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Abstract

In recent years, the importance of the skin microbiome and its effect
on a variety of skin conditions was emphasized in the literature.

Skin conditions change the natural skin microbiome; however, the
condition-microbiome relationship is not fully understood.

Moreover, little is known about the overall stability of genetically
engineered members of the skin microbiome that are introduced into
the native population. This research aims to use the latest advances in
synthetic biology to establish the therapeutic potential of the

engineered microbiome.

A set of assays were developed to identify the necessary parameters
for stable incorporation of bacteria that are continuously expressing
and secreting a heterologous protein, into the native microbiome.

The ability to efficiently secrete a heterologous therapeutic enzyme
(i.e., 30HSD) in a bacterial member of the scalp microbiome, Bacillus
subtilis was demonstrated (US patent application 15/471,194).

The hormone that is believed to be the cause of male pattern hair loss,
5a-DHT, is broken down by the 3a-HSD enzyme.

In addition, the viability, heterologous protein expression and
dynamic population effects with the natural biota of the engineered
strain was investigated using the developed assays. The results
indicate that it may be possible to incorporate within the skin
microbiome a natural and continuous secretory apparatus that can
potentially aid in the continuous delivery of therapeutic agents for a
variety of skin conditions.
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1 Introduction

1.1 The Importance of The Skin Microbiome Research, Overview

In recent years, the importance of the skin microbiome and its effect
on a variety of skin conditions has received increasing attention in the
literature. Human skin serves as a primary defense barrier against
different pathogens. The skin also contains a vast community of
microorganisms that are usually referred to as the skin microbiome.
These populations are essential for lipid metabolism and other
physiological functions. The skin microbiome differs between areas of
the body, different individuals and is affected by environmental
factors. Nonetheless, little is known about the overall stability of the
skin microbiome, and especially of genetically engineered members of
the skin microbiome that are introduced into the native population * 2
3. Similarly to the gut microbiome, the skin microbiome in healthy
adults remains stable for at least two years. This stability was
demonstrated for the primary strains included in the skin microbiome
populations, as well as for species with relatively low abundance *.

1.2 Skin Conditions and The Skin Microbiome

Skin conditions temporarily change the natural skin microbiome (e.g.,
the composition of the microbiome changes throughout
inflammation); however, the condition-microbiome relationship, as
well as the effect medications and other external conditions might
have on the microbiome is poorly understood. Moreover, the skin has
distinct physiological properties, with a unique composition of
natural substances that may affect different skin conditions (e.g.,
some unique lipids found on the skin may have antimicrobial
activities). The composition of the skin microbiome might be affected
by these alterations. Also, the skin microbiome itself might activate
immune cells and hence influence a variety of conditions.



To the best of my knowledge, harnessing the microbiome to treat skin
conditions has not been adequately demonstrated to date 3 4.

1.2.1 Male Pattern Hair Loss as A Model for A Possible Engineered

Microbiome-Based Solution

As a case study for a skin condition, I chose Male Pattern hair loss
(MPHL), also known as Male Pattern Baldness or Androgenic Alopecia.
Pattern Hair Loss (PHL) is a form of hair loss, which occurs both in
men and women. In men, the gradual hair loss is described by the
Hamilton - Norwood baldness scale, with stages starting from a full
head of hair, followed by slight frontal recession, followed by vertex
hair thinning and eventually a significant hair loss. In women, PHL
occurs in the form of hair loss in the central part and described by the
Ludwig scale 5. Men suffer from PHL twice as much as women. Initial
signs of MPHL can be observed on average at the age of 14.8 °.
Moreover, 58% of men will suffer from MPHL by the age of 50, with
the percentage increasing up to 73% by the age of 80 7.

These symptoms, especially when occurring in adolescence, may have
psychological and social consequences >.

