittle Bone Disease geht diese Fdhigkeit durch Fehlfaltung und schlechte Vernetzung
verloren. Mittel und Wege werden benétigt, um die Kollagenbiosynthese und -faltung zu
regulieren. Im Idealfall sind solche Werkzeuge kollagenspezifisch und von auflen steuerbar,
was derzeitige Strategien nicht erfiillen. In dieser Arbeit wurde das kollagenspezifische
Chaperon Hsp47 ausgewadhlt, da es mehrere Rollen bei der Kollagenbiosynthese hat.
Rekombinantes Hsp47 kann im endoplasmatischen Retikulum von Sdugetierzellen tber
KDEL-Rezeptor-vermittelte Endozytose abgegeben werden. Die exogene Gabe von Hsp47
stimuliert in Zellen die Bildung von fibrillarem Kollagen I, Ill und V. Ein neues Hsp47 (H4yv
<onsy) wurde entwickelt mit nicht-natiirlichem o-Nitro-Benzyltyrosin (ONBY) an der Tyr383-
Position, die inaktiv ist fir die Bindung und Bildung von Kollagen. In vitro wurde in Hsp47-
defizienten Zellen bewiesen, dass die kontrollierte lokale Photoaktivierung dieser Variante
die Ablagerung von Kollagen stimuliert. AuBerdem wurde das neue HSP47 ex vivo in Zellen
von Hornhautgewebe von Keratokonus-Patienten angewendet. Hier wurde nachgewiesen,
dass durch lokale Belichtung nach H4v <onsv-Anwendung Kollagenfasern wiederherstellt
werden. Das neue HSP47 hat das Potential, gezielte Kollagenablagerungen bei Stérungen

mit Kollagenmangel auszulésen.
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Motivation and aim of this Thesis

Collagen is a structural protein whose fibrillar organization is crucial for the mechanical
integrity of tissues. In case of injury or tissue damage, the restoration of tissue homeostasis
is very much dependent on the directional deposition of collagen at the tissue site. In
collagen-related disorders like keratoconus, brittle bone disease or Ehlers-Danlos syndrome,
alteration in the expression profiles of collagen subtypes or their supramolecular
organization in cornea, bones or skin respectively, have dramatic implications on the tissue
function. Changes in collagen deposition also occur with aging, but in a highly regulated
manner. Excessive collagen deposition occurs in pathologies like fibrosis or cancers

The development of strategies to understand and treat collagenopathies requires tools that
allow the regulation of collagen biosynthesis and folding. Ideally, such tools are collagen
specific and allow remote control. Available strategies (treatment with ascorbate, retinol of
growth factors like TGF( or VEGF) are neither specific, nor easy to regulate. In this context,
the collagen specific chaperone Hsp47 seems to be an ideal candidate. Hsp47 is an
endoplasmic reticulum resident protein and plays a fundamental role in the folding, stability
and intracellular transport of procollagen triple helices. Existing information on the structure
and interactions at the Hsp47-collagen binding site allows the design of molecular strategies
to regulate Hsp47 bioactivity and consequently collagen production. In this context, the aim
of this Thesis was to find a strategy for photo regulation of Hsp47, and to demonstrate its
use to regulate collagen synthesis in mammalian cells and tissues. The focus of this study
was to develop and test a molecular tool that enables manipulation of collagen synthesis at
cell level using a remote trigger. To achieve this, a key player in the collagen biosynthesis
machinery, Hsp47, was targeted and strategies to render it responsive to an external trigger
were explored.

This work details important fundamental aspects in developing strategies to manipulate
collagen biosynthesis in situ and provides a glimpse into possible applicability of the
developed tool. In particular, the photoactivatable Hsp47 contains a non-natural light-
responsive tyrosine at 383 position which renders Hsp47 inactive towards collagen binding.
The inactive, photoactivatable protein is easily up taken by cells within a few hours of
incubation, and accumulated at the endoplasmic reticulum (ER) via retrograde KDEL
receptor-mediated uptake in corneal tissues. Upon light exposure, the photoactivatable
Hsp47 is converted into functional Hsp47 in situ. This leads to increase in the intracellular
concentration of Hsp47, resulting in stimulated deposition of collagen. The ability to
promote collagen synthesis on-demand, with spatiotemporal resolution, and in disease state
cells and tissues is demonstrated in vitro and in keratoconus cornea in ex vivo tissue.

These outcomes have been detailed in the following chapters of this thesis:

Chapter 1- Background and literature review describes the fundamentals of collagen as
major ECM component, its molecular structure, collagen subtypes and biosynthesis, as well
as advanced imaging techniques to study it. It also introduces Hsp47, its particular roles in



collagen biosynthesis, and how it is altered in different hereditary and non-Hereditary
diseases. Finally, protein engineering strategies for regulating protein activity with light are
also introduced and provide the theoretical basis for the next chapters.

Chapter 2 describes the selection and synthetic strategies for developing photoactivatable
Hsp47, molecular design, results from these synthetic strategies and limitations of the
strategies.

Chapter 3 shows the physicochemical characterization of the obtained photoactivatable
variant and interaction with collagen compared to other Hsp47 variants.

Chapter 4 entails delivery of Hsp47 variants using KDEL receptor mediated endocytosis,
different uptake capacity of Hsp47 in skin cells, stimulation of collagen deposition using
exogenously-supplied Hsp47 in these cells and variation in the deposition of collagen
subtypes depending upon cell types.

Chapter 5 describes on the bioactivity of Hsp47 in deposition of collagen subtypes in disease-
state mammalian cell culture, the application of the photoactivatable variant of Hsp47 for
spatial collagen deposition on light activation is demonstrated in vitro and on demand
intracellular increase in collagen synthesis and distribution is also shown.

Chapter6 describes applicability of photoactivatable Hsp47 in ex vivo keratoconus corneal
tissue remodeling. It highlights the therapeutic potential of this tool and its advantages over
existing methods, limitations of the tool and the potential applicability of this tool in other
diseases as future outlook is also discussed in this chapter.
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Chapter 1

Collagen is the most abundant structural protein in mammals and is crucial for the
mechanical integrity of tissues. The tissue-specific morphology and arrangement
of collagen fibers gives rise to mechanical toughness in bone, compliance in the
skin and gradient mechanical properties in cartilage. The distribution and density
of collagen plays a key role in branched tissue configurations like in the lung or
mammary glands. This organization becomes distorted in pathologies like fibrosis
and cancer. Collagen deposition supports tissue regeneration and remodeling
after arterial or spinal cord injury. There are also several examples of collagen-
related disorders like Osteogenesis Imperfecta, Ehlers Danlos Syndrome, Scurvy or
Keratoconus, where collagen deposition and remodeling is distorted.

Collagen biosynthesis is a complicated process, involving different steps and
different molecular players with roles and implications not yet fully understood.
Progress in our understanding of collagen biosynthesis and possible treatment of
collagen-related diseases requires the development of collagen-specific tools that
allow interference with the secretion and/or assembly process. This chapter
provides a brief introduction to collagen secretion and assembly pathways in
natural tissues, to HSP47 as collagen-specific chaperone protein involved in
collagen biosynthesis, and to synthetic biology approaches to develop light-
responsive protein variants to be used for regulating collagen deposition in vitro
and ex vivo.
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1.1. Introduction

The extracellular matrix (ECM) is the matrix deposited by cells in their
extracellular space which bestows physical scaffolding for cellular constituents
and provides essential biomechanical and biochemical cues essential for tissue
morphogenesis, remodeling and differentiation, thus maintaining tissue
homeostasis'. Fundamentally, ECM constitutes proteins, water and
polysaccharides, which are not only tissue dependent but also heterogeneous
creating unique compositions and topology which is generated through a
reciprocal and dynamic, biomechanical, biochemical and biophysical dialogue
between cells and their microenvironment®. However, these properties can
vary from one tissue to other, e.g. brain versus skin or within a tissue (e.g.
Renal medulla versus cortex), as well in healthy state versus disease state (e.g.
cancer and fibrosis) 3%. Additionally, beyond the structural function, the ECM
component influences fundamental cellular processes like adhesion, migration
or differentiation °" by displaying growth factors and interacting with cell
surface integrin’s. ECM-cell interactions are crucial for the cohesion of tissues,
preserving of tissue morphology and function "4

ECM is composed of proteoglycans (PGs), polysaccharides, extracellular
vesicles and, most importantly, of structural proteins ** (See figure 1). PGs fill
most of the space in the ECM by forming hydrated gel and have functions like
hydration, buffering, and force —resistance properties > >. Polysaccharide like
Hyaluronic acid confers tissues property to resist compression in the form of
swelling force by absorbing water molecules i.e. counteracting turgor. It is
abundant in ECM of joints which are load bearing and also acts as an
environmental clue like growth factors™. Exosomes are small vesicles which
carry biological clues for intercellular and extracellular events for example. In
cancer high number of exosomes are found in ECM carrying growth factors and
RNA for promoting tumorigenesis”.The prominent component of ECM are
structural proteins include collagen, fibronectin, elastin, laminin and tenascin.
Amongst these, the most abundant is collagen, a structural protein that
provides tensile strength to tissues, promotes cell adhesion, migration and
guides tissue development . It associates with other ECM proteins like

16
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elastin and fibronectin. Elastin provides recoil to the tissues that undergoes
stretch repeatedly. Elastin’s are consist of elastin molecules sitting on
microfibrillins which are essential for integrity of the elastin fibers*°. Fibronectin
(FN) is involved in directing the organization of ECM, acts as a good adhesive
substrate for cell attachment and can be stretched multiple times over its
resting length by traction forces generated by cells*.

| ECM macromolecules |

{ Fibrous proteins (Fibrillar components) II

A
N 7
Svi==n{)
L FEEe8

Tenascin Collagen Elastin Fibronectin Laminin
| ——— N
Proteoglycans | 'I Non-proteoglycan polysaccharide ,‘
cocs« o OH
HCOR, o]
9 o5 0 7 3 HNIM OH

Hyaluronic acid
Keratan sulfate

M~
Others
O
on O @)
. @)
Chondroitin sulfatg‘ Matrix bound nano-vesicles

Figurel. Scheme showing ECM macromolecular components

1. Collagen:

Collagen is a structural protein which constitutes about a third of the total
protein mass in the body. Collagen is vital in providing structural integrity to
almost all tissues®. Collagen molecules are formed by the assembly of three
protein a-chains (Figure2, 3) in a triple helix superstructure. Collagen helices
self-assemble to form higher order structures, like collagen fibrils, beaded
filaments or network structures depending on the collagen type. This assembly

17



Introduction Chapter 1

is the basis for achieving tissue-specific
mechanical properties: rigid bone,
compliant skin, or gradient mechanics
in cartilage tissue®. Collagen assembly
and deposition plays a crucial role in
biological processes such as
embryogenesis®* and tissue
regeneration®, while it gets dis-
regulated in pathologies like brittle-
bone disease?, fibrosis or tumor
formation> 279,

Figure2. Triple helical structure of collagen.

1.1. Composition and Classification of Collagens

Collagen a-chains contain repetitive domains of the tripeptide sequence Gly-
Xaa-Yaa. The Xaa amino acid is typically proline (28%) and Yaa is hydroxyproline
(38%)%°. The left-handed a-chains form a right-handed left-handed triple helical
structure. The H bonds between the backbone NH group of Gly and the CO
group of the residue Xaa on adjacent chains stabilizes the triple helix structure.
Non-collagenous domains are also intercalated in the collagen chains, and also
at the N and C terminals (Figure 4).

Collagen subtypes:

There are 28 collagen types which are designated with Roman numerals (I-
XXVII). In humans 46 different types of a chains (named by Arabic numerals3')
assemble to form collagen helices of 28 different types. Beyond the variability
in the repetitive collagenous tri peptide sequence, the identity of the N and C

18
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terminal domains varies among the different subtypes3 (Figure 3). Collagen
supramolecular assemblies depend on the primary sequence of collagen and
include fibrils, beaded filaments, anchoring filaments and networks 3334,

Fibril forming collagen

Fibril-forming collagens associate forms cross-striated fibrils with a
characteristic axial periodicity of 67 nm. COL I, Il, Ill, V and XI are fibril forming
collagens, COL | being the most abundant one. In tissues, COL | forms
heterotypic fibrils by associating with Col Ill in cartilage and skin, or with COL V
in cornea®. The nature of the associated collagens influences the crosslinking
of the fibers, i.e. COL V and XIV influence the crosslinking of COL | 3*%. The
interactions with the matrix adhesive protein fibronectin and with integrin
membrane receptors influences collagen deposition and assembly of COL V and
XI with COL | and Il during fibrillogenesis3®.

Fibril-Associated Collagens (FACITs)

COL IX, XlI, XIV, XV, XVI and XIX are fibril-associated collagens. They do not form
fibrils on their own, but they attach to the surface of fibrillar collagens. COL IX
is mostly found cross-linked to COL Il while COL XII and XIV are associated with
COL . COL XV is found mostly in basement membrane forming bridge
between banded fibrils 4°

Network forming Collagens

COL IV, IV, VI, VIl and X are network forming collagens. COL IV is also known as
basement membrane collagen as it forms three dimensional structures
associating chicken wire like two dimensional structure* as shown in the
figure.4 COL VI forms beaded filaments and COL VII connects epidermis and
dermis by assembling into anchoring fibrils *COL VIII and X forms hexagonal
networks in cartilages and Descemet’s membrane* (Figure3).

19
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Fibrils

FACITs (collagen IX)

N\ \‘
)
( )_ —/ Beaded filaments (collagen VI)

o — = T _

Hexagonal networks (collagens VIl and X)

Network (collagen IV)
Anchoring fibrils (collagen VII)

> §% > ® Non-collagenous domain
— Triple-helical domain (Gly-X-Y) ¢TSF> Thrombospondin domain

Figure3. Supramolecular assemblies formed by collagens. Reproduced from 3° with
permissions from Cold Spring Harbor Laboratory Press.

1.3. Intracellular events in Collagen Biosynthesis

Collagen biosynthesis involves a complex orchestration of intracellular and
extracellular®® assembly events** regulated by specific enzymes and molecular
chaperones 34 It starts with intracellular events like synthesis of the collagen a-
chains, followed by folding and post translational modifications before its
emergence as fibrillar structure to the extracellular space >*» 4432,

At first step, collagen is synthesized as pro a-chains by transcription and
translation of collagen genes. Pro a-chains contain the same signal sequence at
their N-terminals, by which they are co-translationally transfered into the lumen
of the rough ER. Here, the triple helix of procollagen is formed with
simultaneous post-translational modifications.

20
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1.3.1. Pre folding of triple helix

Before the triple helix structure can be assembled, multiple steps are required
to form a procollagen which functions properly in the ECM. This procedure
starts with post translational modifications in parallel to chain selection.

Gly replaces every

third residue Superhelix

Single-chain

feon oo conformation

three chains 3 “
3 \
Conformational (£ (

change in each

Gly residues i

impart
flexibility

_Left-handed F | :
E helix ty; Formed from left-handed helix |-

Non-extensible
triple helix

Three superhelices
formed upon
assembly of

triple helix

(Gly-X-Y)n

GDPGSYGSPG
GLPGEAGIPG
GPPGDPGFPG]
(‘I‘ Left-handed helices

Figure4. Collagen triple helix building blocks and the information encoded in it. (A) It
shows general scheme of polypeptide chains of the triple helix which are left-handed
polyproline type-II helices. At every third position is proline (Pro) residue with a glycine
(Gly) residue at first position, it results in increased flexibility. Three a-helix chains come
together to triple helix which promotes conformational changes in each chain forming right
handed super helix. (B) In collagen, the super helices are wind together and tightly pack
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due to the Gly residues. Once the non-extensible triple helix is formed, the combination of
three chains shows either of three binding modes with three stages of variation to these
modes, i.e. level I: 20 amino acids, level 2: post-translational modifications and, level 3:
chain staggered. Reproduced from 33 with permissions from Cold Spring Harbor Laboratory
Press.

Role of molecular chaperones and enzymes in Collagen assembly
1.3.2. Post translational modifications

Collagen modifying enzymes introduce post-translational modifications and
have a chaperone function. This is a practical solution to avoid the aggregation
of procollagen into large clusters. Most of these enzymes are not exclusive to
collagens and often act as part of heterocomplexes to perform more than one
function. Major roles of collagen-related chaperones are described below:

a. Hydroxylation

Collagen has Gly-X-Y repeats, where X and Y are typically Proline or Lysine.
Prolyl 4-hydroxylation> at the Y-positions, prolyl 3-hydroxylation at the X-
positions®5, and lysyl hydroxylation to form hydroxylysine (Hyl) are frequent
post-translational modifications in collagen molecules. Hydroxylation is driven
by three enzyme families: Prolyl 4-hydroxylases (P4Hs), Prolyl 3-hydroxylases
(P3Hs) and Lysyl hydroxylases (LHs). These modifications are only possible on
triple helices which are unfolded. All the three hydroxylases are part of Fe(ll)-
and 2-oxoglutarate-dependent dioxygenase family which contains a
dioxygenase domain. Vitamin C acts as a co factor to oxidize the iron,
especially for prolyl4-hydroxylases °. All the enzymes have three isoforms in
invertebrates, which differs based on tissue distribution, and has potential for
complex formation with other proteins. For example Prolyl 3-hydroxylase 1
(P3H1) forms a complex with other ER proteins like CRTAP and CypB for (3S)
hydroxylation of prolines. Mutations in any member of this complex not only
exile hydroxylation but also lead to non-specific over modification of collagens
*7, One function of this complex is to momentarily stabilize junctions between
triple-helical and unfolded regions until other chaperones, such as Hsp47, takes
over this function. However, this complex can hydroxylate other proteins as it
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is not collagen specific. Lysine hydroxylases form similar multifunctional
complexes together with FK506-binding protein 65 (FKBP65), 78kDa Glucose-
regulated protein (GRP78, or BiP) and Hsp47 5*%9. They are peripheral
membrane proteins which are luminally oriented. 5-hydroxylysine helps in O-
glycosylation and fiber-crosslinking at later stages of collagen maturation.
GRP78 and HSP47 as the positive regulator of the complex formation whereas
an ER homologue of HSP70, acting as a scaffold for the complex acts as a
negative regulator for lysine hydroxylation 9.

b. Glycosylation

Many hydroxylysine residues are further modified by O-glycosylation. The
attachment of B-galactose is catalyzed by the glycosyltransferases GLT25D1,
GLT25D2 and LH3. GLT25D1 and GLT25D2%°, The attachment of glucose is
catalyzed by LH3®". The role of O-linked sugars has not been fully elucidated yet.
One study indicates that it is necessary for the interaction with the endocytotic
collagen receptor uPARAP/Endo180%. The telopeptide domain is rich in
mannose-rich oligosaccharides due to N-glycosylation. Glycosyltransferase
specifically recognizes highly conserved Asn-lle-Thr motif in fibrillar collagens.
N- glycosylation at propeptide region helps in recognitions of propeptide
regions for their cleavage and endocytosis.

c. Cis-trans isomerization

Peptidyl-prolyl cis-trans isomerase (PPI) isomerizes cis peptide bonds to trans,
which is the rate limiting step in the triple-helix formation. It targets proline at
the imidic peptide bond position which allows it to regulate protein folding of
type | collagen3*. FKBP65 is one of the PPIs which promote cis-trans-
isomerization ©3%4. This step is required for the stability of triple helices.

1.3.3. Folding of collagens
a. Folding of propeptides and chain selection.

Folding of collagen triple helix starts with the chain selection at the C-
propeptides. Nucleation of tripe helix occurs at the C-terminal propeptides. The
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folding of these propeptides is initiated by rER-residing general chaperones like
GRP78, PDI and CypB34, and is followed by post translational modifications
catalyzed by enzymes towards the N-terminus in a zipper-like fashion®.The C-
propeptides helps in procollagen folding by ensuring association between pre-
procollagen chains®® and maintaining chain  selectivity®’(Figure.5). The
association of procollagen chains is stabilized by disulfide bond formation. This
step is initiated with PDI (Protein disulfide isomerase), which helps in
intrachain and interchain disulfide bonds®®. The propeptides folding (at least for
fibrillar collagens) is an important step for chain propagation. The chain
selection at C- propetides of COL | a1 and a2 chains occurs due to single N-
linked glycosylation sites. The C-propeptides of the a1 and a2 chains of type |
collagen contain a single N-linked glycosylation site having an Asn-lle-Thr
sequence, which is highly conserved among fibrillar collagens 97°. In FACIT COL
IX, the NC2 domain is responsible for chain selection and trimerization of
collagenous domains”'.

M C terminal propeptides

N terminal propeptldes

Procollagen chains

m Disulphide bonds (Black)

Nucleation: C terminus disulphide bond formation and chain selection

|
RO

Trimerization of triple helix

FigureS. Procollagen chains are brought to ER and interaction between C-propeptides
helps in folding and folding of triple helices flanked by globular N- and C- propeptides.
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b. Triple Helix trimerization of procollagen chains

After chain selection, fibrillar collagen starts folding from C to N terminus and
this process is driven initially by P3H1/CRTAP/CypB complex as mentioned
earlier and later by Hsp47 and FKBP65. During the zipper-like triple helix
formation the state between folded and unfolded chains of procollagen is
unstable. The P3H1/CRTAP/CypB complex interacts with triple helices at this site
and helps in stabilization. The dissociation rate constant (kd) of this complex
has been reported to be faster than that of collagen with Hsp47 7. Therefore,
the P3H1/CRTAP/CypB complex is considered as a molecular chaperone for this
site until Hsp47 and/or FKBP65 further stabilize the triple helix.

c. Role of Hsp47 in Triple Helix trimerization

Hsp47, also called SERPINH1 or Colligin is a vital chaperone, specifically involved
in collagen biosynthesis within cells 7377, It is a highly conserved (see supporting
information), 47-kDa endoplasmic reticulum (ER) resident protein that binds to
collagen of at least types | to V #°. Most interestingly, and in striking contrast to
other chaperones, Hsp47 is specific for collagen and it preferentially recognizes
the folded triple-helical conformation of its client.

Collagen molecules are often considered as “molecular rope”. Like flying
capstan (a tool with helps in intertwining three coiled strands of rope in a
controlled manner), Hsp47 trimerizes and binds to single collagen strands to
promote the folding of triple helices. Hsp47 exists as structurally mesostable
monomer and/or as hyper stable trimer 7® (Figure 6). It stabilizes the
procollagen triple helix, which is inherently unstable under physiological
conditions, and protects it from intracellular degradation. It provides a quality
control mechanism for correct helical folding and assembly, and prevents
premature aggregation of procollagen molecules in the ER into large
aggregates 7°. The highest-affinity sites for Hsp47 are located in the N-terminal
region of procollagen. During triple-helix formation, binding of Hsp47 to the
folded segments at the N terminus is believed to signal a successfully
terminated folding event and mark this complex for passage to the Golgi. This
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is in agreement with the finding that Hsp47-/- cells secrete collagen much
more slowly and are deficient in N-propeptide processing 7

Hsp47 binds at least to COL I, II, 11, IV and V, as reported in studies based on
surface plasmon resonance analysis®. It has strongest affinity for sequences
with Thr/Pro-Gly-Xaa-Arg-Gly, either of which is present in all types of collagens
79 8v82 Hspa7 knock-out mice are embryonic lethal having misfolded collagen
which highlights its role in quality control mechanism®

Figure6: Two possible variations of
Hsp47 trimer. a. It shows an oligomer

a)

similar to al-antitrypsin
polymerization. b. a closed trimer
formed by RCL (loop). Diagram on the
left-hand side shows monomers of
Hsp47 in red, green, and yellow. c.
Diagrammatic ~ representation  of
collagen triple helix entwined and
Hsp47 shown as a flying capstan (a
piece of apparatus important to
maintain strand order during rope
making). Reproduced from 3 with
permissions.

<)

v, M
strands or Entwined
) DT rope or
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1.3.4. Trafficking, processing and secretion

Collagens are large proteins, often exceeding the length of 400nm®. Folded
procollagens are rigid rod-like elements3 %, which make their transport
challenging. The transport of procollagen, therefore, requires special secretory

26



Introduction Chapter 1

pathways. 3> COP-Il vesicles responsible for the transport of Collagen to the
Golgi have typical diameters of gonm. Collagens are too large to fit into them?.
Moreover, the transport of Collagen between ER and Golgi occurs very rapid
and has to be realized by a very efficient transfer pathway between
compartments. The COPII vesicles have TANGO1 interacting with the inner coat
components Sec23A and Sec24C, and additionally with the guanine nucleotide-
exchange factor 88.

Hsp47 and TANGO1 interaction for collagen packaging into COPII vesicles

Collagen loading into cargo vesicles is mediated by trans membrane protein
transport and Golgi organization protein 1 (TANGO1) which reside at ER exit-
site 89.The procollagen is packed by interaction Hsp47 and TANGO1 at the ER
exist site The SH3-domain of TANGO1 recognizes Hsp47 bound to collagens °°.
Blocking TANGO1 function in chondrocytes, fibroblasts, endothelial and mural
cells was observed to hamper secretion of collagen types I, II, 111, 1V, VIl and 1X°'.
Next, the TANGO1 protrude and buds along with other chaperone mentioned
above to form COPII vesicles while handling procollagen with the Hsp47 as a
handle to pack it in this vesicles. Throughout the delivery of collagen from ER
to Golgi Hsp47 remains bound to it.

Release of Hsp47 in the Golgi and retention

The interaction between Hsp47 and the collagen is stabilized by six histidine
residues on Hsp47 that face towards the collagen-Hsp47 interface: His21s5,
His216, His238, His273, His274, and His386. These are responsible for the
stabilization of the Hsp47-Collagen complex at neutral pH in the Endoplasmic
reticulum (ER)’* 7% 9295.Upon arrival at the Golgi apparatus, the acidic pH
medium mediates protonation of Hsp47’s histidine’s and assists the release of
Hsp47 from procollagen®. When collagen-bound Hsp47 is carried to the Golgi
body via vesicular transport, the KDEL sequence at its C-terminus is recognized
by the KDEL receptor, which retrieves it and returns it to the ER. Artificial
removal of this sequence results in the secretion of the protein from the cell by
exocytosis®®.
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Multiple roles of Hsp47

Constitutive expression levels of Hsp47 correlate strictly with the amounts of
collagen being synthesized in the corresponding cells 77 . Collagen
biosynthesis therefore strongly depends on the correct expression and
functions of Hsp47, and hence can be altered by interfering with Hsp47
expression. The specificity of Hsp47 for collagen, its interdependence with
collagen expression, and its crucial role for collagen folding make it an ideal
tool to manipulate and study collagen production and assembly at early stages
of the biosynthesis process.

1.Prevents lateral

" Endoplasmic reticulum (ER)
i_gg_gregation of procollagen |

4, Transport of procollagen to
the Golgi

Procollagen
peptide

/| 3. Stabilization of T .2 \\%/‘ /
‘/\— procollagen triple helix AN / / . Ribosome
~ S
2 Autophagv of ~, \_/‘ /.«’ / ‘
missfolded procollagen| . Hsp47

-._,..-..-----u-...._,-.

Cell membrane rzzzzrss=” WW arIsssasans
‘W@W Collagen fibers

Figure7. Multiple roles of Hsp47 in collagen assembly. 1. Hsp47 prevents lateral
aggregation of procollagen, 2. It promotes autophagy of miss-folded procollagen, 3. It
stabilizes procollagen triple helix, 5. It helps in transporting procollagen from ER to Golgi.

The possible functions of Hsp47 have been known till date is as follows
(Figure7):

1. Inhibition of intracellular procollagen degradation 74 9698,
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2. Quality control of procollagen 79 9.

3. Supports procollagen transport to Golgi apparatus®®.

4. Stabilization of triple helical folding intermediates of procollagen® ¢ 44 99100,
5. Inhibition of procollagen aggregate formation in the ER7> ™",

6. Promotion of autophagy of miss-folded collagen ™.

1.3.5. Extracellular deposition of collagen

Processing of collagen for secretion in the ECM in the form of fibropositors

After transfer into golgi compartments the procollagen’s are finally secreted
into ECM. It is not entirely clear at what stages pre-fibril assembly of collagen
occurs. Kadler and co-workers have performed serial block TEM experiments in
embryonic mouse tendon and demonstrated that fibril assembly most likely
occurs in a post Golgi compartment 3%, For COL VI it has already been shown
that the assembly into tetramers is an intracellular event™®. The process of
collagen secretion is mediated by formation of Fibripositors (a portmanteau of
“fibril’ and ‘depositors’) ' and in the cornea, by keratopodia'’. These are small
vacuoles containing collagen fibrils as shown in the Figure 8, which help in the
transfer of fibrils of collagen to the plasma membrane and expulsion in the
ECM. It is therefore predicted that intracellularly procollagen associates to
form ordered collagen superstructures, i.e. fibrils Figure9. Such fibrils can range
from 15 to 500nm depending upon the tissue.

Figure8. Transmission electron microscopy
(TEM) image of embryonic tendon shows
bundles of collagen fibrils between two
fibroblasts from embryonic mouse tail
tendon. The image shows profiles of

fibripositors. Reproduced with permissions
103

Protruding
fibripositors

Collagen fibrils from
contained within a 4

bundle

Lumen of two fibripositors |

containing collagen fibrils |
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D =67 nm
(234 residues)

h —

Figure 9.TEM of an individual collagen fibril. (a) 18 day chicken embryo metatarsal
tendon extracted single collagen fibril negatively stained with 2% uranyl acetate showing
the characteristic light and dark banding pattern. (b) Schematic represents the axial
arrangement of collagen. Each collagen molecule shown with coiled chains. Each molecule
is 44 x D in length. The D-stagger of collagen molecules having 4.4 D leads to the
formation of a gap zone in the axial structure. (c) The negative staining pattern of collagen
fibrils. Figure reproduced with permissions from '%.

