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ABSTRACT: Collagen is the most abundant structural protein in mammals and is crucial for the mechanical integrity of
tissues. Hsp47, an endoplasmic reticulum resident collagen-specific chaperone, is involved in collagen biosynthesis and
plays a fundamental role in the folding, stability and intracellular transport of procollagen triple helices. This article re-
ports on a photoactivatable derivative of Hsp47 that allows regulation of collagen biosynthesis within mammalian cells
using light. Photoactivatable Hsp47 contains a non-natural light-responsive tyrosine (o-nitro benzyl tyrosine - ONBY) at
Tyr383 position of the protein sequence. This mutation renders Hsp47 inactive towards collagen binding. The inactive,
photoactivatable protein was easily uptaken by cells within a few minutes of incubation, and accumulated at the endo-
plasmic reticulum (ER) via retrograde KDEL receptor-mediated uptake. Upon light exposure, the photoactivatable Hsp47
turned into functional Hsp47 in situ. The increased intracellular concentration of Hsp47 resulted in stimulated secretion
of Collagen. The ability to promote collagen synthesis on-demand, with spatiotemporal resolution, and in disease state
cells is demonstrated in vitro. We envision that photoactivatable Hsp47 will allow unprecedented fundamental studies of

collagen biosynthesis, matrix biology, and inspire new therapeutic concepts in biomedicine and tissue regeneration.

= INTRODUCTION

Collagen is a major component of the extracellular matrix,
and the most abundant structural protein for the me-
chanical integrity of tissues'. A collagen molecule consists
of a characteristic triple helix formed by three a-chains. In
vivo, collagen molecules self-assemble to form collagen
fibrils, beaded filaments or network structures depending
on the collagen type. This assembly is the basis for achiev-
ing tissue-specific mechanical properties: rigid bone,
compliant skin, or gradient mechanics in cartilage tissue2.
The dynamics of collagen synthesis and deposition plays a
crucial role in biological processes such as embryogenesis3
and tissue regeneration4, while it gets disregulated in
pathologies like brittle-bone diseases, fibrosis or tumor
formation ¢7. As the main underlying supportive structure
for cells, the deposition of collagen typically precedes and
guides the development of tissue architectures. For in-
stance, in lungs, salivary and mammary glands, the spatial
distribution and density of pre-deposited collagen directs
the formation of branched tissue configurations®. In spi-
nal cord® and arterial injuries, it has been shown that
initial collagen deposition by the underlying fibroblasts is
vital for the remodeling of these tissues, resulting in their
healing. While extensive efforts have been made to un-
derstand and replicate these phenomena, the existing
molecular strategies to probe collagen deposition require

the use of chemicals such as ascorbate”, growth factors
like TGF-B and FGF, and genetic modifications.>™* How-
ever, these molecules interfere with many cellular pro-
cesses and do not allow localized manipulation at single
cell level. The possibility to regulate collagen deposition
specifically, on demand and eventually in a spatially con-
fined manner would allow precise studies in collagen-
related cellular processes for fundamental and therapeu-
tic purposes.

In this study, we have taken the first steps in this direc-
tion by developing and testing a molecular tool that ena-
bles spatiotemporal manipulation of collagen synthesis
and deposition using light irradiation as remote trigger.
We targeted a molecular chaperone, Hsp47 (Heat shock
protein 47) that is known to be vital for collagen biosyn-
thesis within cells™. It is a highly conserved, 47-kDa
endoplasmic reticulum (ER)-resident protein known to
bind collagen types I to V (and possibly others), and
plays a fundamental role in the folding, stability and in-
tracellular transport of procollagen triple helices®®. Procol-
lagen is inherently unstable at physiological temperature
and prone to intracellular degradation. Hsp47 protects it
by stabilizing the triple helix, thereby providing a quality
control mechanism for correct helical folding and assem-
bly while simultaneously preventing premature aggrega-
tion of the helices®. Constitutive expression levels of



Hsp47 strongly correlate with the amounts of collagen
being synthesized in the corresponding cells'>*2. For ex-
ample, expression of Hsp47 is up-regulated during the
progression of various fibrotic lesions®2+. Studies have
shown that suppression of Hsp47 expression can reduce
accumulation of collagen and can delay the progression of
fibrotic diseases in experimental animal models®. Alter-
natively, knocking out its expression in mouse embryos
has been found to result in a lethal phenotype?®. Collagen
biosynthesis therefore strongly depends on the correct
expression and function of Hsp47, and hence can be al-
tered by interfering with Hsp47 activity. We hypothesized
that a light-activatable version of Hsp47 would allow us to
remotely control the biosynthesis and, subsequently, the
deposition of collagen.