It was established in a variety of studies that male pattern baldness is
caused by androgens, and especially testosterone and its more potent
derivative, 5a-dihydrotestosterone (5a-DHT). Testosterone, the male
sex hormone, is being converted by the 5a-reductase enzyme to a
more potent derivative, 5a-DHT, on the scalp and other parts of the
body 7 8 9. It was demonstrated that the 5a-DHT is an etiologic factor
of MPHL, and is believed to be a key cause of this condition ',

In fact, a significant reduction in the concentration of 5a-DHT on the
scalp is correlated to a stop in hair loss and even regrowth of new
hair >.



There are two primary non-surgical solutions approved by the FDA to

treat MPHL and available on the market today >:

Minoxidil

A topical, indirect solution that must be applied to the scalp
twice daily. The mechanism by which the minoxidil treats
MPHL is yet to be described.

Several suggestions for a mechanism of action were raised,
including vasodilation (i.e., increasing the blood flow into the
hair follicle), increasing the anagen (active hair follicle growth)
phase and simulation of cell proliferation and prostaglandin
synthesis. However, it is not yet known how these properties
help to treat MPHL > 2.

Minoxidil was shown to be effective after application twice a
day for 48 weeks. When treatment is terminated, MPHL

symptoms return 5.

Finasteride
An oral drug that contains an azo-steroid that inhibits the

action of Type II 5a-reductase. This mechanism reduces the
production of 5a-DHT and hence lowers its concentration on
the scalp and other parts of the body. In most men treated with

finasteride, MPHL is halted 5. When taken ata 1 % dosage,

finasteride shown improvement after 3 months, with even
higher significance in the course of 2 years (i.e., stop of hair
loss and even return of hair growth) . Some Finasteride side
effects include loss of libido, and its therapeutic effect is

terminated when the treatment stops >.

In fact, both approved treatments presented vary in efficacy between

different individuals, and when treatment is stopped - the symptoms

usually return 5. As explained in the following sections and chapters,

I aim to address some of these limitations with a continuous topical

therapeutic delivery (unlike the short-term delivery of minoxidil) of



an agent that breaks down 50-DHT locally. In this manner, I aim to
minimize side effects associated with Finasteride while still targeting
the cause of MPHL, 5a-DHT.

1.2.2 30-HSD As A Therapeutic Agent

5a-DHT can be converted to a less potent derivative called 3a-
androstanediol by the 3a-hydroxysteroid dehydrogenase enzyme
(3-aHSD). This enzyme utilizes NADPH as a cofactor of the reaction,
as can be seen in figure 1.1 3 4, [ believe that continuously delivered
3-aHSD might provide an easy to use, topical solution for MPHL.

NADPH NADP+

-

3a-HSD O

3a-Androstanediol

Figure 1.1 The reaction that is catalyzed by the 3a-HSD (AKR1C14).

1.3 Bacillus Subtilis as a Model for Engineered Microbiome Member

Therapeutic Agent Delivery Organism

Bacillus subtilis (B. subtilis) is a gram-positive bacteria that was
found on the human scalp (i.e., it is part of the natural scalp
microbiome) 5. B. subtilis has several advantages that place it as a
promising candidate for expression and secretion of heterologous
proteins. Namely, it is easily cultured and genetically engineered in
the lab, possesses a powerful secretion ability (as explained in the
following section), has a GRAS status, doesn’t produce toxic



byproducts and has high product yields and powerful secretion
capabilities 15 16,

B. subtilis secretes proteins naturally, mainly by two mechanisms: the
general secretory (SEC) pathway or the twin-arginine (TAT) pathway.
The signaling for secretion, as well as for the secretion pathway, is
done by an N-terminal sequence called a signal peptide (SP), which is
recognized by the translocation apparatus. Most secreted proteins are
transformed in the unfolded state (conjugated to the SP) through the
SEC pathway. The SP is cleaved at the cell membrane by the
translocation machinery. Only at the outside of the cell, the secreted
proteins are fully folded. In the TAT pathway (which is less
characterized compared to the SEC pathway), proteins are usually
fully folded within the cell before being translocated to the outside of
the cell. It is more challenging to use the TAT pathway for secretion of
heterologous proteins *°. In order to obtain an efficient secretion of an
active heterologous protein, it is crucial to tailor a specific SP for
every secreted protein. Hence, screening for activity of a secreted
heterologous protein that was designed with a library of different SPs
conjugated to its gene is recommended 7.