The solubility of procollagen inside cells is due to the protecting propetides.
These propetides are removed by molecular enzyme scissors called
metalloproteases™®. The resulting structure is called tropocollagen. Fibrils
generated in vitro from procollagen digested by metalloproteases initially have

a near paraboloidal pointed tip and a blunt end, and growth occurs from the
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pointed tip direction'. As the growth proceeds the blunt tip becomes pointed
tip and fiber starts growing in both direction which results in N-N bipolar
structures in which a switch in molecular orientation occurs at a region along
the fibril shown in figure 11"°. In vivo, both unipolar and bipolar sets of
populations have been observed. This step is required for axial continuity of the
intermolecular cross-links in the fibrils outside. The N-N bipolar fibril see figure
108,

1.3.6. Stabilization of collagen fibers by crosslinking

Fiber-associated collagen types bind to the surface of fibrils and join
neighboring fibrils. In order to mechanically stabilize the collagen fibers,
enzyme-catalyzed crosslinking between collagen molecules occurs after
assembly™®. The final mechanical properties of the collagen are directly linked
to the cross-linking degree. In fibrillar collagens, the oxidation of lysine residues
by lysyl oxidases helps cross linking and proteolytic cleavage of the propeptides
for efficient fibril formation. The whole processes still include a lot of open
questions and further study of proteins that assist in the maturation of
procollagen are necessary.
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Figurel0. This figure illustrates the TEM image of collagen fibril which is 10.5 pm long
having polarity reversal 3.5 um from one end (arrowhead). The braced region shows four
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D-periods where pattern show molecules with anti-parallel arrangement. The analyzed
region of the negative staining pattern in the transition region represents an anti-parallel
arrangement of molecules. Reproduced from %,

Crosslinking reactions include (1) the N¥(y-glutamyl)lysine isopeptide which are
formed from lysine residues by transglutaminase-2 (which acts a catalyst) in
COL I, 11, V/XI, and VII"";(2) disulfide bonds between thiols in COL Ill, IV, VI, VII,
and XVI; (3) mature and reducible cross-links produced via the lysyl oxidase
pathway"; and (4) Glycation products. Intramolecular and intermolecular
crosslinking are seen between lysine, hydroxylysine, and histidine residues.
These are bifunctional crosslinks. They further form non-reducible trifunctional
cross-links like pyridinoline and deoxypyridinoline in stiffer tissues like bone and
cartilage and histidinohydroxylysinonorleucine in skin3 (Figure11).

Figurell. Collagen cross-links are

H )
o BN . ‘o “GH-CH, ML shown in this figure. Lysyl-
| | ~NH—An - CH . . .
HCl\N/CHMN/// ’ e é\\\C_NH_Ng mediated cross-links are argoline,
CHy_y "N P . . .
||. & deoxypyridinoline,  pyridinoline.
¥ . .
Lys
Besiakdine Glisoadiaiie Glycation products like
glucosepane and  pentosidine.
~ HN—Arg .
/CH{CHE}—C‘H—NH-CH?—CH—(CHz)—Hci L Reproduced from %  with
3 2 . .
Co i Ny permissions from Cold Spring
AN S HO L/
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1.4. Label-free techniques to image collagen

Imaging techniques to study collagen superstructures ranges from non-staining
approaches like SHG (Second harmonic generation) Imaging, Serial block TEM
of fibrils from tissues or polarization microscopy to study fiber orientation, to
genetically labeling of collagen genes with fluorescently-labeled proteins and
photo switches. Staining approaches includes use of collagen-adhesive
proteins, collagen hybridizing peptides with fluorophores and immunostaining
with collagen-specific antibodies.

Collagen fibers are highly anisotropic which allows amplified SHG signals
because of its repeating structures are tightly aligned within fibrils. SHG is
defined as the processes in which two photons amalgamate in an optically
nonlinear medium which lacks centro-symmetry (such as collagen), generating
an SHG photon having a wavelength which is exactly half of the excitation
wavelength (or twice the frequency, w) 3. This imaging is based on signal left
after the phase-matched within the material i.e. a second harmonic wave
generally co-propagates with the excitation beam, resulting in SHG signal in
forward direction as the excitation beam. About, 80% to 90% of the signal from
collagen in a tissue sample propagates in the forward direction and depends on
how much light is scattered. A single collagen fiber having length of 40- to 300-
nm is considered as a dipole which radiates in all directions apart from the
normal to the incident beam. This is because of the peptide bonds within the
collagen chains generates a permanent dipole characteristic allowing SHG to
occur within collagen rich tissues™ (Figure 12).

Collagen fibers are optically birefringent due to their anisotropic nature.
Birefringence is the materials optical property having a refractive index that
depends on the polarization and propagation direction of light. Polarized light
microscopy (PLM) is a technique used to examine birefringent material such as
collagen, giving the information on the orientation and distribution of the
collagen fibers. When polarized light is illuminated on the sample the ratio
between incident to emergent light changes by the retardation, also known as
the optical path difference (OPD) of the object'.
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Figure 12 Schematic illustrating a. collagen fibers having dipoles radiating in all directions
except in the direction of incident beams; b. its shows a single collagen fiber relative to an
applied electric field. The emission of SHG signal is in blue; e¢. if the light is polarized
along the collagen fiber axis (z) then maximum SHG signal will be observed and it is
polarized perpendicular to the fiber axis (x), the weakest SHG signal will be shown. d. SHG
images showing collagen fibers on Human and Mouse skin tissues. Reproduced from '3,

When light is incident on a birefringent material , the wave of light splits into
two perpendicularly polarized beams having one beam polarized on the
slowest direction and another on the fastest direction®. When the incoming
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light polarization is in the same direction with respect to the slowest or the
fastest direction, the exiting light remains linearly polarized from the sample,
showing a brighter image which is referred as birefringence brightness where &
is proportional to the thickness of the sample (L) and the difference in
refractive indices (An) and it is inversely proportional to the wavelength of the
light (A): 8= (21vA) LAN. Here LAn is the optical retardation (OPD)"®.

This OPD technique has been reported to allow quantitative analysis during the
wound healing process in burned skin. Collagen fibers orientation and thickness
can be studied using this technique. Imaging of collagen fibers using this
technique without any labeling has already been reported in tissues like Skin,
Muscle, Cornea and other parts of eye™ "7 (Figure 13). Both SHG and PLM
technique are suitable for in vivo applications.

C Orientation Masked

0)Y Energk

Figurel3. PLM microscopy images of the peripheral lamina cribrosa and sclera of eye. The
pixel measure of orientation is shown in A. A direct plot of orientation with pseudo plots
are shown in B and C. The colors in pie diagram in B shows the fibers orientation
Reproduced from 7,

Other techniques which are used to characterize collagen fibers in a biological
samples or biomaterial at nano scale are atomic force microscopy (AFM),
scanning electron microscopy (SEM), environmental scanning electron
microscopy (ESEM), and light microscopy.
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AFM is a nanometer-scale resolution technique. It uses a microscopic probe
mounted on a cantilever to contact and scan the collagen substrate, and the
topology and interactions between the tip and the substrate are followed by
measurements of force deflection of the cantilever™. This technique can
generate a readout of morphology and roughness of collagen-coated surfaces,
for example deposited collagen during cell culture™. However, it cannot give
information on a tissue stiffness and surfaces due to layers of structures
interwoven on top of each other making it difficult to characterize which part
of the material contributes to biomechanics of the tissue Figure 14.

Figure 14.AFM image showing
collagen surface. Showing 100-
pm scan size, 0.5003-Hz scan
rate, 256 samples, phase data
image, 90° data  scale.
Reproduced with  permissions
from 119,

SEM is an electron microscopy technique that uses a highly focused electron
beam to scan a sample. The incident electrons interact with the atoms in the
sample and give information regarding the surface topography and
composition of the sample™®. The electron beam is scanned in a raster scan
pattern in which the position of the beam is combined with the intensity of the
signal detected to produce an image. Magnification of 3000x to 30,000x can be
achieved by SEM to image a collagen substrate (Figure 15). A thin layer of gold
sputter-coated is required to facilitate imaging of the surfaces. ESEM has a high
vacuum condition, high humidity chamber to image samples without any
coating. Information about pore size of collagen hydrogels, orientation of
collagen fibers on 2D cells can be observed can be quantified ™.
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Figurel5. SEM images showing collagen
fibers deposited by cells after 3 days of

culture. Reproduced with permissions from
119

The limitations associated with SEM are that collecting SEM data requires
precise sample preparation i.e. sputter coating with gold and this could
dampen resolution of the surface. Strong beam of electrons can burn the
samples as collagen is soft in nature. Collagen in a 2D or 3D hydrogel format can
be damaged while imaging. Therefore, ESEM is preferred over SEM and
resolution is good comparatively™.

TEM is a technique which works on imaging samples based on transmission of
electron beam after passing through the sample. This is a label-free method but
requires very thin samples to give surface topography of the collagen
substrates. The Serial block imaging advancement to this technique boosts its
applicability to gain insights into information on tissues and embryos™. The
imaging involves serially imaging organized slices of the sample and compiling
them to produce a 3D image. It has been extensively reported by Kadler and
coworkers to study fibripositor formation in mouse embryonic tendons etc.
(Figure 16) 13105 108,

Real-time intracellular tracing of collagen biosynthesis for multiple hours is
quite challenging by immunofluorescence. Traditionally, labeling of collagen
fibers have been done using collagen-specific antibodies, collagen adhesion
proteins like CNA35™ and collagen hybridizing peptides ™4 .Recent
advancements in gene editing technology has helped in understanding some
key aspects of collagen biosynthesis.
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Figurel6. Three dimensional reconstructed
image showing stacked serial section tomogram
where the components are highlighted with
different colors (cell membrane (light blue),
nucleus (purple), and fibripositor-associated
fibrils (yellow) and fibrils in fibricarriers (red)).
(Scale bar: 5 um.). Reproduced from %,

Initially,stephens and coworkers developed collagen plasmids labeled with
fluorescent protein tags for intracellular imaging but the major limitation with
this method is that these proteins were cleaved due to the propeptide cleavage
step in the procollagen assembly 576, Recently, CISPR-based photo switchable
protein-tagged COL | plasmids were developed by Kadler and co-workers,
which has two advantage over this method - 1. It is a stable knock in procedure
2. Newly synthesized procollagen can be separately quantified using the photo-
switchability of the fluorescent protein, 3. The photo-switchable protein is
introduced at a unique site after pro-peptide encoding which makes it even
more powerful to trace collagen both intra and extracellularly ™.

1.5. Diseases due to defects in collagen production:
a. Hereditary disorders due to genetic alternations in collagen

These disorders occur due to mutations in the genetic code of collagen
proteins passed on from parents to progeny. Common examples of such
disorders are Osteogenesis imperfecta (brittle-bone disease)?®, Ehlers-Danlos
Syndrome, Chondrodysplasias (e.g. dwarfism), Alport syndrome and Knobloch
syndrome®. Osteogenesis imperfecta is caused by COL | mutation, which
causes weak bones and irregular connective tissues. Some cases can be mild,
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with lowered levels of COL I, while others can be lethal, involving structural
defects in collagen. Ehlers-Danlos Syndrome refers to a collection of connective
tissue disorders, currently classified as 13 subtypes, each caused due to a
different mutation in collagen. For example, 4 types of this disorder are caused
by a mutation in COL Il *° .These are characterized by hypermobility of joints
and hyper extensibility of skin°. Chondrodysplasias is a skeletal disorder
caused by mutation in COL Il, leading to long bones and abnormal cartilages™°.
Alport syndrome is caused due to mutations in X chromosome and leads to
problems in kidney function, eyesight, and hearing. Knobloch syndrome is
caused by a mutation in the COL XVIII gene and can result in a protrusion of
brain tissue through a defect in the skull and/or degeneration of the retina.

b. Non-inherited genetically altered disorders

These disorders occur during aging and are associated with reduced levels of
collagen in the skin, bones and eyes like scurvy, osteoporosis and keratoconus
are particular examples related to mutations in either collagen or enzymes
involved in collagen biosynthetic pathway. Scurvy is a disease is caused due to
poor hydroxylation of collagen. The main reason is Vitamin C i.e. ascorbate
deficiency which acts a co-factor in hydroxylation enzymes mentioned earlier''.
It causes bleeding from skin and gums, decreased red blood cells, weakness
and fatigue®™>. Osteoporosis is a bone related disease related to mutation in
COL 1. It causes fragility of bones which results in common injuries like wrist
and hip fractures. It is responsible for chronic pain, in activity and invalidity in
elderly. Worldwide every third women and every fifth men over the age of 50 is
prone to this disorder. The existing therapy for this disease is growth hormone
injections to counteract loss of collagen in bones, use of collagen supplements
and peptides etc. Keratoconus a corneal disorder that causes corneal thinning
and protrusion of the cornea leading to visual deterioration'. The prevalence
of keratoconus in white Europeans has been estimated to be 1in 1750 and up to
1 in 450 in South Asians 3% Keratoconus is related to poor crosslinking of
collagen and disturbance of the collagen fibril superstructure, which leads to
blurred vision ®°. The existing therapeutic approaches to treat this disease are
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use of corneal implants or transplant and UV crosslinking of collagen matrix
after riboflavin ultraviolet (UV) treatment'®.

Other disorders include muscular dystrophy'’, Knobloch syndrome™?, Aortic
Aneurysms 39, osteoarthritis'*°, and intervertebral disc disease, Von brand
Willebond syndrome '**(Blood Platelets clotting disorder'®) etc. All these can
be genetically linked or acquired due to conditions like malnutrition, vitamin
deficiency etc.

1.6. Collagen disorder due to Hsp47 alterations

Alterations in Hsp47 expression levels or mutations in Hsp47 correlate with
pathological states '*4. For example, expression of Hsp47 is up-regulated during
the progression of various fibrotic lesions > Studies have also shown that
suppression of Hsp47 expression can reduce accumulation of collagens and can
delay the progression of fibrotic diseases in experimental animal models .
Recently, enhanced expression of Hsp47 has been found in cancer tissue.

Silencing of Hsp47 expression reprogrammed breast cancer cells to form
polarized and/or non-invasive structures in 3D culture, which significantly
inhibited tumor growth in vivo and reduced deposition of collagen 2. These
results indicate that Hsp47 is relevant for cancer progression, and may
represent a potential biomarker and therapeutic target. It is also involved in
platelets disorder and neurodegenerative disorders like Parkinson'® and
neuronal cancer like Glioblastoma™®.

Hsp47 is down regulated in different types of Osteogenesis Imperfecta 2% ™',
EDS 74, arterial disorders "9, chondrodysplasia > and Keratoconus 3. Details of
all this disease are mentioned earlier. It is also known to rescue ER trafficking
and unfolded protein response linked to other diseases '#°.

1.7. Hsp47 gene

The Hsp47 gene contains a conserved HSE (Heat shock element) which is
located -180bp upstream of transcription initiation site (Figure. 17). Hsp47 also
has two glycosylation sites that are speculated to be glycosylated by mannose-
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type sugar moieties. Both the ER-retention sequence and the glycosylation
sites are present in Hsp47 gene which is a proof for Hsp47 localizing to the ER.
The ER localization of Hsp47 was confirmed by Immunofluorescence and
immunogold-electron microscopy and in vivo imaging®™* .The expression of
Hsp47 is induced by activation of HSE by HSF1 (Heat shock factor1)'57s6.

Elements involved in basal

expression of Hsp47
Sp | sites at -210bp Translation

7N T |/|w|

HSE at -180bp Exon | Exon Il Start codon Exon lll

Figurel7. Scheme shows Hsp47 gene and its functional elements for transcription. Adapted
from *2.

As collagen molecular chaperones govern the assembly of collagen
biosynthesis, controlling their function can be directly linked to controlling
collagen production. Molecular engineering strategies to modify these proteins
are described below.

1.8. Protein engineering strategies
Strategies to regulate protein functions activity

Understanding mechanistic principles of cell biology and physiology requires
molecular tools to exploit the system and to assay the feedback in presence of
such tools. This requires complex engineering to dissect the processes by
understanding its components, connectivity and causation. One way to deduce
the role of molecular components in biochemical pathways is by manipulating
gene function through over expression, mutation or by deletion of the gene. It
is quite robust and specific but poorly reversible and at times difficult to
implement . Another strategy is to control RNA stability through RNA
silencing (RNAIi) which is easier to implement but doesn’t completely suppress
the function and can result in off target effects™®. However, when it comes to
understanding protein functions, it is insufficient to manipulate them at a
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genetic level. Behaviors such as complex formation, allosteric effects,
degradation kinetics, subcellular localization are necessary to be taken into
account™. Therefore, strategies to engineer structural characteristics of
proteins are essential to answer complex biological questions. The existing
strategies for such manipulation of proteins involves chemo selective labeling,
protein ligation methods such as thiol-based or enzyme based coupling,
arresting protein steric and allosteric effects by photo switchable groups and
incorporation of chemical moieties that can temporarily arrest protein
functions and can be cleaved by remote triggers like light.

A. Protein conjugation strategies
A1. Chemo selective reactions for covalent modifications of proteins

A chemo selective reaction is defined in as the selective reactivity of one
functional moiety in the presence of others . In the context of biology,
chemo selective ligation of two uniquely reactive functional groups needs to
selectively occur in an aqueous environment or in a biological material even
when a multitude of potentially reactive functional groups available in the
vicinity ®'. In protein engineering, it is a method which selectively introduces a
chemical moiety to arrest, label or amplify a protein and its function >3, This
is broader definition of bio orthogonal reactions which includes different
chemistries like Staudinger ligation and azide based cyclo-additions which can
be triggered by light i.e. Photo-click cyclo-additions or by metal i.e. Cu-
catalyzed'®3. For example, of chemo selective reactions for protein modification
is the reaction between azides and alkynes. It is a [3+2]-dipolar cycloaddition™+
185 that leads to the formation of a triazole. It can happen at room temperature
when an energy-rich cyclooctyne is used as substrate, or by using Cu (I)
catalyst™(Figure 18a). Alternatively, the Staudinger-phosphite reaction of
azides with phosphite to form phosphoramidate®®® (Figure8b) can also be
used. These strategies have been widely used for the imaging™®. But, these
techniques have limitations like toxicity induced by Cu(l) hampering various
cellular protein functions°. Cyclooctynes have huge hydrophobic unit between
protein and probe and they are costly to synthesize'”'. Phosphine’s are prone to
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oxidation and Staudinger-phosphite reaction can be applied only at lower pH
value than 7 (Figure 18.b).

Br
R[J = (O
I rE !

N # o, buffer

N=N
[peptide]—N\)—meptidej or [peptide]

' (} A.

0.

water-soluble phosphonite oY
Staudinger-phosphonite reactior

Figurel8. a. Scheme showing 1, 3-Dipolar Cycloaddition of Alkynes to Azides by Copper
(I)-Catalyzed reaction offering Peptidotriazoles or N-Substituted Histidine Analogs.
Reproduced with permissions!” from ACS. b. Scheme showing Staudinger reaction of aryl-
phosphonites for the functionalization of azido-peptides and proteins. Reproduced with
permissions'®® from ACS.

The main advantage of this strategy is that it is robust and specific to
chemically functional reactive partners for labeling or coupling proteins and
peptides. However, it has limitations like a functional moiety is non-reversibly
covalently coupled and also the functional activity of such proteins is not fully
recovered sometimes because of steric hindrance.

A2. Native Chemical Ligation

Chemical ligation for the modification of proteins refers to the covalent
coupling of two peptide sequences followed by intermolecular rearrangement
to form a native amide bond 35, This capture/rearrangement strategy is
known as Native Chemical ligation (NCL) and was described first by Kent et al.
19947¢ by forming a amide bond next to a cysteine ligation site. In native
chemical ligation, the thiol group of the N-terminal cysteine residue in second
peptide attacks the C-terminal thioester of first peptide in an aqueous
environment at pH 7.0 with temperature ranging between 20°C to 37 °C. This
step is known as reversible transthioesterification step, which is regioselective
and chemo selective to form a thioester intermediate. Next step is the
rearrangement of intermediate forming an intramolecular S, N-acyl shift
forming a native amide ('peptide') bond at the ligation site % '*2 (Figure19). The
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advantage of this technique is its robustness, selectivity of ligation, which
allows coupling peptides to another peptide, protein and oligonucleotides. The
limitations are Cys required for thiol based coupling In recent years, this
strategy has been extended to enable ligation of other sequences not
containing Cys at the ligation site 77'7% but should be Cys mimetic. Other
limitations of chemical synthesis are that large proteins (larger than 200 amino
acids) cannot be achieved. To solve this problem, a derivative approach of
using living machinery like bacteria is employed. This approach is called
expressed protein ligation (EPL) where two proteins or a protein and peptide
are conjugated 7°.

This is the most commonly used approach following the protein trans-splicing
principle by making use of engineered proteins called Intein’s. Intein’s are
proteins having sequences embedded in-frame within a sequence of precursor
protein that is excised during the post translational maturation of protein and
this excising process is termed as protein splicing. They have both properties of
protein splicing activity and an endonuclease activity. These proteins at the end
of the target protein allows thiol mediated cleavage by creating a thiol handle
at the end of the truncated protein, which on exposure to another peptide or a
protein having Cys at the N terminal performs native chemical ligation. This
semisynthetic strategy is known as EPL™° (Figure 20a).
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Figurel9. NCL scheme showing steps involved in peptide conjugation approach. The first
peptide, which contains a thioester at the a-carboxyl group, undergoes nucleophilic attack
by the side chain of the Cys residue at the amino terminal of second peptide (R is an alkyl
group).This is followed by thioester ligation bond forming rapid intramolecular reaction
due to favorable geometric arrangement of the amino group of second peptide yielding a
product The bond formed is a native peptide bond at the ligation site. Reproduced with
permissions'8! from The American association for advancement of Science.

A3. Enzyme-catalyzed ligations

Enzymatic reactions can also be applied to ligate proteins or peptides. Enzymes
like subtiligase can be efficiently used to ligate Cys-free peptides to protein
thioesters by recognizing LPXTG motif. However; these strategies require

45



Introduction Chapter 1

specific motifs for identification of coupling sites”® Other examples are
Sortase™ and Butelase™3 (Figure 20b).

One major disadvantage of this system is it insert extra amino acid require in
the protein which sometimes can alter the structure and function of the
protein'4.
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Figure 20.a. Scheme showing the intein-mediated protein thioester formation followed by
ligation via (NCL) or subtiligase. b Figure shows a subtiligase is known to interact with
four residues (P4-P1) N-terminal to and two residues (P1’ and P2’) C-terminal to the
ligation site Reproduced by a sharable link https://rdcu.be/bASg9 '7°.

B. Introduction of light-regulated structural units in the protein structure for
regulation of protein function

Light is excellent stimulus as it allows non-invasive, spatial and temporal
activation, it can be tuned by varying exposure dose along with multiplexins at
different wavelengths. Inspired by light activatable proteins in nature like
Rhodopsin, photoactivatable proteins can be obtained by introducing
photosensitive domains in the protein structure, which undergo
conformational changes upon photo excitation resulting in activity changes in
the protein. This can be done by different approaches detailed below.
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B1. Photo activation of protein function by light induced oligomerization

Photo sensory domains are chromophores derived from photoreceptors or
fluorescent proteins. These proteins absorb light through a chromophore,
which has a light-sensitive cofactor or, in some cases, residues like tyrosine and
tryptophan. Photon absorption results in conformational changes and
structural rearrangement in this domain resulting in response. There are
different photo sensory domains available with a wide range of binding
affinities and reversion kinetics. A relevant example is the interaction between
the light-oxygen-voltage (LOV) domain and a C terminal Ja helix'®>.

Proteins responsible for signal transduction undergo dimerization or
oligomerization for signal transductions like receptor tyrosine kinases or
serine/threonine kinases'™®. To study such proteins, photo sensory domains that
undergo light induced homodimerization or oligomerization such as VvD77%8
derived from Neurospora crassa, have been engineered (Figure 11).This strategy
could be applied to study binding affinity of molecular chaperone to collagen
which undergo dimerization and trimerization for specific function in collagen
folding e.g. Hsp47 undergoes dimerization and trimerization states for folding
and stabilizing procollagen triple helices. However, this strategy cannot specify
or differentiate between the activity of monomeric and dimeric proteins. To
study such functions a unique technique was established, ‘Clustering Indirectly
using Cryptochrome 2' (CLICR) ™. In this case, CRY2 is fused to adaptor that
binds to target protein having low affinity in monomeric form. Light induces
oligomerization of the CRY2-fused adaptor, which increases affinity for the
target protein (Figure 21).

Figure2l. It shows light-induced
oligomerization of  proteins due to
Light conformational changes within photo sensory
- domains. The homo oligomerization is shown
Dark above and hetero-oligomerization is shown
below. Photo sensory in active domains are
shown in grey and active in yellow. Reproduced
with permissions from Elsevier’s '°.
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iy 47
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B2. Regulation of protein accessibility (steric caging) and allosteric activity

Steric caging approach involves blocking the active site of a target protein with
a photo sensory domain via a conformational change that can be reversibly
controlled by light (Figure 11). For example, an ATPase-inactive variant of Rac1
was arrested by AsLOV2 in the dark. Light triggers the unwinding of the Ja helix
between LOV2 and Rac1, exposing the binding surface of Rac1 to downstream
effectors "'. The function of calcium channel regulator’®> and transcription
factors' have also been photo regulated using this approach. To cage large
protein domains, photo dimers are fused at N and C terminus of the target
protein. For example, a variant of Dronpa that tetramerizes in the dark but
exhibits light-dependent monomerization was fused to hepatitis C virus
protease allowing light control activity'?*. This strategy has also been applied
for photo-inhibition of protein activity using a light-dependent oligomerization
system i.e. light-activated reversible inhibition by assembled trap’ (LARIAT)
(Figure22). This strategy can be useful for developing switchable chaperones
having collagen regulatory functions like PPIs and Hsp47. The major limitations
is the functionality of the protein could be lost by introducing photo sensory
domain in between two domains and also the structure and functional
information of each part of the protein should be clearly known which is most
of chaperones case is yet to be understood.

Figure22. Steric effects. The active site (indicated
_ by a star: grey is inactive; green is active) of a

; Light £ . ..
e e J protein (yellow) can be caged via intra- (top and
(R Dark CCammm middle) or inter- (bottom) molecular interaction by

light Reproduced with permissions from Elsevier’s
Light & .
% _><—
a0 Dark

fe
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B3. Photoactivatable proteins by introducing un-natural amino acids

Site specific incorporation of un-natural amino acids (UAAs) with bio
orthogonal reactive groups into proteins allows site-specific introduction of
functional groups that can be used to control protein function. UAAs are amino
acids which are synthetically designed having probes attached to them which
can be triggered by external stimuli. Here, the UAAs which are light cleavable
and can arrest the function of the proteins temporarily will be discussed. Till
date ~ 50 amino acids have been successfully incorporated into proteins in
bacteria, yeast and ,mammals’@>"'97 .Non-natural amino acids bearing functional
groups like ketone, azide, alkyne and tetrazine side chains have been
incorporated within proteins through genetic encoding™®. This method has
already been established for few UAAs in bacteria, yeast and mammalian cells

(Figure23).

Site specific incorporation of un-natural amino acids (UAAs) with bio
orthogonal reactive groups into proteins allows site-specific introduction of
functional groups that can be used to control protein function. UAAs are amino
acids which are synthetically designed having probes attached to them which
can be triggered by external stimuli. Here, the UAAs which are light cleavable
and can arrest the function of the proteins temporarily will be discussed. Till
date ~ 50 amino acids have been successfully incorporated into proteins in
bacteria, yeast and mammals™>"7 . Un-natural amino acids bearing functional
groups like ketone, azide, alkyne and tetrazine side chains have been
incorporated within proteins through genetic encoding'®. This method has
already been established for few UAAs in bacteria, yeast and mammalian cells
199291 (Figure12).

In this method a site specific incorporation of UAAs are possible. For this
purpose, selection of a non-endogenous coding codon is required, an
orthogonal t RNA which can be charged with UAAs and recognize this non-
endogenous coding codon to selectively code UAAs for it and an orthogonal
aminoacyl-tRNA synthetase i.e. aaRS (it is the enzyme that acylates the tRNA
with a UAAS).
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In nature, except for the stop codons amber (TAG), ochre, and opal, all other
triplet codons are used to code for one of the 20 canonical amino acids by
cellular systems. To engineer and direct the cells to encode a new amino acid in
the translational machinery one of these three degenerate stop codons are
used because these codons are not recognized by any endogenous t RNA in the
host system A t RNA is engineered to recognize this recognize a stop codon
when changed with UAAs. This adds the UAA in the growing polypeptide chain
by a commonly referred mechanism known as nonsense codon suppression.
The most commonly used stop codon is the amber or TAG codon®®.