Controlling intracellular protein function by light is pos-
sible by introducing photoresponsive non-natural amino
acids at the active site in the protein structure®3°. Hsp47
binds collagen at its typical Gly-X-Yaa amino acid repeats.
Reported literature’® has shown that when Arg occupies
the Yaa position, the Asp38s rest in Hsp47 binds to the
collagen triple helix strand by forming a salt bridge. Fur-
ther stabilization of this complex is provided through
Tyr383 and Leu38:1 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 interac-
tions within the binding site®. Interestingly, while muta-
tions 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 '%3. Therefore,
this position was identified as suitable site for the intro-
duction of a photoactivatable rest to control Hsp47 bind-
ing to collagen with light. Luckily, synthetic tools to in-
corporate the non-natural light-responsive tyrosine (o-
nitro benzyl tyrosine - ONBY) aminoacid on recombinant
proteins have been previously developed.>* It has been
shown that replacement of Tyr by ONBY in Tyr-stabilized
protein-protein or protein-DNA complexes lead to desta-
bilization of the complex via steric hindrance and disrup-
tion of hydrophobic interactions due to the polar nitro
group?. We hypothesized that a similar effect would oc-
cur when replacing Tyr383 by ONBY in Hsp47 structure
to obtain the photoactivatable variant H,;v<onsy.

The delivery of recombinant proteins from the medium
into the ER of cells was considered a challenge for our
objective. Initially, microinjection of the protein into the
ER was planned3*3+. However, during the course of this
study a KDEL receptor-mediated endocytosis mechanism
capable of transporting proteins containing an ER reten-
tion 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. Using this
strategy, collagen production and deposition in disease-
state Hspg7-knocked out fibroblast cells was realized.
This article demonstrates on demand deposition of colla-

gen by activation of a new molecular tool with spatiotem-
poral control.

m RESULTS AND DISCUSSION
Synthesis and Purification

A previously developed Hsp47 gene coding for residues
36-418 was used'®. In order to improve Hsp47’s solubility
for heterologous expression in E. coli, an enhanced green
fluorescent protein (EGFP) was genetically fused to its N-
terminal®. This approach led to a significant increase in
the synthesis yield (Table S1). A Strepll-tag was intro-
duced at the C-terminal for affinity purification. This
derivative of Hsp47 was successfully obtained in 207.8 pg
yield from 200omL culture, as confirmed by absorbance
with UV-Vis spectrophotometer, and was named H,n (N
refers to native). The o-nitrobenzyl tyrosine (ONBY) rest
was incorporated at 383 position via a previously estab-
lished bacteria engineering strategy3®37 (see details in Fig
S1 at the Supporting Information). An amber codon muta-
tion TAG incorporated ONBY specifically at the 383™
position. This Hsp47 derivative was named H,;y<onsy-

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
and the Strepll-tag would not be included. Agarose beads
with affinity towards the Strepll-tag were incubated with
small amount of cleared lysates and purified Hsp47 con-
trol variants. The agarose beads became fluorescent with-
in 5 mins when incubated with H,y.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 StreplI-tag (Fig 1B). The clear
lysates were purified using StreplI-tag affinity purification
and screened to affirm the presence of Strepll-tag. West-
ern 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 (Fig 1C). This result confirmed the in-
corporation of ONBY to H,yy.onsy. The yield of the syn-
thesis was 43.56ng from 20oml culture. Two additional
mutants of H,,n were developed as control proteins for
further experiments: (i) H,,v< with Tyrosine mutated to
Arginine at 383 position as an inactive version of H,n'.
(ii) H,kde where the KDEL sequence at C terminus of
H,,n was deleted, thereby preventing retrograde delivery
of the protein into the ER. The yields of all the variants
are included in Table Si.