1.3.1 Polymeric Delivery Scaffold

To ensure our engineered population’s survival within the larger
microbiome, I hypothesized that a growth advantage or protection
might be needed. To that end, the engineered microbiome member

(B. subtilis) was incorporated in a polymeric scaffold that promotes
bacterial growth in the natural environment and protects it from local
competition in its environmental niche. To formulate such a delivery
system, a temperature-responsive polymeric solution was
implemented. While stored in the refrigerator the formula will be in
liquid form, but upon administered to the scalp, it will solidify to
form a stable, transparent gel. In addition, the formula will adhere to
the scalp without interfering with the natural regeneration of the
bacteria. Temperature-responsive polymers exhibit a drastic and
discontinuous change of their physical properties with temperature or



in other words they utilize temperature change as the trigger that
determines their gelling behavior without any additional external
factor . The polymer that was used is Pluronic® F127 (formulated,
tested and generously provided by the Mizrahi lab, Technion) with
lower critical solution temperature (LCST) ranging at the 20-36°C
range, below which the formulation is in a water-soluble form.
Above the LCST the polymers density increases and a hard and stable
gel is formed, a range which is close to the physiological temperature

(37°C) .

1.4 Skin Microbiome Research Challenges

In recent years, the importance of microbiome research has been
emphasized in the literature. Microbiome research concentrated on
several niches in the body, mostly the gut microbiome.

As a result, there is a need for common language and methods for
skin microbiome research, due to the skin’s unique physiological
properties that differentiate it from other bodily niches (e.g.,
exposure to air, surface pH, low bacterial biomass and contamination
risk). As studies of skin microbiome receive increased interest, the
field has begun to understand the importance of standardized
research methods that are tailored for the skin microbiome 2°.

In this work, two standardized experimental assays were developed
and specifically designed with the unique niche properties of the skin

in mind.

1.4.1 luxABCDE As A Marker for Cell Proliferation and Heterologous

Protein Production

One of the initial goals was to create an engineered B. subtilis
(engineered microbiome member) that can be easily detected and
differentiated from other skin microbiome members.

Moreover, it was aimed to specifically identify heterologous protein
production in this engineered population, with minimal external

complexity factors (e.g., external substrate supplementation).



With these goals in mind, I chose to work with the luxABCDE
bioluminescence construct, a reporter cassette that contains five
genes (as can be seen in figure 3.2). I chose to use this cassette over
other reporters (e.g., GFP) because of two essential characteristics.
First, when expressed in the cell, it emits an entirely autonomous
bioluminescent signal, with no need for an exogenous substrate to be
supplemented. The bioluminescent reaction involves metabolites
naturally found in the cell: FMNH,, O,, and RCHO (fatty aldehyde).
This reaction is shown figure 1.2 and catalyzed by the bacterial
luciferase - a heterodimeric enzyme encoded by the luxA and luxB
genes. The bioluminescent light is emitted at A~480-490 nm (blue-
green) 2.

FMNH, + O, + RCHO - FMN + H,0 + RCOOH + Light

Figure 1.2 The bioluminescent reaction catalyzed by the heterodimeric enzyme encoded by the luxA
and luxB genes 2.

The other three genes in the luxABCDE gene cassette, luxC, luxD, and
luxE, encode for three different proteins that take tetradecanoic acid
from the fatty acid biosynthesis and form a fatty aldehyde (RCHO)
needed for the bioluminescent reaction presented in figure 1.2.