Firstly, the aaRS and t RNA both are engineered to recognize the UAA of
interest. This is followed by both engineering t RNA and aaRS in such a way
that neither the orthogonal t RNA should be non-specifically acylated by aaRS
endogenous to the host nor the orthogonal aaRS should acylate the
endogenous t RNA. This means the pair tRNA/aaRS should be orthogonal to the
whole system. This can be done by using an orthogonal tRNA/aaRS pair from a
very distant species. The recognition of t RNA to its client codon on m RNA is
via codon recognition. Therefore, the anticodon in orthogonal t RNA is mutated
to specifically recognize the stop codon that codes for the UAA (For example. If
TAG is used then the tRNA anticodon is mutated to AUC).

Secondly, aaRS gene is modified to recognize the UAA specifically. For this a
large library of aaRS active site mutants are engineered and screened. After
multiple rounds trails a selection in bacteria or yeast the final aaRS is obtained.
This involves considering a gene of interest as an antibiotic resistance gene
having a TAG codons in reading frame, which is used as a resistance marker for
bacterial selection procedure i.e. the bacteria producing a full-length antibiotic
resistance gene survive in the selection media containing that specific
antibiotic.
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Figure 23.A schematic of UAA (Unnatural amino acid site specific incorporation (Red):
Plasmids encoding the target protein gene, the Orthogonal tRNA CUA and the evolved
amino acyl-tRNA synthetase (aaRS) are transfected or transformed into mammalian, yeast

and bacterial cells. The media in which cells grow is supplemented with the UAA (shown
in red). The aaRS catalyzes the acylation of the UAA with the orthogonal tRNAcua. When
the mRNA of the gene of interest containing the amber codon is being translated in the
ribosome (shown in yellow), the amber codon(TAG) is recognized by the t RNAauc
charged with the UAA and this amino acid is incorporated into the growing polypeptide
chain to give an photoactivatable protein.

If the aaRs has no ability to suppress TAG codon in a gene, it turns toxic to the
bacteria, in the absence of the UAA incorporation resulting in no resistance
mechanism because of truncated expression resulting in elimination of that
clone. This is how the positive aaRs are selected exclusively >3

This method works with multiple engineering steps, the gene of interest is
engineered to have the amber codon by site directed mutagenesis approach,
the orthogonal suppressor tRNA and the evolved aaRSs are introduced into cells
by transformation or transfection depending upon the cell type (Figure 12)*°4.
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The UAAs are added in the media and these transformed cells are allowed to
uptake it. The cells engineered with this orthogonal machinery is evolved to
recognize the site specific mutated stop codon as coding codon with this
evolved machinery and non-translation is terminated and the polypeptide chain
grows until it encounters a stop codon distinct from this stop codon to
eliminate the protein translation i.e. if this machinery recognizes the TAG codon
to coding then the stop codon should be either TAA or TGA. After this protein
having UAAs are engineered which can be used for in vitro studies inside the
cells or can be extracted from the cells by protein purification methods>°>.

Incorporation of photoactivatable unnatural amino acids into proteins
recombinantly in live cells using ‘evolved’ machinery was pioneered in the Peter
Schultz lab, Scripps Research Institute?°®. Proteins can be engineered using this
method to incorporate a light-removable protecting group within their active
site that blocks the interaction to their clients for the biological activity. This
blocking activity can be achieved by photo caged amino acids which arrest the
protein function temporarily, but upon exposure to light, the blocking group in
the amino acid is removed, exposing the native amino acid and thus the
biological activity is retained. Till date photo caged versions of tyrosine®®72°?,
cysteine’, serine’ and lysine®® have been incorporated into proteins
genetically.

The advantage of this approach is that the proteins can be site specifically
arrested, it is tool which can be spatially and temporally controlled, and the
production of orthogonal t RNA can be tuned by having a high copy number
plasmid 2°%2°4 2, However, there are some limitations to this strategy like low
yields on extraction, solubility issues with large amount of UAAs in the medium
and more cell toxicity when large amount of by products are released >°°2°" 2°4

206, 210
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Chapter 2
Synthesis of Photoactivatable Hsp47 (H;;v<ongy) '

Molecular chaperones are folding modulators that play a central role in the
conformational quality control of the proteome by interacting with, stabilizing
and remodeling a wide range of specific proteins or non-native polypeptides.
Hsp47/SERPINH1 is a collagen-specific molecular chaperone with a crucial role in
collagen biosynthesis. Mutations in Hsp47 in the cell are associated with collagen
disorders (i.e. osteogenic imperfecta, keratoconus), and overexpression of Hsp47
has been found in fibrotic diseases and cancer. In this chapter, synthetic biology
approaches applied to obtain a photoactivatable variant of HSP47 are presented.
This protein should be delivered to cells and allow external regulation of its
intracellular activity by light exposure. The synthesis of the photoactivatable
Hsp47 involves site-specific incorporation of non-natural amino acids at its
collagen-binding site to render an inactive protein unless irradiated with 360 nm
light. Two strategies were explored to replace either Asp385 or Tyr383 amino
acids with photo-activatable analogues in the protein structure: (i) native
chemical ligation and (ii) genetic encoding incorporation using E. coli. A
photoactivatable Hsp47 was successfully synthesized by the second strategy,
wherein o-nitro benzyl tyrosine (ONBY) replaced the tyrosine at position 383. In
subsequent chapters the photoactivatable Hsp47 will be applied to manipulate
collagen production and assembly1

Strepll-tag

Harveoney Harveonavhy

KDEL seq.

"Parts of this chapter were published in Advanced Science (2019), 6,1801982,Essak S. Khan,
Shrikrishnan Sankaran, Julieta I. Paez ,Christina Muth ,Mitchell K. L. Han, Aranzazu del Campo ,
“Photoactivatable Hsp47: A Tool to Regulate Collagen Secretion and Assembly”
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2.1. Introduction

Hsp47 is a molecular chaperone that binds specifically to collagen and requires
at least eight Gly-Xaa-Yaa amino acid repeat motifs. Hsp47 exhibits a typical
serpin fold, consisting of three B-sheets (A, B, and C) and nine a helices and
does not change its conformation upon collagen binding. Crystal structure
analysis of the Hsp47-collagen complex’ has shown that when the Yaa position
in the collagen helix is occupied by Arg, the Asp385 of Hsp47 binds to the triple
helix strand by forming a salt bridge. Further stabilization of this complex is
provided through Tyr383 and Leu381 through hydrophobic interactions. In its
triple helical form, collagen forms a complex with Hsp47 with a total solvent-
accessible surface area of 1000 + 150 A buried between them, indicating tight
interactions within the binding site 74. Interestingly, while mutations in Hsp47’s
Asp385 and Leu381 seem to reduce its affinity with collagen, mutations in
Tyr383 were shown to completely inhibit the interaction, indicating that this
residue plays a major role in the binding 7* "°>.Positions Asp385 and Tyr383 in
Hsp47 are then regarded as suitable sites for the introduction of
photoactivatable residues to control Hsp47 binding to collagen with light.

Controlling intracellular protein function by light is possible by introducing
photoactivatable non-natural amino acids at the active site in the protein
structure > *32% Photo activatable non-natural amino acids are amino acids
which are engineered to have chemical moiety attaching to their functional
amino acids to arrest it function which on light exposure is cleaved of
temporarily controlling the functional amino acids. For developing
photoactivatable proteins by introducing photo responsive amino acids
different biochemical strategies are available, from which two are of special
interest for this chapter:

Strategy 1: Intein protein ligation method

The Intein protein ligation (IPL) is an orthogonal recombinant protein coupling
method which involves a transthioesterification step for coupling an
unprotected peptide-thioester to a cysteine containing peptide or protein. With
this method, it is possible to form a native amide bond next to a cysteine-
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containing ligation site. First, a reversible transthioesterification step forms a
thioester (capture) N -> S shift, it further reacts to an intermolecular peptide
bond by a S -> N shift (rearrangement). Initially, this approach was developed
for coupling two presynthesized peptide chains. Later, intein protein ligation
(IPL) approach was developed ' o 184 200" \yhere either a peptide was
conjugated to a truncated protein or two truncated proteins were coupled
using an intein splicing approach.

The advantage of this technique is its two hybrid proteins can be developed,
due to covalent chemistry and native peptide bonds the protein is stable. This
technique works powerful workhorses i.e. Inteins for multiple coupling of
proteins and peptide fragments in larger yields '92°°. For this purpose
mechanistic models and synthetic strategies have to be carefully planned.
However, there are few limitations with this technique like cysteine at the first
amino acids of second peptide is required. The peptide or protein conjugated
with Intein should be cleavable at lower temperatures with thiol as many
proteins degrade very fast at higher temperatures*® 2°4 2. The further
development and understanding of intein-based splicing systems the progress
of ligation strategies will certainly enlarge the repertoire of these interesting
technique®®.

Strategy2: Genetic incorporation of photo responsive UAAs using E. coli

Genetic incorporation of non-natural amino acids employs orthogonal gene
expression machinery engineered to incorporate UAAs at a specific site.in the
protein structure. In the past 28 years, bacteria, yeast and mammalian host
specific aminoacyl-tRNA synthetase(aaRS)-tRNA pairs have been developed to
enable facile incorporation of nnAAs into desired proteins. The aaRS are
engineered by directed evolution to precisely recognize and attach the nnAA to
the orthogonal tRNA without interfering with host tRNAs, aaRS or amino acids.
The orthogonal tRNA is derived from organisms that encode a 21** amino acid,
selenocysteine by recognizing the Amber stop codon (UAG) sequence on the
mRNA. So, with the appropriate aaRS and tRNA, a nnAA can be incorporated at
any site in a protein by including the codon, TAG, in its DNA sequence > *'7
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78(See figure2). The most common photoactivatable groups with which most
of the amino acids have been modified and for which aaRS and tRNA pairs have
been engineered are o-nitro benzyl groups and their derivatives*?. These
groups can be installed on hydroxy, carboxy, thio, or amino side-chains of
proteins and are cleaved upon irradiation with 365-nm light."9®

The advantage of this approach is that the photo responsive UAAs can be site
specifically incorporated UAAs, and the production of orthogonal t RNA can be
tuned by having a high copy number plasmid *°> *°4 *°, However, there are
some limitations to this strategy, solubility issues of UAAs, limited yields and
moreover for cell toxicity when large amount of by products are released after
cleavage of this UAAs 200201 204:206, 210,

2.2. Results and Discussion
2.1.1. Strategy 1: General molecular design

The procollagen-binding site in Hsp47 is located close to the C-terminus
(residues 381-386) and contains an aspartic acid residue (Asp385) involved in
collagen binding. This position was selected to be replaced by a
photoactivatable aspartic acid (DMNPB-Asp). In order to site-specifically
introduce the non-natural residue, a semisynthetic Human Hsp47 to be
obtained by fusing two building blocks (BB, Figure1) using NCL was planned.
The N-terminal block, a truncated version of the protein, should be produced
recombinantly in E. coli (378-mer, BB1). The C-terminal block (BB2), a 40-mer
containing the DMNPB-Asp residue, should be synthesized by solid phase
peptide synthesis (SPPS). The IMPACT kit (New England Biolab) should be used
for the ligation of the two blocks. BB1 would be produced as an intein-fusion
protein, which, after intein-cleavage, would leave a C-terminal thioester that
can react with the thiol of an N-terminal cysteine residue in BB2 to form a
peptide bond 737> (Figure1).
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Figurel.Scheme depicts semisynthetic recombinant approach for developing
photoactivatable Hsp47 by intein protein ligation. Reversible trans thioesterification step
forms a thioester (capture) 1. N-S Shift, 2.Thiol mediated cleavage, 3.Peptide attack and
4.Rearrangement of intermolecular peptide bond by a S -> N shift.

a. Cloning and expression of truncated hHsp47 (human Hsp47) in pTXB1 and
full length hHsp47:

The Intein protein ligation-based approach was used for expression of
truncated hHsp4y, as it allows single step protein purification and subsequent
ligation of photoactivatable C terminus peptide. This system exploits the facile
cleavage of the guest protein i.e. truncated Hsp47 from a fusion adduct, intein,
in the presence of thiols. The intein has a chitin binding domain which is used
for purification on chitin beads. The protein of interest is cleaved off leaving a
thioester handle for ligation of the BB2 peptide to the column-bound truncated
protein (Figure 1) 5% 751",

A custom made hHsp47 gene encoding human Hsp47 was cloned at the N
terminus of intein protein gene with the chitin binding motif for affinity
purification in pTXB1 vector. A truncated hHsp47 gene having 1-377 amino acids
was also cloned into pTXB1 vector in front of Intein protein expressing gene.
The arginine at 377position was selected to attach the photoactivatable
peptide handle to create the recombinant photoactivatable Hsp47 construct as
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after this position the RCL loop starts which is just next to active site involved
in the binding activity. Initial attempts to express truncated and full length
hHsp47 using hHsp47pTXB1 and truncated hHsp47pTXB1 vectors in T7 express
cells were unsuccessful. Most of the protein was found in inclusion bodies
(Figure 2), despite screening different bacterial growth culture conditions
(Incubation temperature (14°C-37°C), shaking speed (100rpm-250rpm, inducer
concentration (0.001uM-1Mm) and duration of expression) for optimal protein
production (Figure 2). This was most likely due to heterologous expression of
hHsp47 in E. coli which was discovered later to have 31 rare codons which E. coli
cannot recognize because of its less evolved machinery (Figure 3)

46kDa

Figure2.12% SDS Page gel of full length hHsp47 p TXB1 in T7 express cells at 47kDa
size.

b. Cloning and expression of truncated hHsp47 (human Hsp47) in pRSETB and
full length hHsp47:

The full length hHsp47 was also cloned in pRSETB vector to and reduce basal
expression of hHsp47 gene®®, but this strategy did not help much in
overcoming the solubility issue (Figure 5). The meagre soluble fraction of
protein eluted or bounded to chitin beads was incubated at different thiol
cleavage conditions by varying temperature and time. Due to low solubility and
fast degradation of hHsp47 in the incubation conditions the native chemical
ligation was unsuccessful. Moreover, this version has Arginine at the C terminal
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cleavage site next to Intein protein site which was found to require 23h under
cleavage condition at RT*®.These reaction conditions were too harsh for
hHsp47 as Hsp47 degrades very fast in vitro at RT. Trials were made with
different thiol reagents such as DTT, MESNA and (-mercaptoethanol to test
milder conditions for cleavage. Cleavage of truncated hHsp47 was possible
using DTT at 23°C for 24 hrs. However, DTT does not promote Native chemical
ligation as it cannot create a thioester handle in order to ligate the caged
peptide (Figure 4)

46kDa

Figure3. 12% SDS Page gel of full length hHsp47 p RSETB in T7 express cells

c. Cloning and expression of truncated hHsp47 (human Hsp47) in pTXB1 and
full length hHsp47 along with p RARE plasmid:

In an attempt to circumvent these issues, both truncated hHsp47 pTXB1 and full
length hHsp47 were transformed into in Rosetta-gami 2(DE3) plLacl having
PRARE plasmid for gene optimization. Rosetta-gami 2(DE3) strains were
chosen to promote enhance Hsp47 protein expression by targeting rare
condons. Rosetta-gami 2(DE3) are BL21 derivative cells that are designed to
enhance the expression of eukaryotic proteins containing codons rarely used in
E. coli. The strain supply tRNAs for AGG, AGA, AUA, CUA, CCC, GGA codons on a
compatible antibiotic-resistant plasmid to promote the “universal” translation
which is otherwise limited by the codon usage of E. coli. The tRNA genes are

driven by their native promoters. In Rosetta(DE3)pLysS, the rare tRNA genes
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are present on the same plasmids that carries the T7 lysozyme gen pRARE
plasmid which was able to slightly enhance expression of truncated version of
hHsp47. Fluorescent proteins like GFP and RFP are reported to improve the
solubility of protein of interest like toxic proteins up to a certain extent and
facilitate visualization of the expression and purification processes. 2?3
Therefore, full length hHsp47 at the C terminal of mcherry gene in pTriEx-
mCherry plasmid was cloned. Also, truncated hHsp47 fused to intein protein
was amplified from its pTXB1 vector and cloned into pTriEx-mCherry plasmid
with mcherry tagged at the N terminus of hHsp47 However, this approach did
not improve the solubility of hHsp47 (Figure 6).

During the expression and purification of pTriEx-hHsp47-intein-mcherry
construct in T7 express, it was observed that mcherry gets cleaved from the
hHsp47 (learnt via eluting fluorescent red color soluble fraction attributing to
mcherry during harvesting). Phenylmethylsulfonyl fluoride (PMSF) a serine
protease inhibitor (serine hydrolase inactivator)protease inhibitors was used in
an attempt to overcome this problem, but this strategy remained unsuccessful.
Aminoacid at the protein of interest and intein protein play a key role in
cleavage conditions, especially tyrosine promotes efficient cleavage>#+
26 Therefore, the arginine at the C terminus end of truncated hHsp47 was
mutated with Tyrosine; thus helping on-column cleavage and ligation of
hHsp47 with the peptide but with minute yield (confirmed by the western blot,
Figure 6). However, this protein was unstable at even lower temperatures with
negligible yields identified by running SDS PAGE.

In short, developing photoactivatable Hsp47 using IPL was unsuccessful mainly
because of poor solubility of human Hsp47 protein having 31 rare codons,
demand of cleavage conditions of protein from the intein at high temperature.
This led to explore other photoactivatable protein engineering strategies to
develop the protein using genetic engineering.
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a Elution using100 mM MESNA:
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Figure.4. a.12% SDS PAGE Gel of Elution fractions at varying temperature and time using
100 mM MESNA; b.12% SDS PAGE Gel of Elution fractions at varying temperature and
time using 100 mM  Mercaptoethanol; c. 12% SDS PAGE Gel of Elution fractions at
varying temperature and time using 10O mM DTT.
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Figure5. 12% SDS Page gel of mcherry-full length hHsp47-pTriEX expressed in T7
express. Arrows indicate expected protein at 71kDa which gets cleaved during the bead
binding step.
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2.2.2. Strategy 2: General molecular design

Synthetic tools to incorporate the non-natural light-responsive tyrosine (o-nitro
benzyl tyrosine — ONBY) amino acid on recombinant proteins has been
previously developed.”” It has been shown that replacement of Tyr by ONBY in
Tyr-stabilized protein-protein or protein-DNA complexes lead to destabilization
of the complex via steric hindrance and disruption of hydrophobic interactions
due to the polar nitro group®”. It was hypothesized that a similar effect would
occur when replacing Tyr383 by ONBY in Hsp47 structure to obtain the
photoactivatable variant i.e. Hssv<oney (Figure 7).

Expression in E.coli

—\ 7
T © —
%@ tr::l(s)ltaetlir:)n '\

L J HA7V<ONBV
@Jb\‘ Modified tRNA f%g\d 1

vjig\/ T:’GAminoacyl-(RNA

Figure7. Scheme shows the synthesis of Ha7y<ongy.in E.coli. Co-transformation of pBAD-
Hsp47383TAG and pBK-ONBYRS, 2. Synthesis of orthogonal modified tRNA and tRNA
synthetase, 3. uptake of ONBY by the E. coli, 4. Modified tRNA attached to ONBY, 5.
protein translation.
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a. Canine Hsp47 gene optimized version construct & His-tag purification in T7
Express:

A canine-derived synthetic Hsp47 (cHsp47) gene coding for residues 36-
418,identical to hHsp47 sequence, a codon-optimized cDNA for E.coli having a
C-terminal His-tag and cloned in pet22b was received from Prof. Dr. Ulrich
Baumann, University of Cologne. Soluble Hsp47 purification had already been
established using this construct 74. The N-terminal 1-36 amino acids, were
removed due to hydrophobicity and solubility issues. This construct was cloned
into T7 express cells for the expression of cHsp47. In this case, it was possible
to purify cHsp47 using His-tagged purification Figure 9. However, while scaling
up from 200ml culture to 1 L culture, all non-specific proteins were eluted out
during purification and most of the target protein was still found in inclusion
bodies. Also, the yield was very low and cHsp47 was less stable even after
storing the protein at -80°C after running the entire purified protein on SDS
PAGE gels at different time points. Induction studies at lower temperatures and
IPTG concentration was performed but the yield only further reduced. (Figure
8)

b. Canine Hsp47 gene optimized version construct in PJExpress 411 &
purification in Clear coli BL21 cells using Streptag2 purification:

A canine-derived synthetic Hsp47 gene coding for residues 36-4187% which is a
codon-optimized cDNA for E.coli having an additional C-terminal Strepll-tag and
cloned in pJExpress 411 was also received from Prof. Dr. Ulrich Baumann,
University of Cologne®°. Strepll-tag has been reported to promote efficient
purification of Hsp47 avoiding non-specific protein elution. This construct was
cloned in Clear Coli competent cells have a genetically modified
lipopolysaccharide (LPS) that does not cause an endotoxic response in human
cells. This BL21 strain also helps efficient protein expression®?®. Canine-derived
Hsp47 was purified using Strepll-tag affinity purification method (IBA Life
sciences Strep Tag Il Purification protocol). Using this approach, it was possible
to elute soluble cHsp47 without non-specific proteins.
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Figure8. 12% SDS PAGE purification gel of cHsp47 using His tagged Ni NTA affinity
chromatography

The soluble fraction was concentrated and purified further by gel filtration
(Superdex S75; GE Healthcare) in buffer A [20 mM Hepes (pH 7.5), 300 mM
Nacl, 4 mM DTT]. The purified protein was concentrated to ~15 mg/mL and
stored at -80 °C for further use. This method allowed us to reduce nonspecific
binding of other proteins as observed during His-tagged purification as
mentioned above. The Clear coli cells and streptag2 tag helped in making
cHsp47 more pure and soluble of yield 183.26 ng (Figure 9).

In order to improve Hsp47’s solubility for heterologous expression in E. coli, an
enhanced green fluorescent protein (EGFP) and turquoise fluorescent protein
(Turq) were genetically fused to its N-terminal®®®. This approach led to a
significant increase in the synthesis yield (Table S1). A Strepll-tag was
introduced at the C-terminal for affinity purification. This derivative of Hsp47
having EGFP and Turquoise was successfully obtained in 207.8 yg and 103.4 pg
yield from 200mL culture, as confirmed by absorbance with UV-Vis
spectrophotometer, and was named Hy;n (N refers to native) (Figure 10). The o-
nitro benzyl tyrosine (ONBY) residue was incorporated at 383 position by co-
expressing the H,n gene along with an appropriately engineered aaRS and
tRNA 19 23° (see details in Figure 7). The Hyn gene was also mutated with an
amber codon TAG at the 383™ position to site-specifically incorporate ONBY.
This Hsp47 derivative was named Hysv<onay
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Figure 9.2.12% SDS PAGE gel of canine Hsp47 produced in Clear coli and purified using
Strep-Tag affinity chromatography b. Western Blot of purified Hasn (truncated and full)
stained with Alexa 488 conjugated Streptavidin (blue).

In order to confirm the incorporation of ONBY, synthesis in the presence or
absence of ONBY in the medium before induction was performed. In the
presence of ONBY, the full protein would be expressed, whereas in the
absence of ONBY, translation should terminate at the 383" position due to the
presence of the amber stop codon and the Strepll-tag would not be included.
Strepll-tag affinity beads were incubated with a small amount of cleared lysates
and purified Hsp47 control variants. The beads became fluorescent within 5
mins when incubated with Hgv<onsy, indicating that the Strepll-tag had been
incorporated at the C-terminus (ONBY present) whereas no fluorescence was
observed in truncated version having no Strepll-tag (Figure 11a). The clear
lysates were purified using Strepll-tag affinity purification and screened to
affirm the presence of Strepll-tag.
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Figurel0. 12% SDS PAGE gel of Turquoise and EGFP-Hsp47 (Ha7n) produced in Clear
coli and purified using Strep-Tag affinity

Western Blot was performed labeling Strepll-tag using Alexa488-Streptavidin
after affinity purification which showed a clear fluorescent band when ONBY
was present during synthesis, and no fluorescence was observed in the
truncated version (Figure 12C). This result confirmed the incorporation of ONBY
to Hyzv<onsv. The yield of the synthesis was 43.56ng from 200ml culture. Two
additional mutants of H,n were developed as control proteins for further
experiments: (i) Hqv<r, with Tyrosine mutated to Arginine at 383 position as an
inactive version of Hyyn 74. (i) Hyykdel Where the KDEL sequence at C terminus of
H4n was deleted, thereby preventing retrograde delivery of the protein into
the ER (Figure 12). The yields of all the variants are included in Table S1.

2.3. Discussion

Photoactivatable Hsp47 was successfully developed using strategy 2. The UAAs
were successfully incorporated at 383™ Try position. However, considering
H47N yield as 100% only 23.28 % of H47 v<onBY could be synthesized from 200mL
culture. This is due to limitations in dissolving ONBY in the medium to dissolve
as in our experienced concentration above 0.4 mM could not be completely
dissolved in the medium turning medium it acidic (checked by pH indicator).
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Figurell. Characterization of Photoactivatable Hsp47 (Ha7v<onBY)
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a. Microscopy images (merged phase contrast and epifluorescence green channels) of
Strep-1I-Tagged agarose beads incubated with supernatant of different Hsp47 variants
showing the presence or absence of Strepll-tag in the protein structure (Scale bar 100um).
b.12% SDS Page gel and Western Blot of purified H47v<ongy (truncated and full) stained
with Alexa 488 conjugated Streptavidin (blue).

Also, Hsp47 is a heat sensitive protein therefore cooling conditions are required
for purification of this protein. The synthetic yield of the photoactivatable
version makes it challenging to use for in vitro functional assays. For each
bioactivity experiments discussed in next chapter, H47 y<onBy had to be freshly
synthesized as it is stable for few weeks at -80°C. To circumvent this issue, large
cultures of around 1 to 2 L were cultured. However, even more decrease in the
yield for about 10 % was observed. Therefore, other strategies need to be
explored to develop a stimuli responsive Hsp47 tool.

In this context, alternative approaches to manipulate the molecular design of
Hsp47 are 1.use of photo switchable protein like LOV2 J a'® and 2.use of
enzyme cleavable peptide sequences™to mask the active site of the protein
turning it temporarily in active. For both approach careful selection of Hsp47
sequences especially at the active site should be examined such that any
alteration should not result in loss of Hsp47 permanently.
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Figurel2. 12 % SDS PAGE gel of Hsp47 variants

70



Synthesis of Photoactivatable Hsp47 (Hv<onsy)

Chapter 2

71



Chapter 3

Characterization of Photoactivatable Hsp47-Collagen
Interactions’

The functionality of recombinantly synthesized Hsp47 and photoactivatable
variants was characterized and quantified based on its interactions with collagen.
Biochemical (Protein binding assay and Native PAGE co-localization) and
biophysical (Fibrillation Assay and Rheology) techniques were used for this
purpose. The restoration of bio functionality upon light exposure is demonstrated

and quantified.
N
¥
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Light activation

"Parts of this chapter were published in Advanced Science (2019), 6,1801982,Essak S. Khan,
Shrikrishnan Sankaran, Julieta I. Paez ,Christina Muth ,Mitchell K. L. Han, Ardnzazu del Campo ,
“Photoactivatable Hsp47: A Tool to Regulate Collagen Secretion and Assembly”
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3.1. Introduction

Proteins are the work horses of the cells, especially in the biological processes
of inter/intra-cellular communications. These communications are directed
through interactions with specific molecular clients such as DNA, RNA, other
proteins or small molecules. Most of signal transduction inside and outside the
cells is governed by protein-protein interactions. These interactions are stable
or transient interactions that largely occur through non-covalent interactions
like electrostatic, hydrophobic, van der Waals, etc.

Strategies to study these interactions can be broadly classified into in vitro, in
vivo and in silico approaches. In vitro approaches include biochemical
approaches like Coimmunoprecipitation®', Affinity chromatography®*, Tandem
affinity purification-mass spectroscopy (TAP-MS)*3, Protein micro arrays 34
Protein-fragment complementation, Phage display (H), etc. and biophysical
approaches like X-ray crystallography®5, NMR spectroscopy®®, Rheology*¥,
Isothermal colorimetry (ITC)*#, Circular dichroism spectroscopy (CD)*9, Single
molecule optical tweezers*#°. In vivo approach include Yeast 2 hybrid (Y2H) (H).
In silico approaches include Ortholog-based sequence method, Domain-pairs-
based sequence method, Structure-based methods, Gene neighborhood,
In silico 2 hybrid (12H) and Phylogenetic tree**'.

In vitro assays are defined assays performed outside living organism in a
controlled environment to reveal functional and structural principles of protein-
protein interactions. For example, coimmunoprecipitation is used to identify a
protein’s unknown client by studying the binding affinity of known protein to
any unknown client from whole cell extract in which protein are in their native
confirmations using antibodies raised against them?'. Affinity chromatography
is a highly sensitive method, which is used to detect the weakest interactions
between proteins. Combining both co immnuoprecipitation with affinity
chromatography results in Pull down assay®*’, with which it is possible to
identifying novel interacting partner of the known protein. TAP-MS involves
double tagging of the protein of interest at the genetic level using affinity and
radiolabel tags, followed by a two-step purification and mass spectroscopic
analysis % 2%, X-ray crystallography gives insight into the atomic level
interaction of protein structures and function. NMR spectrophotometry is a
complement to this technique, which detects even very weak interactions*#.
CD provides the structural information at secondary structural level and change
in conformation on binding to the client or under influence of environmental
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factors based on differential absorbance of proteins giving rise to change in
degree of ellipticity *3°.