Photoactivatable Hsp47 specifically binds to collagen
upon activation

In order to verify the affinity of the different Hsp47 vari-
ants (Hy~, Hyv<onsy, Hiver, Hykael) for collagen, the ob-
tained proteins were incubated with micropatterns of
Collagen I on a substrate (see experimental section for
details)®® and imaged by fluorescence microscopy. Hn
and H,kda showed fluorescence bands (green fluores-
cence due to EGFP tagged constructs) indicating
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a. Scheme showing the structure of

Hsp47: Collagen peptide interaction * and the photocleavage reaction of ONBY. b. 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 10opum). €.12% SDS Page
gel and Western Blot of purified H47Y<ONBY (truncated and full) stained with Alexa 488 conjugated Streptavidin (blue).

interaction to collagen, whereas H,y.onsy, the negative
control Hy;v<, and the EGFP did not bind to collagen (Fig
2A).Light irradiation of the H,y.onsy solution during
incubation (in situ activation upon 10 sec exposure at 365
nm) lead to appearance of fluorescence bands. This result
demonstrates that photochemical activation of H,y<onsy
renders functional Hsp47 (H,;v<onsyn), able to bind to
collagen. Native PAGE-western blot analysis confirmed
these results (Fig 2b). Co-localization of fluorescent anti-
body labeled bands of collagen and H,;~ or light-activated
H,,v<onsyh Was observed. Conversely, H,;v<onsy, Hysv<rand
EGFP did not co localize with the collagen band, demon-
strating no collagen binding.

Hsp47 has been shown to prevent collagen fibrillogenesis
in vitro. Previous reports have demonstrated that addition
of Hsp47 in 2-fold molar excess to a 0.6 pM collagen solu-
tion in PBS delays collagen fibrillation at 34°C'739. Similar
fibrillation assays performed with H,,n solutions using
turbidity measurements reproduced these results (see Fig
S3). When using minimum essential medium (MEM) for

the experiments, improved gelation was observed, and
confirmed by rheology measurements (see Fig S4). MEM
is considered more representative of physiological condi-
tions for collagen association“ and was used for further
fibrillation assays with Hsp47 variants at concentrations
between 0.1 pM and 1.2pM. H;v<onsy, Hyrv<r and EGFP did
not show any effect on fibrillation kinetics of collagen
solutions at any tested concentration (Fig 2C). Light-
activated H,;v<onsyhy reduced the rate of collagen fibrilla-
tion to a similar extent to H,,n at comparable concentra-
tions. These results indicate that H,;v<onsynv enables light-
triggered interference with lateral association of collagen
triple helices and delay of fibril formation.

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 recep-
tor after Hsp47 release in the Golgi and is responsible for
its retention in the ER%In fact, deletion of
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Figure 2.Photoactivatable Hsp47 affinity and function assay a. Schematic of affinity test using a protein micropattern
designed to detect affinity of Hsp47 and its different variants to collagen. The corresponding fluorescence image of the
binding assay shows the obtained results. b. Native PAGE Western Blot of rat tail Collagen Type 1 (200ug/mL, 0.6uM)
mixed with H47n, H47v<r, H47v<onByhv OF H47kdel (1.2M), demonstrating co-localization of Hsp47 variants with collagen in
binding assays. c. Fibrillogenesis assay by turbidimetry measurements of collagen (200oug/mL, 0.6uM) mixed with H47y,
Ha47v<r, H47v<onvhy Or H47kdel (1.2pM) at molar ratio 2:1(Hsp47: Collagen) at OD60oo values (n=3 data point representing
mean value of technical triplicates of each experiment with error bars representing standard deviation).