The reactions catalyzed by the luxC, luxD and luxE gene products is
presented in figure 1.3. First, luxD gene product cleaves
tetradecanoyl-ACP (RCO-X). In the following step, the resulting fatty
acid (RCOOH) is activated by the luxE gene product with ATP. The
acyl group from the acyl-AMP created (RCO-AMP) is transferred to
luxE by the luxC, following a reduction step with NADPH 2,

LuxD LuxE LuxC
RCO-X » RCOOH -» RCO-AMP -» RCO-LuxE - RCO-LuxC » R-CHO
ATP NADPH

Figure 1.3 The reactions catalyzed by the luxC luxD and luxE gene products *'.

10



The second reason for choosing the luxABCDE cassette is the fact that
unlike GFP which has a long half-life of its signal, luxABCDE emits a
real-time signal which reports active transcription of the cassette in
the cell 2.

As explained in the following chapters, the cloning of the luxABCDE
cassette not only allowed a straightforward identification of the
engineered B. subtilis (i.e., examine the expression of the
heterologous protein in the native environment) but also provided a
way to distinguish it from other populations found on the skin.

1.4.2 NGS as A Sequencing Methodology

Two principal methods were described for DNA sequencing and

identification of the different communities in the skin microbiome 2°:

e Shotgun Metagenomic Sequencing
Due to the increased sequencing capacities available today, it is
more feasible than ever to use this method to sequence skin
sample 2°. In this method, the DNA sample is initially broken
down to create small random fragments, which are then
sequenced. These overlapping sequences are then aligned to
create the final sequence 23. The advantages of this methods are
the ability to sequence microorganisms from different
kingdoms (i.e., bacteria, fungi and others), and a minimal
amplification bias. The disadvantages of this method include
complex analysis of the results and a significant sensitivity for
contamination by DNA from external sources due to relatively

low biomass on the skin 2°.

e Gene Amplicon Sequencing
Considered as the most widely used method.
First, the DNA is extracted from the sample. In the following
step, specific DNA fragments are amplified using a dedicated

pair of PCR primers. The most used gene in these types of

11



studies is the 16S rRNA bacterial gene, sequencing one or
several of its nine variable regions. V1-V3 are the most used
regions to sequence and considered to be the most accurate in
classifying skin bacteria. To sequence and identify the fungal
community on the skin, other ribosomal regions are targeted,
namely the 5.8S, 28S, 18S and internal transcribed spacer.
Other parameters of amplification process (e.g., the number of
PCR amplification cycles) were considered to reduce the bias

associated with this method 2°.

To quantify the proliferation of the engineered microbiome member,
as well as to identify how the addition of different mediums and
bacterial formulations affect the native skin microbiome, I aimed to
adopt the most widely used sequencing method - 16S rRNA gene

amplicon sequencing, to use for skin microbiome samples 2°.

One significant aspect that is mentioned in the literature as a future
need is the ability to not only rely on sequencing results but also have
additional methods to characterize the skin microbiome.

It is emphasized in the literature that there’s a need to have a
visualization technique of the skin microbiome. This ability may help
to decipher the structure and interrelations of the skin microbiome
communities 2°. As a potential answer for this need, I describe in this
thesis The Imaging Assay, a complementary part of The NGS Assay
and part of the Skin Microbiome Research Toolbox I developed.

Another future need that is emphasized in the literature is the need to
have data from several time points that will illustrate the dynamics of
the skin microbiome overtime 2°. I answer this need in this thesis as
well, both in The NGS assay and The Imaging Assay, as described in
the following sections and chapters.

12



1.4.3 MPHL As A Case Study

The microbiome is a stable microbial population that co-exists with
the host 2 4. While this work discusses a solution for MPHL, it is
presented as a proof of principle. Other conditions might also be
potentially treated by appending engineered bacteria to the natural
microbiome.

In one example from the literature, a strain of the skin microbiome,
Staphylococcus epidermidis, that produces a substance that inhibits
DNA polymerase was isolated from the human skin. This strain might
protect the host against skin cancer using the secreted protein. In an
iv-vivo experiment, colonization of mice with this strain reduced the
number of tumors developed compared to mice with a control strain.
Although the researchers discussed the potential mutagenic activity of
this strain, no in-depth analysis of the effect of such an inoculation on
the native microbiome was performed. Moreover, no heterologous
protein production approach that might introduce other beneficial
anticancer proteins to the skin was discussed 24.