In vivo methods allow us to understand protein-protein interactions in their
native states using a living system. An example of this approach is the Yeast 2
hybrid (Y2H) (H) assay. In this method a yeast transcription factor protein,
which has a DNA Binding Domain (DBD) and an Activation Domain (AD) ,is
hybridized with the protein of interest and its binding partner>#. When there is
an interaction between the protein of interest and its binding partner, the two
domains of transcription factor are in close proximity which activates the
transcription of a reporter gene?#.

In silico methods are mostly structure based prediction analyses like the
phylogenetic tree method, which predicts possible protein-protein interactions
based on the evolution history of the protein®. Another example includes
Ortholog-based sequence method which is based on the homologous
sequence of the query protein in the annotated protein databases with
pairwise local sequence algorithm *47.

Different methods have been used in the literature to characterize the
interaction of Hsp47 with Collagen. Most of them rely on changes in the
physical properties of collagen solutions and hydrogels. Collagen extracted
from tissues can be dissolved at acidic pH, but forms aggregates at neutral pH
at 34-37°C as consequence of the lateral association of collagen helices 5% 7> 8,
The lateral assembly is driven by electrostatic and hydrogen bond interactions
that are sensitive to pH and temperature 4. The kinetics of this fibrillation
process has been extensively investigated 8 84 997100, 248251 The formation of
aggregates leads to changes in the viscosity and optical properties of the
collagen solution, which give an indirect readout of the molecular organization.

The fibrillation process has been followed by turbimetry, which quantifies the
diffraction of light caused by the formation of collagen fibers which is
detectable only when mass per unit length is roughly 100 times greater than
that of a single monomer which is approximately 300 kDa of size 300nm?>"*>, In
this assay the absorbance of collagen fibers is measured against time. The
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kinetics of two processes involved in collagen assembly has been monitored
through this assay: nucleation and fiber growth. These processes occur at
different rates, which can be determined from lag and the log phase of the
fibrillar kinetics>>.
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Figurel.a. Increase of turbidity in a sample containing aggregating collagen monomers in
vitro. The initial lag phase is terminated by an increase in absorbance, followed by
nucleation time. A sigmoidal growth phase follows, during which nuclei are elongated into
fibers by the lateral incorporation of freely diffusing monomers. b. The growth rate can be
defined as the slope of the quasi-linear section of the sigmoid, i.e., the slope at the
inflection point. The intersection of the tangent with the baseline marks the nucleation time.
¢. Random monomers of collagen first begin to align in quarter staggered overlap. The
alignment is typically due to electrostatic interactions. As the temperature approaches 37C
the hydrogen bonded water molecules shown in circles, clustered around the collagen,
“melts” and approaches the nonpolar surfaces. Exclusion of surface helps in interaction of
these surfaces with each other. The driving force results from increase in entropy of the
system increasing the state of disorder of the system. Reproduced from *° with permissions
from ACS.
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Initially collagen monomers assemble to form aggregates which have been
shown to create phase separation into a random solution phase and an
aggregated ordered phase which lowers the free energy. Formation of
aggregated sate with average molecular weight of 4x10° is observed in COL |, II
and Il collagens. These initial aggregates are referred to as ‘Nucleus’ and the
process is known as nucleation. This is a rate limiting step as it involves de
protonation of carboxylic group and protonation of amines which is followed
by electrostatic interactions between charged groups and surface
hydrophobicity %°. It is suggested that the turbimetry measurements are
dependent on mass per unit length and when it reached about 100 collagen
molecules assembled in this anisotropic nature it can be detectable. The
measurements in the plateau region reflect the formation of units about 1.5 x
103 molecules in a fiber cross section™®.
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Figure2. Hsp47 effect on collagen fibrillation monitored using turbimetry. Collagen
association into fibrils monitored at 313 nm in the presence or the absence of Hsp47. Upper
panel: acid-soluble type I collagen was diluted in 20 mM sodium phosphate buffer (pH
7.4)/50 mM NacCl to a final concentration of 200 pg/ml(0.6 uM). Molar ratios of Hsp47 to
collagen triple helix were as follows: closed circle (0:1); closed square (0.5: 1); closed
inverted triangle (1:1); open circle (2:1); open inverted triangle (6: 1).Reproduced from 332.
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In the log phase the growth the fibers starts assembling to the nuclei in random
directions to form disordered aggregates. This is spontaneous and temperature
driven process. (Figure1). Addition of Hsp47 to a collagen solution has been
shown to delay the kinetics of the fibrillation process 7> . A two fold molar
ratio of Hsp47 to collagen results in complete inhibition of collagen fibrillation

(Figure 2).
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Figure3. The heat capacity of Hsp47s, (PPG) 10, and a mixture of both was
measured by DSC.Reproduced from .

Differential Scanning Calorimetry (DSC) has been used to measure the
temperature dependence of partial heat capacity of collagen by determining
enthalpy. The difference in electrical energy require to raise the temperature of
the sample with respect to rise in temperature of the reference solvent is
recorded to calculate difference in heat capacity™. Collagen triple helix
unfolding and stabilization dynamics can be measured using DSC In this case,
the Tm value (melting point of compound) of collagen propeptides dissolved in
appropriate buffers is recorded with the change in temperature. One such
example is shown in Figure 3.In this case, the Tm of collagen peptides (PPG10)
was recorded and on addition of Hsp47 the change is the Tm of the peptides
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were observed. Binding of Hsp47 leads to a change in unfolding dynamics
prolonging the melting temperature, indicating a stabilization of the collagen
triple helices 7> 84,

Apart from environmental factors, the composition of collagen subtypes can
also influence collagen gelation i.e. influence of one collagen type can affect
the gelation kinetics of another. For example, the stiffness of heterotypic
networks of collagen drastically changes with change in composition - as
shown in Figure 4, when COLV was mixed with Col | and the gelation kinetics
were studied, increasing concentration of COL V caused a decrease in the
network stiffness 37 . Another report suggested that, COL V is also shown to be
a dominant regulator of fibrillogenesis, in vivo, affirming this finding as long
and stiffer fibers can be formed with COL | in association with COLV 233,
Therefore, rheology can also be used to study protein-protein interactions and
their effect on stiffness of structural proteins like collagen.

100 p
80 |
& 6ol 0200 400 600 800
ot Time (m)
O 40 |

Time (min)

Figure4. The graph shows collagen polymerization behavior with varying proportions of
COL I and V keeping total concentration of fixed total collagen concentration of 2 mg/mL
measured by considering the time dependence of the elastic modulus of collagen solutions
at 37 °C. Symbols denote weight/weight ratios of collagen I to collagen V: 100/0 (green
squares), 90/10 (pink diamonds), 80/20 (white circles), and 0/100 (purple triangles). Inset:
elastic (solid squares) and viscous (open squares) shear moduli for a 100/0 gel of 3 mg/ml.
Reproduced from?*’ with permissions from ACS.
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In this chapter, in vitro characterization of the interaction between the
recombinantly produced Hsp47 variants and collagen is characterized. The
interaction between Photoactivatable Hsp47 and Collagen before and
activation with light is analyzed. For these studies different assays were used:
(i) Light induced molecular adsorption of proteins technique (LIMAP) based
colocalization assay and Native PAGE western blot. (ii) Study of fibrillation
kinetics by turbimetry, (iii) study of collagen gelation by rheology. DSC was not
used because of the limitations in yields of Photoactivatable Hsp47 and due to
long duration of the assay.

3.2. Results and Discussion

3.2.1. Characterization of Photoactivatable Hsp47 interaction with collagen by
binding assay

The binding of the different Hsp47 variants (Hasn, Hazv<onsy, Hazver, Hazxeer) tO
collagen was studied by Light induced adsorption of protein affinity assay. For
this purpose Collagen | was micro patterned on a glass substrate by **4 photo
cleaving PEG chains using a photo initiator to expose PLL for collagen binding
(1opm PRIMO filter masks used). The Hsp47 variants were incubated with the
Collagen | micro patterns. The interaction with collagen was visualized by
fluorescence microscopy since all proteins were green fluorescence due to
EGFP tagging. Hysn and Hyzkdel Showed fluorescent bands indicating interaction
with collagen, whereas H,,v<onsv, the negative control, Hssv<r, and EGFP did not
bind to collagen (Figure 4a). Light irradiation of the Hyv<onsv solution during
incubation (in situ activation upon 10 sec exposure at 365 nm) led to
appearance of fluorescent bands. This result demonstrates that photochemical
activation of Hyv<oney renders functional Hsp47 (Hssv<onsvhv), able to bind to
collagen. Native PAGE-western blot analysis confirmed these results (Figure
4b). Co-localization of fluorescent antibody labeled bands of collagen and Hyn
or light-activated H,,v<onsvnv Was observed. Conversely, Hisv<onsy, Hs7v<r and
EGFP did not co localize with the collagen band, demonstrating no collagen
binding.
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3.2.2 Characterization of Photoactivatable Hsp47: Collagen interaction by
Fibrillation assay

Previous reports have demonstrated that addition of Hsp47 in 2-fold molar
excess to a 0.6 uM collagen solution in PBS delays collagen fibrillation at 34°C 7>
*49, Similar experiments were performed in the presence of Hsp47 variants
synthesized in the previous chapter. Turbidity measurements reproduced these
results (see Figure 6a).

When using minimum essential medium (MEM) for the experiments, improved
gelation was observed, and confirmed by rheology measurements (see Figure
7).For this purpose, 2 mg/mL of rat tail collagen was dissolved in MEM and PBS
buffers and the pH was adjusted to 7.4 with 1 M NaOH solution on ice bath. The
network of collagen was polymerized in between the plates of a rheometer by
increasing the temperature from 4°C to 37°C. The temperature dependence of
the shear moduli during polymerization of collagen, polymerized in both
buffers, is shown Figure 7. A lag phase was observed in both cases at till~15°C.
The shear moduli began to increase immediately after this temperature,
indicating polymerization occurred in both cases. However, the shear modulus
drastically increased in collagen prepared in MEM buffer
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FigureS. a. Schematic of binding assay of Hsp47 and its variants to collagen micro-
patterns and fluorescence image of micro-patterning protein-protein affinity assay; b.
Native PAGE Western Blot of rat tail Collagen Type 1 (200ug/mL, 0.6uM) mixed with
Ha7n, Hazv<r, Hazv<onsyny orf Hazkae (1.2uM), demonstrating co-localization of Hsp47
variants with collagen in binding assays.
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Figure6. a. Turbidity measurements of Collagen/Hsp47 mixtures of different ratios. The
increase in absorbance at 600nm reflects the formation of fibrils. Rat tail collagen
(3mg/mL) was diluted to 0.4 mg/ml by addition of MEM Buffer (1x) and was adjusted to
pH to 7.5 with sodium hydroxide within 4 min to prevent premature
polymerization[27].The 0.4 mg/ml of collagen solution was mixed with H47N at molar
ratios of 0.5:1 (H4w (0.3uM): Collagen (0.6uM)), 1:1 (H4~ (0.6uM): Collagen (0.6uM)),
2:1 (Ha7n (1.2uM): Collagen (0.6uM)) and 6:1(Haw (3.6uM): Collagen (0.6uM)) to a final
concentration of 0.2 pg/ml. A 0.2 pg/ml collagen solution was used as a positive control.
75ul of each sample were transferred to a plate reader and absorbance was measured at 600
nm for 50 min at 34 °C. The experiments were performed in triplicate. (n = 3 data point
representing mean value of technical triplicates of each experiment). b. Fibrillogenesis
assay by turbidimetry measurements of collagen (200ug/mL, 0.6uM) mixed with Har,
Ha7v<r, Ha7v<onBynv Or Hazkder (1.2uM) at molar ratio 2:1(Hsp47: Collagen) at OD600
values (n=3 data point representing mean value of technical triplicates of each experiment
with error bars representing standard deviation).

3.2.2 Characterization of collagen gelation by Rheology assay

Rat tail collagen | with stock concentration of 3mg/ml was diluted in PBS and
MEM buffer and the p H was adjusted to 7.5 using 1M NaOH solution on ice. The
DHRIII Rheometer was used for studying gelation kinetics by cooling two 8mm
diameter parallel plates at 4°C. 50 pl of the collagen solution mixed with either
PBS or MEM were placed between two parallel plates. The shear moduli were
at frequency frequency w - 30-0.03 rad/s while temperature was increased to
40°C at 0.1°C/min. The shear modulus of PBS-dissolved collagen was found to be
low, indicating poor gelation. MEM is considered more representative of
physiological conditions for collagen association and is reported to promote
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the formation of fibrils with a native D-banding pattern compared to PBS,
which was verified by AFM imaging in the previous report®¥. Therefore, MEM
buffer was used for further fibrillation assays with Hsp47 variants at
concentrations between 0.1 pM and 1.2puM. Hyyv<onsy, Haver @and EGFP did not
show any effect on fibrillation kinetics of collagen solutions at any tested
concentration (Figure 5b). Light-activated Hysv<onsvnv reduced the rate of
collagen fibrillation to a similar extent to H,,n at comparable concentrations.
These results indicate that Hgv<onsvhv €nables light-triggered interference with
lateral association of collagen triple helices and delay of fibril formation.
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Figure7.Rat tail collagen (3mg/mL) was diluted to 2 mg/mL concentration with MEM or
PBS and was adjusted to pH to 7.5. A DHRIII Rheometer (TA Instruments) was used for
the measurements. 50 pl of the collagen solution were placed between two parallel plates of
8 mm diameter cooled at 4°C. The shear moduli (G’) were measured at frequency o - 30-
0.03 rad/s while temperature was increased to 40°C at 0.1°C/min.

Attempts were made to study the effect of photoactivatable Hsp47 on
unfolding kinetics of collagen using Nano DSC. However, due to large amount
of sample requirement and limitation in yields of photo activatable Hsp47, this
analysis was not continued.
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3.3. Conclusions

Photoactivatable Hsp47 (Hav<onsy) Was characterized in vitro by binding and
functional assays. Upon light exposure, the H,y.onsy turns into functional
Hsp47 in situ. This was demonstrated by binding of Hiy<onsy to collagen
patterns on light activation. Native PAGE Western blot affirmed this finding by
showing colocalization. Fibrillation assay further elucidated the functional
activity of Hysv<onsy by delaying collagen fibrillation kinetics on photo activation.
Therefore, the activity of Hy;v<onsy Was confirmed.
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Chapter 4

Hsp47-induced stimulation of fibrillar collagen
deposition in in vitro cultures of skin cells

In this chapter, a recently known mechanism to deliver Hsp4y7 inside the
Endoplasmic reticulum of cells within a few hours of incubation via retrograde
KDEL receptor-mediated uptake was explored. On exogenous supply of Hsp47
increase in Collagen deposition is demonstrated in vitro. A comparison of
different levels of collagen deposition on Hsp47-stimulation in cells from skin
tissue was studied in vitro. COL I, lll and V are enhanced on Hsp4y7 delivery in
fibroblast, endothelial and epithelial cells. Network collagen IV and fibril-
associated collagen Xl were not affected by the increased Hsp4y intracellular
levels.

Collagen deficient skin cells Collagen rich skin cells

"Parts of this chapter were published in Advanced Science (2019), 6,1801982,Essak S. Khan,
Shrikrishnan Sankaran, Julieta |. Paez ,Christina Muth ,Mitchell K. L. Han, Ardnzazu del
Campo , “Photoactivatable Hsp47: A Tool to Regulate Collagen Secretion and Assembly”
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4.1. Introduction

The mechanical properties of skin tissue are determined by the morphology of
collagen and elastin fibers in the different layers.* *> % Skin tissue feels soft,
but it presents a high tensile strength of 1-20 MPa # ¢, Collagen fibers, being
60-80% of skin dry weight, confer skin its resistance to mechanical stress. The
skin consists of three cellular layers: (i) stratified keratinocyte-containing
epidermis (outer layer), (ii) fibroblast-containing dermis (middle layer) and (jii)
adipocyte-containing hypodermis (lower layer). The collagen composition at
each layer is different 272%8, The basement membrane separating the epidermis
and dermis is rich in COL IV. COL | is predominant in the dermal and
hypodermal layer, and forms heterotypic structures with other collagens such
as COL lll and/or V 35,

In multiple skin pathologies collagen organization is altered, either genetically
or acquired due to environmental factors. Genetic collagen-related skin
disorders such as Epidermolysis bullosa (EB) **° and Ehlers-Danlos Syndrome
(EDS) are both caused due to mutations in COL 12 and/or COL III"®. The patients
have fragile skin, blisters and chronic wounds as consequence of reduced
collagen levels in the skin tissue due to collagen miss folding, impaired
formation of highly organized structures, poor collagen crosslinking, and
accelerated collagen degradation™®. Scurvy and Aging have localized wrinkles
and blisters due to weakening of skin structural architecture between dermis
and epidermis due to sparse collagen fiber density and extensive degradation
of collagen by matrix metalloproteinase 3" 2°°. The existing therapies for these
disorders are based on growth factors (e.g. TGF-beta*®™¢?) and chemical
stimulants (e.g. ascorbic acid 26224, glycolic acid*®® and retinol**) to boost the
collagen production and matrix deposition. However, these molecules have
multiple other roles in the body and the therapies are associated with negative
side effects such as promoting abnormal angiogenesis, or inflammatory
responses.
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In this chapter, the possibility to enhance collagen deposition in cells by uptake
of exogenous Hsp47 is tested*®’. The delivery of recombinant proteins from the
medium into the ER of cells was considered a challenge for this objective.
Initially, microinjection of the protein into the ER was planned?®®?7°, However,
during the course of this study a KDEL receptor-mediated endocytosis
mechanism capable of transporting proteins containing an ER retention motif
(KDEL) to the ER was observed. By including KDEL motif in the recombinantly
synthesized H,;<onsy, the possibility to deliver it to the ER by simple incubation
was attempted and successfully achieved.

Figurel. Scheme showing
Fibroblast Epithelial Endothelial enhanced collagen deposition
by treatment with
recombinant Hs.  Immuno-
staining of COL I in fibroblast,
epithelial and endothelial cell
lines is shown in Red using
COL I antibody. Scale: 250um.

In this chapter the preferential secretion of certain collagen types is studied in
different cell types, with a focus in skin cells. For this purpose, Hsp47 uptake
and Hsp47-induced collagen deposition is quantified in in vitro cultures of skin
fibroblasts, epithelial and endothelial cells (Figure 1). The expression and
secretion of specific collagen subtypes (COL I, Ill, IV, V and XII) is analyzed and
compared these results among the different cell types.
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4.2. Results:

4.2.1. Hsp47 variants can be delivered into ER via KDEL receptor-mediated
Endocytosis

Hsp47 is an ER resident protein with a C-terminal KDEL retention motif. This
motif is recognized by KDEL receptor after Hsp47 release in the Golgi and is
responsible for its retention in the ER*”". In fact, deletion of KDEL sequence has
been shown to block the retention of Hsp47 into the ER.>”> The KDEL receptor
is also present in the plasma membrane of cells, and has been shown to
assist internalization of KDEL containing molecules from the extracellular
space*’3?75, If Hsp47 variants could be delivered to ER using KDEL receptor
mediated endocytosis was tested (Fig.1a).

a b

Han , Hyzkdel ‘, Hyzv<oney i EGFP @

HMIN®RO OHMINNO O HMNNS OHMINRO OHMINID
SOCGH COGOH OOCGH CGoGH  GoGoH
Concn (upM)

Figure2. Delivery of Hsp47 variants to ER via KDEL receptor-mediated
endocytosis is shown. a. Z stack images of L929 cells after incubation with Hsp47
variants showing colocalization of H4n or Ha7y<onsy signal and ER staining. No
fluorescence was observed after incubation with EGFP or Ha7kper constructs (blue:
DAPI (Nucleus), Green: EGFP (Hsp47 variants), and Red: ER tracker dye); scale bar:
10 pm. b. Hy7 uptake by NHDF, L929, MEF, HaCaT and HDMEC after 3 h incubation
with increasing concentrations of Hy7 in the medium (0.1uM-1.0uM). The graph was
plotted by quantifying the percentage of cells showing H47 (EGFP green signal) with
ER tracker dye (Red signal). 100% Ha7 uptake of cells indicate that all cells in culture
had co-localized signal. Error bars indicate standard deviation of n=3 experiments.
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For this purpose, the uptake of Hsp47 was tested in fibroblast (NHDF from
human skin dermis, L929 from mouse adipose tissue and MEF from mouse
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embryos), epithelial (HaCaT, human epidermal keratinocytes) and endothelial
(HDMEC from human dermis) cells as a representative of each layers of skin.
Initially, the uptake was characterized with different Hsp47 variants on L929
and MEFs fibroblasts were incubated with Hsp47 variants for 3 h and imaged.
Cells incubated with Hg;n (hereafter mentioned as H47 in this chapter), Hyv
and Hy;v<onsvhv Showed colocalization of the EGFP signal (green in Fig.1) with
the ER tracker dye (red), indicating successful uptake of the Hsp47 variant by
the cells (see 10X-magnified images in Fig 2). Neither uptake of the Hykdel
variant with deleted KDEL, nor uptake of EGFP was observed after 3 h
incubation. In order to optimize the Hsp47 concentration for efficient
delivery to fibroblast cells, experiments with concentrations of Hgn in the
incubation medium between 0.01uM and 1uM were performed. 0.2-0.3uM
concentration proved to be the best condition for the delivery of the
recombinant constructs (see Figure 3). Protein concentrations above 0.3uM
resulted in the formation of protein aggregates on the cell culture substrate.
These results demonstrate that the photoactivatable Hyv<onsvhv can be simply
introduced into the ER of cells by short incubation, allowing easy
experimental implementation of this tool for the study of Hsp47-specific
roles in cellular pathways and collagen assembly.

Next, NHDF, HaCaT and HDMEC cells were incubated with H, at
concentrations between 0.1uM and 1.0 pM after delivery optimization. The
cell was cultured at same cell density and incubated with H,, at
concentrations between 0.1uM and 1.0 pM. Incubation with lower Hy;
concentrations showed no detectable fluorescence signal inside the cells. On
the other extreme, cells incubated with 1 pM H,, showed fluorescent
aggregates on the surface of the culture plate, indicating that saturating
levels of Hy; might have been achieved and Hy4; was binding to extracellular
collagen deposited by the cells. At the intermediate concentrations
accumulation of green fluorescence was detected inside the cells and no
aggregates were observed outside of the cells, indicating efficient uptake of
H47. The incubation time of 3 h was up taken from our previous experience

(Figure S3).
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Figure3. Quantification of collagen deposition using Sirius red assay in the different
cell types with error bars represent standard deviation of n-6 independent experiments.
The plots were normalized with MEF cells untreated condition as 1. Error bars represent
standard deviation from n-3 experiments. Statistical significance for both b and ¢ was
analyzed by Tukey test comparing non-treated against Ha; treated cells (mean+SD,
ANOVA, *** p<0.001).

H4; uptake was visualized by epifluorescence imaging of EGFP green signal
inside the cells. Co-localization of H,, and the ER signals confirmed
accumulation of the up taken Hy; at the ER in a cell types (Figure 2b, S1). No
signal was observed when cells were incubated with EGFP alone, indicating
that uptake is specific to the H,, sequence and not mediated by the EGFP label
(Figure S1and 2).

Next, the uptake of H4; was quantified by counting the percentage of cells with
detectable ER- and Hy; fluorescent signals after 3 h using Image J software in all
cell types.100% up take indicates that all the cells with labeled ER contained
labeled H,;. Results show that H4;, uptake was concentration dependent and
cell type dependent (Figure 2b). An increase in the H,; incubation concentration
leads to increased uptake, and >80% uptake was observed for fibroblasts and
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endothelial cells at 0.5 uM Hy,. Saturation levels are achieved at 0.5 and 0.8 pM
H,4, for MEF and L9329 cells, and at 1 uM H,4; for NHDF and HDMECs. HaCaT cells
showed the lowest uptake, with maximum uptake values of ca. 80% achieved at
>0.8 yM H,; concentrations. This variation is attributed to differences in
distribution and density of KDEL receptors on the cell membrane, as it has been
reported earlier?®.

4.2.2. Increase in collagen production in skin cells in response to Hsp47

Collagen biosynthesis is dependent on the expression level of functional Hsp47.
Therefore, the possibility of H,; induced collagen deposition in different cell
types after incubation was investigated. For this purpose, cells were seeded for
24 h on tissue culture plastic wells and incubated with 0.5 pM of Hy; for 3h. The
medium was exchanged and cells were cultured for further 24h. The deposited
collagen on the culture plate was labeled with Picro Sirius Red and quantified
by spectrophotometry. Sirius red is a strong anionic dye comprising six
sulfonate groups that binds preferentially to the cationic groups of the collagen
fibers®’7?7%, Data were normalized by the value of collagen deposition by MEF
cells without any treatment. The fibroblast cell lines MEF, L929 and NHDF
showed a 70% -100% increase in collagen deposition when treated with H,,.
Under the same incubation conditions, the epithelial (HaCaT) and endothelial
(HDMEC) cell lines showed 20 and 50% increase in collagen deposition
respectively (Figure 3). These results indicate that exogenously supplied Hy;
induces collagen deposition more effectively in fibroblast cells. This is in
agreement with the natural role of fibroblasts as major matrix-producing cells
in connective tissue 27928°,

4.2.3. Increase in varying amount of collagen subtypes in response to Hsp47

The composition of the collagen matrix is tissue-dependent and different cells
are expected to produce different collagen types. We investigated to which
extent the uptake of exogenous H,; by a cell changed the natural pattern of
deposited collagens. For this purpose, Hy-treated cultures were decellularized
and the remaining matrix layer on the culture plate was stained using
antibodies specific for COL I, Ill, V and XII.
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Figured. Quantification of Ha47 stimulated deposition of different collagen subtypes. a.
Fluorescence images showing immunostained COL I, 111, 1V, V and XII in NHDF cells
before and after treatment with Ha7 (Scale — 250um) b. Quantification of deposited COL I,
I, 1V, V and XII from immunostained images in NHDF, L929, MEF, HaCaT and
HDMEC cultures. Data correspond to collagen deposition 24 hours after H47 treatment and
controls. The plots were normalized with MEF cells untreated condition as 1. Error bars
represent standard deviation from n-3 experiments. Statistical significance was analysed by
Tukey test comparing non-treated against Ha; treated cells (meantSD, ANOVA,
*** n<0.001).

These collagens were selected based on their abundance in skin tissue and
their involvement in skin related disorders, in which they are reduced or
mutated. The relative abundance of each collagen subtype was obtained from
the fluorescence image of the culture plate. The mean fluorescence intensity
value for each collagen subtype was corrected by subtraction of the
background (see experimental details), and normalized by the corresponding
value obtained in untreated MEF cells. An increase in the deposition of fibrillar
COLs I, Il and V was observed in all cell types upon H,4; treatment, although the
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increase in COL | and Il were significantly larger in fibroblast. The increase in
the deposition of fibrillar collagens I, Il and V was significantly higher in
fibroblast cultures vs. HaCaT and HDMEC cultures. Conversely, deposition of
network COL IV did not show significant changes upon H47 treatment in any
cell type (Figure 4 and S2). No changes were observed in the deposition of COL
Xl either. These results suggest that Hsp47 may not be involved in the
secretion of the network forming collagens, like COL IV or fibril-associated
collagens, like COL XIl. Increased cell spreading in cultures treated with Hsp47
was observed, which is not surprising as collagen is a matrix protein with
multiple adhesion sites for the integrin family.

4.3. Discussion

Hsp47 is a collagen-specific chaperone protein with multiple roles in collagen
biosynthesis. Expression levels of Hsp47 correlate with collagen production 77
%7, Hspg4; has a regulatory role during scar formation in neonatal mouse skin
after injury, which indicates that its expression during healing is up regulated in
situ, in response to injury 2*'. These facts indicate that Hsp47 could be an
interesting therapeutic target in collagen-related skin disorders, as alternative
to non-specific collagen inducers such as TGF 3222, VEGF*® or ascorbic acid622%3,
Therapeutic use of these molecules to enhance collagen deposition influences
other cellular functions such as proliferation?62263 284285 differentiation®®** and
angiogenesis*%¢
increases collagen production by acting as a co-factor to proline and lysine

, leading to undesired side effects. For example, ascorbate

hydroxylases, which are involved in the hydroxylation of procollagen34.
However, these enzymes are also involved in the hydroxylation of other matrix
proteins, like Elastin or Fibronectin®®’. In contrast, the unique collagen-
specificity of Hsp47 would allow up regulation of collagen deposition, without
affecting any other molecule or cellular pathway as known and established in
the literature and our observation.

The deposition of fibrillar collagens | and I, and to a less extent fibrillar
collagen V was mainly enhanced in all tested cell types. Deposition of network
COL IV being the major collagen type in the basement membrane, and fibril-
associated COL Xl did not increase. The enhancement of fibrillar collagen
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deposition vs. other collagen types highlights the supporting role of Hsp47 in
the intracellular assembly, stabilization and transport of collagen
superstructures. A fibrillar collagen specific stimulation of collagen production
could be a positive aspect for a potential Hsp47-derived therapy to enhance
natural collagen production in diseases.