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 45. We tested if our Hsp47 vari-
ants could be delivered to ER using KDEL receptor-
mediated endocytosis (Fig.3). For this purpose, Lg29 and
MEFs fibroblasts were incubated with Hsp47 variants for
3 h and imaged. Interestingly, cells incubated with H,n,
H,v<k and H, v<onsynv showed co-localization of the EGFP

signal (green in Fig.3) with the ER tracker dye (red), indi-
cating successful uptake of the Hsp47 variant (see 10X-
magnified images in Fig S7). Neither uptake of the H,;xdel
variant with deleted KDEL, nor uptake of EGFP was ob-
served after 3 h incubation. In order to optimize the
Hsp47 concentration for efficient delivery to fibroblast
cells, experiments with concentrations of H,,n in the in-
cubation medium between o.01pM and 1M were per-
formed. 0.2-0.3uM concentration proved to be the best
condition for the delivery of the recombinant constructs
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Figure 3. Photoactivatable Hsp47 delivery to ER via KDEL receptor-mediated endocytosis. Confocal Z stack images of
Lg29 cells after incubation with Hsp47 variants showing co-localization of H47n or H47v<ongy signal and ER staining. No
fluorescence was observed after incubation with EGFP or H47Kdel constructs (Blue: DAPI (Nucleus), Green: EGFP (Hsp47

variants) and Red: ER tracker Dye) Scale bar: 10 pm.

(see Fig S6). Protein concentrations above 0.3uM resulted
in the formation of protein aggregates on the cell culture
substrate. These results demonstrate that the photoacti-
vatable H,;y<onsynv 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.

Increase in collagen production in Hsp47 -/- cell cul-
tures in response to photo activation of H47v.onsy

Collagen biosynthesis is dependent on the expression
level of functional Hsp47. To determine the bioactivity of
up taken Hsp47 variants, we investigated collagen biosyn-
thesis of Hsp47 -/- cells after incubation with the recom-
binant proteins. The deposited collagen was quantified
using the Sirus Red assay, whose dye binds specifically to
the [Gly-X-Y] n helical structure on fibrillar collagen types
I to V . Hspg7 —/- cells incubated with H,,x showed a
significant increase in collagen production (approximate-
ly 15-20%). Hsp47 /- cells incubated with H,y<onsy did
not show increase in collagen production, in agreement
with the lack of biofunctionality of H,,y<onsy observed in
previous experiments. Exposure of H,,v<onsy treated cells
with 4o5nm light in situ lead to an increase in collagen
production. These results demonstrate biofunctionality of
H,;v<onsy intracellularly in response to light activation
(Fig.4.b). Ascorbate (Vitamin C) is a widely used chemical
inducer for collagen production at translational level by
triple helix stabilization 448, We compared collagen dep-
osition in Hsp47 -/- cells treated with H,n, with light

exposed H,;yconsy and with ascorbate. Interestingly, we
found higher levels of collagen production in H,n and
light exposed H,y<onsy incubated cells compared to
ascorbate treated cells (Fig.4.b). Addition of ascorbate to
cells containing H,n or light exposed H,yv<onsyh had a
synergistic effect for collagen production (see Fig 4.c).
When Hspg7 +/+ cells were treated with H,,nand in situ
activated H,,v<onsyh only a slight increase in collagen
production was observed (see Fig 4.c).This might be due
to saturation levels of Hsp47 in the ER. Interestingly,
proliferation levels in Hsp47 —/- cultures treated with
H,,nor in situ activated Hyv<onsy slightly increased vs. non
treated cultures (see Fig Ss5). Together, these results
demonstrate the efficiency of exogenous H,,<onsy to up-
regulate collagen biosynthesis upon light exposure
(Fig.4).

Controlled light exposure allows spatial regulation
of collagen production

Finally, we investigated the potential of H,;v<onsy for spa-
tiotemporal control of collagen production after in situ
photoactivation of cell cultures. For this purpose an assay
for imaging collagen deposition on the culture substrate
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 Coli Antibody for imaging deposited
collagen type I on the culture substrates. Hsp47 —/- cells
incubated with H,y«r, Hyskdel or EGFP did not show any
fluorescence signal, whereas cells incubated with H,,~
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Figure 4.Stimulated collagen deposition using Photoactivatable Hsp47. a. Scheme showing photoactivation of
H47Y<ONBY and stimulated collagen deposition in Hsp47 deficient cells. b. Relative collagen deposition in Hsp47 +/+
and Hspy47 -/- 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).