An additional example from the literature described a native protein
with antioxidant capacity that is secreted by a skin microbiome
member, Propionibacterium acnes and hypothesized what effects a
knockout of this protein might have on the skin. As part of this
analysis, a knocked-out strain was introduced to the skin as part of an
Immunohistochemistry assay. The researchers acknowledge that the
native secretion of this protein was relatively high, and therefore they
did not express it recombinantly 25. The methodologies used by this
group for analysis of secreted proteins can be compared to the ones
described in this thesis. Although introducing a knocked-out member
back to the native environment, the researchers did not examine the
effects this inoculation might have on the native microbiome.

By targeting lab-culturable members of each microbiome population,
it is possible to engineer those species to secrete a whole set of
health-beneficial proteins continuously. Eventually, these engineered
members can be returned to the natural niche (e.g., the skin) for them
to proliferate and continuously produce the therapeutic agents.

13



Since many enzymes are used as therapeutic agents to treat skin
conditions, the presented approach with the aid of synthetic biology
and recombinant DNA technologies, protein engineering, and polymer
encapsulation can offer a continues, “on-site” delivery of the desired
therapeutic agents in the appropriate dosage with minimal user-
interface or involvement 4. This concept might offer an alternative to
current methods of delivering therapeutic agents to the skin and
other niches in the body. Moreover, the approach presented in this
thesis investigates the effect this delivery might have on the natural
skin microbiome and vice versa. This investigation might allow to
understand the potential of my approach in a complex environment of
the skin and make necessary changes to minimize the alteration to the
natural skin microbiome while keeping the therapeutic efficacy.

14



2 Research Objectives

In this research, my goal was to develop a new methodology of

delivering therapeutic agents to treat different skin conditions.

Specifically, my main aim was to develop an engineered bacterium

that proliferates on the scalp and continuously secrets a therapeutic

agent. This novel approach is meant to resolve some of the limitations

which current solutions possess (as previously explained in the

introduction), potentially creating a therapeutics delivery approach

that is continuous and effective on the one hand and hassle-free for

the user on the other.

In order to develop this methodology, my research focused on the

following objectives:

2.1

2.2

2.3

Finding a suitable microbiome member that will meet the
necessary demands of my therapeutics delivery approach (e.g.,
secretion ability, prone to genetic manipulations and non-

toxicity).

Prove the ability to express and secrete an active therapeutic
agent in the engineered microbiome member described.

I chose, as a proof of concept, to focus this aim on a specific skin
condition (MPHL).

Find a feedback system for the stability and viability of natural
and engineered microbiome. This system should also provide a
method to detect heterologous protein production of the
engineered microbiome member in the native environment (i.e.,
on the skin). To that end, I employed next-generation sequencing
and imaging assays to quantitatively and spatiotemporally track
both the engineered bacteria and the natural biome.

15



3 Materials & Methods

3.1 Bacterial Growth Medium

e Lysogeny broth (LB): 1% Bacto™ tryptone (Becton Dickinson),
1% NaCl (Bio-Lab) and 0.5% Bacto™ Yeast Extract (Becton
Dickinson). Addition of 1.5% Bacto™ Agar (Becton Dickinson) is
necessary for agar plates.

e Minimal growth medium for bioassay (BA): 0.05% Bacto™
tryptone, 0.58% NacCl (Bio-Lab), 0.05M MgS0O, (Merck), 1%
phosphate Buffered Saline (Biological industries) and 0.03%
Glycerol (Gadot).

e Recovery Medium for E.Coli Top10 transformations (SOB): 2%
Bacto™ tryptone, 0.058% NaCl, 0.5% Yeast Extract and
0.019% KCI (Merck).

e Media and buffers used in B. subtilis RIK1285 transformation:

o SPI salts: 0.2% (NH,4).SO,4 (Merck), 1.4% K.HPO, (Merck),
0.6% KH,PO, (Carlo Erba Reagents), 0.1% Na-Citrate-2H.0
(Spectrum) and 0.02% MgSO,-7H>0 (Alfa Aesar).