It is interesting to compare the efficiency of Hsp47-based enhancement in
collagen deposition vs. treatment with other collagen inducers from literature
data. In the comparison both the amount of deposited collagen and the time
scale at which noticeable deposition occurred is relevant. We anticipate that
the comparison is done among different cell types and culture methods and,
therefore, numbers can only be taken as indicative. In our data, the deposition
of fibrillar COLs I and Ill in fibroblasts (MEF, L929 or NHDF) was enhanced up to
70% -100% in 24 h. In contrast, ascorbate treatment of primary healthy skin
fibroblast increased collagen production by 20-40 % after 4 days of treatment in
vitro (measured by radioactively labeling procollagen),?®® and only 10 % in Hsp47
deficient fibroblast (measured by Sirus red assay)*’. Glycolic acid treatment
increased collagen production by 48% in a week in human skin fibroblast culture
from neonatal foreskin and outgrown cells 2% and Vitamin A (retinol) induced a
100% increase in chronological aging skin in human patients in vivo after 24
weeks??. This comparison reveals that Hsp47 promotes fast and efficient
deposition of fibrillar collagen in comparison with the other molecules, which
would be a beneficial feature for a therapeutic use of Hsp47.

4.5. Conclusions

Recombinant Hsp47 variants were delivered in the ER recently known KDEL
receptor mediated endocytosis approach. Skin fibroblast cells showed similar
trend in uptake with varying concentration of Hsp47. Skin epithelial and
endothelial cells showed a drastic increase in uptake only at o.5uM
concentration of Hsp47 in the medium. Exogenous delivery of Hsp47 increases
fibrillar collagens I, 1l and V in all the cells. Modest increase in collagens IV and
Xll'in epithelial and endothelial cells was observed.
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Chapter s

Light regulated collagen deposition in vitro’

In this chapter, the possibility to activate Hyy.onsy inside the cells in in vitro
cultures will be tested. For this purpose, fibroblasts derived from Hsp47-deficient
mouse embryos will be used. After incubation with Hyyv.onsv and controlled light
exposure, the deposition of collagen will be imaged and quantified. Collagen
deposition levels will be compared with normal fibroblasts and with fibroblasts
stimulated with ascorbic acid as chemical inducer. The ability to promote collagen
synthesis locally and on demand will be demonstrated.

Inactive Hsp47 Active Hsp47
_—— . ONBY383 Tyr383 ,

Hsp47 deficient cells
Hsp47 active cells

Localized collagen
deposition deposition

Poor collagen

Parts of this chapter were published in Advanced Science (2019), 6,1801982,Essak S. Khan,
Shrikrishnan Sankaran, Julieta I. Paez ,Christina Muth ,Mitchell K. L. Han, Ardnzazu del Campo ,
“Photoactivatable Hsp47: A Tool to Regulate Collagen Secretion and Assembly”
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5.1. Introduction

Collagen deposition is a key step during morphogenesis of branched tissues like
mammary glands, salivary glands or alveolar ducts, which are formed due to
variations in spatial distribution of collagen. For example, collagen deposition is
critically involved in alveolar formation and maturation ' (Figure1 A, B). In the
mammary gland, the axial orientation of the stromal collagen | fibers in the
mammary fat pad are essential for branching morphogenesis (Figure1C, D) &%

292

A Normal lung B TypelV collagen mutants

Septum growth

Capillary

Myofibroblast
progenitor

ATI

ATI \
i
ol

Epithelial BM
Endothelial BM

C

i '
L ¥ Stroma_!
X =—~3mm—==

Figurel. Schematic showing alveologenesis. A. Normal alveolar septum in which alveolar
myofibroblast progenitors localized at the base of the septum proliferates, differentiate into
alveolar myofibroblast, and migrate where they synthesize elastin. B. Type IV collagen
mutations cause abnormal septum formation causing and abnormal capillary formation.
Myofibroblasts fail to proliferate, differentiate and migrate, causing defects in elastin
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deposition. Axial Collagen I orientation in the branching of mammary glands. C.
Mouse mammary gland at postnatal week 3 and 8.Morphological features showing
orientation of (EP), ni(*) and (LN).For orientation analysis, the long axis of registered
glands was specified as 0°.D.Representative COL-I staining around an epithelial end bud.
To compare COL-I orientation relative to branch, long axis is specified (dashed
arrows).Reproduced with permissions from 2°'->2 from Elsevier.

Spinal cord regeneration after injury is directed by predeposited collagen.
During injury, the Wnt pathway of fibroblasts, which controls COL XII
transcription, becomes activated. These cells migrate to the site of injury and
deposit collagen. The COL XlI scaffold guides axon growth to bridge the injury
site and is a required step for spinal cord regeneration. This has been
demonstrated in a zebra fish model by silencing Wnt pathway or COL XII. In
both cases, no functional recovery was observed *% (Figure2).
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Figure2. Scheme shows deletion of COL XII under the transcriptional control of Wnt
pathway of fibroblast-like cells. This leads to poor deposition of COL XII preventing axon
regeneration and lack of functional recovery. Reproduced from 2.
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During arterial injury the deposition of collagen promotes arterial tissue
remodeling. In disease conditions like atherosclerosis; impaired arterial
remodeling causes change in vessel circumference, varying arterial
enlargement and leading to collapse of arterial wall promoting atherosclerosis
29429, In this case, the increase in collagen deposition has been associated with
the increase in Hsp47 levels. After the injury, increase in Hsp47-bound collagen
was found at ER/cis-Golgi interface, followed by the formation of extracellular
collagen fibers (Figure3)*®.

Intracellular Extracellular
ER / cis-Golgi trans-Golgi / Vesicles extracellular space
Collagen fibers
(remodeling)
Hsp47 bound Hspd7 free Hsp47 free
procollagen procollagen procollagen Procollagen

degradation
(migration?)

control N — N — - N

injury increase el constant =t increase

Figure3. Scheme shows Hsp47 and collagen turnover in the arterial injury. In the normal
control condition, there is a constant level (small arrow) of procollagen with normal (N)
levels intra- and extracellular. After arterial injury, there is an increase in collagen
synthesis; also there is increase in Hsp47 bound procollagen. This results in an increase in
extracellular collagen fiber content and/or procollagen degradation. However, the free
collagen levels remain constant, suggesting a higher throughput of free procollagen (large
arrows) after arterial injury. Reproduced from?*® with permissions.

In chondrogenesis, mutation in Hsp47 is associated to severe chondrodysplasia
and bone deformities with lower levels of COL Il and XI**” and misalignment of
COL I. In addition, accumulation of misaligned COL I in the intervertebral discs
and a decrease in COL Il fibers were observed. Under these conditions poor
calcification was observed and the formation of endochondral bones which are
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severely twisted and shortened was documented®®. Hsp47 is therefore
imperative for obtaining well-organized cartilage and normal endochondral
bone formation as shown in Figure 2 3% ">.Collagen deficiency due to Hsp47
mutation or down regulation occurs in several forms of diseases like
Osteogenesis imperfecta, Ehlers-Danlos Syndrome, Chondrodysplasias and
Alport syndrome. These diseases are studied using Hsp47 deficient mouse
models.

An in vitro model to study the functional role of Hsp47 was established by
Nagata and coworkers® Deletion of the Hsp47 gene in mouse lead to lethal
mouse embryos with severely affected growth and maturation of skeleton.

Poor deposition of COL IV was also observed.

Figure4. Lateral views of 9.5
dpc (¢) and 10.5 dpc ()
Hsp47—/— homozygous
embryos (right) and wild type
(left). Embryos were observed
before (f) and after (e) fixation
with 10% formaldehyde. Bars,
1 mm. Reproduced from %3,

The embryos died at day 11.5 and showed malformed epithelial tissues and
ruptured blood vessels (Figure 3)3. Embryonic fibroblasts from this knockout
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model are widely used as cell line for the study of collagen anomalies related to
HSP47 5, 44, 49, 83, 101-102, 147, 151-152, 272, 299300,

In this chapter, Collagen deficient mouse embryonic fibroblasts (MEFs) derived
from the Hsp47 knock-out embryo (Hsp47 -/- ) will be used to study the effect
of light-regulated delivery of Photoactivatable Hsp47. Collagen deposition in
cell cultures after light exposure will be imaged and quantified. Single cell
analysis of collagen distribution in secretory compartments inside the cells on
Photoactivatable Hsp47 activation will be analyzed. Spatial definition of
collagen deposition in vitro using localized exposure will also be demonstrated.

5.2. Results and Discussion
5.2.1. Increase in COL |, Il and V deposition on Hsp47 delivery in Hsp47 -/- cells.

To test if Hsp47 increases collagen subtypes production is solely due to Hsp47
delivered exogenous Hsp47 -/- cells were chosen. Hsp47 -/- cells were delivered
with Hy7n in DMEM medium containing antibiotics for 3 h. After 3 h medium was
exchanged and cells were incubated for 24 h for collagen deposition. Both non
treated and H47-treated cultures were decellularized and the remaining matrix
layer on the culture plate was stained using antibodies specific for COL I, Ill, V
and XII. Collagen subtypes were stained with COL I, 1ll, IV, V and XII specific
antibody and epifluorescence imaging was performed using Nikon TA
microscope. The relative abundance of each collagen subtype was obtained
from the fluorescence image of the culture plate. The mean fluorescence
intensity value for each collagen subtype was corrected by subtraction of the
background, and normalized by the corresponding value obtained in untreated
Hsp47 -[-cells (see experimental section).

Deposition of fibrillar COLs I, Ill and V increased upon H,; treatment. No
increase in COL IV and XII was observed, in agreement with previous
observations in the other cell lines (Figures a, ¢, S4). In order to quantify
deposited collagen subtypes at higher sensitivity, western blot analysis of the
deposited matrix was performed. Hsp47 +/+ cells were used as control. Higher
deposition of COL I, Il and V was confirmed, and a very low amount of COL IV
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was also detected. Interestingly, similar analysis performed with healthy MEF
cells (Hsp47+/+) revealed that these cells produced these collagen types to
similar extent as observed in Hsp47-/- cells after H47-induction (Figure 5b).
These results demonstrate that treatment of H47 deficient cells with
exogenous H,, allows cells to deposit collagen in composition and at levels
similar to healthy cells. Taking into account the physiological relevance of
matrix composition and properties in cellular behavior in vivo we speculate
Hsp47 would be ideal tool to trigger fibrillar collagen synthesis on-demand.
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Figure5. Stimulated deposition of COL I, 111 and V in Hsp47 -/- cells after Haz uptake.
a. Fluorescence images of immunostained COL I, 11, 1V, V and XII in MEF Hsp47-/- cells
24 after Hyy treatment and controls (Scale — 250um). b. Western blot of COL I, III, IV, V
and XII in deposited collagen from MEF Hsp47 +/+, Hsp47 -/- and Hsp47-/- cultures 24
hours after treatment with 0.5 UM Ha7. Red bands indicate signal from collagen subtypes
specific antibody. ¢. Quantification of deposited COL I, III, 1V, V and XII from immuno
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staining assays in MEF Hsp47-/- cultures. Error bars representing standard deviation from
n-3 experiments in a and ¢, The plots in both a and ¢ assays were normalized by MEF
Hsp47-/- cells untreated condition taken as 1. Statistical significance in a and ¢ was
analyzed by Tukey test. Significance was calculated by comparing non treated against
Hsp47 treated cells (meantSD, ANOVA).

5.2.2. Increase in collagen production in Hsp47 -/- cell cultures in response to
photo activation of H,v<onsy

The secretion of collagen by Hsp47 -/- cells after incubation with H,, and
H47v<onsy followed by light exposure was studied. The deposition of collagen
was quantified after 24 h using the Sirus Red assay. This dye binds specifically
to [Gly-X-Y]n helices of fibrillar collagen types | to V °2. Hsp47 -/~ cells incubated
with Hyyn showed a significant increase in collagen production (15-20%) after 24
h (Figure 6). Hsp47 —/- cells incubated with Hyv<onsy did not show increase in
collagen production, in agreement with the lack of bio functionality of Hs;v<onsy
observed in previous experiments. Exposure (30 sec) of Hyv<onsy treated cells
with 4o05nm light in situ led to higher deposited collagen. Within the
concentration range used (estimated as approximately 0.012nM H,,v<oney per
cell) no cytotoxicity effect due to the nitroso byproduct was observed (Figure
9). Note that the ONB photo removable group has been used in in vitro and in
vivo 196 239 39! applications and no significant cytotoxicity has been associated
with the released photoproduct. These results demonstrate bio functionality of
Ha4v<onsy intracellularly in response to light activation (Figure.6.b). Ascorbate
(Vitamin C) is a widely used chemical inducer for collagen production.
Ascorbate affects COL | biosynthesis at translational level by triple helix
stabilization % 299 3°2, The collagen deposition levels in Hsp47 -/- cells treated
with ascorbate were compared with the results obtained from treatment with
Hyn and Hypveonsy. Interestingly, higher levels of collagen production in cells
treated with H,;n and light exposed Hgyv<oney were found compared to
ascorbate treated cells (Figure.6. b). Addition of ascorbate to cells containing
Hysn or light exposed Hg,v<onsyhy had a synergistic effect for collagen production
(see Figure 6., 7).
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Figure 6.Stimulated collagen deposition using Photoactivatable Hsp47.

a. Scheme showing photo activation of Hasv<onsy and stimulated collagen deposition in
Hsp47 deficient cells. b. Relative collagen deposition in Hsp47 +/+ and Hsp47 -/- cultures
treated with Hsp47 variants and ascorbate. c. Relative collagen deposition in Hsp47 +/+ and
Hsp47 -/- cultures treated with Hsp47 variants with or without ascorbate. Collagen
deposition was calculated using quantified data of Sirus Red Assay at 570 nm (n=3 data
point representing mean value of technical triplicates of each experiment with whisker plots
representing standard deviation). Statistical significance was analyzed by Tukey test, which
shows significant differences between conditions. Significance was calculated by
comparing Hsp47 +/+ to Hsp47 -/- and on photo activation of Hary<onsy delivered in
Hsp47 -/- (mean+SD, ANOVA, *** p<0.001).

When Hsp47 +/+ cells were treated with H,,n or with in situ activated Hysv<onsyhy
only a slight increase in collagen production was observed (see Figure 6.c, 8).
The presence of Hyn caused a change in cell morphology of Hsp47-/- cells:
spreading was enhanced, possibly due to the interaction with the deposited
collagen (Figure S1).
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Figure 7.Relative quantification of collagen deposition and Relative Cell Density of
MEF Hsp47 -/- in absence (a) and presence of ascorbate (b) with Hsp47 variants. Photo
activation of Ha7v<onsy Was done in situ by irradiating UV light for 30 sec using Nikon Ti-
Eclipse microscope at 405 nm wavelength (n=3 data point representing mean value of
technical triplicates of each experiment with whisker plots representing standard deviation
standard deviation).

Interestingly, proliferation levels in Hsp47 -/- cultures treated with Hyn or in
situ activated Hyyv<onsy Were higher than in non-treated cultures (see Figure 6).
Together, these results demonstrate the efficiency of exogenous Hg4;<onsy to up
regulate collagen biosynthesis upon light exposure in Hsp47 -/- cells, and to
enhance cell spreading in Hsp47 +/+ cells (Figure s1).
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Figure8. Relative quantification of collagen deposition, Relative Cell Density of Hsp47 +/+
in absence (a) and presence of ascorbate(b) with different Hsp47 mutants. Collagen
deposition was quantified using Sirus Red Assay. Cell density was counted using DAPI staining
of the nucleus and Image J software. Photo activation of H47v<onsy Was done in situ by 30 sec
exposure at 405 nm using Nikon Ti-Eclipse microscope at 50% illumination intensity(n=3 data
point representing mean value of technical triplicates of each experiment with whisker plots
representing standard deviation standard deviation).
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Figure9. Fluorescence images showing Live-Dead staining of MEF Hsp47 -/- cells after 24
h of in situ photo activation of Ha7v<onsy at 405 wavelength for 30 sec irradiation (Green :
Live cells and Red: Dead cells).Scale:200um.

5.2.3. Controlled light exposure allows spatial regulation of collagen
production

The potential of H,v.onsy for spatially control collagen production through
photo activation in cell cultures was tested. For this purpose an assay for
imaging collagen deposition on the culture substrates was established. Hsp47
-/~ cells were incubated with the different Hsp47 variants for 3 h. Then the
medium was exchanged and cells were cultured for further 24 h, fixed and
stained with COL | For demonstrating the bioactivity of Hgyv<onsy We only
considered COL | deposition. Antibody for imaging deposited collagen type | on
the culture substrates.H,,n and light-exposed Hsv.oney showed EGFP
fluorescence located in the ER, indicating that the recombinant protein
delivered was still present intracellularly after 24 h (Figure 10). This is in
agreement with the reported >24 h half-life of Hsp473°°. Hyv<«k did not show
EGFP fluorescence after 24 h, which may be due to degradation because of lack
of functional activity over time (Figure.10. b). No fluorescence was observed in
substrates with Hsp47 -/- cells incubated with Hjv<r, Hikder Or EGFP after
collagen staining, whereas fluorescence corresponding to deposited collagen
was observed on substrates with cells incubated with Hyn (Figure 10.b). These
results demonstrate that H,v.onsy can be used in cell cultures to increase
collagen production at a selected time point.
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FigurelO.Localized induction of collagen deposition by photo activation of
Photoactivatable Hsp47. Immunostaining of MEF Hsp47 +/+ and —/— cultures 24 h after
treatment with different Hsp47 variants and controls COL 1 Antibody staining in red,
Hsp47 variants in green (EGFP), and nuclei in blue (DAPI). a. Hsp47 +/+ and —/— having
no protein delivery were used as controls. The light exposed areas (1.8x1.2 mm?) are
highlighted with dotted square. Irradiation wavelength was 405 nm. b. Hsp47 +/+ cells
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incubated with other inactive mutants did not show enhanced collagen production, whereas
cells incubated with Hs47n showed higher collagen levels. Scale bar: 250um.

In order to test if light-induced collagen deposition can occur in a spatially
defined manner, 1.8x1.2mm? areas of the Hsp47-/- cell culture previously
incubated with Hyv<onsy Were irradiated for 30 seconds at 405 nm. Higher
doses results in cell damage 3. Cells at the exposed areas showed significantly
higher collagen deposition (Figure 11.a). Hsp47-/- and Hsp47 +/+ cells lacking
exogenous Hyyv<onsy did not show any increase in collagen staining upon light
exposure, indicating that UV irradiation by itself had no effect on collagen
production (Figure.11)

In order to evaluate the spatial accuracy of the photo-induced collagen
deposition in Hsp47-/- cells treated with Hg,v<oney, three independent 1.13 mm?
areas of the culture were irradiated at 405 nm. Increased collagen deposition
within the exposed areas after staining with COL | antibody (Figure 10) with
very less deviation in collagen deposition was observed. In addition, cells within
the scanned area showed a wider cells having elongated morphology which
may be the reason we observe less Nucleus signal. These results demonstrate
the possibility to use Hyv<onsy to photo regulate collagen biosynthesis in cell
cultures and build spatially defined collagen networks.

5.2.4. Interactome of procollagen and secretory organelles upon photo
activation of H,;v<oney

To study the distribution of procollagen within cell compartments upon
activation of Hyv<oney in individual cells, high resolution imaging of
immunostained samples was performed. The rER (rough Endoplasmic
reticulum) and the Golgi belong to cell’s secretory apparatus involved in the
intracellular processing of Procollagen. It has also been suggested that collagen
is exchanged between rER and Golgi and it releases from smooth ER (sER)3>4.
Cells were fixed and stained at different time points after light activation.
Staining included ER, Golgi apparatus and Col 1 using specific florescent
antibodies. Hsp47 +/+ cells and Hsp47 -/- cells without any protein treatment
were used as controls.
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Figurell. Immunostaining of patterns of collagen deposition in MEF Hsp47 —/—
cultures treated with Hs7v<onpy after patterned exposure. The cell culture was incubated
with Ha7v<onpy for 3 hours and then medium was changed. Three spots of area 1.32 mm?
separated by 4 mm distance were scanned with at 405 nm laser. In order to reveal the
illuminated area, a green highlighter ink was used to mark the underside of the 24-well
plate. The ink was photo bleached after 3 min UV exposure (Figure S2) and the bleached
areas were used as reference for the scanning areas. (a) Fluorescence images of photo
patterned areas after staining with DAPI and collagen type I antibody. The photo-patterned
areas are highlighted with dotted circles. The scale bar corresponds to 500um. The graph
represents the intensity of the collagen deposited across the horizontal green line. (b)
Fluorescence image of collagen deposited by cells in the exposed area and bright field
overlay image showing change in cell morphology. Scale bar corresponds to 250um. (c)
Mean intensity and standard deviation of collagen deposition from 3 independent
experiments, each having 3 individual light-exposed spots of 1.13 mm? area
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Imaging after 2, 4 or 8 h did not show procollagen-specific fluorescence signals.
3%4 This agrees with reported data stating that secretion of fully assembled
collagen fibers requires 24 hours % 3°» 3%, After 24 h, procollagen signals
appeared and co-localized with the ER and Golgi. In order to derive a
quantitative measure of co-localization, Pearson’s coefficients analysis (r) was
calculated based on the plot profiles of average intensity from Nucleus to cell
periphery as shown in Figure11 as blue and red dashed box (where +1 value
reflects perfect correlation and any value above 0.8 reflects positive
correlation).

Considering the Nucleus as a centroid, a ‘0-50%’ section of intensity profile was
calculated from edge of Nucleus up to half the distance till the periphery
(brown dashed boxes) and the remaining distance till the periphery was
considered as a “50-100%” section (orange dashed boxes). In Hsp47 +/+ cells,
0.95 and 0.90 r-values in the 0-50% section was observed with ER-COL | and
Golgi-COL | signals respectively. This suggests that procollagen is distributed
within the secretory apparatus surrounding the nucleus. However, in the 50-
100% section, COL | was found to co-localize with ER (r-0.93) but not with Golgi
(r-0.001).This supports the second pathway of collagen secretion which is quite
debatable. In Hsp47 -/- cells, even though a similar co-localization trend was
observed in the 0-50% section(ER-COL | r-0.002 and Golgi-COL I r-0.004)(Figure
13), no correlation was observed in the 50-100% section in both ER-COL I (r-
value) and Golgi-COL | (r-value) signals. This reveals that procollagen is
accumulated around the nucleus in secretory apparatus but does not get
transported towards the periphery of the cells for secretion as has been
reported previously 3% 44 47, 77,106,304,

Hsp47 -- cells treated with H,;v<onsy, @ similar trend of procollagen distribution
as compared to untreated Hsp47 -/- i.e. (0-50 % section -ER-COL | r-0.8976 and
Golgi-COL | I r- 0.9014and 50-100% section — r values) was observed. This
suggests functionally arrested Hsp47 doesn’t allow it to interact with
procollagen. Moreover, EGFP signal from H,sv<onsy Was found to have a positive
correlation in the 0-50 % section (ER- Hyv<oney 1-0.8976 and Golgi- Hayv<onsy I~
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0.9014) and poor correlation in the 50-100 % section (r values). This suggests
that H,,v<onsy remains in the ER even though it does not bind to procollagen.
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Figurel2. Subcellular detection of procollagen at secretory organelles on photo
activation of Ha7v<ony. Immunostaining of Hsp47 +/+, non-activated and light-activated
Hsp47 —/— MEF cells treated with Hs7v<onBy. Golgi Antibody is shown in Red, ER tracker
Dye in Orange, COL I Antibody in Yellow, Hsp47 signal in green (EGFP), and nuclei in blue
(DAPI). Activation was done with 405 nm light. Dotted squares represent the areas
considered for Pearson correlation analysis in four different directions (Blue: 0-50% area
from nucleus to periphery, Red: 50-100% area from nucleus to periphery of the cells.
Intensity profile plots of representative cells from three independent experiments. Scale bars:
Hsp47 +/+ -10pm and Hsp47 -/- , Hsp47 -/- active Hsp47 and Hsp47 -/- inactive Hsp47 with
Spm.

This supports our previous observations in the collagen deposition assays
(Figure1to).Interestingly, a significant correlation in EGFP-COL | signal in 0-50 %
section was observed, indicating that both Hgyv<«onsy and procollagen are
accumulated in the ER near the nucleus, causing ER trafficking (Figure 12). It is
important to note that Pearson’s correlation analysis is only capable of
quantifying the spatial correlation between two signals and cannot evaluate
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whether the two molecules are bound to each other. The functional arrest of
H4zv<onsy in Hsp47 -/- cells was further confirmed by the fact that procollagen
was seen to be aligned with the ER around the nucleus Golgi apparatus was
found around ER in small spots, but no procollagen signal was found
overlapping with it.

Golgi/ER Golgi/coL ER/COL

Figurel3.Immunostaining of MEF -/- cells showing procollagen (Red) localizes in the ER
(Cyan) around the nucleus whereas not in the Golgi shown in Yellow. This demonstrates
ER trafficking of procollagen in Hsp47-/- cells. Scale — 5 um.

On activation of Hysv<onsy in Hsp47 -/- cells, using 405 nm light, a significant
change in procollagen distribution was observed. Procollagen production had
increased in the activated cells after 24h. The distribution of collagen was
observed from nucleus till the periphery of the cells.

A similar trend in procollagen distribution was observed compared to Hsp47 +/+
cells i.e. (0-50 % section -ER-COL | r- 0.8623 and Golgi-COL | r- 0.9014) and (50-
100 % section -ER-COL I r- 0.8317 and Golgi-COL I r-0.0012). Also, strong amount
of EGFP signal was observed around the nucleus indicating accumulation of
Hsp47 here. Increase in cell size was observed, probably since activation of
Hysv<onsy in Hsp47 -[- cells enhances collagen secretion and promotes cell
spreading due to increase in deposited collagen (Figure 12,Table 1).

5.3. Conclusions

In conclusion, the ability to promote collagen synthesis on demand, in a
spatially defined manner and in disease state cells is demonstrated in vitro. In
situ light exposure allowed light-mediated increase of functional Hsp47

114



Light regulated collagen deposition in vitro’ C h a pt er 5

concentration inside the cells, and consequently localized up regulation of
collagen production and deposition in cell cultures. Spatial accuracy of collagen
deposition was confirmed with patterned light activation of endocytosed
photoactivatable Hsp47. Single cells showed increase in procollagen
production at a submicron level within secretory organelles. The distribution of
procollagen in the secretory apparatus were enhanced on functional activation
of our tool, resembling the distribution seen in Hsp47 +/+ cells. Moreover,
increase in cell size was observed on activation. We envision that this tool will
allow unprecedented studies of collagen synthesis and early assembly.
Moreover, photoactivatable Hsp47 might inspire new therapeutic concepts for
treating collagen-related defects like Osteogenesis imperfecta, Ehlers—Danlos
syndrome, and epidermolysis bullosa by promoting correct folding of collagen.
Finally, the possibility of external up regulation of collagen synthesis and
deposition might be advantageous for tissue regeneration and rebuilding of
the extracellular scaffold.

Pearson's coefficient r
n=20 Distance
fromlthe ER-Col I | Golgi- | Hsp47-ER | Hspa7- | Hsp47-
Nucleus Col | Golgi | col
(%)
0-50 0.9519 | 0.9014
Hsp47+/+ 50-100 0.9325 | 0.0
0-50 0.9926 | 0.9153
50-100 0.0020 | 0.0
0-50 0.8976 | 0.9014 | 0.9411 | 0.0076 | 0.8612
Hv<oney
Hsp47-/- 50-100 0.0063 | 0.0 0.0 0.0 0.0
0-50 0.8623 | 0.9014 | 0.9519 | 0.8317 | 0.9014
50-100 | |, 0.8317 | 0.0 0.0005 0.0 0.00
47Y<ONBY hv
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Tablel.This table shows Pearson’s coefficient analysis of Col I distribution on
activation of Hsry<onsy. n-20 cells from each conditions were used for analysis
from three independent experiments
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Chapter 6

Stimulated collagen production in keratoconnus
corneal tissue using Hsp47: a new therapeutic scenario
for Keratoconus?

Keratoconus is a corneal disorder due to poor reduction in collagen deposition and poor
crosslinking of collagen. Hsp47 has reported to be down regulated in keratoconus cornea,
and this is speculated as one of the factors involved in this disorder. In this chapter the
therapeutic potential of photoactivatable Hsp47 is demonstrated in ex vivo keratoconus
cornea from patients. Photoactivatable Hsp47 was delivered to keratocytes in cornea
tissue ex vivo, overcoming interacting with matrix collagen. Localized activation of the
protein leads to an increase in the deposition of fibrillar COL I, Il and V in ex vivo
keratoconus cornea cultures.
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6.1. Introduction

Keratoconus is a multifactorial corneal ectasia. It is usually diagnosed from
puberty to 30 years of age and often progresses from the fourth decade of life.
The prevalence of keratoconus in white Europeans has been estimated to be 1
in 1750 and up to 1in 450 in South Asians for the age group 10-44 years. Its
pathogenesis displays a progressing non-inflammatory softening of the central
cornea > 3415 3% This softening is related to impaired synthesis and
crosslinking of collagen fibrils with consequent changes in the morphology of
the collagen matrix, and to a bulging of the central portion of the corneain a
cone shape 35136 307398 Thjs results in localized corneal thinning, irregular
astigmatism and visual impairment3°°.