showed a clear fluorescence corresponding to collagen
production (Fig 5.B). H,n and light exposed H,y<onsy
showed EGFP fluorescence located at the ER, indicating
that the recombinant protein delivered was still present
intracellularly after 24 h(Fig 5). This is in agreement with
the reported >24 h half-life of Hspg749. H,v«r did not
show EGFP fluorescence after 24 h, which may be due to
degradation because of lack of functional activity over
time (Fig.5.B). Altogether these results demonstrate that
H,;v<onsy can be used in cell cultures to increase collagen
production at a selected time point. In order to test the
spatial resolution of the light-induced collagen deposi-
tion,1.8x1.2mm? areas of the Hsp47 -/- cell culture previ-
ously incubated with H,y<onsy were irradiated for 30
seconds at 405 nm an hour after medium exchange.
Higher dose results in cell damages°. Cells at the exposed
areas showed significant higher collagen deposition (Fig
5.A). Hspg7-/- and Hspg7 +/+ cells lacking exogenous
H,;v<onsy did not show any increase in collagen staining
upon exposure, indicating that UV irradiation by itself
had no effect on collagen production (Fig.5). These results
demonstrate the possibility to wuse Hyy<onsy to
photoregulate collagen biosynthesis in cell cultures and
build spatially defined collagen networks.

m CONCLUSION

A photoactivatable variant of the collagen-specific protein
Hsp47 has been developed by incorporating a photoacti-

vatable Tyr rest at the 383 amino acid of Hsp47, which is
relevant for collagen binding. This recombinant protein
could be effectively delivered to the ER of fibroblasts via
KDEL receptor-mediated endocytosis. In situ light expo-
sure allowed light-mediated increase of functional Hsp47
concentration inside the cells, and consequently localized
upregulation of collagen production and deposition in
cellular cultures. We envision that this tool will allow
unprecedented studies of collagen synthesis and early
assembly. Photoactivation at submicron level will allow
precise control and simultaneous monitoring of collagen-
related intracellular events. Moreover, photoactivatable
Hsp47 might inspire new therapeutic concepts for treat-
ing collagen-related defects like Osteogenesis imperfecta,
Ehlers-Danlos Syndrome and Epidermolysis Bullosa by
promoting correct folding of collagen. Finally, the possi-
bility of external upregulation of collagen synthesis and
deposition might be advantageous for tissue regeneration
and rebuilding of the extracellular scaffold.
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Experimental Procedures

Cloning and purification

The pstGFP150TAGPylT-His6pBad plasmid encoding for MbPylT and C-terminal hexahistidine-
tagged sfGFP, with an amber stop codon at position 150 (pBad), and pBK-ONBYRS expressing
MbPylIS mutant was a gift from Prof. Dr. Jason Chin, Medical Research Council Laboratory of Molecu-
lar 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 II tag was gift from Prof. Dr. Ulrich Baumann, University of Co-

logne,Germany?.

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 manufac-
turer’s protocol (NEB C29871). Colonies were picked up and insert screening was performed using col-
ony 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
pEGFPHsp47StreplITagpBad construct. This construct was used to optimize protein expression condi-
tions and was used as a backbone for developing the final construct pPEGFPHsp47TAG 383 StreplITag-
pBad 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 top10 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 tetracy-
cline (Tet) (12.5ug/ml). These cells were pelleted and the medium was exchanged in sterile environment
with pre-warmed Terrific broth containing kanamycin (25ug/ml) and tetracycline (12.5pg/ml) and pro-
tein 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
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rpm cells overnight. The cultured cells were harvested and pellets stored at -80 °C. Cells were resus-
pended in lysis buffer (50 mM Tris -HCI (pH 7.5), 150 mM NacCl, 100 p M 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 (H47v<onBY), 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 pro-
tocol (NEB E0554S). Transformed cells were incubated overnight with shaking at 37°C in LB supple-
mented with Kan (25pug/ml) and Tet (12.5pug/ml). The overnight culture was diluted 1:100 in two sepa-
rate volumes of terrific broth (TB) supplemented with the same concentration of antibiotics and incubat-
ed 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 resus-
pended in lysis buffer (50 mM Tris -HCI (pH 7.5), 150 mM NaCl, 100 p M PMSF) and lysed by soni-
cation. 20uL of the clear lysates were taken incubated with 5 pL of Strep II tagged agarose beads (IBA
Life sciences) for 5 min. Previously purified Han (His-taggged) and Ha7n (streplitaggged) were used as
controls. The beads were then spun down at 1000 rcf for 30 s and washed 2 times with PBS. For purifi-
cation, 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
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soluble fraction for both Ha7ny and Ha7v<onBy Was concentrated and purified further by gel filtration (Su-
perdex 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 con-
firmed by Alexa 488 labeled Streptavidin against the streplltag at the C terminus of Hs47v<onsy. The bac-
teria which were not fed with ONBY in the medium produced truncated or incomplete Ha7v<ongy be-
cause 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 us-
ing labeled Fluorescent Alexa 488 streptavidin with a dilution of 1:500 for 20 mins. The excess strep-