10% Bacto™ Yeast Extract.

50% Glucose (Sigma-Aldrich).

50 mM CacCl, (Merck).

250 mM MgCl2 (Merck).

100 mM EGTA {ethylene glycol bis (-amino ethyl ether)-
N,N,N',N'-tetra- acetic acid} (Strem chemicals) adjusted to
pH 7.0 with NaOH (Bio-Lab).

O O O O O

e Ampicillin, Kanamycin, and Chloramphenicol were used as
selections antibiotics (Sigma-Aldrich).

16



3.2 Bacterial Strains

E.coli Top 10 (Genotype - F- mcrA A(mrr-hsdRMS-mcrBC)
$8olacZAM15 AlacX74 nupG recA1 araD139 A(ara-leu)7697
galE15 galK16 rpsL(StrR ) endA1 A- ) was used for DNA
transformation and plasmid propagation (Invitrogen).

DNA was transformed using a standard heat shock
transformation, after which the bacteria were grown overnight
at 37°C on an LB agar plate containing the appropriate
selection antibiotics.

E.coli Stellar™ Competent Cells (Genotype - F-, endA1, supE44,
thi-1, recA1, relA1, gyrA96, phoA, ®8od lacZA M15, A (lacZYA -
argF) U169, A (mrr - hsdRMS - mcrBC), AmcrA, A-) were used
for plasmid propagation when preparing the plasmid library
aimed for 3a-HSD secretion (Takara) 2°.

Bacillus Subtilis RIK1285 (Genotype - Marburg 168 derivative:
trpC2, ys1, aprEdelta3, nprR2, nprE18) was used as an
expression and secretion organism, as well in the skin
microbiome sequencing and imaging experiments (Takara).
DNA was transformed following the protocol described in the
literature 27.

3.3 Kits

Wizard® SV Gel and PCR Clean-Up System (Promega) used for
DNA purification from PCR reaction mix and agarose gels.

NucleoSpin® Plasmid EasyPure (MACHEREY-NAGEL) was used
for plasmid purification. As a preliminary step for

B. subtilis, the cells were incubated with 1% lysozyme (Sigma-
Aldrich) 27.

B. subtilis Secretory Protein Expression System (Takara) was
used to obtain a library of 173 different signal peptides (SP).
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e In-Fusion® HD Cloning Plus (Takara), used to clone the
different SP variants into the pBE-S plasmid, as well as the
cloning of the Akrici4 gene.

e NucleoBond® Xtra Midi plus EF (MACHEREY-NAGEL) was used
to purify plasmids from E.coli Stellar™ cells to produce the
plasmid library aimed for 3a-HSD secretion.

e Enhanced chemiluminescence kit (ECL) kit (Thermo) for

visualization of western blot membranes.
e Kits used to Purify DNA from skin swab samples:

o PureLink™ Microbiome DNA Purification Kit (Invitrogen)
o DNeasy PowerSoil Kit (QIAGEN)

3.4 Vectors

3.4.1 PpBE-S

A 5938 bp plasmid that is aimed to secrete proteins from Bacillus
Subtilis. The gene that encodes the protein aimed to be secreted (i.e.,
the Akrici4 gene encoding the 3a-HSD enzyme) is cloned downstream
to a signal peptide. The sequence for the Akrici4 (gene synonym for
akricg) was taken from the literature, ordered as a gBlock® (IDT)
and cloned into the pBE-S plasmid using the In-Fusion® cloning
method 28. This signal peptide can be one out of 173 variants that
were ordered, as can be seen in figure 3.1 (Takara) ?7. These different
variants of SP were cloned into the pBE-S plasmid using the In-
Fusion® method as well.
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pUB ori aprkE promoter

Signal Peptide

Kan' pPBE-S

Akric14 (3a-HSD)