Corneal tissue is composed of different cell types in a layered arrangement. The
outer epithelial layer acts as a physical barrier to pathogens and is separated
from the middle layer by the Bowman’s layer rich in COL IV.3"° The middle layer
(stroma) consists of a fibrous collagen matrix with a thickness of 465.4+36.9
um. Stromal fibroblasts (keratocytes) are responsible for the deposition and
remodeling of this collagen matrix. The innermost layer is the endothelium,
separated from the stroma by the Descemet's membrane 3°73°%.313% |n healthy
individuals, the frontal stratified epithelial layer consists of type I, VI, VII, XIl and
XIll collagens, which are all decreased in keratoconus cornea > 36307308, 31 The
stromal layer contains mainly collagen types | and V, and lower amounts of
collagen type VI, XIl, Xlll, XIV and XXIV. In keratoconus cornea, a reduction in
type I, lll, IV, V and XII collagens is reported’. Mutations in prolyl and lysyl
hydroxylases, necessary for the hydroxylation of proline and lysine residues in
the collagen triple helix, are associated to keratoconus disease3® 248,
Hydroxylation is essential for the crosslinking of collagen fibrils33. The low
crosslinking in keratoconus stroma is behind the softening and thinning of the
stroma, which becomes deformed and protrudes towards the outer epithelial
layer at the ocular pressure’>33,

Therapeutic approaches to treat KC at early stages are based on UV-mediated
crosslinking of the cornea collagen matrix using riboflavin®®. This treatment
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stabilizes the collagen matrix and leads to improved organization of the
collagen fibrils and down regulation of matrix metalloproteases like MMP-1, 3
and 9. However, cross-linking decreases viability, promotes apoptosis and
inhibits proliferation of keratocytes3. Moreover, the inflammatory response
and scarring associated to KC due to myofibroblastic transformation of
keratocytes is also not prevented by UV crosslinking 3°® 3. Treatment of
keratoconus disease in more advanced states requires corneal implants and
transplants which clears a line of vision of 1 or 2 and still requires contact
lenses.

The chaperone protein Hsp47 is down-regulated in keratoconus fibroblasts™s.
Hsp47 has been shown to promote wound healing without scar formation and
proper alignment of collagen fibers in neonatal skin after injury 2®. In this
chapter, the ability of H,,v<onsy to mediate light-driven stimulation of collagen
deposition in cornea explants is tested. Note that this is not possible by
treatment with native Hsp47, since it would remain attached to the collagen in
the extracellular matrix. Effective delivery of Hyy<onsy into keratocytes in
human normal cornea (NC) and keratoconus cornea (KC) will be demonstrated,
and no interference with the extracellular matrix of the tissue. In situ and on-
demand functional activation of Hgyv.oney with light is shown, followed by
collagen secretion and matrix remodeling in the cornea ex vivo. COL |, lll and V
were showed significant increase on functional activation of Hg4v<onsy Whereas
COL IV and XIl showed modest increase.
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6.2. Results and Discussions

6.2.1. Hsp47 uptake by NC and KC keratocytes in 2D cultures leads to increased
collagen expression and secretion of fibrillar collagens I, Il and V

The uptake of H,; by primary human cornea derived stromal fibroblasts was
first tested. Normal and KC keratocytes were incubated with EGFP-labeled H,,
for 3 h, fixed and stained for ER and cell nucleus. As control, cells were also
incubated with EGFP. NC and KC keratocytes incubated with Hy;n showed co-
localization of the fluorescent signals corresponding to Hyn and to the ER,
indicating successful uptake of the H,n by these cells (see Figure S1a). No
fluorescence was observed in cultures incubated with EGFP, which does not
contain a KDEL sequence, supporting the evidence that H,;n endocytosis occurs
specifically via the KDEL receptor. Experiments performed at different
incubation concentrations of Hyn (0.01uM -1uM) showed that the optimal
concentration was 0.5 uM (Figure S1). Concentrations above 0.5uM resulted in
the formation of H,,n aggregates on the cell culture substrate.

To determine the bioactivity of the endocytosed Hy;n, the collagen deposition
levels of Hyn-treated NC and KC keratocytes were evaluated by Sirus Red assay
77 and compared with non-treated controls. NC keratocytes treated with Hy;
showed a significant increase in collagen production (=20%) 3 days after
treatment.

A modest increase was detected in the first and second days after the
treatment. KC keratocytes deposited 40% less collagen than NC keratocytes,
and Hyn treatment induced a ca. 30% increase in collagen deposition (Figure
1b). The reported half-life of Hsp47 inside the cells is more than 24h3®. Our
observations are in agreement with this finding. The observed increased
deposition of collagen confirms that endocytosed H,,n remains functional for 2-
3 days inside the cornea fibroblasts. In KC keratocytes, lower expression levels
of COL I, lll, IV, V and XIl have been reported. To test if treatment with
exogenous Hg; stimulates expression of these collagens, changes in mRNA
levels of collagen subtypes was determined using Q-PCR analysis with
appropriate primers.
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Figurel. Increase in collagen production of keratocytes in 2D culture after incubation with
Ha7n. @. Microscopy Z stack images of NC and KC stromal fibroblast cells (keratocytes)
after incubation with Hsn showing colocalization of Hainw signal and ER staining.
Incubation with EGFP did not lead to intracellular fluorescence. Blue: DAPI (Nucleus),
Green: EGFP (H47n) and Red: ER tracker Dye. Scale bar: 20 um. b. Relative collagen
deposition in NC and KC cultures after 3 days of treatment with Hazn. Collagen deposition
was quantified using the Sirus Red Assay at 570 nm (n=3 data point representing mean
value of technical triplicates of each experiment with whisker plots representing standard
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deviation). Statistical significance was analyzed by Tukey test. Significance was calculated
by comparing non treated vs. treated cells (meantSD, ANOVA, *** p<0.001). ¢. Q-PCR
results of gene expression levels of collagen subtypes 24 h after delivery of Hazn. Error bars
indicates standard derivation of three independent experiments (n-3).

Increased expression levels of fibrillar collagens I, 1l and V were found after
treatment with Hyyn. No increase in the expression of network-forming collagen
COL IV and fibril associated collagen XII was observed after Hyn treatment
(Figure 1c). These results suggest that H,; mainly supports secretion of fibrillar
collagens in KC keratocytes. Similar results have been observed in in vitro
cultures with other cell types °.

6.2.2. Photoactivatable Hsp47 can be delivered to keratocytes in corneal
explants

Collagen is a major component of the extracellular matrix in natural tissues.
Therefore, treatment of natural tissues with soluble Hsp47 would lead to
retention of the protein at the extracellular matrix and no delivery to the cells.
Hsv<onsy, Where the affinity for collagen is temporally inhibited, does not
interact with matrix collagen. Therefore, this could open the possibility to
deliver Hsp47 into the cells within tissues. This possibility was tested using
cornea tissue explants from postmortem patients. 4 Explants were sliced into
three pieces each and pinned on a PDMS-coated wells within 6 well plates.
Tissue pinning should replicate the tensional state of corneal tissue in vivo,
under ocular fluid pressure (Figure 2).

Corneal fragments were incubated with Hj;n and Hgyvconsy at 0.5 puM
concentration for 5 h. After delivery, the tissues were fixed with PFA and
sucrose treatment, cryosectioned and immunostained with COL | antibody.
Epifluorescence imaging showed homogeneous distribution of Hy;n within the
cornea co localized with the signal from matrix collagen | staining. Conversely,
Hssv<oney signal was located inside the keratocytes, accumulated around the
nuclei and did not co-localize with the signal from the matrix collagen (Figure
3). These results confirm that Hsv<onsy can be delivered to cornea cells in
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cornea explants due to its inhibited affinity to collagen through the mutated
383Tyr residue.
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Figure2. a. Scheme reflects the experimental protocol for the delivery of Hsp47 to ex vivo
cornea cultures, and the following histological analysis of collagen deposition. Cornea
explant is pinned on a Sylgard coated well in a 6 well plate using minute pins. Hsp47
variants were incubated for 5 h in cell culture medium. Subsequently, samples were fixed,
cryosectioned and immunostained. Corneas were fixed with 4% PFA and treated with
increasing concentrations of sucrose (10-25%) before embedding for Cryosectioned.
Sections were stained with Col I Antibody in red. Hsp47 variants are green (EGFP), and
nuclei are stained in blue (DAPI).

6.2.3. Light-stimulated deposition of matrix collagen in KC cornea after H,;y.onsy
treatment

The ability of intracellular Hyv<onsy to stimulate collagen deposition in cornea
tissue after light activation was then tested. For this purpose pinned NC and KC
were first incubated for 5 h with Hgv<onsv. A defined area (2.5x0.75mm?) was
then scanned with a 405 nm (3mW/cm?) LED laser for 1 min and the cornea was
maintained in culture for 3 days. Collagen deposition was analyzed by second
harmonic generation (SHG) imaging of the irradiated area after cryo slicing the
cornea tissue at day 3. Control experiments without Hyv<onsy treatment were
also performed.
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Figure3. Delivery of Hs7 and Ha7v<onsy to cornea tissue ex vivo. Epifluorescence images
of NC cornea after incubation with Hszn or Hazv<onsy for 5 h and staining with COL |
antibody (red). Ha7 was retained at the extracellular collagen matrix, whereas Hazv<onsy
(Green) was up taken by the cell and localized at the ER (Blue: DAPI (Nucleus), Green:
EGFP and Red: ER tracker Dye) Scale bar: 250 pm.

Figure 4a shows the SHG image of collagen in not treated NC. Uniform, highly
aligned and superimposed fibers of 5-20um diameter were observed. The
alignment and uniformity of collagen in cornea tissue are essential for
maintaining optical transparency and provide the biomechanical prerequisites
necessary to sustain shape and strength 373%. When imaged at the same
conditions, KC showed a weak SHG signal, as indication of poorly organized
collagen structures (Figure 4a). No individual fibers could be distinguished in
the SHG image. The observed morphologies in NC and KC are in agreement
with reported data, confirming that our methodology to ex vivo culture cornea
tissue and to do SHG imaging of collagen are adequate3®.
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Figured. Light stimulation of collagen deposition in KC using Has7v<onsy . SHG images
of collagen fibers in: a. NC showing superimposed and aligned collagen fibers and in KC
showing weak SHG intensity and low collagen alignment. b. KC after light exposure; after
treatment with Hizv<onsy and light exposure; and after treatment with Hin and light
exposure. Increased deposition of collagen was only observed when cells were treated with
Hs7v<onsy and illuminated. ¢. KC after treatment with Ha7v<onsy and localized light
exposure showing increase in collagen deposition and ordered collagen structures only at
the irradiated area (2.5x0.75 mm?, highlighted with black lines). The bar in each image
shows the orientation of cornea (Small dotted area-Epithelial, Dashed area-Stromal and
Black line: Endothelium).

Figure 4d shows the SHG image of KC corneal fragments incubated with
H47v<onsy irradiated and cultured for 3 days. A significantly stronger SHG signal
was obtained and an improved organization of the collagen fibers was visible.
The areas of the tissue which were not exposed showed the same weak SHG
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signal as in non-treated KC (Figure 4d). UV exposure on untreated KC corneas
did not show any change in collagen morphology, indicating that the irradiation
did not affect the tissue (Figure4b). Hyn treated KC tissues did not show any
improvement in collagen deposition, which we associate to the retention of the
protein in the extracellular space. Altogether these results demonstrate the
ability of Hiv<oney in combination with light to stimulate matrix collagen
deposition in corneal explants with morphological features resembling those of
collagen in normal corneas.

6.2.4. Deposited collagen in H,y.onsy treated KC showed high degree of
alignment

In order to characterize the degree of alignment of the deposited collagen, the
samples were characterized by polarization light microscopy (PLM)". The
anisotropy of collagen fibers makes them birefringent'. Birefringence (B) is
the difference in refractive index between the two orthogonal axes of an
anisotropic object (An1-An2) as mentioned by Weiss and coworkers in
Protoplasma, 2010. The optical retardation of the sample, which is an
experimental indication of the molecular order and orientation of the
birefringent structures, corresponds to the birefringence value multiplied by
the thickness of the sample 83" (Figure 5). The mean optical retardance values
were generated using the Polscope software from 8 images from 3
independent experiments. The relative optical retardance value was
normalized by the highest retardance value of NC sample, taken as 100%.

Birefringence measurements of NC tissue yielded higher optical retardation
than on KC tissues which showed 25% retardation, indicating a stronger
orientation of the collagen fibers (Figure 5a). Treatment of KC tissues with
H47v<onsy @and photo activation lead to collagen structures with increased optical
retardation, up to 8s5% (Figure c). These results indicate that functional
activation of Hyyv<onsy inside keratocytes of KC tissue produced correctly folded
and aligned collagen fibers. Non-activated areas in the same tissue retained low
optical retardation (Figure 5).
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Figure5. Deposition of oriented collagen fibers upon localized activation of Hazy<onsy in
NC and KC tissues by polarization optical microscopy imaging (LC-PolScope). a. NC and
KC tissues treated with Hirv<onsy after light-activation, and corresponding controls.
Optical retardation signal per pixel are shown from dark to white color LC-PolScope
orientation images encoding the slow optical axis per pixel are shown as pie diagram. b.
Orientation image encoding the slow optical axis per pixel along with vectors show
localized aligned fibers in the KC treated with Ha7v<onsy and activated on light exposure
(half of the cornea is expose to 405nm light for 1 min).c. Graph represents relative
retardance in NC and KC cornea in different conditions. (n=8 data point representing mean
value of 8 images from technical triplicates of each experiment with whisker plots
representing standard deviation). Statistical significance was analyzed by Tukey test.
Significance was calculated by comparing non treated vs. treated cells (meantSD,
ANOVA, *** p<0.001).
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Light exposure of KC tissue without Hsp47 treatment did not change the
alignment of collagen fibers. In the same line, KC tissues treated with H,,n did
not show improved directionality of collagen fibers either with modest increase
in optical retardation up to 50 % (Figure 5a). These results indicate that Hyv<onsy
enables on-demand and spatially confined deposition of aligned collagen fibers
in cornea tissue (Figure 5a).

6.2.5. Fibrillar collagens type I, Il and V are preferentially deposited in cornea
tissue after treatment with H,;y.onsy and photo activation

Hsp47 has been reported to bind to fibrillar COL I, 11, Il and V 74. What type of
collagens are preferentially deposited in cornea tissues after local activation of
Hssv<onsy Was evaluated. For this purpose NC, KC and Hgy<onsy -treated KC
tissues were fixed 3 days after incubation and immuno stained for COL I, 111, 1V,
V and XII with specific antibodies (Figure 6). COL I, llI, IV, V and XII were found
in NC and KC tissues, though lower fluorescence intensity was observed for the
five collagen types in KC tissues. KC treated with H,,v<onsy showed no changes
in collagen deposition vs. KC tissue. Light irradiation of H,sv<onsy treated KC to
light (405nm) lead to increased deposition of COL I, Il and V in the exposed
areas (Figure 6). No changes were observed for COL IV and XIl. These results
indicate that the exogenous administration of H,; via light activated Hyv<onsy to
KC tissue triggers production of fibrillar collagens. KC treated with H,; showed
a small increase in deposited collagen (Figure S2), indicating that only increased
intracellular Hy; can effectively interact with the collagen biosynthesis process.
Note that similar findings were also observed in keratocyte cultures.
Altogether, these findings suggest that photoactivatable H,; can be regarded
as potential therapeutic tool to rescue functional collagen matrices in
keratoconus corneas by inducing photo regulated deposition of COL I, Il and V.
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Figure6. Light-stimulated deposition of different collagen subtypes. Fluorescence images
of NC, KC and KC treated with Hasy<onpy after 3 days of culture. Samples were
immunostained with antibodies for COL I, III, IV, V and XII (in red). The light exposed
areas are highlighted with yellow light blot The orange dashed line square area is zoomed
in the adjacent figure. Plot profile indicates increase in red signal intensity from COL I, III
and V and no increase in IV and XII. Scale bar: 250um.
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6.3. Discussion

Treatment of KC tissue with exogenous H,;v<onev and light allowed stimulation
of keratocytes to deposit fibrillar collagen ex vivo. The presented results
provide a conclusive proof that delivery and activation of Hyv<onev €nhance
thickening of collagen fibers in cornea tissue while retaining their natural
parallel arrangement as revealed by the SHG images. The specificity of Hsp47
for collagen makes this approach highly interesting to study and eventually for
therapeutic treatment of diseases associated with alterations in the deposition
or stability of fibrillar collagen. Deeper studies and applications of Hysv<onsy for
these purposes require, however, additional studies and eventually
modifications in the molecular design of our tool.

End-point imaging of cornea tissue samples via SHG and polarization
microscopy after fixing and cryosectioning provided information regarding
collagen fiber density and orientation. Variations in collagen morphology
between H,;, stimulated and un-stimulated sections of the same tissue
fragment could be visualized by these methods. However, this method does
not allow differentiation between the existing and new synthesized collagen in
the images. Quantification and analysis of the properties of the deposited
collagen (i.e. type, crosslinking or degradation rate) require other methods.
Very recently a new strategy for quantification of newly synthesized collagen
has been reported3*°. By stably knocking-in a probe collagen gene in which
procollagen is fused to a photo switchable probe, Dendra2. The monomeric
version of this fluorescent protein is green-to-red photo convertible. This
strategy allows distinguishing between newly synthesized collagen and
preexisting collagen by fluorescence imaging. Another relevant feature is that
the genetic construct is engineered within Exon 1 of procollagen 1 a2 domain,
such that the fluorescent protein doesn’t affect triple helix formation and
cannot be cleaved during fiber formation. In this way, collagen processing can
be traced from intra to extracellular level. In future work this strategy could be
used to quantify the rates and extents of collagen deposition in corneal tissues
when stimulated by our photoactivatable Hsp47.
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One advantage but also possible limitation to the therapeutic application of
this approach is the use of light to control the activity of H,,v<onsy in the tissue.
On the one Hyv<onsy allows easy external regulation of the pharmacokinetic
profile in the tissue using a light source. On the other hand it requires light
protection of the tissue with orange light filters when activation is not desired
until it gets enzymatically degraded. Another limitation is that it requires UV
light for activation, and UV light has a low penetration depth in tissues. This is
not an issue for cornea, as it is transparent, but it is an issue for all other
tissues. The use of other photo removable groups for Tyr which are sensitive to
NIR light, which has higher penetration depth in tissue, is not straightforward
since the tools for genetic encoding are not available. An alternative could be
to engineer an enzymatic cleavable moiety. For example, CNA35, a collagen
binding probe was engineered with a cyclization of protease inhibitor domain
between its two binding domain N1 and N2 which can be cleaved on addition of
proteases3*.

Hsp47 has largely been considered as a therapeutic target in cancer.
Knockdown of Hsp47 expression reduces collagen levels and inhibits tumor
proliferation and metastasis by reducing fibrosis 9% '*°. Hsp47 inhibitors for
therapeutic treatment of fibrosis are in development *”7. In contrast with this
scenario, this study explores the application of exogenous Hsp47 to enhance
collagen production. The development of the photoactivatable H,;v<onsy, with a
tunable affinity for collagen, was crucial for this purpose, as it does not interact
with matrix collagen in the tissue and it allows intracellular delivery. This
approach is not specific for KC disease or cornea tissue, and should be tested in
other examples of collagen disorders in the future. Relevant scenarios could be
EDS or Epidermolysis bullosa in skin, or eventually osteoporosis and
osteoarthritis in bones were mutations in Hsp47 occur in some variants of the
diseases™ 74 29 259 32 Hsp47 is a naturally occurring protein, it is collagen
specific, is readily up taken by cells in tissue without the need of delivery
vehicles, and has a life time of 1-2 days®®. These features make it highly
attractive as possible therapeutic molecule for medical application.
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6.4. Conclusions

Hsp47 is a collagen specific protein involved in the biosynthesis of collagen.
This protein is down regulated in KC, a disease state that is associated with a
distorted collagen matrix of the cornea tissue. The recombinantly produced,
photoactivatable Hgv<ongy is @ Hy; variant with low affinity for collagen. When
incubated with cornea tissue, this protein does not interact with matrix
collagen and is uptake by keratocytes and accumulates in the ER within 3 hours.
Light exposure of cornea tissue after treatment with Hgyv<onsy leads to
increased deposition of fibrillar collagens type I, Il and V. Site-selective
exposure of Hgyv.onsy treated cornea allows for localized remodeling of the
extracellular collagen matrix in situ. This possibility was demonstrated in ex vivo
KC, inspiring future therapeutic concepts for keratoconus and other collagen-
associated diseases.
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Conclusions and Outlook

In this PhD thesis, a photoactivatable variant of Hsp47 (Hgyv<onsy) was

developed, tested and applied to enhance collagen deposition in a collagen-

deficient disorder (keratoconus). The following general conclusions can be
extracted from this work:

4.

The substitution of Tyr383 of Hsp47 by the non-natural light-responsive
o-nitro benzyl tyrosine (ONBY) rendered Hsp47 inactive toward
collagen binding, and allowed its light-regulation at selected time
points and sites after cellular uptake. The affinity loss of the mutated
protein also prevented interaction with extracellular collagen, and
allowed delivery of Hsp47 to cells within corneal tissue explants. This
feature is particularly interesting, as it allows considering the mutated
Hsp47 for use in therapeutics.

Hsp47 is up taken by cells in in vitro cultures and also tissue explants via
KDEL receptor mediated endocytosis by simple incubation of Hsp47 in
the medium. This finding establishes a generalized strategy for
delivering proteins precisely to ER of the cells.

Hsp47 treatment leads to increased secretion of fibrillar COL I, 1l and V
in skin cell lines in vitro within a 24h time scale after exogenous supply
of the protein. Modest increase in non-fibrillar COL IV and Xl was
observed in skin epithelial and endothelial cell lines. This suggests that
Hsp47 can be used as a collagen stimulant targeting skin based
collagenopathies like brittle bone diseases, EDS and chronic skin
wounds irrespective of whether there is a defect in endogenous Hsp47
or not.

Administration of Hjv<oney allowed light-stimulated secretion of
collagen in Hsp47 negative cells in vitro. The activation of collagen
production in disease-state cells opens a possibility of localized
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deposition of collagen on demand. This is a relevant finding from tissue
engineering perspective to repair damaged tissues locally.

5. Due to its temporary functional arrest, it was possible to deliver
photoactivatable Hsp47 precisely inside corneal cells. Upon site specific
activation of this tool by light, localized increase in fibrillar collagen was
demonstrated in ex vivo damaged corneal tissues from kertoconus
patients. These results demonstrate the therapeutic potential of this
tool to treat keratoconus disorder in human patients. Further
investigations will be carried out to evaluate whether corneal function
can be restored using this strategy.

Photoactivatable Hsp47 can enable unprecedented fundamental studies of
collagen biosynthesis and matrix biology, and inspire new therapeutic concepts
for tissue regeneration.
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LAWYILDVSQ
LFSPVVVASS

STARNVTWKL
STARNVTWKL
STARNVTWKL
STARNVTWKL
STARNVTWKI
POTRNVTWKI
STARNVTWKI

...ONVIFAE
PKERNVTWKI
STARNVTWKI
STARNVTWKL
STARNVTWKL
VSNSTARNVT
LSNSTARNVT
LSNSTARNVT
LSNNTARNVT
LSNSTARNVT
LSNSTARNVT
LSNSTARNVT
NMILAESRRS
VSNETARNTT

QOSINEWAAQT
QSINEWASQT
QSINEWASQT
QSINEWAAQT
KSINEWAAQT
NSINEWAAKT
KAINDWASKS

VSLGGKATTA
VSLGGKATTA
VSLGGKATTA
VSLGGKATTA
VSLGGKATTA
VAMGSKSSTA
VALGGKSNTA
NAESNIVVSP
VALGGKASTA
VSLGGKATTA
VSLGGKATTA
VSLGGKATTA
LGLVSLGGKA
LGLVSLGGKA
LGLVSLGGKA
LGLVSLGGKA
LGLVSLGGKA
LGLVSLGGKA
LGLVSLGGKA
ILONSKVNTI
LGVMSMGAKD

GSRLYGPSSV
GSRLYGPSSV
GSRLYGPSSV
GSRLYGPSSV
GNRLYGPAST
SNRLYGPSSV
SNRLYGPSSV
SNMILNNP. .
TNRLYGPSSV
GNRLYGPAST
GSRLYGPSSV
GNRLYGPSST
WKIGNRLYGP
WKLGSRLYGP
WKLGSRLYGP
WKLGSRLYGP
WKLGSRLYGP
WKLGSRLYGP
WKLGSRLYGP

WKIGNCLYAP

TDGKLPEVTK
TDGKLPEVTK
TDGKLPEVTK
TDGKLPEVTK
TDGKLPEVTK
TDGKLPEITK
TDGKLPEVTK

SQAKAVLSAE
SQAKAVLSAE
SQAKAVLSAE
SQAKAVLSAE
SQAKAVLSAD
SQVKSILKAD
SQVKTVLSAT
SNIRALLKTP
SQVKTVLSGN
SQAKAVLSAD
SQAKAVLSAE
SQAKAVLSAD
ATASQAKAVL
ATASQAKAVL
ATASQAKAVL
TTASQAKAVL
ATASQAKAVL
TTASQAKAVL
ATASQAKAVL
LSP...MNLL
KTAKQVKSLL

SFADDFVRSS
SFADDFVRSS
SFADDFVRSS
SFAEDFVRSS
NFADDEFVKNS
SFAEDFVKNS
SFVDNFLKSS

SFSEDFVKNS
NFADDEVKNS
SFAEDFVRSS
SFAEDFVKSS
ASINFADDEV
SSVSFAEDEV
SSVSFAEDEV
SSVSFADDEV
SSVSFADDEV
SSVNFAEDEV
SSVSFADDEV

TSVNVRDDEV

DVERTDGALL
DVERTDGALL
DVERTDGALL
DVERTDGALL
DVEKTDGALI
DVKNTDGAMI
DVEKTDGAMI
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Mel

Chan
Amaz
Bran
Gree
Roc

Sque
Yak

Blac
Nake
Chin
Dama
Medi
Aust

Homo
Rat
Mus
Cani
Gal
zZeb
Gol
Mel
Chan
Amaz
Bran
Gree
Roc
Sque
Yak
Blac
Nake
Chin
Dama
Medi
Aust

Homo
Rat
Mus
Cani
Gal
zZeb
Gol
Mel
Chan
Amaz
Bran
Gree
Roc

EWFYDCKIQE
KKHYKYEHAK
KKHYNYEHSK
KLHYNCEHSK
KKHYNYEHSK
KNSKKHYNYE
RSSKQHYNCE
RSSKQHYNCE
RSSKQHYNCE
RSSKQHYNCE
HSSKQHYNCE
RSSKQHYNCE
ENVEMFYNTK
QKTKTHYKYD

VNAMFFKPHW
VNAMEFKPHW
VNAMFFKPHW
VNAMEFKPHW
VNAMFFKPHW
VNAMEFKPHW
INAMEFYKPHW
LILNMLNFKE
INATIFYKPHW
VNAMEFFKPHW
VNAMFFKPHW
VNAMEFFKPHW
ALIVNAMFFK
ALLVNAMEFFK
ALLVNAMFFK
ALLVNAMEFFK
ALLVNAMFFK
ALLVNAMEFFK
ALLVNAMEFFK
LQVLILNMFH
AFIINANYFK

TSEFTDKKKLI
INFRDKKSAV
INFRDKRSAL
INFRDKRSAL
INFRDKRSAL
HSKINFRDKR
HSKINFRDKR
HSKINFRDKR
HSKINFRDKG
HSKINFRDKR
HSKINFRDKR
HSKINFRDKR
IQEISFADTA
HSQINFKDQR

DEKFHHKMVD
DEKFHHKMVD
DEKFHHKMVD
DEKFHHKMVD
DEKFHHKMVD
DEKSHHKMVD
DEQFHHKMVD
TLOINFKYTL
DEQFHHQMVD
DEKFHHKMVD
DERFHHKMVD
EERFHHKMVD
PHWDEKFHHK
PHWDERFHHK
PHWDERFHHK
PHWDERFHHK
PHWDEKFHHK
PHWDEKFHHK
PHWDEKFHHK
FVETLEINFK
PHWDESFQQT

TSINDWSENI
NAINEWASKS
KSINEWAAQT
QSINEWASQT
KSINEWASQT
SALKSINEWA
SALOSINEWA
SALQSINEWA
SALQSINEWA
TALQSINEWA
SALQSINEWA
SALQOSINEWA
NHLVMINDWG
SALRSINQWA

NRGEFMVTRSY
NRGEMVTRSY
NRGEFMVTRSY
NRGEMVTRSY
NRGEFMVTRSY
NRGFLVTRSH
NRGFLVHRSY
NATFHERPDS
NRAFLVHRSY
NRGEMVSRSY
NRGEFMVTRSY
NRGEMVTRSY
MVDNRGFMVT
MVDNRGEFMVT
MVDNRGFMVT
MVDNRGEFMVT
MVDNRGFMVT
MVDNRGEFMVT
MVDNRGEFMVT
YTANLLEYIT
MVDKRGFIIT

ADQTILKSSE
TDGKLPEVTK
TDGKLPEVTK
TDGKLPEVTK
TNGKLPEVTT
AQTTDGKLPE
AQTTGGKLPE
AQTTDGKLPE
AQTTDGKLPE
AQTTDGKLPE
SQTTDGKLPE
AQTTDGKLPE
KRVTNEEFPK
SQATEGKLSE

TVGVMMMHRT
TVGVTMMHRT
TVGVTMMHRT
TVGVTMMHRT
TVGVPMMHRT
TVSVPMMHRT
TVSVPMMHRT
TIVLPAVETT
TVSVPMMHRT
TVGVPMMHRT
TVGVTMMHRT
TVGVPMMHRT
RSYTVGVPMM
RSYTVGVTMM
RSYTVGVTMM
RSYTVGVTMM
RSYTVGVTMM
RSYTVGVTMM
RSYTVGVTMM
PKQRTKVPAV
RTHTVSIPMM