tavidin 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 (encod-
ing Ha7v<r with Tyrosine mutated to Arginine at 383" position).b. KDEL del EGFP-Hsp47 pet28a (en-
coding Ha7xdet without KDEL sequence at the C terminus). All the mutants were developed using NEB
site-directed mutagenesis kit (NEB E0554S) 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 OD600 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 soni-
cation. 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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Collagen micropatterned affinity binding assay with Hsp47 variants

Collagen micropatterns were made by adopting a reported protocol®*. Glass cover-slips were cleaned by
5 min air plasma treatment (Harrick Plasma, Ithaca, NY, USA). In a 20x20x0.25 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 pL 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 Instru-
ment, 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®*. 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 H2O (Dilut-
ed 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 Ha7n, Ha7v<r, Ha7kdel, H47v<onBY
or EGFP in PBS. For in situ photo activation of Ha7vy<onsy, the well filled with Ha7vy<onsy was irradiated
10 s with a PRIMO unit at 365 nm and 50% intensity. Fluorescence imaging was done using a Nikon

Ti-Eclipse microscope. All the experiments were done in triplicate.
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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. Ha7n, Ha7v<r, Ha7y<onBY, Ha7v<ONBYHy, Ha7xdet 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. All the experiments were done in trip-

licate.
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<r, H47vy<onBY or Ha7v<onByny in MEM at molar
ratio 1:2. The final concentration of collagen was 0.2 ug/ml(0.6 uM). A 0.2 pg/ml collagen solution was
also used as a positive control. 100l of the Col/Hsp47 variant mixture was transferred to a pre-cooled
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 Ha7v<onBy solution was irra-

diated at 365 nm for 5 mins for activation. All the experiments were done in triplicate.
KDEL mediated delivery of Hsp47 variants to fibroblasts

1929 fibroblasts (ATCC CRL-6364) and Mouse Embryonic Fibroblast (MEF) were seeded on 12 well
u-Slide Angiogenesis (Ibidi) with DMEM GlutaMax and RPMI GlutaMax medium containing 10%

fetal bovine serum (FBS; Gibco), ascorbic acid phosphate, and antibiotics (20K cells per well). After 30
15



mins cells were incubated with 0.3 uM solution of Hsp47 variants in DMEM medium. After 3 hours
incubation the medium was removed and cells were washed once with sterile Assay buffer (1X). Dual
staining was prepared 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 in-
cubated with 60ul of Dual staining solution per well at 37°C for 2 hr. Cells were washed with Assay
buffer (1X) once. Cells were fixed with 4% PFA for 10 mins. Washing was performed 3 times with As-

say buffer (1X). All the experiments were done in triplicate.
Sirus Red Assay for quantification of Collagen deposition and Immunostanining:

Hsp47+/+ and Hsp47-/- MEFs derived from Lethal Mouse Embryos were gifted by Prof. Dr. Kazuhiro
Nagata, Kyoto Sangyo University, Japan®!!. 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 solu-
tions 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 hr and washing with 0.01 N HCI and
0.1 N NaOH!'°. 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.