3 / His-Tag
Amp’ =
ColElori

Figure 3.1 pBE-S. This plasmid contains an aprE promoter, signal peptide region into which one of
173 signal peptides is introduced using an In-Fusion® reaction, an MCS into which the Akrici4
gene was cloned followed by an HIStag domain used to identify the fused protein. As illustrated in
this map, this plasmid also contains the colE1 origin of replication (ori) and an Amp" gene
(ampicillin resistance gene) aimed to be functional in E.coli. Moreover, this plasmid contains a pUB
ori and a Kan" (kanamycin resistance gene) aimed to be functional in B. subtilis 7.

3.4.2 pBS3Clux

To establish a method analyzing skin microbiome and the effects of
the addition of an engineered member of the microbiome to the skin,
pBS3Clux was ordered (addgene). This Plasmid contains the luciferase
reporter gene (luxABCDE), has selection genes for both E.coli (used
for plasmid propagation) and B. subtilis, and undergoes integration
into the sacA locus of B. subtilis as illustrated in figure 3.2 29. RFP
(found in the original plasmid) was replaced in with a strong
constitutive promoter (Pveg, which was obtained from the iGEM
registry) cleaving the plasmid with the EcoRI-HF® and Spel-HF®
restriction enzymes (NEB), and a subsequent ligation 3°.
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Figure 3.2 pBS3Clux + Pveg. The part that undergoes integration into the genome is marked by a
thin line within the plasmid *°. The plasmid also contains the bla gene (ampicillin resistance) and
an ori for selection in E.coli. Moreover, a cat gene (chloramphenicol resistance) is located within
the part that undergoes integration into the B. subtilis genome for selection of positive clones.
Pveg, a strong constitutive promoter, was cloned upstream to the luxABCDE gene.

3.5 DHT Actfivity assay

3.5.1 Secretion Of 3a-HSD - A Model for Developing a Therapeutic,
Microbiome-Based Agent

Here, the creation of a chimeric protein is described. This chimera
consists of 3a-HSD (heterologous enzyme) fused to a library of 173 SP
domains (from secreted endogenous proteins) from SEC, TAT, and
unknown secretion pathways. The library was screened for the best
possible secretion signal for 3a-HSD (i.e., will yield the most active,
secreted protein).
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3.5.1.1 Creation Of 3a-HSD Secreting B. subtilis Library

A DNA fragment of akrici4 variant of the 3a-HSD gene (a gene
synonym for akric9, ordered from IDT) was incorporated into pBE-S
plasmid following a standard In-Fusion® cloning protocol 28 27, Next,
the plasmid was linearized by cleaving it with Mlul-HF® (NEB) and
Eco52I (EagIl-HF® ordered from NEB) restriction enzymes, and the
173 variant SP mix was inserted using a standard In-Fusion® protocol
27, The resulting reaction mixture was transformed into E. coli
Stellar™ cells to create a library with a high copy of plasmid DNA (i.e.,
plasmid propagation). The resulting 1960 colonies were scraped from
the agar plates and the DNA was purified using the NucleoBond® Xtra
Midi plus EF kit to achieve a high DNA complexity. This plasmid
library was then transformed into B. subtilis RIK1285, yielding 1152
colonies. Separate 80% Glycerol (Bio-Lab) 20% LB stabs were created
for each clone in the library, and stored in -80°C.

3.5.1.2 Verification of Enzymatic Activity Of 3a-HSD by Measurement
of Decrease Rate of NADPH Fluorescence Over Time in The

Presence of 5a-DHT

To efficiently verify an adequate expression and secretion of 3a-HSD
for each clone, an assay in which the degradation rate of the cofactor,
NADPH, is measured was developed, as illustrated in figure 3.3.