MILKEENLQV
DVEKTDGAMI
DVEKTDGALT
EVERTDGALL
NVEKTDGALI
VTKDVEKTDG
VTSDVERTDG
VTKDVERTDG
VTKEVERTDG
VTKDVERTDG
VTKDVERTDG
VTKDVERTDG
LIESNSSLKN
ITAALSSTDG

GLYNYYDDEK
GLYNYYDDEK
GLYNYYDDEK
GLYNYYDDEK
GLYNYYDDEA
GIYGFYEDTE
GIYGLFDDTT
EYLKYLDSQI
GIYGFYDDTA
GLYNYYDDET
GLYNYYDDEK
GLYNYFDDEA
HRTGLYNYYD
HRTGLYNYYD
HRTGLYNYYD
HRTGLYNYYD
HRTGLYNYYD
HRTGLYNYYD
HRTGLYNYYD
ETTEYLKYLD
HQIRLCNYYE

EKLQIVEMPL
EKLQLVEMPL
EKLOMVEMPL
EKLQIVEMPL
EKLQVVEMPL
NRFLIVSMPL
NNLLVLDMAL
LDAKILELPY
NSFEFVLEMPL
EKLQVVEMPL
EKLQIVEMPL
EKLQIVEMPL
DETEKLQVVE

AHKLSSLIIL
AHKLSSLIIL
AHKLSSLIIL
AHKLSSLIIL
AHKLSSMIFI
AHKKSSMIFI
AHKMSSIVFI
SNG.YFMYII
AHKKSSVIFI
AHKLSSMIFI
AHKLSSLIIL
AHKLSSMIFI
MPLAHKLSSM

MPHHVEPLER
MPHHVEPLER
MPHHVEPLER
MPHHVEPLER
MPNHVEPLER
MPYHVEPLDR
MPYHVESLER
LPHTKQGVIE
MPYHVESLER
MPNHVEPLER
MPHHVEPLER
MPNHVEPLER
IFIMPNHVEP

LEKLLTKEQL
LEKLLTKEQL
LEKLLTKEQL
LEKLLTKEQL
VEKLLNREQL
LENLLTRQOL
VEKLLTRQOQL
TINNLGYEQL
LEKMLTRKQL
VEKLLNREQL
LEKMLTKEQL
VEKLLTREQL
LERVEKLLNR

KIWMGKMQKK
KTWMGKMQKK
KAWMGKMQKK
KIWMGKMQKK
KTWASKMKKR
DTWISKLEER
NTWISKMEQR
TRIEWMMKER
DIWQSKMEQK
KTWAGKMKKR
KTWMGKMQKR
KTWIGKLKKR
EQLKTWAGKM
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Dama
Medi
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Homo
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Gal
Zeb
Gol
Mel
Chan
Amaz
Bran
Gree
Roc
Sque
Yak
Blac
Nake
Chin
Dama
Medi
Aust

Homo
Rat
Mus
Cani
Gal
Zeb
Gol
Mel
Chan
Amaz
Bran
Gree
Roc
Sque
Yak
Blac
Nake
Chin
Dama
Medi

DEKEKLQIVE
DEKEKLQMVE
DEKEKMQIVE
DEKEKVQILE
DEKEKLQILE
DEKEKVQILE
SQMLDAKILQ
DNANSLQVLE

AVAISLPKGV
AVAISLPKGV
AVAISLPKGV
AVAISLPKGV
SVAISLPKVV
AVAISLPKVS
AVAVSLPKVS
RVNVVMPTFK
AVAVSLPKIS
SVAISLPKVV
AVAISLPKGV
AVAISLPKVS
KKRSVAISLP
QTKAVAISLP
QKKAVAISLP
QKKAVAISLP
QKKAVAISLP
QKKAVAISLP
QKKAVAISLP
EVRRVNVLMP
ERHTVSVSLP

VFHATAFELD
VFHATAFEWD
VFHATAFEWD
VFHATAFEWD
VFHAAALEWD
VFHASSLEWD
VFHASAMEWD
IFQTTLVQFD
VFHASAFEWD
VFHAAALEWD
VFHATAFEWD
VFHAAALEWD
LSNVFHATAL
LASVFHATAF
LASVFHATAF
LASVFHATAF
LASVFHATAF
LASVFHATAF
LASVFHATAF
LN.IFKVAATI

MPLAHKLSSL
MPLAHKLSSL
MPLAHKLSSL
MPLAHKLSSL
MPLAHKLSSL
MPLAHKLSSL
LPYSNG.FSM
LPLSHKHSSM

VEVTHDLQKH
VEVTHDLQKH
VEVTHDLQKH
VEVTHDLQKH
LEVSHDLQKH
MEVSHDLQKH
VEVSHDLQKH
YHFITNMREH
MEVSHNLQKY
LEVSHDLQKH
VEVTHDLQKH
LEVSHDLQKH
KVVLEVSHDL
KGVVEVTHDL
KGVVEVTHDL
KGVVEVTHDL
KGVVEVTHDL
KGVVEVTHDL
KGVVEVTHDL
TFKYSFITNL
KVNLEVSHDL

TDGNPFDQDI
TEGNPFDQDT
TEGNPFDQDI
TEGNPFDQDI
TDGNPYDADT
TEGNPFDPST
TEGNPPDTSTI
GSG.RARVED
IAGNPADTSI
TEGNPYDADI
TEGNPFDQDI
TEGNPFDADI
EWDTEGNPYD
ELDTEGNPFED
EWDTDGNPFED
EWDTEGNPFED
EWDTEGNPFED
EWDTDGNPFED
EWDTEGNPED
SENGTGKPRV

IIIMPHHVEP
IIIMPHHVEP
IILMPHHVEP
IILMPHHVEP
IILMPHHVEP
IILMPHHVEP
YILLPHTKAG
IFIMTKHIEP

LAGLGLTEATI
LAGLGLTEATI
LAGLGLTEAI
LAGLGLTEATI
LADLGLTEAI
LGELGLTEAV
LTELGLTEAV
IQKN....SA
LGELGVTEAV
LADLGLTEATI
LAGLGLTEAI
LADLGLTEAM
QKHLADLGLT
QOKHLATLGLT
QKHLAGLGLT
QOKHLAGLGLT
QKHLAGLGLT
QOKHLAGLGLT
QKHLAGLGLT
KEDILDK. ..
QOKYLQELGLT

YGREELRSPK
YGREELRSPK
YGREELRSPK
YGREELRSPK
YGREEMRNPK
FGSEKMRNPK
YGTDKLKTPK
YEKIRTTKYE
FGTDKVKNPK
YGREEMRNPK
YGREELRSPK
YGREEMRNPK
ADIYGREEMR
ODIYGREELR
ODIYGREELR
ODIYGREELR
ODIYGREELR
ODIYGREELR
QODIYGREELR
EDYQONIR.SA

LERLEKLLTK
LERLEKLLTK
LERLEKMLTK
LERLEKLLTK
LERLEKLLTK
LERLEKLLTK
LNELLSILGF
LARLEKLLTK

DKNKADLSRM
DKNKADLSRM
DKNKADLSRM
DKNKADLSRM
DKTKADLSKI
DKPKADLSNI
DKAKADLSNI
HRFDVDFEPA
DKTKADLSNI
DKTKADLSKI
DKNKADLSRM
DKNKADLSKI
EAIDKTKADL
EAIDKNKADL
EAIDKNKADL
EAIDKNKADL
EATIDKNKADL
EAIDKNKADL
EAIDKTKADL
.SDHRFDSDF
EAVDKNKADF

LEYADHPFIF
LEFYADHPFIF
LEYADHPFIF
LEYADHPFIF
LEYADHPFIF
LEYADHPFIF
LEYADHPFIF
RFHVDRPFAF
LEFYVDHPFIF
LEYADHPFIF
LEYADHPFIF
LEYADHPEVE
NPKLFYADHP
SPKLFYADHP
SPKLFYADHP
SPKLFYADHP
SPKLFYADHP
SPKLFYADHP
SPKLEFYADHP
KYEKFHVDRP

EQLKTWMGKM
EQLKVWMGKM
EQLKIWMGKM
EQLKAWTGKL
EQLKAWMGKM
EQLKVWMGKM
EQLKRLQWMM
EQLNTWIGKL

SGKKDLYLAS
SGKKDLYLAS
SGKKDLYLAS
SGKKDLYLAS
SGKKDLYLSN
SGKKDLYLSN
SGKKDLYLSN
FG.VETKKIN
SGKKDLYLAN
SGKKDLYLSN
SGKKDLYLAS
SGKKDLYLSN
SKISGKKDLY
SRMSGKKDLY
SRMSGKKDLY
SRMSGKKDLY
SRMSGKKDLY
SRMSGKKDLY
SRMSGKKDLY
ENSFSKEKDF
SGITGKKNLH

LVRDTQSGSL
LVRDNQSGSL
LVRDNQSGSL
LVRDTQSGSL
MIKDSKTNSI
LVKDNKTNSI
LVKDKKTNSI
YIKEKSTGRI
LVKDKSTGSI
MIKDSKTNSI
LVRDSQTGSL
VIKDNKTNSI
FIFMIKDNKT
FIFLVRDTQS
FIFLVRDTQS
FIFLVRDSQS
FIFLVRDTQS
FIFLVRDNQS
FIFLVRDTQS
FVYYIEN.KY
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Aust LSGMLHATAI DWDTEGNQED QDWNSPEITK SAKVEYADHA YIFLIRDNKT

Homo LFIGRLVRPK GDKMRDEL
Rat LFIGRLVRPK GDKMRDEL
Mus LFIGRLVRPK GDKMRDEL
Cani LFIGRLVRPK GDKMRDEL
Gal LFIGRLVRPK GDKMRDEL
Zeb LFIGRLVRPK GDKMRDEL
Gol LFMGRLVQPK GDKMRDEL
Mel VCIGKVLNPV Q.......

Chan LFIGRLVRPK GEKMRDEL
Amaz LFIGRLVRPK GDKMRDEL
Bran LFIGRLVRPK GDKMRDEL
Gree LFIGRLVKPK GDKMRDEL
Roc NSILFIGRLV RPKGDKMRDEL
Sque GSLLFIGRLV RPKGDKMRDEL
Yak GSLLFIGRLV RPKGDKMRDEL
Blac GSLLFIGRLV RPKGDKMRDEL
Nake GSLLFIGRLV RPKGDKMRDE L
Chin GSLLFIGRLV RPKGDKMRDE L
Dama GSLLFIGRLV RPKGDKMRDE L
Medi GEIVCIGKVE NPEQ......

Aust NSILLIGRLV KPKSNDHDEL

Figure S1. Multiple sequence alignment of Hsp47 showing conserved residues in different
species. The KDEL sequence is highlighted in Green, active site 383 Y is highlighted in Blue,
Histidine involved in protonation are highlighted in Red. RCL loop in Grey and Aspartic acid
and Histidine are highlighted in Yellow and Pink.
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Chapter 2

Sr.No | Title Detail Plasmid & Genetic Construct Yield
(200 mL culture)

1 Hg47 CcHsp47strepPJexp411 183.26 ng
(with impurities)
2 Han EGFPHsp47strepTagpeT28a 207.8 ug
EGFPHsp47strepTagpBAD 65.98 ng
3 Hazv<onyhy EGFPHsp47strepTag383TAGMutpBAD 43.56 ng
4 Ha7kdel EGFPHsp47strepTag C terminal KDEL 65.98ng

Deletion peT28a

5 Hazv<r EGFPHsp47strepTag MutY383R peT28a 45.85ng

6 EGFP EGFPpeT28a 359.95 ng

Table S1. Yield of the synthesis of Hsp47 mutants calculated from absorbance
measurement using Nano drop UV spectrophotometer.
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Sr.No Title Detail Plasmid & Genetic Construct Primers
1 Ham EGFPHspd7strepTagpeT28a taGAATTCATGCTGAGCCCGAAAGCC
et CTCGAGTTATTTCTCAAATTGCGGGETGGE
EGFPHspd7strepTagpBAD It CCATGGTGAG CAAGGGCGAG
et CTCGAGTTATTTCTCARATTGCGGGTGGE
2 Hirveomge | EGFPHSp47strepTag383TAGMutpBAD |AGCTGTTTTagGCGGATCATCCG
TCGGGGAACGCAGCTCTT
3 Haream EGFPHspd7strepTag C terminal KDEL [CTGGAATCCGCTTGGAGC
Deleted peT28Ba
GTCGCCCTTTGGACGGAC
4 Harvem EGFPHspd7strepTag MutY383R GAAGCTGTTTegCGCGGATCATCC
peT2Ba
GGGGEAACGCAGCTCTTCA
5 EGFP EGFPpeT28a CTGGAATCCGCTTGGAGC
GTCGCCCTTTGGACGGAC

Table S2.Primers used for developing Ha7yn, Ha7v<onsy and other mutants.
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hspd?

ATG CGC TCC CTC CTG CTT CTC AGC GCC TTC TGC CTC CTG GAG GCG GCC CTG GCC GCC GAG GTG AAG AAA CCT GCA GCC GCA GCA GCT CCT GGC ACT GCG GAG AAG
TT6 AGC [H AAG GCG GCC [l CTT GCC GAG CGC AGC GCC GGC CTG GCC TTC AGC TTG TAC CAG GCC ATG GCC AAG GAC CAG GCA GTG GAG AAC ATC CTG GTG TCA
GTGGTG GT6 GCC TCGTCG ML - CTC GTG TCG CTG GGC GEC AAG GCG ACC [IMB GCG TCG CAG GCT AAG GCA GTG CTG AGC GCC GAG CAG CTG CGC GAC
(GAG GAG GTG CAC GCC GGC CTG GGC GAG CTG CTG CGC TCA CTC AGC AAC TeC [l GCG CGC AAC GTG ACC TGG AAG CTG GGC AGC [ME CTG TAC GGA B AGC
TCAGTGAGC TTC GCT GAT GAC TTC GTG CGC AGC AGC AAG CAG CAC TAC AAC TGC GAG CAC TCC AAG ATC AAC TTC CGC GAC AAG CGC AGC GCG CTG CAG TCC ATC
AAC GAG TGG GCC GCG CAGACC ACC GAC GGC AAG CTG (Il GAG GTC ACC AAG GAC GTG GAG CGC [l GAC GGC GCC CTG [HI] GTC AAC GCC ATG TTC TTC AAG
CCA CAC TGG GAT GAG AAATTC CAC CAC AAG ATG GTG GAC AAC CGT GGC TTC ATG GTGACT CGG TCC TAT ACC GTG GGT GTC ATG ATG ATG CAC CGG ACA GGC CTCTAC
AAC TAC TAC GAC GAC GAG AAG GAA AAG CTG CAA ATC GTG GAG ATG {8 CTG GCC CAC AAG CTC TCC AGC CTC ATC ATC CTC ATG {88 CAT CAC GTG GAG CCTCTC
(GAG CGC CTT GAA AAG CTG I ACC AAA GAG CAG CTG AAGATC TGGATG |+ AAG ATG CAG AAG AAG GCT GTT GCC ATC TCC TTG [l AAG GGT GTG GTG GAG 6TG
ACC CAT GAC CTG CAG AAA CAC CTG GCT - CTG GGC CTG ACT GAG GCC ATT GAC AAG AAC AAG GCC GAC TTG TCA CGC ATG TCA GGC AAG AAG GAC CTG TAC CTG
GCCAGC GTGTTC CAC BCCACC GCC TTT GAG TTG GAC ACA GAT GGC AAC | TTT GAC CAG GACATCTAC |+~ CGC GAG GAG CTG CGC AGC [HH§ AAG CTG TTCTAC
GCC GAC CAC | TTC ATC TTC [ TG CGG GAC ACC CAAAGC GEC TCC CTG I TIC ATT - CGC CTG GTC CGE CCT AAG GGT GAC AAG ATG [ GAC GAG TTA

FiguresS1.31 Rare codon analysis of Hsp47 in E.coli
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Experimental Materials and Methods:

Experimental Materials & Methods:

Strategy 1:

Cloning and Expression of Human Hsp47 (hHsp47):

The IMPACT system was used for expression of hHsp47. Truncated version of hHsp47
cDNA (1-378 R a.a) (BB1) and full length hHsp47 were sub cloned into pMiniT vector,
finally it was cloned into pTXB1 vector (New England Bio labs) (such that the truncated
version was constructed just before Intein protein gene in between Ndel and Sapl site).
The expression was induced in BL21(DE3) cells grown to an OD600 of 0.6 —0.7 by adding
0.1mM, 0.5 mM,1mM isopropyl-B-d-thio-galactoside (IPTG) and shaking for 5 h at 37 °C,
8 hr at30° C, 16 hr at 25° C and 18 hr at 15° C. The protein condition using 0.1 mM and
15 degree for 18 hr solved the solubility issue of preventing inclusion bodies formation up
to certain extent. However, it was difficult to purify this small amount of protein using
chitin beads affinity purification approach. Initially buffer recommended by manufacturer’s
protocol was used for purification of truncated version of hHsp47 i.e. Lysis buffer &
column buffer (20 mM Na-HEPES pH 8.5, 500 mM NaCl ,1 mM EDTA ,Nonionic
detergents (0.2% Tween 20) and protease inhibitors [ PMSF (20 uM)]. To avoid
degradation of protein due to oxidation about 1 mM of TCEP [tris-(2-carboxyethyl)
phosphine] added. The truncated version of protein was cleaved using on column cleavage
buffer (20 mM Na-HEPES pH 8.5, 500 mM NaCl,50 mM 2-mercaptoethanesulfonic acid)
was used. For purification of full length hHsp47 the cells were harvested using Lysis
buffer & column buffer (20 mM Tris HCL pH 8.5, 500 mM NaCl ,1 mM EDTA ,Nonionic
detergents (0.2% Tween 20) and pro-tease inhibitors [PMSF (20 uM)] , 1 mM of TCEP
[tris-(2-carboxyethyl)phosphine] ). The protein was cleaved using on column cleavage
buffer (20 mM Tris HCI pH 8.5 , 500 mM NaCl,50 mM DTT or B-mercaptoethanol) .

Due to restriction with the synthesis of photo caged peptide of about (41 mer); the truncated
hHs47 was design to have Arg at its C terminus end. But unfortunately it’s cleavage
conditions were difficult for Hsp47 to withstand the temperature (23 °C for 40 hrs). 23 In
order to facile the protein extraction and cleavage procedure another approach was used
which included harvesting the T7 express cells using Lysis Buffer (100 mM TrisHCI (pH
7.5), 500 mM NacCl, 0.5 mM EDTA , 0.1%(v/v) Tween 20) following which the unbound
proteins on the chitin beads were washed 10-15 times the bed volume of beads with Wash
Buffer 1 (50 mM TrisHCI (pH 7.4) ,1000 mM NaCL,0.5% (v/v) Tween 20) and then 5
times using Wash Buffer 2 (sodium phosphate buffer(pH 7.4) ,50 mM NacCl) .The proteins
bound onto the beads were incubated with Elution buffer. To optimize the cleavage
conditions following conditions were studied by incubating the protein in three different
elution buffers containing (A: Sodium phosphate buffer(pH 7.4) ,50 mM NaCl, 100mM
MESNA, B: Sodium phosphate buffer(pH 7.4), 50 mM NaCl,100mM s Mercaptoethanol,
C: Sodium phosphate buffer(pH 7.4),50 mM NaCl,100mM DTT) Fig.?** In order to
improve the expression of full length hHsp47, it was further cloned into p RSETB plasmid
using BamH1 and EcoR1 site .>*° The positive clone was confirmed by sequencing and was
transformed into T7 express cells. This did not help much as most of the protein was still
found in the inclusion bodies even though the induction and expression studies were
performed. Also, full length version of hHsp47 and truncated hHsp47+Intein was cloned in
pTriX-mcherry-Lov2-Ja vector (Addgene 81041) using BamH1 and HindIII site such that
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mcherry was attached at the N terminus of hHsp47 to improve the solubility. This construct
was transformed into in Rosetta-gami 2(DE3) pLacl having p RARE plasmid for gene
optimization which could slightly help in expressing truncated version of hHsp47. The p
RSETB and pTrix constructs were purified using Ni-NTA His-Tag affinity purification
approach.

Strategy 2:

Cloning and purification

The psfGFP150TAGPylT-His6pBad plasmid encoding for MbPylT and C-terminal
hexahistidine-tagged sfGFP, with an amber stop codon at position 150 (pBad), and pBK-
ONBYRS expressing MbPylS mutant was a gift from Prof. Dr. Jason Chin, Medical
Research Council Laboratory of Molecular Biology, University of Cambridge, UK!%. A
construct encoding amino acids 36—418 of the canine Hsp47 (canine SERPINH1 mRNA,
NCBI accession NM_001165888), cloned into the pJExpress vector with a C-terminal Strep
Il tag was gift from Prof. Dr. Ulrich Baumann, University of Cologne,Germany3%°.

The canine-derived synthetic Hsp47 gene from pJExpress plasmid was cloned in pET28a
plasmid at the C terminus of EGFP gene using EcoRI and Xhol sites and transformed in
NEB5a cells using manufacturer’s protocol (NEB C29871). Colonies were picked up and
insert screening was performed using colony PCR and confirmed with sequencing
following which positively cloned constructs were selected and were further cloned into
psfGFP150TAGPyIT-His6pBad plasmid at Ncol and Xhol site to develop
pEGFPHsp47StrepllTagpBad construct. This construct was used to optimize protein
expression conditions and was used as a backbone for developing the final construct
pEGFPHsp47TAG 383 StreplITagpBad construct (described later). Colonies were picked
up and insert screening was performed using colony PCR approach and sequencing
following which positively cloned constructs were selected and transformed into One shot
topl0 cells for protein expression using strepTag?2 purification. Transformed cells were
grown to OD600 of 0.8 in LB medium containing kanamycin (Kan) (25pg/ml) and
tetracycline (Tet) (12.5pg/ml). These cells were pelleted and the medium was exchanged in
sterile environment with pre-warmed Terrific broth containing kanamycin (25pug/ml) and
tetracycline (12.5ug/ml) and protein expression was induced after half an hour with 0.2 %
arabinose at 37°C / 250 rpm. After induction, the cultures were incubated for 1 hour at
37°C / 250 rpm following which it was kept at 25-30°C / 180 rpm cells overnight. The
cultured cells were harvested and pellets stored at -80 °C. Cells were resuspended in lysis
buffer (50 mM Tris -HCI (pH 7.5), 150 mM NaCl, 100 uM PMSF, 4 mM DTT) and lysed
by sonication. Cleared lysates were loaded onto 1 ml Streptactin Superflow high capacity
binding column (IBA) and eluted with 2.5 mM (D)-desthiobiotin in lysis buffer excluding
PMSF.

For the expression of photoactivatable Hsp47 (Ha7v<onsy), E. coli TOP10 cells co-
transformed with pBK-ONBYRS and pEGFPHsp47TAG 383 StrepTagllpBad (encoding
for N terminal EGFP tagged cHsp47 and C-terminal streplltag with an amber stop codon
(TAG) at position 383). The TAG mutation at 383" position was incorporated with NEB
Q5 site-directed mutagenesis kit using manufacturer’s protocol (NEB E0554S).
Transformed cells were incubated overnight with shaking at 37°C in LB supplemented with
Kan (25pg/ml) and Tet (12.5ug/ml). The overnight culture was diluted 1:100 in two
separate volumes of terrific broth (TB) supplemented with the same concentration of
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antibiotics and incubated with shaking at 37°C. At OD600= 0.8 bacteria were isolated by
centrifugation and re-suspended in equal volumes of warm TB supplemented with the same
concentration of antibiotics, in the presence or absence of 0.4 mM of O-[(2-
Nitrophenyl)methyl]-L-tyrosine hydrochloride (Santa Cruz Biotech). After 30 min, protein
expression was induced with the addition of arabinose at a final concentration of 0.2%
(W/v). Induction studies were performed with different temperature conditions after
induction incubation for 1 hour at 37°C / 250 rpm following with 25-30°C / 180 rpm cells
overnight was chosen as optimized expression condition. The cultured cells were harvested
and pellets stored at -80 °C. Cells were resuspended in lysis buffer (50 mM Tris -HCl (pH
7.5), 150 mM NacCl, 100 uM PMSF) and lysed by sonication. 20uL of the clear lysates
were taken incubated with 5 puL of Strep II tagged agarose beads (IBA Life sciences) for 5
min. Previously purified Hs/n (His-taggged) and Hasn (streplltaggged) were used as
controls. The beads were then spun down at 1000 rcf for 30 s and washed 2 times with
PBS. For purification, cleared lysates were loaded onto 1 ml Strepactin Superflow high
capacity binding column (IBA Life sciences) and eluted with 2.5 The bead solutions were
placed in 96 well-plate wells and imaged using the Nikon Ti-Eclipse microscope. mM (D)-
desthiobiotin in lysis buffer excluding PMSF. The soluble fraction for both H4n and
Ha7v<onsy was concentrated and purified further by gel filtration (Superdex S75; GE
Healthcare) in buffer A [20 mM Hepes (pH 7.5), 300 mM NaCl, 4 mM DTT]. The
streplltag at C terminus was chosen as a selection marker for ONBY incorporation which
was confirmed by Alexa 488 labeled Streptavidin against the streplitag at the C terminus of
Ha7v<ony. The bacteria which were not fed with ONBY in the medium produced truncated
or incomplete Hs7v<onpy because of the TAG mutation. A Western Blot was performed by
running protein samples on SDS page. The 12% SDS PAGE gel was transferred using
blotting chamber to PVDF membrane. The Blotted PVDF Membrane was blocked with
Blocking buffer (0.5% milk powder in PBST (0.1 w/v)) for 20 mins. The excess blocking
buffer was washed of three times using PBST (0.1 w/v) and then stained using labeled
Fluorescent Alexa 488 streptavidin with a dilution of 1:500 for 20 mins. The excess
streptavidin was washed of three times using PBST (0.5 w/v) and image RGB Blot in Gel
doc.

In order to have controls for protein and cell based assays the N-terminal E GFP tagged
cHsp47 pet28a plasmid were modified to develop variants. The variants were a. EGFP-
Hsp47 383 Y<R pet28a (encoding Ha7y<r with Tyrosine mutated to Arginine at 383™
position).b. KDEL del EGFP-Hsp47 pet28a (encoding Ha7kder without KDEL sequence at
the C terminus). All the mutants were developed using NEB site-directed mutagenesis kit
(NEB E05548S) and transformed into NEB 5 a cells for plasmid extraction and sequencing
analysis. Positive clones were transformed in BL21 (DE3) Clear coli cells for His-tagged
Ni-NTA chromatography. Expression was induced in BL21 (DE3) cells grown to an
0OD600 of 0.6-0.7 by adding 0.5 mM isopropyl-p-d-thio-galactoside and shaking overnight
at 25 °C. Cells were resuspended in lysis buffer (300 mM NaCl, 10 mM imidazole, 20 mM
Tris, pH 8) and lysed by sonication. Cleared lysate was purified by Ni-NTA affinity
chromatography (Ni-NTA superflow; Qiagen). The soluble fraction was concentrated and
purified further by gel filtration (Superdex S75; GE Healthcare) in buffer A [20 mM Hepes
(pH 7.5), 300 mM NacCl, and 4 mM DTT]. EGFP-pet28a was purified using same approach.
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Chapter 3

Experimental Materials and Methods:
Collagen micro patterned affinity binding assay with Hsp47 variants

Collagen micro patterns were made by adapting a reported protocol ** 3%7, Glass cover-
slips were cleaned by 5 min air plasma treatment (Harrick Plasma, Ithaca, NY, USA). In a
20%20x0.25 pm? Poly(dimethylsiloxane) (PDMS) membrane having square, nine 3x3 mm?
wells. The PDMS membrane was placed on the plasma treated cover-slip. In each 3x3 mm?
well, 5 uL of a 0.1 mg/mL PLL-g-PEG (PLL (20)-g [3.5]-PEG (5), SuSoS AG, Diibendorf,
Switzerland) solution in phosphate buffered saline (PBS) was incubated for 1 h. Next, the
wells were incubated with Sul. of photo initiator (4-benzoylbenzyltrimethyl ammonium
chloride) solution (custom synthesis by Sigma-Aldrich outsourced to SinoChem, China) for
1 minute. A wide field mass less UV projection was employed for making 10 um patterns
for 10 sec having 50%intensity at 365 nm wavelength. The optical projection system is
based on a standard epi-fluorescence inverted microscope (Nikon Ti-Eclipse microscope,
Nikon Instrument, France) coupled with a Digital Light Processing device (Texas-
Instrument DLP Discovery 4100 UV) including a DMD (PRIMO unit) to generate spatially
modulated excitation patterns®®* 327 The UV exposure cleaves the PEG chains at the
exposed sites on the substrate. After extensive rinsing with PBS, the micro wells were filled
with 10 pL of 200ug/mL rat tail collagen I (Fisher Scientific) in H,O (Diluted from Rat tail
collagen stock of 3mg/mL). Collagen adsorbs on the UV exposed areas. The wells with the
collagen patterns were incubated for 10 mins with 1uM solutions of Harn, Ha7y<r, Harkael,
Ha7v<onsy or EGFP in PBS. For in situ photo activation of Ha7v<ongy, the well filled with
Hi7v<onpy was irradiated 10 s with a PRIMO unit at 365 nm and 50% intensity.
Fluorescence imaging was done using a Nikon Ti-Eclipse microscope.