For investigating the potential of Hs7v<onsy for spatiotemporal controllHsp47+/+ and Hsp47-/- cells
(25K cells per well) were cultured in 24 well plates with high glucose DMEM Glutamax (Gibco) con-
taining 10% FBS (Gibco), 0.1 mM ascorbate, and antibiotics. After 24 h, cells were incubated with 0.3
uM solution of Ha7n, Ha7v<onBy, Ha7kdet 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 Ha7y<onsy were irradiated at 405 nm using Ti-Nikon Microscope with laser power of 50%
16



intensity for 30 seconds ¢37mW exposure over the toal exposed area i.e1.7W/cm? (measured using ILX
Lightwave 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 hours 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) and stained Nucleus with
DAPI (Thermofisher). Microscopic images were taken with Nikon Ti-Eclipse microscope. All the ex-

periments were done in triplicates.

Statistics and Reproducibility

In Fibrillation Assay 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. For
Sirus Red assay each data point represents technical triplicates. We performed (n=4) number of experi-
ment 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.
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Sr.No Title Detail Plasmid & Genetic Construct Yield

(200 mL culture)

1 Ha47 cHsp47strepPJexp411 183.26 ng
(with impurities)

2 Ha7n EGFPHsp47strepTagpeT28a 207.8 pg

EGFPHsp47strepTagpBAD 65.98 ng
3 Ha7y<oNBYhy EGFPHsp47strepTag383TAGMutpBAD 43.56 ng
4 Ha7kdel EGFPHsp47strepTag C terminal KDEL 65.98ng
Deletion peT28a
5 Ha7v<r EGFPHsp47strepTag MutY383R peT28a 45.85 ng
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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SrNo Title Detail Plasmid & Genetic Construct Primers

1 Hazn EGFPHspd7strepTagpeT28a ttaGAATTCATGCTGAGCCOGAAAGCC

ttCTCGAGTTATTTCTCAAATTGCGGGTGE
EGFPHspd7strepTagpBAD EtCCATGG TGAGCAAGG GCGAG

EtCTCGAGTTATTTCTCAAATTGCGGGTGGE

2 Haricomzine | EGFPHspdTstrepTag383TAGMutpBAD |AGCTGTTTTagGCGGATCATCCG
TCGGEGEAACGCAGCTCTT

3 Herea EGFPHsp47strepTag C terminal KDEL [CTGGAATCCGCTTGGAGC

Deleted peT28a

GTCGCCCTTTGGACGGAC

4 Hazian EGFPHspd7strepTag MutY383R GAAGCTGTTTegCGCGEATCATCC

peT28a

GEGEGAACGCAGCTCTTCA

5 EGFP EGFPpeT2Ba CTGGAATCCGCTTGGAGC
GTCGCCCTTTGGACGGAC

Table S2.Primers used for developing Ha7vn, Ha7v<onBy and other mutants.
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Figure S3. 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 hy-
droxide within 4 min to prevent premature polymerization®. The 0.4 mg/ml of collagen solution
was mixed with Hs7y at molar ratios of 0.5:1 (Hsn (0.3uM): Collagen (0.6uM)), 1:1 (Han
(0.6uM): Collagen (0.6uM)), 2:1 (Ha7n (1.2uM): Collagen (0.6uM)) and 6:1(Ha7n (3.6uM): Col-
lagen (0.6uM)) to a final concentration of 0.2 pg/ml. A 0.2 ug/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).
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Figure S4. Rheology measurements of collagen solutions during fibrillation in MEM and PBS. Rat tail
collagen (3mg/mL) was diluted to 2 mg/mL concentration with MEM or PBS and was adjusted to pH to
7.5 with sodium hydroxide within 4 min. A DHRIII Rheometer (TA Instruments) was used for the meas-
urements. 50 pl of the collagen solution was 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 in-
creased to 40°C at 0.1°C/min. (n=3 data point representing mean value of technical triplicates of each

experiment with standard deviation)
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Figure S5. Relative collagen deposition and Relative Cell Density of MEF Hsp47 -/- in absence
(a) and presence of ascorbate (b) with Hsp47 variants. Photo activation of Hs7v<ony 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).
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Figure S6. Fluorescence microscopy images of L929 and MEF cells after incubation with different concentra-
tion of Hs7 from 0.01 to 1 um during 3 hours, washing and fixation. (Blue: DAPI (Nucleus), Green: EGFP
Hsp47, Red: Rhoda mine labeled ER). The images were taken using a Zen Observer Video Microscope