Collect and

Grow B. subtilis Addition of 5a- Scan for NADPH .
for 24hr to Zﬁngigg;:ft — DHT (substrate), degradation over f:,fel E:st:aiiacnon
facilitate protein p NADPH time

cell lysate
(separately)

sample, controls

secretion (cofactor) (fluorescence)

Figure 3.3 Scheme of the 3a-HSD library screening.
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Individual colonies from the 3a-HSD secreting B. subtilis RIK1285
library were grown for 24 hours in BA with 5% LB and 0.001%
Kanamycin, 37°C and 250 rpm shanking. Next, samples were
centrifuged for 10 min. at 17 xg for the cell supernatant (i.e., the
fraction in which secreted proteins are located) to be isolated.
Incubation time, as well as the other properties of the assay (e.g., the
B. subtilis strain), were determined according to preliminary
calibration experiments and the literature, with the aim to achieve
high concentrations of the secreted protein in the medium 3.

Fixed incubation time was previously compared to more precise
harvesting methods (based on a specific growth phase), with the
conclusion that harvest and cultivation settings have no significant
effect on the activity results obtained in the assay 32.

200 pl of supernatant from each cloned colony, control supernatants
(B. subtilis clone without the 3a-HSD) were transferred into new
separate wells (in ice and covered with foil), duplicate for each
condition. These wells were supplemented with 200 uM of NADPH
(Sigma-Aldrich), dissolved in NaOH, and 150 pM 5a-DHT, dissolved in
Methanol (Gadot), in addition to negative control supernatants to
which NADPH, 5a-DHT, or both were not added. Fluorescence was
then measured every minute for 5 hours at 340nm excitation, 450nm
emission - indicating NADPH concentration in sample 3. The reaction
took place at 37°C, imitating physiological conditions.

Analysis of all measurements was carried out as follows. An average
of the repeated measurements was plotted (fluorescence as a function
of time) and a linear trend line was fitted (i.e., least squares
regression fitting). The linear slope of fitted line received from 10
min. into the reaction until 56 min. into the reaction (same duration
for each colony) was calculated (for positive clones and negative
controls without the 3a-HSD gene). Moreover, the coefficient of
determination (R?) was measured for each fitted line.

In Figure 3.4, I plot a degradation curve for a secreting strain as
compared with a non-secreting control (negative control) as an
example.

22



The plot shows a significantly more rapid decline

(as exemplified by the fit) for the secreting strain indicating a more
rapid utilization of NADPH, which supports active secretion of 3a-
HSD.
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Figure 3.4 An example of linear least squares regression fitting of fluorescence as a function of
time. This figure presents a secreting strain (labeled as 4 A2 in table 4.1) and its negative control

(represented in grey). The linear slope, as well as the coefficient of determination (R*) are also
presented in this chart for each colony.

This slope is a direct indicator of the degradation rate of NADPH in
the cells supernatant. A steeper slope and hence increased NADPH
degradation rate is an indicator of secreted 3a-HSD activity in the B.
subtilis cells. Finally, colonies were sequenced, and the unique SP was
matched for each colony.
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3.6 Western Blotting Specific Qualitative Analysis of Secretion

In order to verify the secretion of 3a-HSD from B. subtilis, a western
blot analysis was designed with the aim to compare the anti-HIS
signal of the supernatant with the cell lysate in a clone that presented
positive 3a-HSD activity in the assay described in section 3.5.1.2, and
with negative controls.

First, B. subtilis tyrA-3a -HSD variant (labeled 9 h5 in table 4.1)
expressing the akrici4 gene conjugated to a HIStag domain in the c-
terminal end (as can be seen in figure 3.1), were grown for 24 hours
in LB and 0.001% Kanamycin, 37°C and 250 rpm shanking.

A clone containing no 3a-HSD and a clone without an SP fused to the
3a-HSD gene were also grown in the same manner (negative
controls). The clone without an SP fused to the 3a-HSD was created
using PCR amplification that excluded the SP. Cell lysates were
collected after the cell debris had been resuspended in PBS 1X
(Biological Industries) and underwent a standard sonication protocol.

In the following step, supernatants and cell lysates were concentrated
(separately) using the 10K Amicon® Ultra filters (Merck) size
exc