Native PAGE Western Blot

3mg/mL rat tail collagen Type 1 (Fischer Scientific) was diluted in sterile D/W to a
concentration of 200ug/mL. Hsn, Hary<k, Harv<onsy, Harv<onyny, Hazkder and EGFP
solutions at 1.2uM concentration were mixed with collagen solutions in 2:1 ratio. The
samples were incubated overnight at 4°C. 20ul were run in Native PAGE 4-16% Bis-Tris
Protein Gel (Invitrogen).The proteins were blotted on PVDF membrane for WB. Anti-
Collagen Type I (RABBIT) Antibody - 600-401-103-0.1 (Rockland antibodies and assays),
Secondary; Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor 647(Invitrogen) in 1:500 dilution were used for WB.
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Fibrillation Assay

Collagen Type I solution (3mg/mL, Fisher Scientific) was diluted to 0.4 mg/ml with
minimal essential medium (MEM) Buffer (1x) and pH was adjusted to 7.5 with 1 M sodium
hydroxide (Sigma-Aldrich). This process has to be done within 4 min to prevent premature
polymerization.??” The collagen solution was mixed with 1.2 mM solutions of Ha7n, EGFP,
Ha7v<k, Ha7v<onsy or Hazy<onsynw in MEM at molar ratio 1:2. The final concentration of
collagen was 0.2 pg/ml(0.6 uM). A 0.2 pg/ml collagen solution was also used as a positive
control. 100ul of the COL/Hsp47 variant mixture were transferred to a precooled 96 well
plate and absorbance at 600 nm was recorded with a Spectra Max UV plate reader during
40 min. The optical density of the Collagen solution at 600 nm was measured under
different conditions. This wavelength does not interfere with the UV spectrum of ONBY.
The Ha7y<onsy solution was irradiated at 365 nm for 5 mins for activation.

Rheology assay

For Rheology measurements Rat tail collagen (3mg/mL) (Thermo fisher Scientific) was
diluted to 2 mg/mL concentration in MEM or PBS and was neutralized to pH to 7.5 with
sodium hydroxide within 4 min. DHRIII Rheometer (TA Instruments) was used for the
measurements of 50 pl of the collagen solution placed between two parallel plates of 8 mm
diameter cooled at 4°C. The shear moduli (G’) were measured at frequency ® - 30-0.03
rad/s while temperature was increased to 40°C at 0.1°C/min.

Statistical analysis

In Fibrillation Assay and Rheology each data point represents the technical mean of (n=3)
experiments including standard deviation represented by error bars. The data were plotted
with the absorbance values. All the experiments are performed in triplicates.
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Chapter 4
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Figure S1. Z stack images of NHDF, 1929, MEF, HaCaT and HDMEC after incubation
with H47 for 3 h. Images show co localization of H47 and ER signals. (Blue: DAPI
(Nucleus), Green: (Hsp47), and Red: ER tracker dye). Right side: H47 treated cell lines.
Left side: EGFP treated cell lines. Scale: 20 pm.
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Figure S2. Immunostaining of COL I, III, IV, V and XII deposited in MEF, L.929, HaCaT
and HDMEC cultures after incubation with H47 and corresponding controls. (Scale
corresponds to 250um).
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Figure S3. Immunostaining of ER with ER tracker dye shown in Red in NHDF, HaCaT,
HDEMEC, L1929 and MEF cells treated with different concentration of Ha7.(Scale
corresponds to 50um).
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Experimental details:
Cell delivery assay

Hsp47+/+ and Hsp47-/- MEFs derived from Lethal Mouse Embryos ! were gifted by Prof.
Dr. Kazuhiro Nagata, Kyoto Sangyo University, Japan, L929 fibroblasts (ATCC CRL-
6364), NHDF (Promo Cell C-12302), HaCaT (ATCC® PCS-200-011) and HDMEC
(Promo Cell C-12210) were purchased from commercial suppliers.

MEF, 1929, NHDF and HaCaT cells were seeded on 15 well Ibidi p-Slide Angiogenesis
plate (20,000 cells per well) with DMEM GlutaMax (Gibco) containing 10% fetal bovine
serum (FBS; Gibco) and Penicillin-Streptomycin (Pen-strep) antibiotic. HDMEC cells were
seeded using 199medium with endothelial growth supplement (Gibco), 10% fetal bovine
serum (FBS; Gibco) and Pen-strep antibiotics (20,000 cells per well) After 24 h, cells were
incubated with varying concentration of Hs; (0.1uM-1uM) for 3 h. After incubation, the
medium was removed and cells were washed once with sterile Assay buffer (1X) provided
in the kit. Dual staining solution (for nucleus and ER) was prepared by mixing 1 pl of ER
tracker dye (ER Staining Kit - Red Fluorescence - Cytopainter (ab139482)) with 1 pl of
DAPI in 1 ml of ER Assay buffer (1X) provided in the kit. The cells were incubated with
60ul of Dual staining solution per well at 37°C for1 h. Cells were washed with Assay buffer
(1X) once, fixed with 4% PFA for 10 mins and washed three times with Assay buffer (1X).
All the experiments were done in triplicate.

Quantification of H47 uptake by different cell types

Imaging of the cell cultures was performed using Nikon NT microscope (60X objective).
The number of cells showing both Hs; signal with ER tracker signal were counted and
represented in percentage. Maximum of 100% was considered if all cells showed EGFP
green signal from Ha; with ER signal. This analysis was performed on all cell types. All the
analysis was done using Image J and graphs were plotted using graph prism software for
three independent experiments for each cell types.

Sirus Red Assay for quantification of Collagen deposition and Immuno-staining

Cells were cultured in 24 well plate for 24 hours (50K cells per well). Cells were incubated
with 0.5 uM solutions of Hy7 in DMEM and M191medium for 3 h, followed by medium
exchange and cultured for 24 h. For Sirius Red assay cells were fixed using Bouin solution
(75% picric acid, 10% formalin, and 5% acetic acid) (Sigma HT10132). Collagen deposited
in the wells was stained by incubating with 0.1% Sirius red in picric acid (ab150681) for 1
h and washing with 0.01 N HCIl. The matrix was dissolved in 0.1 N NaOH and the
absorption of the slurry was measured at 570 nm using a Biolumin960k
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spectrophotometer!!: 2! The absorbance values (Figure 3 in manuscript) were normalized by
the value of collagen deposition from untreated MEF cells.

For immunostaining the cultures were decellularized using a previously established
protocol B, fixed and stained with Collagen-specific antibodies. Cultures were treated with
0.5% Triton X-100 and 20mM NH4OH for 5 min at 37 °C for decellularization The
deposited matrix on the culture substrate was blocked with 5% Goat serum in PBS and
stained for COL LIILIV,V and XII with primary antibodies as recommended by supplier
(Rabbit polyclonal anti-type 1 collagen, 600-401-103-0.1 (Rockland), Collagen III
Polyclonal ~ Antibody (Thermo fisher, PAS5-34787), Anti-COL4A3 antibody
(Sigma,HPA042064-100UL), Anti-Collagen V antibody (ab7046), Anti-COL12A1
antibody (Sigma,HPA070695) (dilution 1:200 for all the antibodies)). Samples were
washed 3 times with PBS and stained with secondary antibody (goat anti-Rabbit IgG (H+L)
Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 647, A-21245 (dilution 1:200)).
For analysis, the mean gray value of fluorescent intensity was measured for each collagen
subtypes and subtracted from background mean gray value of fluorescent intensity by
imaging cells stained with only secondary antibody. Results were normalized by taking
untreated MEF cells as 1.

Statistical significance

For Sirus Red assay (n=6) number of experiment were performed and plotted with graphs
including whisker plots representing standard deviation for MEF, 1L.929, NHDF, HaCaT and
HDMEC. For immunostaining quantification IMAGE J was used to quantify mean intensity
profile of stained matrices in all cell types treated with and without H4; with bar plots
including error bars indicating standard deviation. In both assays the data were normalized
with respect to collagen deposited in MEF untreated as 1. Statistical significance was
analyzed by Tukey test, which shows significant differences between conditions.
Significance was calculated by comparing non treated vs. treated cells (meantSD,
ANOVA, *** p<0.001).
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Chapter s

3hr
0 hr

Figure S1. Bright field images of Hsp47 (+/+) cells showing changes in cell morphology 3
hours after delivery of Hs; (Scale:100 pm).

Figure S2: a. Fluorescence image of plastic 24 well plate bottom (which one) coated
with fluorescent green highlighter ink (Pelikan Text marker 490). b. A 1.13 mm? area of
this surface was photo bleached for 3 mins by UV exposure at 405 nm (Scale.2ooum)
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Experimental Materials and Methods:
Immunostaining and Western blot for collagen subtypes on Hsp47 delivery

Hsp47+/+ and Hsp47-/- cells were cultured in 24 well plate for 24 hours (50K cells per
well). Cells were incubated with 0.5 uM solutions of H47 in DMEM and M191medium for
3 h, followed by medium exchange and cultured for 24 h. For immunostaining the cultures
were decellularized using a previously established protocol ), fixed and stained with
Collagen-specific antibodies. Cultures were treated with 0.5% Triton X-100 and 20mM
NH4OH for 5 min at 37 °C for decellularization The deposited matrix on the culture
substrate was blocked with 5% Goat serum in PBS and stained for COL LIILIV,V and XII
with primary antibodies as recommended by supplier (Rabbit polyclonal anti-type I
collagen, 600-401-103-0.1 (Rockland), Collagen III Polyclonal Antibody (Thermo fisher,
PA5-34787), Anti-COL4A3 antibody (Sigma,HPA042064-100UL), Anti-Collagen V
antibody (ab7046), Anti-COL12A1 antibody (Sigma,HPA070695) (dilution 1:200 for all
the antibodies)). Samples were washed 3 times with PBS and stained with secondary
antibody (goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa
Fluor 647, A-21245 (dilution 1:200)). For analysis, the mean gray value of fluorescent
intensity was measured for each collagen subtypes and subtracted from background mean
gray value of fluorescent intensity by imaging cells stained with only secondary antibody.
Results were normalized by taking untreated MEF Hsp47-/- cells as 1. In MEF Hsp47 -/-
untreated cells were considered as 1 .This analysis was performed in Image J.

For Western blot, deposited collagen from cells cultured in presence and in the absence of
H47 was suspended in 2mL RIPA Buffer and 200uL. Before this step, the collagen
deposited was decellularized using above mentioned protocol. Protease inhibitor and mixed
with Lameli buffer (4x stock concentration). The samples were loaded into SDS-Gels and
run at 150V for 80mins. The 12% SDS PAGE gels were transferred using blotting chamber
to PVDF membranes. The Blotted PVDF Membranes were blocked with Blocking buffer
(0.5% milk powder in PBST (0.1 w/v)) for 20 mins. The excess blocking buffer was
washed off three times using PBST. The PVDF membranes were incubated overnight at
4°C with: rabbit polyclonal anti-type I collagen (Rockland, 600-401-103-0.1), Collagen III
Polyclonal Antibody (Thermo fisher, PA5-34787), Anti-COL4A3 antibody (Sigma,
HPA042064-100UL), anti-Collagen V antibody (ab7046), or anti-COL12A1 antibody
(Thermo fisher, HPA070695) at 1:200 dilution. For a-Smooth Muscle (a-SMA) condition
cells were not decellularized and antibodies used were Anti-Actin, a-Smooth Muscle - Cy3
(C6198) On the following day the excess was washed off three times using PBST (0.5 w/v)
and the sample was stained with secondary antibody for 1 h at room temperature (Goat anti-
Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 647, A-21245
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(dilution 1:200)) (1:500 dilution). The PVDF membrane after staining was visualized under
Gel Doc. All the experiments were done in triplicate.

Sirus Red Assay for quantification of Collagen deposition and Immunostanining for

Ha47v<onBY

Hsp47+/+ and Hsp47-/- MEFs derived from Lethal Mouse Embryos were gifted by Prof.
Dr. Kazuhiro Nagata, Kyoto Sangyo University, Japan’” 100 145, 328-330 Cells were cultured
in 24 well plate with high glucose DMEM Glutamax(Gibco) containing 10% FBS (Gibco),
w/o or w/ ascorbic acid phosphate (0.1mM) (Ascorbate), and antibiotics for 24 hours (25K
cells per well). Cells were incubated with 0.3uM solutions of Hsp47 variants or EGFP in
medium for 3 h, followed by medium exchange w/ or w/o ascorbate, and cultured for
additional 24 h. After PBS washing, cells were fixed using Bouin solution (75% picric acid,
10% formalin, and 5% acetic acid) (Sigma HT10132). Collagen deposited in the wells was
stained by incubation with 0.1% Sirius red in picric acid (ab150681) for 1 h and washing
with 0.01 N HCI and 0.1 N NaOH!%3, Collagen deposition was quantified at 570 nm using a
Biolumin960k spectrophotometer. Results were normalized by taking Hsp47 (+/+) as 1.
Cell Counting was performed using Image J with references to DAPI stained cells. All the
analysis was performed in triplicate.

To test the cytotoxicity of ONBY on activation of Ha7y<onsy, @ live-dead cell staining assay
was performed. Hsp47-/- cells were incubated with Ha7v<onsy and activated (Ha7y<onsyhv)
in situ UV exposure for 30 seconds at 405 nm with 50% intensity. H47v<onsy added and no
protein added conditions were used as controls. After 24 h, cells were treated with 1 mL of
PBS containing 40pL of Propidium iodide (Stock concentration 2mg/mL in H>O) and 12
pL of Fluorescein diacetate (Stock concentration 5Smg/mL in DMSO) for 5 mins. Cells were
washed with PBS and imaged using Nikon Ti-Eclipse microscope.

For investigating the potential of Ha7v<onsy for spatiotemporal control Hsp47+/+ and
Hsp47-/- cells (25K cells per well) were cultured in 24 well plates with high glucose
DMEM Glutamax (Gibco) containing 10% FBS (Gibco), 0.1 mM ascorbate, and
antibiotics. After 24 h, cells were incubated with 0.3 uM solution of Ha7n, Ha7y<onsy, Ha7kdel
or EGFP in DMEM medium for 3 h. Afterwards the solution was exchanged by DMEM
Glutamax with ascorbate and cells were cultured for further 24 h. The wells containing
Ha7v<onsy were irradiated at 405 nm using Ti-Nikon Microscope with laser power of 50%
intensity for 30 seconds ¢ 37mW exposure over the total exposed area i.el.7W/cm?
(measured using ILX Light wave OMM-68108 Optical Multimeter) which is equivalent to
energy of 51.2 J/cm?) with 10X objective exposed in an area of about 1.8x1.2mm?, an hour
after medium exchange. After 24 h cells were fixed and immuno stained against collagen
with Primary; Rabbit polyclonal anti-type I collagen, 600-401-103-0.1 (Rockland; dilution
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1:200), Secondary; Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary
Antibody, Alexa Fluor 647, A-21245 (dilution 1:200) and stained Nucleus with DAPI
(Thermo fisher). Microscopic images were taken with Nikon Ti-Eclipse microscope. All the
experiments were done in triplicates.

To study the deviation in spatial deposition of collagen on photo-activation of Ha7y<onsy,
we cultured Hsp47-/- cells and delivered Ha7y<onsy. After 3 h the medium was exchanged
in normal medium. A 1.13 mm? area (diameter=1.2mm) was irradiated on Hsp47 -/- cell
culture previously incubated with Ha7y<ongy for 30 seconds at 405 nm with 50% intensity
an hour after medium exchange at 3 different spots having a distance of 4mm between the
spots using 20X objective. To determine the area that was irradiated through this method,
we marked the underside of a 24-well plate with a green highlighter ink (Pelikan Text
marker 490) which was then photo bleached by 3 min UV exposure with similar intensity
and area. The photo bleached was considered as a reference in all the experiments. A time
lapse bright filed (UV protection filters installed) microscopy was performed with Nikon
Ti-Eclipse microscope for 24h.Cells were fixed using 4% PFA and stained for collagen 1
using the protocol mentioned above. Fluorescence imaging was done using a Nikon Ti-
Eclipse microscope using 4X objective. All the experiments were done in triplicates.

For single cells analysis, Hsp47+/+ and Hsp47-/- cells (20K cells per well) were cultured in
15 wells IBIDI Angiogenesis slides with high glucose DMEM Glutamax (Gibco)
containing 10% FBS (Gibco), and antibiotics. After 4 h, cells were incubated with 0.3 pM
solution of Hs7vy<ony in DMEM medium for 3 h. One set of wells containing Hs7v<onsy
were irradiated at 405 nm using Ti-Nikon Microscope with laser power of 50% intensity for
30 seconds with 20X objective, an hour after medium exchange. Next the solution was
exchanged by DMEM Glutamax and cells were cultured for further 24 h. After 24 h cells
were fixed and immuno stained against collagen with Primary; Rabbit polyclonal anti-type
I collagen, 600-401-103-0.1 (Rockland; dilution 1:200), Secondary; Goat anti-Rabbit IgG
(H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 647, A-21245 (dilution
1:200), Golgi apparatus with Golgin-97 Monoclonal Antibody (CDF4) (1:200 dilutions,
Thermo fisher A-21270), ER with ER Staining Kit - Red Fluorescence Cytopainter
(ab139482) and stained Nucleus with DAPI (Thermo fisher). Microscopic images were
taken with confocal microscope. All the experiments were done in triplicates.

Statistics and Reproducibility

For MEF Hsp47 -/- three independent experiments were performed. For immunostaining
quantification IMAGE J was used to quantify mean intensity profile of stained matrices in
all cell types treated with and without H47 with bar plots including error bars indicating
standard deviation. The data were normalized to MEF Hsp47 -/- untreated cells were
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considered as 1. Statistical significance was analyzed by Tukey test, which shows
significant differences between conditions. Significance was calculated by comparing non
treated vs. treated cells (meantSD, ANOVA, *** p<0.001).

For Sirus Red assay each data point represents technical triplicates. (n=4) number of
experiment was performed and plotted the graphs including whisker plots representing
standard deviation by normalizing all the conditions with respect to Hsp47 (+/+) as 1. The
samples sizes for all biochemical assays, imaging and immunoblotting reported have a
sample sizes (n=3). All independent quantitative experiments were started from cell
cultures. The quality of these quantitative datasets is assessed by the standard deviation
value of all the measured and are provided in each main and supplementary dataset. The
value of p<0.05 was used for statistical significance. A one-way ANOVA with a Tukey test
of the variance was used to determine the statistical significance between groups. The
statistical significance difference was set to * a<0.05, **a<0.01, ***<0.001. For
quantitative measurements to study distribution of procollagen I with secretory organelles
and Ha7v<onBy, Pearson’s correlation (r) was performed. All the plot profiles were generated
using Image J plot profile function. Pearson’s coefficients were calculated on the plot
profiles of average intensity from Nucleus to cell periphery (were +1 value reflects perfect
correlation and any value above 0.8 reflects positive correlation). These were performed on
20 cells in each condition from 3 independent experiments. Nucleus was assigned as a
centroid and ‘50%’ section of intensity profile was calculated from edge of Nucleus to half
distance till the periphery (shown in brown dashed box) and total distance was considered
as 100% (shown in orange dashed box). This was performed in four different directions
from the Nucleus for each cell. In Hsp47 +/+ 0.95 and 0.90 r values at 50% distance was
observed with ER-COL I and Golgi-COL I signal.
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Chapter 6

EGFP

NC Keratocytes

KC Keratocytes

Figure S1.Microscopy images of NC and KC keratocytes after incubation with different
concentration of Hssn (i.e. 0.1-1uM) showing colocalization of Ha7n signal and ER staining.
No fluorescence was observed after incubation with EGFP (Blue: DAPI (Nucleus), Green:
EGFP (H47n) and Red: ER tracker Dye) Scale bar: 20 um.
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Figure S2: Immunostaining of NC and KC treated with Hazny 3days after treatment. COL I,
I, 1V, V and XIl Antibody are stained in red showing very low increase in collagen
subtypes signal. Scale bar: 250um
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COL IA1 GAACGCGTGTCATCCCTTGT (20 bp) http://www.rtprime
rdb.orgfassay_repo
GAACGAGGTAGTCTTTCAGCAACA (24 bp) rt.phpZassay_id=10
89
COLIIIAI AACACGCAAGGCTGTGAGACT (21 bp) http://www.rtprime
rdb.org/assay_repo
GCCAACGTCCACACCAAATT (20 bp) rt.php?assay_id=10
90
COLIVAI CACCCTCCCCCTTTCTACTC (20bp) https://www.ncbi.nl
m.nih.gov/pmc/arti
GCCCAGAGAATGCACCTG (18bp) cles/PMC3081799/
COL VAI CACAACTTGCCTGATGGAATAACA (24 bp) http://www.rtprime
rdb.org/assay_repo
GCAGGGTACAGCTGCTTGGT (20 bp) rt.phprassay_id=10
91
COLXIl CAGTGAGGTGGATAGTGGATTTAG (25bp) https://www.ncbi.nl
m.nih.gov/gene/?te
AGTGTTGGGTTCCTTGTGAG (21bp) rm=Homo-+sapiens
+COL12A1
GAPDH GTCAAGGCTGAGAACGGGAA (20bp) https:/fiovs.arvojournal

GCTTCACCACCTTCTTGATG (20bp)

s.org/article.aspx?articl
eid=2127403

Table1. Q- PCR primers for mRNA expression of keratocytes,



Experimental Procedures
Delivery of Hs7n variants to keratinocyte cultures

NC and KC fibroblast cells were seeded on 12 well u-Slide Angiogenesis plates (Ibidi) with
DMEM GlutaMax medium containing 10% fetal bovine serum (FBS; Gibco), and
antibiotics (20K cells per well). 30 mins after seeding, cells were incubated with 0.1-1.0
UM solution of Ha7y variants in DMEM. After 3 h incubation the medium was removed and
cells were washed once with sterile assay buffer (1x). Dual staining of ER and nuclei was
done by mixing 1 pl of ER tracker (ER Staining Kit - Red Fluorescence - Cytopainter
(ab139482)) with 1 pl of DAPI in 1 ml of ER Assay buffer (1X) provided in the kit. The
cells were incubated with 60ul of Dual staining solution per well at 37°C for ' hr. Cells
were washed with Assay buffer (1X) once. Cells were fixed with 4% PFA for 10 mins. All
the experiments were done in triplicate.

Sirus Red assay

NC and KC cells were cultured in 24 well plate with DMEM Glutamax (Gibco) containing
10% FBS (Gibco), and antibiotics for 24 hours (25K cells per well). Cells were incubated
with 0.3uM solutions of H4snv in medium for 3 h, followed by medium exchange, and
cultured for 24 h. Cells were washed with PBS and fixed using Bouin solution (75% picric
acid, 10% formalin, and 5% acetic acid) (Sigma HT10132). Staining was done by
incubation with 0.1% Sirius Red in picric acid (ab150681) for 1 h and washing with 0.01 N
HCI and 0.1 N NaOH?”7. Collagen deposition was quantified at 570 nm using a
Biolumin960k spectrophotometer. Results were normalized by taking untreated NC stromal
fibroblast as 1. All the analysis was performed in triplicate.

QPCR assay for determining collagen subtypes expression levels

NC and KC stromal fibroblasts were seeded on 6 well plates in duplicates. One set of KC
stromal fibroblasts was previously incubated with 0.3 uM of H4sn for 3 h. All cells (NC,
KC and Hayn treated KC stromal fibroblast) were incubated for another 24h. Total RNA
isolation was conducted using PureLink™ RNA Mini Kit (Thermo fisher, 12183018A).
RT-PCR was performed using with EXPRESS SYBR™ GreenER™ qPCR Super mix,
universal (Thermofisher, 1178401K). The primers of all the genes are mentioned in Table
S1.

Ethical considerations

The study with human cornea explants was approved by the Ethics Committee of Saarland
(no 48/19), and informed consent was obtained from all participants. Only patients with an
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age older than 18 years were included in the study. 8 NC and 3 KC were used in the study.
Corneas after surgery were transferred in DMEM medium after surgery and kept at 37°C.

Sample Preparation and Immunostaining of NC and KC

Sylgard 184 coated plates were used to pin the cornea tissue and keep it under tension. 45
ml of Silicone Elastomer Base were mixed with 5 ml Silicone Curing Agent in a 50 ml tube
with hands for 10 mins. 1.5 ml of Sylgard mixture was poured into each well to form a
~2mm-thick film covering the whole well and avoiding air bubbles. The 6 well plates were
kept at 55°C in an oven overnight to crosslink Sylgard. NC and KC immersed in the
DMEM medium containing 10% FBS and antibiotics were cut into three pieces and pinned
on the Sylgard coated plates using Stainless steel minute pins (Fine Science tools, 26002-
10).

NC and KC cornea were incubated with Hsp47 variants in DMEM medium with 10% FBS
and antibiotics for 5 h. Tissue samples were fixed in 4 %PFA in PBS (4°C) overnight,
incubated in 10 and 25 % of sucrose in PBS overnight, and then embedded in CryoGlue
(#30001101, SLEE medical GmbH, Germany). Embedded samples were frozen and stored
at 80 °C. For cryosectioning samples were incubated for 5 min at -20°C in the chamber of
the cryostat SLEE MNT (SLEE medical GmbH, Germany). Sections of 15 to 100 pm were
conducted, depending on experiment. Tissues were mounted on Menyel-Glaser Super frost
Plus glass slides (Thermofisher) and stained for different collagen types with primary
antibodies (Rabbit polyclonal anti-type I collagen, 600-401-103-0.1 (Rockland; dilution
1:200)). Samples were washed 3 x with PBS and stained with secondary antibody (Goat
anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 647, A-
21245 (dilution 1:200)). Nuclei were stained with DAPI (Thermo fisher).

For Second Harmonic Generation (SHG), polarization optical microscopy and
immunostaining, corneas were incubated for 5 h with Hsp47 variants, followed by 3 days
incubation in normal medium. For photo activation of KC treated with Ha7vy<onsy the wells
were irradiated at 405 nm using a Ti-Nikon Microscope at 50% laser power (3mW/cm?,
measured using Silver Line UV Radiometer) during 1 min using a 10X objective. The
irradiation step was done one hour after medium exchange. For SHG imaging a
2.5x10.75mm? area was illuminated.

For polarization microscopy experiments and immunostaining one half of the KC was
illuminated. After exposure, the corneas were cultured for 3 days by changing the medium
every day, fixed. For polarization samples without any staining was used.

For immunostaining experiments, collagen with Primary; Rabbit polyclonal anti-type I
collagen, 600-401-103-0.1 (Rockland), Collagen III Polyclonal Antibody (Thermofisher,
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PAS5-34787), Anti-COL4A3 antibody (Sigma,HPA042064-100UL) , Anti-Collagen V
antibody (ab7046), Anti-COL12A1 antibody (Thermofisher, HPA070695) (dilution 1:200
for all the antibodies), Secondary; Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor 647, A-21245 (dilution 1:200) and stained No staining
was performed for polarization microscopy. Tissues were embedded in PBS for imaging.
All the experiments were done in triplicates.

Microscopy

A Zeiss LSM Confocal microscopy with 60x objective and Nikon TA microscope with 20x
objective were used. For SHG imaging a 2-photon Zeiss LSM 710 was used. 800 nm
pulsed laser was used for excitation and a 400/5 nm band pass filter was used for emission.
Polarization Light Microscopy (PLM) imaging was done in a LC-PolScope image
processing system (CRI, LOT-Oriel, Darmstadt, Germany) mounted on a Zeiss inverse
microscope (Zeiss Observer Z1, Gottingen, Germany) equipped with A-Plan 10x/0.25Ph1
objectives. Prior to specimen analysis, the background image was captured under identical
conditions as the corneal samples. The optical retardation indicates the relative phase shift
between two orthogonally polarized light waves after traversing an optically anisotropic
material in this case collagen fibers, whereas the orientation mode refers to the orientation
of its slow optical axis (azimuth)®’. The orientations of slow-axis vectors were determined
by using the Abrio imaging software. All acquisitions of polarized images were performed
at 546 nm using a standard Abrio filter. The mean optical retardance values are generated
by the software in NC, KC and KC treated with H47n and Hs7v<onsy and light activated
Ha7v<onsyny samples. For subtracting signal from background initial calibration was
performed on the glass slide without sample.

Statistics and Reproducibility

For Sirus Red assay each data point represents technical triplicates. We performed (n=4)
number of experiment and plotted the graphs including whisker plots representing standard
deviation by normalizing all the conditions with respect to NC untreated as 1. Statistical
significance was analyzed by Tukey test, which shows significant differences between
conditions. Significance was calculated by comparing non treated vs. treated cells
(mean£SD, ANOVA, ***p<0.001). For QPCR the data is represented as bars with error
bars showing standard deviation. The quality of these quantitative datasets is assessed by
the standard deviation value of all the measured. For calculation of relative retardance in
polarization measurement assay optical retardance values from 8 images from n-3
independent experiment were performed and highest retardance value from NC were
considered as 100% and all the data were normalized to it. Graph plotted including whisker
plots indicates whisker plot representing standard deviation and Statistical significance was
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analyzed by Tukey test shows significant differences between conditions. Significance was
calculated by comparing non treated vs. treated cells (meantSD, ANOVA, *** p<0.001).
The samples sizes for all biochemical assays, imaging and immunoblotting reported have a
sample sizes (n=3). All independent quantitative experiments were started from cell and
tissue cultures
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