(Zeiss).
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Figure S7. Confocal microscopy images of 1.929 cells after incubated with EGFP, H47, Ha7y<onBY, H47v<R
and Ha7kqel.Fixed and stained with Blue: DAPI (Nucleus), Green: EGFP Hsp47, Red: Rhoda mine la-
beled ER. Scale: 20 um.
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Figure S8. Relative 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 soft-
ware. Photo activation of H47v<onBy was done in situ by 30 sec exposure at 405 nm using PRIMO
Unit in 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 de-

viation standard deviation)
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Mef Hsp47 (+/4) MefHsp47 (--)
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Figure S9. 20X Bright field images of Hsp47 (+/+) and Hsp47 (-/-) cells showing improvement shown with the
small arrows in morphology after delivery of Hs7 in 3 hours (Scale:100 um).
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Cani VFHATAFEWD TEGNPEFDODI YGREELRSPK LEFYADHPEFIF LVRDTQSGSL
Gal VFHAAALEWD TDGNPYDADI YGREEMRNPK LEYADHPEFIEF MIKDSKTNSI
Zeb VFHASSLEWD TEGNPEFDPSI FGSEKMRNPK LEYADHPEFIEF LVKDNKTNSI
Gol VFHASAMEWD TEGNPPDTSI YGTDKLKTPK LEYADHPEFIF LVKDKKTNSI
Mel IFQTTLVQFD GSG.RARVED YEKIRTTKYE RFHVDRPFAF YIKEKSTGRI
Chan VFHASAFEWD IAGNPADTSI FGTDKVKNPK LEYVDHPEFIF LVKDKSTGSI
Amaz VFHAAALEWD TEGNPYDADI YGREEMRNPK LEYADHPEFIF MIKDSKTNSI
Bran VFHATAFEWD TEGNPEFDODI YGREELRSPK LEFYADHPEFIF LVRDSQTGSL
Gree VFHAAALEWD TEGNPFDADI YGREEMRNPK LEYADHPEFVE VIKDNKTNSI
Roc LSNVFHATAL EWDTEGNPYD ADIYGREEMR NPKLEYADHP FIFMIKDNKT
Sque LASVFHATAF ELDTEGNPEFD QDIYGREELR SPKLEYADHP FIFLVRDTQS
Yak LASVFHATAF EWDTDGNPEFD QODIYGREELR SPKLEYADHP FIFLVRDTQS
Blac LASVFHATAF EWDTEGNPEFD QODIYGREELR SPKLEYADHP FIFLVRDSQS
Nake LASVFHATAF EWDTEGNPEFD QODIYGREELR SPKLEYADHP FIFLVRDTQS
Chin LASVFHATAF EWDTDGNPEFD QODIYGREELR SPKLEYADHP FIFLVRDNQS
Dama LASVFHATAF EWDTEGNPEFD QODIYGREELR SPKLEYADHP FIFLVRDTQS
Medi LN.IFKVAAT SENGTGKPRV EDYQONIR.SA KYEKFHVDRP FVYYIEN.KY
Aust LSGMLHATAI DWDTEGNQFD QDWNSPEITK SAKVFYADIA 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 RPKGDKMRDE L

Sque GSLLFIGRLV RPKGDKMRDE L

Yak GSLLFIGRLV RPKGDKMRDE L

Blac GSLLFIGRLV RPKGDKMRDE L

Nake GSLLFIGRLV RPKGDKMRDE L

Chin GSLLFIGRLV RPKGDKMRDE L

Dama GSLLFIGRLV RPKGDKMRDE L

Medi GEIVCIGKVE NPEQ......

Aust NSILLIGRLV KPKSNDHDEL

Figure S10. 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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